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Preface

Power electronics is gaining more and more importance in industry and society. It
has the potential to substantially increase the efficiency of power systems, a task
of great significance. To exploit this potential, not only engineers working in the
development of improved and new devices but also application engineers in the field
of power electronics need to understand the basic principles of semiconductor power
devices. Furthermore, since a semiconductor device can only fulfil its function in a
suitable environment, interconnection and packaging technologies with the related
material properties have to be considered as well as the problem of cooling, which
has to be solved for reliable applications.

This book was written for students and for engineers working in the field of
power device design and power electronics application. The focus was set on mod-
ern semiconductor switches such as power MOSFETs and IGBTs together with the
essential freewheeling diodes. The engineer in practice may start his work with the
book with the specific power device. Each chapter presents first the device structure
and the generic characteristics and then a more thorough discussion is added with
the focus on the physical function principles. The in-depth discussions require the
principles of semiconductor physics, the functioning of pn-junctions, and the basics
of technology. These topics are treated in depth such that the book will also be of
value for the semiconductor device specialist.

Some subjects are treated in particular detail and presented here for the first time
in an English textbook on power devices. In device physics, this is especially the
emitter recombination which is used in modern power devices to control forward
and switching properties. A detailed discussion of its influence is given using param-
eters characterizing the emitter recombination properties. Furthermore, because of
the growing awareness of the importance of packaging technique for reliable appli-
cations, chapters on packaging and reliability are included. During the development
of power electronic systems, engineers often are confronted with failures and unex-
pected effects with the consequence of time-consuming efforts to isolate the root
cause of these effects. Therefore, chapters on failure mechanisms and oscillation
effects in power circuits are included in this textbook to supply guidance based on
long-time experience.

The book has emerged from lectures on “Power devices” held by J. Lutz at
Chemnitz University of Technology and from earlier lecture notes on “Power
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devices” from H. Schlangenotto held at Darmstadt Technical University in 1991—
2001. Using these lectures and adding considerable material on new devices,
packaging, reliability, and failure mechanisms, Lutz published the German book
Halbleiter-Leistungsbauelemente — Physik, Eigenschaften, Zuverldssigkeit in 2006.
The English textbook presented here is far more than a translation; it was consider-
ably extended with new material.

The basic chapters on semiconductor properties and pn-junctions and a part of
the chapter on pin-diodes were revised and enhanced widely by H. Schlangenotto.
J. Lutz extended the chapters on thyristors, MOSFETSs, IGBTs, and failure mecha-
nisms. U. Scheuermann contributed the chapter on packaging technology, reliability,
and system integration. R. De Doncker supplied the introduction on power devices
as the key components. All the authors have contributed, however, also to other
chapters not written mainly by themselves.

Several researchers in power devices have supported this work with helpful dis-
cussions, support in translations, suggestions, and comments. These are especially
Arnost Kopta, Stefan Linder and Munaf Rahimo from ABB Semiconductors, Dieter
Polenov from BMW, Thomas Laska, Anton Mauder, Franz-Josef Niedernostheide,
Ralf Siemieniec, and Gerald Soelkner from Infineon, Martin Domeij and Anders
Hallén from KTH Stockholm, Stephane Lefebvre from SATIE, Michael Reschke
from Secos, Reinhard Herzer and Werner Tursky from Semikron, Wolfgang Bartsch
from SiCED, Dieter Silber from University of Bremen, Hans Giinter Eckel from the
University of Rostock. Several diploma and Ph.D. students at Chemnitz University
of Technology have supported part of the work, especially Hans-Peter Felsl, Birk
Heinze, Roman Baburske, Marco Bohllinder, Tilo Pollera Matthias Baumann,
and Thomas Basler. Thomas Blum and Florian Mura from RWTH Aachen have
translated the chapter on MOSFETS, and Mary-Joan Bliimich has given support
with improvements of the English text. Finally, the authors thank the many other
researchers and students in power electronics, who supported this work with critical
comments and discussions.

Chemnitz, Germany Josef Lutz
Neu-Isenburg, Germany Heinrich Schlangenotto
Niirnberg, Germany Uwe Scheuermann
Aachen, Germany Rik De Doncker

March 2010
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Chapter 1

Power Semiconductor Devices — Key
Components for Efficient Electrical Energy
Conversion Systems

1.1 Systems, Power Converters, and Power
Semiconductor Devices

In a competitive market, technical systems rely on automation and process control
to improve their productivity. Initially, these productivity gains were focused on
attaining higher production volumes or less (human) labor-intensive processes to
save costs. Today, attention is paid toward energy efficiency because of a global
awareness of climate change and, above all, questions related to increasing energy
prices, as well as security of energy and increasing urbanization. Consequently, it is
expected that the trend toward more electrical systems will continue and accelerate
over the next decades. As a result, the need to efficiently process electrical energy
will dramatically increase.

Devices that are capable of converting electrical energy from one form into
another, i.e. transforming electrical energy, have been a major breakthrough tech-
nology since the beginning of electrical power systems and are considered key
enabling technologies. For example, without transformers, large-scale power gen-
eration, transmission, and distribution of electrical power would not have been
possible. Interestingly, very few people today are aware that without this invention,
initially called secondary generator [Jon04], we would not have been able to create
such an efficient, safe, and (locally) environmentally clean power source. Of course,
as transformers, or generally speaking electromagnetic devices, can only transform
voltage or control reactances, their use in automation systems remained limited.
At the beginning of electrification, frequency and phase control could only be real-
ized using electromechanical conversion devices (i.e. motors, generators). However,
these machines were bulky, required maintenance, had high losses, and remained
expensive. Furthermore, these electromechanical devices had rather low control
bandwidth. Therefore, they operated mostly at fixed set points. Today, most automa-
tion and process control systems require more flexible energy conversion means to
vary dynamically voltage or to regulate current, frequency, phase angle, etc.

At present, power electronics is the most advanced electrical energy conversion
technology that attains both high flexibility and efficiency. As an engineering field,
power electronics came into existence about 50 years ago, with the development and

J. Lutz et al., Semiconductor Power Devices, DOI 10.1007/978-3-642-11125-9_1, 1
© Springer-Verlag Berlin Heidelberg 2011



2 1 Power Semiconductor Devices

Converter

Topology
Components
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Communication w

Fig. 1.1 Power electronic systems convert and control electrical energy in an efficient manner
between a source and a load. Sensor interfaces to the source and load, as well as information and
communication links, are often integrated

the market introduction of the so-called silicon controlled rectifier, known today
as the thyristor [Owe07, HolO1]. Clearly, power electronics and power semicon-
ductor devices are closely intertwined fields. Indeed, in its Operations Handbook,
the IEEE Power Electronics Society defines the field of power electronics as “This
technology encompasses the effective use of electronic components, the application
of circuit theory and design techniques, and the development of analytical tools
toward efficient electronic conversion, control, and conditioning of electric power”
[PELOS].

Simply stated, a power electronics system is an efficient energy conversion means
using power semiconductor devices. A power electronics system can be illustrated
with the block diagram shown in Fig. 1.1.

A special class of power electronic systems are electrical drives. A block dia-
gram of an electrical drive is illustrated in Fig. 1.2. Electrical drives are used in
propulsion systems, power generation (wind turbines), industrial and commercial
drives, for example, in heating ventilation and air conditioning systems, and in
motion control. In an electrical drive, the control of the electromechanical energy
converter, the latter being a highly sophisticated load from a control perspective,
is integrated in the power electronics converter control. Most research institutions
that deal with power electronic converter technology also work on electrical drive
technology, because this field still represents one of the largest application areas
(expressed in installed apparent power) of power electronic converters [Ded06]. In
the near future, despite the increased use of power converters in photovoltaic sys-
tems and computer power supplies, it is expected that this dominance of drives will
remain. Most experts predict that the existing industrial markets for drives will con-
tinue to grow and will be complemented by newly developed markets, such as wind
turbines, more electric ships and aircrafts, and electric mobility, i.e. trains, trams,
trolley busses, automobiles, scooters, and bikes.
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Fig. 1.2 Highly dynamic electrical drives systems comprise power electronic converters and elec-
trical machines or actuators with dedicated control to convert electrical energy into mechanical
motion

1.1.1 Basic Principles of Power Converters

Looking into the generic power electronic converter block diagram of Fig. 1.1, more
details can be revealed when considering the operating principles and the topol-
ogy of a modern power electronic converter. Basically, to make power electronic
converters work, three types of components are needed:

e Active components, i.e. the power semiconductor components that turn on and
off the power flow within the converter. The devices are either in the off-state
(forward or reverse blocking) or in the on-state (conducting).

e Passive components, i.e. transformers, inductors, and capacitors, which temporar-
ily store energy within the converter system. Based on the operating frequency,
voltage, cooling method, and level of integration, different magnetic, dielectric
and insulation materials are used. For a given power rating of the converter, higher
operating (switching) frequencies enable smaller passive components.

e Control unit, i.e. analog and digital electronics, signal converters, processors, and
sensors, to control the energy flow within the converter such that the internal vari-
ables (voltage, current) follow computed reference signals that guarantee proper
behavior of the converter according to the external commands (that are obtained
via a digital communication link). Today, most control units also provide status
and system level diagnostics.

As power electronic converters ought to convert electrical energy efficiently (effi-
ciencies above 95%), linear operation of power devices is no option. Rather, the
devices are operated in a switching mode. Hence, in the power supply area, to make
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this distinction, power converters are called “switched-mode power supplies.” The
basic idea behind all power converters to control and convert the electrical energy
flowing through the converter is to break down this continuous flow of energy into
small packets of energy, process these packets, and deliver the energy in another,
but again a continuous, format at the output. Hence, power converters are true
power processors! In doing so, all converter topologies must respect fundamental
circuit theory principles. Most importantly, the principle that electrical energy can
only be exchanged efficiently via a switching network when energy is exchanged
between dual components, i.e. energy stored in capacitors or voltage sources, should
be transferred to inductors or current sources.

As described in guidelines and standards, for example, IEEE 519-1992 [IEE92]
and IEC 61000-3-6 [IECO8], and to protect sources and loads, the energy flow at the
input and at the output of the converter has to be continuous and substantially free
from harmonics and electromagnetic noise. To make the energy flow continuous,
filter components are necessary. Note that in many applications these filter compo-
nents can be part of the source or the load. To minimize cost of filter components,
to comply with international standards, and to improve efficiency, the control units
of inverters, DC-to-DC converters, and rectifiers tend to switch the power devices
at constant switching frequency, using pulse width modulation (PWM) techniques,
sometimes called duty cycle control. Basic circuit theory and component design
proves that higher switching frequencies will lead to smaller passive elements and
filter components. Hence, all converter designs strive to increase switching frequen-
cies to minimize overall converter costs. However, as will be discussed in the next
sections, higher switching frequencies impact converter efficiency. As a result, a
balance has to be found between investment material and production costs and
efficiency. Note that efficiency also determines the energy costs of the conversion
process over the entire life span of the converter.

1.1.2 Types of Power Converters and Selection of Power Devices

Power electronic converters can be categorized in various ways. Today, with power
electronics, it is possible to convert electrical energy from AC to DC (rectifier), from
DC to DC (DC-to-DC converter), and from DC back to AC (inverter).

Although some converters can convert AC directly to AC (matrix converter and
cycloconverters), most AC-to-AC conversion is done using a series connection of
a rectifier and an inverter. Hence, as shown in Fig. 1.3, most converters possess
at least one DC link, where the energy is temporarily stored between the different
conversion stages. Based on the type of DC link used, the converters can be divided
into current source and voltage source converters. Current source converters use an
inductor to store the energy magnetically and operate with near-constant current in
the DC link. Their dual, i.e. the voltage source converter, uses a capacitor to keep
the DC voltage constant.

In case of AC supplies and loads, the converter could take advantage of the fact
that the fundamental component of the line current or the load current crosses zero.
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Fig. 1.3 DC-Link converters and matrix converters can convert electrical power between (three-
phase) AC supplies and loads. Most converters use a combination of rectifier and inverter

Fig. 1.4 Elementary diagram igo() Lgc
of line-commutated rectifier —i-—
circuit based on thyristors
1) oS I 7S
~ 1

vzo(t)J Vi)
— v31(2) i(0)

Vi) C:) l Ve

410(»] Vos(0) o

O I I

These converters are called line-commutated or load-commutated converters and
are still common in controlled rectifiers and high-power resonant converters as well
as synchronous machine drives, using thyristors. A three-phase bridge rectifier is
shown in Fig. 1.4. Detailed analysis shows that these converters produce line side
harmonics and cause considerable lagging reactive power [Moh02]. Consequently,
large filters and reactive power (so-called VAR-) compensation circuits are needed
to maintain high power quality. As these filters cause losses and represent a sub-
stantial investment cost, line-commutated (rectifier) circuits are slowly phased out
in favor of forced commutated circuits that use active turn-off power semiconduc-
tor devices, i.e. power transistors (MOSFET, IGBT) or turn-off thyristors (GTO,
IGCT). Active rectifier circuits (actually inverters operating in rectifying mode) can
eliminate the need for VAR compensators and reduce or eliminate harmonic filter
components.

However, not only the type of converter (rectifier, inverter, or DC-to-DC
converter), but also the type of topology selected (voltage source or current source)
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has a profound impact on the characteristics and the type of semiconductor devices
that are required. A three-phase current source inverter and a three-phase voltage
source inverter are illustrated in Fig. 1.5 to point out the operating differences of the
devices.

In current source converters, the devices need to have forward and reverse block-
ing capability. These devices are called symmetrical voltage blocking devices.
Although symmetrical blocking turn-off devices do exist, in practice, the reverse
blocking capability is often realized by connecting or integrating a diode in series
with the active turn-off semiconductor switch (transistor or turn-off thyristor).
Hence, in this case, higher conduction losses must be tolerated as compared to
asymmetric blocking devices. As will be shown in this book, the physics of power
semiconductor switches leads to the fact that the design of symmetrical blocking
turn-off devices (with integrated reverse blocking pn-junction) somehow relates to
thyristor-based structures (see Chap. 8 and Sect. 10.7). As these devices are more
suitable for high-power applications (voltages above 2.5 kV), some high-power con-
verter manufacturers still use symmetrical (GCT) devices in high-power (above 10
MVA) current source converters [Zar01]. The main advantage of such converters is
the fact that a current source converter is fault tolerant against internal and external
short circuits.

Voltage source converters require a reverse conducting device because they
inevitably drive inductive loads at their AC terminals. Hence, to avoid voltage
spikes, when a device turns off current, a freewheeling path is needed. This reverse
conduction or freewheeling capability of semiconductor switches can be realized by
connecting or integrating a diode anti-parallel to the turn-off device. As this addi-
tional junction is not in series with the main turn-off device, no additional voltage
drop occurs in the current path of the converter. Hence, with the present state of
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device technology, voltage source converters tend to be more efficient than current
source converters, especially at partial load conditions [Wun03]. Indeed, at partial
load the current source converter still has a high circulating current in the DC link
of the converter, while the voltage source operates at reduced current, even when
the DC-link capacitor carries full voltage.

In practice, due to the lower losses in the DC-link capacitor as compared to the
DC-link inductor, the size of a voltage source converter can become considerably
smaller than that of a current source converter. In addition, most loads and sources
behave inductively (at the switching frequency). Hence, voltage source converters
may not require additional impedances or filters, while a current source converter
requires capacitors at its output terminals. Taking all these engineering considera-
tions into account, one can understand the growing importance of voltage source
converters as compared to current source converters. The device manufacturers
have responded to this growing market by optimizing far better asymmetric tran-
sistors and thyristors with respect to conduction and switching losses, which led
to considerable efficiency improvements and less cooling costs. Furthermore, most
voltage source converter topologies use the two-level phase leg configuration that
was shown in Fig. 1.5a. This phase leg topology has become so universal that device
manufacturers offer complete phase legs integrated in single modules as elementary
building blocks, called power electronic building blocks (PEBBs), thereby reducing
manufacturing cost and improving reliability (see Chap. 14). As power electronics
is becoming a mature technology, one can state that in the near future most new con-
verter designs (with ratings from few millivolt amperes to several gigavolt amperes)
will be voltage source-type converters.

1.2 Operating and Selecting Power Semiconductors

When designing a power converter, many details need to be considered to achieve
the design goals. Typical design specifications are low cost, high efficiency, or
high power density (low weight, small size). Ultimately, thermal considerations, i.e.
device losses, cooling, and maximum operating temperature, determine the physical
limits of a converter design. When devices are operated within their (electrical) safe
operation area (SOA), conduction and switching losses dominate device losses. The
underlying physics of these losses are described and analyzed in this book. However,
it should be noted that the converter designer can substantially minimize these losses
by making proper design decisions. In general, the outcome of the design depends
greatly on the selection of the following:

e device type (unipolar, bipolar, transistor, thyristor) and rating (voltage and current
margins, frequency range)

e switching frequency

e converter layout (minimizing parasitic stray inductances, capacitances, and skin
effects)

e topology (two level, multi-level, hard switching, or soft switching)
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e gate control (switching slew rate)
e control (switching functions, minimizing filters, EMI)

Furthermore, as losses cannot be avoided, the design of the cooling system (liquid
cooling, air cooling) has a strong impact on the selection of the type of packag-
ing. Several types of packaging technologies are currently available in the market:
discrete, module, and press-type packages. Whereas the discrete and module pack-
ages can be electrically insulated, which allows all devices of a converter to be
mounted on one heat sink, the press-type packages can be cooled on both sides.
Typically, discrete devices are used in switched mode power supplies (up to 10kW).
Higher power levels, up to 1 MW, require parallel connection of multiple semicon-
ductor chips and make use of the module-type package, while double-sided cooled
packages (single wafer disc-type designs or multiple-chip presspacks) are used at
the highest power levels up to several gigawatts. Details of system architecture are
discussed in Chap. 11.

As already stated, the device switching power (product of maximum blocking
voltage and repetitive turn-off current) and its maximum switching frequency are
important criteria for a first selection of a power semiconductor in many applica-
tions. Next to this theoretical application limit, the practical application range of
silicon devices depends also on cooling limits and economical factors.

At present several device structures have been developed, each offering specific
advantages. The structures of today’s most important power semiconductor devices
are shown in Fig. 1.6. However, it is worth mentioning that in modern applications
classical bipolar transistors have been superseded by IGBTs (insulated gate bipolar
transistors), being basically a MOS-controlled bipolar device. Details on each of the
devices in Fig. 1.6 will be given in Chaps. 5, 6, 7, 8, 9, and 10.

As production of silicon devices has made great progress over the past 50
years, the application range of silicon devices has expanded and became better
understood. Figure 1.7 illustrates the practical application range of each type of
silicon device in classical power converters (rectifiers and hard-switching power
converters).

Note that for these applications the operation ranges are within a hyper-
boloid. In other words, the product of switching power (product of maximum
voltage and current) and switching frequency that can be attained per device
in practical conversion systems using silicon devices, assuming classical hard-
switching converter configurations and similar type of cooling, appears to be fairly
constant:

Pgw — hard - faw = Viax — hard - Inax — hard - fow ~ 10° VA/s

This frequency—power product is a good performance indicator for how well
the designer was able to maximize utilization of the power semiconductors and to
improve the power density of the converter. Indeed, as pointed out earlier, increasing
switching frequency also reduces size of transformers, machines, and filter compo-
nents (at constant apparent power). Actually, if passive components of the same
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Fig. 1.6 Basic structures of common power semiconductor devices

type (electromagnetic or electrostatic) are being considered, for example, inductors,
transformers, and machines, they also experience a similar frequency—power prod-
uct barrier as they use the same materials (copper, silicon steel, and insulation
materials), operating at same maximum temperatures.

To reduce switching losses, soft-switching converters or wide bandgap mate-
rials, such as silicon carbide (SiC) devices, can break this technology barrier.
For example, soft-switching resonant converters are being applied successfully in
switched-mode power supplies and DC-to-DC converters. In soft-switching con-
verters, not only the switching losses of the turn-off devices are being reduced,
but also the reverse recovery losses of the power diodes are mostly eliminated.
As will be shown in this book, reverse recovery effects in power diodes not only
increase switching losses but also are a root cause for high HF noise (EMI) in con-
verters. To limit these EMI effects, designers are forced to slow down switching
transients, which leads to higher switching losses in hard-switching converters. As
soft-switching converters utilize resonant snubber techniques, these losses do not
occur and the switching frequency can be increased or, alternatively, the output
power of the converter may be augmented. Soft-switching (resonant or transition-
resonant) converters typically improve the frequency—power product by a factor of
up to 5:

Pgw — soft - fyw =5 x 10° VA/s
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Fig. 1.7 Operating range of silicon power semiconductor devices

As was stated, yet another approach to increase power density of converters is
the use of SiC diodes. SiC diodes have near-zero reverse recovery current. Hence,
the silicon turn-off devices can be operated with higher turn-on and turn-off slew
rates. These hybrid silicon—SiC designs are currently under investigation as SiC
diodes are becoming available at higher power levels. Combining this hybrid con-
cept with high-frequency soft-switching principles, i.e. using the parasitic elements
of the devices (capacitances) and packages (inductances) as resonant components,
the highest power densities can be attained. These concepts already find their imple-
mentation in ultra compact power supplies. Also, high-power DC-to-DC converters
start to make use of these principles. One can estimate that the frequency—power
product of the silicon switches in these hybrid converters can become as high as
1010V Ars.

1.3 Applications of Power Semiconductors

One can conclude that the field of power electronics and power semiconductors is
still evolving at a rapid pace. Soon, all electric power will pass not only through cop-
per, dielectric, or magnetic materials but also through semiconductors, because most
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applications require energy conversions or because increased efficiency is required
in these energy conversion processes.

As was mentioned above, converters are being used over a wide power range,
with ratings from milliwatts or mVA (technically speaking, it is more correct to use
apparent power) up to gigawatts. Depending on the required voltage and current
ratings of the power semiconductors, different types of power semiconductors are
being used. At the low power end (1 VA up to 1 kVA), switched-mode power sup-
plies for battery chargers, mostly for portable communication devices and power
tools, as well as for electronic systems (audio, video, and controllers) and personal
computer systems form a major global market. Pushed by legislation, these power
supplies have steadily augmented efficiency by improving control and developing
better power devices and passive components. Modern power supplies also have
reduced standby losses. The trend is toward higher switching frequencies because
less material is needed for filter components. Hence, most power supplies in this
power range are using power MOSFET devices to convert electrical energy.

Another major market for power electronic systems is electronic ballasts in light-
ing systems. New energy-efficient light sources (fluorescent, gas discharge lamps,
LED, OLED) require control and conversion of the electrical power to operate. The
main challenge is to develop power electronic circuits that are cheap and that can
be mass produced. Moreover, the overall life cycle assessment (to assess impact on
environment) of light sources seems to favor more efficient lighting systems [Ste02].
New legislation in the EU will phase out incandescent light bulbs.

Drive applications span a power range from few 10 VA up to 100 MVA. In auto-
motive applications, many small drives (100 VA up to 1kVA) are fed from the
onboard power source, nominally 12 or 24 V. Hence, MOSFET devices are most
common in these applications. On the other hand, grid-connected drives have to
cope with the different grid standard voltage levels. For example, single-phase sys-
tems for households in North America and power systems in the aircraft industry
have 115V (rms) phase voltage at 60 or 400 Hz, respectively. Higher power single-
phase systems offer 230V line to line. In Europe, single-phase systems are 230V,
while three-phase line-to-line voltages equal 400 V. Canada and the United States
also have 460V three-phase power systems. Typically, the highest low-voltage
power systems have 660V line voltage (IEC 60038 defines low-voltage systems
up to 1000 V). To cope with all standards and to lower production costs, device
manufacturers have settled on few voltage levels that cover most grid-connected
applications (rectifiers and inverters). Consequently, power devices with breakdown
voltages of 600, 1200, and 1700 V have been developed. As transistor-type devices
offer short-circuit protection at low cost, IGBTs are predominantly being used in
drives fed from power grids. Medium-voltage drives (grid voltage from 1000 V up
to 36 kV) use, depending on drive rating, transistor (IGBTs), and turn-off thyristor
(GTO or GCT)-type devices. Above 3kV, i.e. at higher voltage and power ratings
(above 5 MW), three-level converters [Nab81] based on GCTs seem to dominate the
market. However, at very high power levels above 15 MW, load-commutated invert-
ers (LCIs) using thyristors are still produced by some manufacturers, for example,
in rolling mills and compressor drives [WuO8].
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Drives in traction applications such as locomotives, trains, and trams also
face many different voltage standards. In Europe, several DC (600, 1500, and
3000V) and AC (16.7 and 50 Hz) systems are used. Older converter designs used
thyristors to control torque of various types of machines (DC, synchronous, and
asynchronous machines). Typically, one converter would drive multiple motors
(multi-axle design). More and more, IGBT-based converters are being used and
single-axle designs are preferred. Hence, the required rating of the converters in
traction systems has gone down, which favors designs based on transistor-type
devices. Most importantly, the load cycle capacity of the converter is essential for the
required reliability, especially in traction applications. In this area, research is ongo-
ing to improve device package and cooling system reliability to improve converter
life cycle costs (for details see Chap. 14).

Yet another modern drive application at the lower power spectrum (10 W) is the
electronic toothbrush. This household appliance is a true power electronics marvel.
A switched-mode power supply transforms the power of the AC line (115 or 230 V
phase voltage) to medium frequency (50k Hz) AC power to allow a contactless
energy transfer (via a split transformer core) to the handheld battery fed toothbrush.
A rectifier converts the medium frequency to DC. A step-down converter regulates
the charging current to the battery and the electronics. An electronic commutated
brushless PM machine drives the mechanical gears that move the brush in a rocking
motion. Note that the complexity of this toothbrush approaches that of an electric
vehicle. At these power levels, control and power devices are highly integrated to
make mass production possible at reasonable cost. However, often these low-power
applications are precursors of what can be achieved with high-level integration at
higher power levels in the future.

Power electronics is used in generator systems whenever constant speed oper-
ation of a turbine or an engine cannot be guaranteed. A typical application is
maximum power point tracking of generators driven by combustion engines (10—
1000 kW range). More recently, power generation with wind turbines is inverter
driven. Power levels of wind turbines have grown from 50kW in 1985 to 5.0 MW
in 2004 [AckO5]. Wind turbine manufacturers expect off-shore wind turbines to
reach 10 MW per unit in the future. These large units will be “full converter” units
in contrast to the doubly fed generators systems that are currently mostly used in
on-shore applications. Doubly fed generators (also called rotating transformers) use
AC-to-AC converters that are rated typically lower than 60% of the turbine power.
This solution tends to be economical advantageous when using low-voltage (400 V
or 690 V) generators, up to 5.0 MW. Note that worldwide approximately 120 GVA
of inverter apparent peak power has been installed in the last decade to satisfy the
demand for wind power [WEAQ9].

Another high-power application is transport of electrical energy over long dis-
tances using high-voltage DC (HVDC) transmission. Classical HVDC systems use
three-phase bridge-type rectifiers based on thyristors. Some variants use direct light-
triggered thyristors, although the requirement of diagnostic status feedback (via a
glass fiber, due to the high-voltage BIL (basic insulation level) requirements) often
favors separate light-triggered thyristors or thyristors triggered using a classical gate
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driver (both methods use energy stored in the snubber capacitor to trigger the thyris-
tor via a glass fiber). The first HVDC systems date from 1977 and are still in use.
However, increasing power demand over long distances (mostly hydropower), for
example, in the so-called BRIC countries (Brazil, Russia, India, and China) has
given HVDC a new boost. HVDC technology is now operating with £500kV, deliv-
ering 3 GW of power, while new systems will operate at £800kV, transmitting 6
GW [Ast05]. These transmission systems are current source-type converters and
are designed to deliver power from point to point. Voltage source-type transmission
systems are being implemented in those areas where more decentralized power gen-
eration takes place. These systems (called HVDC Light or HVDC Plus) currently
use presspack IGBTs or IGBT modules. The functional advantages of voltage source
systems, i.e. independent active and reactive power control, PWM voltage control,
lower harmonics, and smaller filter requirements, have enabled voltage source con-
verter technology to compete economically against classical HVDC at power levels
up to 1 GW [Asp97]. Currently, off-shore wind power plants are under construction
using voltage source systems to transmit power via undersea cables.

Electrolysers for electrowinning and electroplating are yet another high-power
application in power electronics. Contrary to HVDC, very high DC currents at
modest voltage (200-500 V) have to be controlled [Wie00]. Units delivering more
than 100 kA have been constructed based on thyristor rectifiers. In the future, elec-
trolysers may play a growing role when energy from renewable power sources is
converted and stored in hydrogen [Bir06].

A growing market for power electronics are converters for photovoltaic (PV)
systems, especially grid-connected PV systems. High efficiency, also at partial load,
drives the design of PV converters. Units from 150 W (module converters), 5 kW
(string converters) up to 1 MW (central converters) are being produced [Qin02].
Most designs use IGBT devices. Depending on geographical latitude, most road
maps of PV cell manufacturers foresee PV at parity with electrical energy cost by
2015 (southern Europe) and 2020 (central Europe). Large-scale PV systems as well
as solar thermal systems are envisaged in the near future around the equator. To
transport the electrical energy, HVDC transmission systems will be needed that span
entire continents. These super-grids are under study and can be realized with today’s
state-of-the-art power electronics [Zha08].

The more the energy demand of the world will rely on renewable power sources,
the more electrical storage capacity will be needed. High-power battery storage sys-
tems are being demonstrated for over a decade in Japan using high-temperature
sodium—sulfur batteries [Bit05]. Lithium-ion-based materials will further increase
power density and energy density [Sau08]. Furthermore, if electric vehicles, all
driven by power electronic converters, are used on a massive scale, it is anticipated
that these vehicles can provide sufficient storage capacity to substantially load-level
renewable power sources.

While this first chapter discussed power conversion systems from the application
view, we will, after discussing in depth the physics and technology of power elec-
tronic devices and components, return to the system design at the end of this book
from a bottom-up perspective.
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One can conclude that with power electronics, vast amounts of energy can be
saved (due to efficient control of processes). In addition, power electronics is a key
enabling technology to make the electrical energy supply more robust and flexi-
ble, so that a more sustainable energy supply can be realized. By definition, at
the heart of power electronics are power semiconductor devices that enable this
efficient energy conversion. Consequently, a deep understanding of power semicon-
ductors is a must for any electrical engineer who wishes to contribute toward a more
sustainable world.
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Chapter 2
Semiconductor Properties

2.1 Introduction

Research on semiconductors has a long history [Smi59, Lar54]. Phenomeno-
logically, they are defined as substances whose electrical resistivity covers a wide
range, about 1074—10° © cm, between that of metals and insulators and which at
high temperatures decreases with increasing temperature. Other characteristics are
light sensitivity, rectifying effects, and an extreme dependency of the properties even
on minute impurities. After reaching a basic understanding of their physical nature
in the 1930s and 1940s, semiconductors are defined now often by the band model
and impurity levels leading to the observed phenomena: Semiconductors are solids
whose conduction band is separated from the valence band by an energy gap E,
and at sufficiently low temperatures is completely empty, whereas all states of the
valence band are occupied. Most important for application in devices, however, is
that the conductivity can be controlled over a wide temperature range by impurities
and that there are two types of impurities, donors which release electrons causing
n-type conductivity and acceptors which provide positive carriers, the holes, leading
to p-type conductivity. This allows the fabrication of pn-junctions.

Semiconductors for power devices must have a sufficiently large energy gap or
“bandgap” to insure that the intrinsic carrier concentration, present also without
doping, stays below the doping concentration of the weakest doped region up to a
sufficient operation temperature, for example, 450 K. This is the precondition that
the doping structure remains effective. A sufficient bandgap is also advantageous
because the critical field strength, up to which the material can withstand electric
fields without breakdown, increases with bandgap. Unnecessary large energy gaps,
on the other hand, can prove disadvantageous because the ionization energy of the
impurities becomes larger with increasing bandgap and hence they release only an
unfavorably low number of carriers at room temperature. Also built-in and threshold
voltages get larger with wider bandgap.

Another essential demand on the semiconductor is that the mobilities of
the free carriers are sufficiently high. We will come back to this point in
Sect. 2.6. Furthermore, besides physical also chemical properties can be signifi-
cant. An example is the stable native oxide of silicon which is a prerequisite for
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almost the whole modern semiconductor technology. The impact of semiconductor
properties on device characteristics and technology will come up at many points in
the book.

Semiconductors for power devices such as silicon are always monocrystalline,
of single crystal form, because, first, only single crystals guarantee a homoge-
neous space charge under blocking bias and as few as possible energy levels in
the bandgap. High blocking voltages and low leakage currents are possible only
under these conditions. Second, carrier mobilities in single crystal semiconductors
are much higher than in polycrystalline. This allows correspondingly higher current
densities and the use of smaller devices.

The advantages obtained passing from polycrystalline to monocrystalline mate-
rial can be seen looking at the first commercial semiconductor power rectifiers made
of polycrystalline selenium. These rectifiers were produced from about 1940 until
1970 [Spe58, Pog64]. With current densities of at best 1 A/cm? and blocking volt-
ages up to 40 V per cell, packages with relatively large area were necessary to handle
the given currents and voltages. The properties were to a good part due to the poly-
crystalline state, although partly due to the semiconductor Se itself. Silicon diodes
replacing Se rectifiers (and Ge diodes) from the end of the 1950s allow current
densities and blocking voltages more than two orders of magnitude higher.

The era of modern semiconductors started at the end of the 1940s with the advent
of hyperpure single crystal germanium together with a breakthrough in understand-
ing pn-junctions and the invention of the transistor. Ge was replaced by silicon in the
1950s, and nowadays it has no importance for power devices. Its main drawback is
the relative small bandgap of only 0.67 eV (at 300 K) which results in a low allowed
operating temperature (& 70°C). Si is by far the most commonly used semicon-
ductor also for power devices, and one can read more about it in this book. The
bandgap of 1.1 eV and other properties of Si are very suitable for most applications.
Si belongs to group IV of the periodic system, following carbon, C, and preceding
Ge. A compound semiconductor consisting of the group III element gallium and
the group V element arsenic is gallium arsenide, GaAs. This semiconductor has
gained significance for microwave devices, since it allows high switching frequen-
cies. It has a bandgap of 1.4 eV and a very high electron mobility (five times that of
Si). In the field of power devices, the high electron mobility renders it suitable for
high-voltage Schottky diodes. Schottky diodes of GaAs for 300 V and higher are
available on the market.

Another compound semiconductor, which has attracted much research and devel-
opment efforts in the last two decades and was often called the ideal material for
power devices, is silicon carbide, SiC [Fri06]. It has a large bandgap ranging from
2.3 to 3.3 eV depending on the crystal modification (polytype, see the next sec-
tion). Consequently, the maximum operating temperature up to which the intrinsic
carrier concentration is small enough and the critical field strength at which break-
down occurs are much higher than for Si. Whereas the higher possible temperature
could not be utilized much till now because metallurgical properties of contacts and
packaging limit the operating temperature, extensive use was made of the benefits
of the high critical field. These are a much higher allowed doping concentration
and smaller width of the base region required for a given blocking voltage. This
means that fast Schottky diodes and other unipolar devices for high voltages can
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be fabricated, and pn-devices with extremely high blocking voltage (possibly up to
20 kV) and low power losses are possible. Although SiC like Si possesses a native
oxide, the lower quality of the SiO,—SiC interface still hinders the fabrication of
competitive MOS (metal oxide semiconductor) devices. A significant difference to
Si technology is that diffusion of impurities cannot be used as a doping method
because the diffusion constants in SiC are too small. Although from these and other
reasons the technology of SiC is less versatile and developed and more expensive
than that of Si, it has apparently good chances to win some application areas of
power electronics. Schottky diodes in SiC for voltages up to 1600 V are on the mar-
ket; junction field effect and bipolar transistors are available as prototypes. We will
come back to SiC devices at several points in this book.

In recent years very interesting investigations have been performed on microwave
and power devices on the base of GaN using a heterojunction with AlGaN [Ued05].
The base material GaN is with regard to the bandgap of 3.4 eV and a corre-
spondingly high critical field similar to 4H-SiC. The operation principle of the
AlGaN/GaN devices, however, is based specifically on a highly conducting two-
dimensional electron gas induced by the heterojunction with the AlGaN which is
deposited as a thin layer. Hence the devices have a lateral structure. Because the
fabrication of large single crystals and wafers of GaN still offers problems, the GaN
layer is grown epitaxially on substrates of 4H-SiC, saphire (Al,O3), or silicon. Field
effect transistors with a blocking voltage up to 1.8 kV and a current of more than
100 A have been demonstrated [Ike08]. Owing to the high critical field the lateral
and vertical dimensions of the GaN layer can be chosen small, so an on-resistance
not much larger than for vertical devices of 4H-SiC was obtained. There is also the
potential of combining high-density lateral GaN power devices with conventional
control circuits on a silicon substrate [Bri09]. How this new technology will develop
further-on and if power devices on the base of GaN will find a place in future power
electronics cannot be predicted at present. Silicon based devices are always strong
rivals.

A further subject of investigations in view of a possible future material for power
devices has been the diamond modification of carbon. Diamond has an energy gap
of 5.5 eV and in pure form is a semi-insulator. Its critical field is extremely high
(10-20 MV/cm). If it contains impurities like boron or phosphorus, it behaves as a
semiconductor whose carriers have higher mobilities than in silicon. A handicap of
diamond is the high ionization energy of the dopants, especially of donors. Hence
the impurities are ionized only to a small extent at room temperature. Concepts
to partially overcome this drawback have been proposed and samples of Schottky
diodes have been demonstrated [Ras05]. The employment of diamond devices in
power electronics is expected at best in the longer term.

2.2 Crystal Structure

The atoms in a crystal have their resting center at lattice points around which they
can vibrate. The lattice is to a great extent determined by the type of bonding
between the atoms. In all the named semiconductors (apart from Se) the bonds in
all directions are covalent, i.e. formed by an electron pair with opposite spins. This
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is the rule for group IV elements. Because they have four valence electrons in the
outer shell, an atom can undergo covalent bonds with four nearest neighbors which,
like the central atom, contribute an electron to the respective bond. In this way, a
closed shell of eight shared electrons is gained for each atom establishing a very
stable configuration. Similar considerations hold for group III-V compounds such
as GaAs which on average have four valence electrons per atom. Symmetrically
arranged, the four nearest neighbors are located at the corners of a tetrahedron, the
midpoint of which is occupied by their common bonding partner. For element semi-
conductors, this tetrahedral bonding can be realized only by one lattice structure, the
diamond lattice. This is hence the lattice of Ge, Si, and the diamond modification
of carbon.

Figure 2.1 (a) shows the cubic unit cell of the diamond lattice. It can be described
as superposition of two face-centered cubic (fcc) sub-lattices, which by definition
have lattice points at the corners and midpoints of the side faces of the cube. The
two sub-lattices are shifted by a quarter of the space diagonal. In the lower left part
of the figure, the covalent bonding of an atom on the space diagonal with its four
nearest neighbors is marked. This part of the figure is redrawn in Fig. 2.1(b) to show
the tetrahedral bonding geometry more clearly.

GaAs has the same lattice structure, except that now one of the face-centered
cubic sub-lattices is occupied by Ga and the other by As atoms. If in Fig 2.1(b)
an As atom is in the center, the four neighbors at the corners are Ga and vice
versa. This so-called zincblende lattice is the structure of most group -V
semiconductors [Mad64].

An exception is GaN which possesses the wurtzite structure, a hexagonal lattice
called after a second polytype of ZnS appearing besides zincblende. In the wurtzite

(a) (b)

Fig. 2.1 (a) Cubic unit cell of the diamond lattice. The tetrahedral bonding between an atom 1 on
the space diagonal and four nearest neighbors 2-5 is marked. (b) Central atom with four neighbor
atoms at the corners of a tetrahedron. The lattice constant for silicon is a = 5.43 f\, the distance
between the center of Si atoms d = +/3/4a = 2.35 A (adapted from [Sze81] John Wiley & Sons
Inc., reproduced with permission and [Hag93] Aula-Verlag GmbH, reproduced with permission)
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lattice the tetrahedral bonding between the neighbors of both types is realized as
well, only the orientation of neighboring tetrahedra toward each other is different
from the zincblende structure. Actually, the tetrahedral bonding system of XY-
compounds is compatible with many other lattices. This is shown in fact by SiC
which crystallizes in the zincblende structure and likewise in many other polytypes,
most of which are hexagonal. In all cases, the arrangement of nearest neighbors is
identical, each silicon atom being surrounded by four carbon atoms at the corners
of a tetrahedron with the Si in the center and vice versa. Only the arrangement of
more distant atoms varies from polytype to polytype [Mue93]. The atomic distance
between nearest neighbors is always 0.189 nm = 1.89 A, nearly the mean value
between the atomic distances in diamond with 1.542 A and Si with 2.35 A. For
power devices, the hexagonal polytype called 4H-SiC is preferred. The prefix indi-
cates that the structure repeats itself after stacking of four Si—C double planes. In
this nomenclature GaN has a 2H structure, since the wurtzite lattice repeats itself
after two double planes of GaN.
The relevant crystal structures are compiled in the following list:

Ge, Si, diamond C Diamond lattice, cubic

GaAs Zincblende lattice, cubic

GaN Waurtzite lattice, 2H hexagonal
4H-SiC 4H hexagonal

The crystal orientation influences to some extent processing parameters and
physical properties. In silicon, the thermal oxidation rate, the epitaxial deposition
rate, the density of surface states, and the elastic constants depend on orientation,
whereas mobilities and diffusion constants due to the cubic lattice are (isotropic)
scalars. To describe crystal planes and directions one uses the Miller indices. These
are defined via the reciprocals of the intercepts of the considered plane with the
crystallographic axes, expressing their ratios by a triple of smallest integers. For
example, the six faces of a cube intersect two of the axes in the point 0o, hence two
of the Miller indices are 0, and the planes are denoted as (1 0 0), (0 1 0), (0 —1 0),
and so on. The family of these planes is denoted as { 100} planes. The crystal planes
which have equal intercepts on the axes are the {111} planes. In silicon technology
crystal wafers (slices) with a {100} or a {111} surface are used.

2.3 Energy Gap and Intrinsic Concentration

The energy gap results because all the valence electrons of the semiconductor atoms
are required for the complete covalent bonds and because a certain amount of energy
is necessary for breaking electrons out of the bonds so that they can move freely and
hence conduct current. This is expressed by the band diagram shown in Fig. 2.2,
where the energy of the electrons is plotted versus a space coordinate x. The valence
band contains the states for the electrons in the bonds, and the conduction band rep-
resents the states of the electrons which are free for conduction. Between the top
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of the valence band, Evy, and the bottom of the conduction band, Ec, no energy
levels are present, E; = Ec — Ey is the energy gap. Here we refer to an “intrin-
sic” semiconductor whose properties are not influenced by impurities but are due
to the semiconductor itself. At least the energy E, is necessary to break an electron
out of the bonds and create a conduction electron. At zero absolute temperature, no
valence electron has this energy (external activation excluded), and since no carriers
are present, the semiconductor behaves like an insulator. At 7 > 0 a certain number
of valence electrons is elevated into the conduction band. By this process, however,
not only conduction electrons are created but also an equal number of empty elec-
tron places remain in the valence band and these voids, called “holes,” can conduct
current likewise. As a missing valence electron the hole has the opposite, i.e. a pos-
itive charge. Because in an electric field the empty place is filled repeatedly by a
neighboring valence electron, the hole travels in opposite direction to the electrons.
This is similar to a bubble in water moving against gravity. It follows that one can
ascribe also an energy to the holes which is directed downward in Fig. 2.2 (see the
calculation below).

So far, the picture of a (classical) vacancy at a point x in the otherwise
full band of valence electrons is successful. With this understanding, the hole
is an auxiliary quantity for a simpler description of the motion of all involved
valence electrons which are the actual carriers. However, there are other deci-
sive experiments, particularly measurements of the Hall effect, which contra-
dict this classical picture and show the holes as positive charge carriers on
their own. This is confirmed by quantum theory according to which the holes
are independent stable (quasi-) particles on the same grounds as conduction
electrons. A detailed discussion of these features will be given in the next
paragraph.

We calculate now the intrinsic concentration of carriers in a pure semiconduc-
tor and introduce simultaneously some more general relationships for electrons and
holes which are applicable also when impurities are present. Since the thermal gen-
eration of carriers is counteracted by recombination annihilating them, this leads to
a thermal equilibrium described by statistical physics. The occupation probability
of states with energy E, defined as the number of electrons ng per number of states
with that energy, NE, is given by the Fermi distribution:

e _ b .1
N E 1+ e%
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In this equation k denotes the Boltzmann constant, T the absolute temperature, and
Er the Fermi energy, which in statistical thermodynamics is called also “electro-
chemical potential.” EF is a constant of the system determined so that the sum over
ng returns the total electron concentration. As shown by Eq. (2.1), the states with
energies smaller than Ef are mostly occupied by an electron, while the states with
E > Er are mostly empty. The number of occupied divided by the number of
unoccupied states of energy E, called the occupation degree, is

B e E-ERAT 2.2)
Ng — ng

In the intrinsic case and often also in doped semiconductors (see Sect. 2.5), the
occupation probability is small, ng << Ng. In this so-called non-degenerate case,
Eq. (2.2) turns into the classical Boltzmann or Maxwell-Boltzmann distribution:

ME _ o—(E-ER)/KT (2.3)
Ng

Since primarily only states near the bottom of the conduction band are occupied
and primarily only states near the top of the valence band are empty, we assume at
the moment that the density of states in the bands (number of states per infinitesimal
energy interval and per volume) is concentrated at the edges and in integrated form is
given by effective densities of states (number per volume) Nc, Ny. Taking Eq. (2.3)
at the energy E¢c one obtains for the concentration of conduction electrons in thermal
equilibrium:

n=Nc-e EcmEe/kT (2.4)

Using Eq. (2.2) atE = Evy and considering that the density of unoccupied states
in the valence band is identical with the hole concentration p, whereas the density
of occupied states is Nyv_, ~ Ny, the hole concentration in thermal equilibrium is
obtained as follows:

p =Ny -e ErrEV/iT 2.5)

This shows that the holes behave statistically as particles with energy scale inverted
compared with electrons. Multiplication of Egs. (2.4) and (2.5) using Ec —Ev = E;
yields

np= ”12 = NcNvy - eng/kT (2.6)

where nj = n = p is the intrinsic concentration. Equation (2.6) is the mass law
equation of the reaction (0) <> n + p, describing generation and, inversely, the
recombination of an electron—hole pair.

Since the condition n = p = n; has not been used in the derivation, the intrin-
sic conduction represents only a special case of Egs. (2.4), (2.5), and (2.6), actually
they are applicable also to doped semiconductors where n 7# p. Doped semiconduc-
tors will be treated in detail in Sect. 2.5. Only the Boltzmann distribution (2.3) is
assumed for thermal equilibrium, meaning that the doping is not too high (case of
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non-degeneracy). As shown by Eq. (2.6), the np product is a constant independent
of the Fermi level, but dependent on the bandgap.

The Fermi level for the intrinsic case is obtained from Eqgs. (2.4) and (2.5) setting
n=np:

= Dvibe AT, Ne @7
2 2 Ny
Because of similar values of the densities of states Nc, Ny, the Fermi level in
intrinsic semiconductors lies close to the middle of the bandgap.

In spite of the simplifying assumption on the distribution of the density of states,
Egs. (2.4), (2.5) and (2.6) are applicable to the actual situation. To take into account
that with increasing 7 more states above, respectively below the band edges are
occupied, this results only in a temperature dependency of the effective densities
of states Nc and Ny. The density of states Ng increases with distance AE from the
edges as ~/AE. Multiplying this with the Boltzmann factor of Eq. (2.3) and inte-
grating, one obtains again Eqgs. (2.4) and (2.5), where Nc, Ny now are proportional
to 73> [Sze02]. Considering that also the band parameters themselves vary a little
with T, one obtains for Si [Gre90]:

T 1.58
Nc = 2.86 x 10" <ﬁ> Jem®
(2.8)

T 1.85
Ny = 3.10 x 10? (ﬁ> /em?

These numbers are large compared with the doping concentrations in most cases, as
will be seen later. Compared with the number of Si atoms per cm?, 5.0x 1072, they
are small.

The bandgap is approximately a constant, more precisely considered, however,
it decreases slightly with temperature. This can be expressed for Si and other
semiconductors in the form [Var67]

aT?
(T+8)

Eo(T) = Eg(0) — (2.9)

The bandgap parameters of this equation together with the effective densities of
states are compiled for Si, GaAs, 4H-SiC, and GaN in Table 2.1 [Thr75, Gre90,
Lev0O1, Mon74]

The intrinsic carrier densities calculated with these data are shown in Fig. 2.3
as functions of temperature. From Si to SiC the intrinsic concentration decreases
extremely for a given temperature due to the exponential dependence on energy
gap. Considering a given value of n;, the absolute temperature at which this value is
adopted is to a rough approximation proportional to E,, neglecting the temperature
dependence of the pre-exponential factor in Eq. (2.6).

The temperature at which n; reaches a value comparable with the impurity con-
centration of the lowest doped region in a device, defines a limit, above which the
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Table 2.1 Bandgap parameters and effective density of states of some semiconductors

Si GaAs 4H-SiC GaN
Eq(0) (eV) 1.170 1.519 3.263 3.47

a x 10* (eV/K) 473 5.405 6.5 7.7

B (K) 636 204 1300 600

Eg(300) (eV) 1.124 1.422 3.23 3.39

Nc(300) (cm™?) 2.86 x 10" 4.7 x 10Y7 1.69 x 10'° 2.2 x 1018
Ny(300) cm™3)  3.10 x 10" 7.0 x 1018 2.49 x 10" 4.6 x 10

Fig. 2.3 Intrinsic carrier TG

density for Ge, Si, GaAs, and 1000 590 200 190 27 D '%0
4H-SiC as a function of l : 4 :

temperature

Intrinsic concentration n (cmﬁs)

104 i ;
05 1 15 2 25 3 35 4

1000/T (K1)

pn-structure begins to be leveled out and loses its normal function. If n; is dom-
inating, its exponential increase with temperature and the corresponding decrease
of resistance, together with thermal feedback, can lead to current constriction and
destruction of the device. In a Si device with 1000 V blocking voltage, a doping
in the range of 10'* cm™3 is necessary for the base region to sustain the voltage.
To meet the condition n; < 10" cm™3, the temperature must remain below about
190°C, as is shown in Fig. 2.3. With 4H-SiC, temperatures of more than 800°C
would be allowed for 1000 V devices from this requirement. In practice, intercon-
nect and packaging materials, however, set a much smaller temperature limit.
Equation (2.6) shows why semiconductors with a wide bandgap, if nearly intrin-
sic, behave like insulators. In 4H-SiC, the intrinsic concentration as given by
above data is even at 400 K only 0.3 cm™3, corresponding to a resistivity of
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~ 2 x 10'Q cm. Although the practically attainable resistivity is several orders
of magnitude smaller, SiC can be used for insulating layers with high thermal
conductance.

For later use in the case of doped semiconductors we note an alternative form of
Egs. (2.4) and (2.5) which is obtained using the intrinsic concentration and intrin-
sic Fermi level to eliminate the effective densities of states and energies of band
edges. Dividing Eq. (2.4) by the specialized form n; = Nc exp(—(Ec — E;)/kT) it
converts to

n = n; - e EFEN/KT (2.10)
The hole concentration in thermal equilibrium can be written as follows:

p = n; - eETER/KT 2.11)

2.4 Energy Band Structure and Particle Properties of Carriers

Besides the E(x) band diagram of Fig. 2.2, there is the more detailed energy band
representation in k-space, E(k), which allows further insight into fundamental semi-
conductor properties. Here the electron energy is plotted versus the wave vector k
of a wave packet, which solves the quantum mechanical Schrodinger equation for
an electron in the crystal. Of maig interest are the valence E(k) band with highest
maximum and the conduction E(k) band with lowest minimum. In Fig. 2.4 these
bands are shown for Si and GaAs for specified directions in k-space. The energy
difference between the absolute minimum of the conduction band and the maxi-
mum of the valence band is the bandgap E; shown in Fig. 2.2. The maximum of the

valence band is nearly always at k = 0. In GaAs, also the minimum of the conduc-
tion band is located at this position. A semiconductor of this kind is called a direct
semiconductor. In Si, the conduction band has a minimum far away from k = 0.
Semiconductors of this type are called indirect. Since in Si a minimum lies in each
of the {100} directions, there are six minima in a unit cell.

Whether a semiconductor has a direct or indirect bandgap is decisive for the prob-
ability of transitions between the bands. This determines the suitability for optical
devices, but has some significance also for power devices. The influence on tran-
sition probability follows because the crystal momentum p = h k (h = h/27, h
is Planck’s constant) has the property of a momentum of the electron regarding
its reaction on external forces. Internal forces arising from the periodic poten-
tial in the crystal are taken into account in another way (see below). An external
force F, owing to an electric or magnetic field, causes an acceleration which, as in
Newton’s second law of mechanics, is given by dp/dt = F. Furthermore, in tran-
sitions between bands the change in crystal momentum p has to be counted in the
law of conservation of momentum. The recombination of an electron at the bottom
of the conduction band with a hole at k¥ = 0 occurs under emission of a photon,
which receives nearly the whole energy released, but has negligible momentum. In
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Fig. 2.4 Energy band E(k) for Si (indirect semiconductor) and GaAs (direct semiconductor).
Figure from Sze [Sze02] John Wiley & Sons Inc., reproduced with permission

indirect semiconductors the recombination can occur only if the crystal momentum
of the conduction electron can be transferred to a quantum of lattice vibrations, a
phonon. Hence, compared with a direct semiconductor such as GaAs, where the
recombination occurs without participation of a phonon, the radiative band-to-band
recombination in indirect semiconductors has a much lower probability. Therefore,
only direct semiconductors are used for LEDs and lasers. The lifetime associated
with the radiative band-to-band recombination represents an upper limit of the life-
time of minority carriers. For GaAs, a radiative minority carrier lifetime t = 1/(BN)
(B is the recombination constant) of 6 s is estimated for a doping concentration of
N =1 x 105 em™3; for 10!7 cm™3 this means t = 60 ns [Atk85]. This is suffi-
cient to allow satisfactory operation of pin diodes for a medium voltage range, but
it is detrimental for bipolar transistors and thyristors with commonly used doping
structures. In Si the radiative recombination constant B is four orders of magnitude
smaller [Sco74]. Hence very high lifetime values are possible in Si. The recombi-
nation radiation in Si, having a wavelength A >~ hc/E; = 1.1 um, is often used
as a tool to investigate and test the internal operation of devices. Besides Si also
Ge and all polytypes of SiC are indirect semiconductors. Some of the group III-V
compound semiconductors are of the direct type like GaAs, while others are of the
indirect type like GaN.
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The E(lz) bands are also basic for the behavior of electrons and holes as charge
carriers. We will outline this here shortly, referring for a more complete discussion
to the books of Moll [Mol64] and Spenke [Spe58]. If an external force is applied,
the electrons near the minimum of the conduction band are accelerated. However,
the increase in kinetic energy is only relatively small, because the acceleration is
stopped after a short relaxation time owing to the non-ideality of the crystal, i.e. by
scattering by phonons and impurities. Thus the wave vector and kinetic energy are
reduced nearly to their initial values (on the statistical average) and remain in the
band not far away from the minimum. Hence the kinetic energy, Eqxin = E — Ec,
can be expressed using Taylor’s expansion as

1 d’E
En,kin - =

R (k — km)? (2.12)

where %m denotes the k-vector at the band minimum. We assume for simplicity
that the E(k) function depends only on the absolute value k of k£ and not on the

orientation. Defining a “particle momentum” as p, = h(lz—km), Eq. (2.12) turns into

LPE L, R

in=-——= = 2.13
n.kin 28 di2 Pn 2my ( )
where we have defined, furthermore,
d’E
— ~32

my, has the dimension of a mass and is called the effective mass of the electrons. It
has the order of magnitude of electron mass in vacuum, but is not equal to it. The
velocity of the electron is v, = pn/my. Because the momentum vector py, of the
conduction band minimum in p, = p — py, is constant, the relation between force
and acceleration can be written also as F = dpy/dt. Hence, quantum mechanics
leads to the result that conduction electrons in the lattice-periodic potential obey
relationships of mechanics; they react on external forces like mass points with a
positive effective mass m, and a negative charge —g. The interaction with the inter-
nal field of the periodic potential is taken into account by the effective mass. The
effective mass is not a scalar but a tensor, but this is not important for an essential
understanding of the model.

Holes behave quite analogously. This is obtained representing a hole by the full
valence band minus an electron. The full band does not conduct current because the
parts from +k and —k compensate each other. The contribution of an electron to the
current density for a unit of volume is —¢ ¥,,, and that of the missing electron, the
hole, +¢v,,. Since the velocity of the hole is identical to that of the missing electron,
the equation of motion ylelds Ve = F, [Ty = Vp = Fp/mp Here F, denotes the
force on the electron, Fp the force on the hole, which due to the opposite charge
has an opposite sign for electric and magnetic fields, Ij"p = —F,. Hence we have to
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define mp = —myy to obtain the classical relation between force and acceleration.

Because at the top of the valence band d°E/dk? < 0, the effective mass ny, of the
valence electron is negative and that of the hole positive:

d*E
mpy = —2h2/@(E = Ev) (2.15)

For Eyinp = Ev — E one obtains similarly as for the electrons: Eyjnp = 132 [2my =
mpfzg /2. Hence we have obtained that also holes obey the relationships of mechan-
ics, they behave like mass points with a positive charge ¢ and positive effective
mass. Quantum mechanics leads to a particle picture, called quasi-particle model,
which is justified on the same basis for holes as for conduction electrons. It has a
wide range of applicability and is used throughout device physics.

Quantitatively, the situation is more complicated because the effective mass of
electrons in Si and other semiconductors is a tensor and depends strongly on ori-
entation. However, the effective mass entering the mobility and conductivity, the
“conductivity effective mass” my ¢, 1S an average over the equivalent minima in k-
space, and this averaging yields a scalar in cubic crystals [Smi59]. The conductivity
effective mass in Si is my = 0.27mg (mp free electron mass) [Gre90]. Also for
holes in Si a scalar value is used for the conductivity effective mass, it amounts to
mpc = 0.4 mg at 300 K . Both masses depend only very weakly on temperature.

Regarding the quasi-particle model for holes, the question is whether it impli-
cates essentially different results compared with the previous classical picture of a
void or bubble in the sea of bonding electrons. The answer is yes. Most evidently
this is shown by the Hall effect, measurements of which are the main experimental
tool to investigate the basic processes underlying conductivity. In these experi-
ments, a magnetic field Bis applied perpendicular to a semiconductor strip in which
a longitudinal current is flowing, the lateral voltage Vp at the strip is measured,
see Fig. 2.5. Since the carriers are forced to flow along the strip, the Lorentz force
Q v x B is balanced by the formation of a lateral electric field Ey = —v x B where
v is the vector of (drift) velocity of the carriers and Q their charge. If x and z are

-
Enly
=g x
B =
l l -
Vip ot B/ g s
H >

Fig. 2.5 Basic arrangement for Hall measurements
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the coordinates in the directions of ¥ and B, respectively, then the “Hall field” EH
has the direction of the positive y-coordinate. With the scalar components in this
goordinate system denoted by ordinary letters (so that v = (v,0,0), B = (0,0,B),
Ey = (0, Eg, 0)), one obtains

J o 1
Eg=v-B=———B=Ry-B- th Ry = —— 2.16
H=V 0.C H J wi H 0.C (2.16)

Here the velocity was substituted by the current density accordingtoj = Q- C -v
where C denotes the carrier concentration. Ry is called “Hall constant.” If in a p-
type semiconductor the hole current is in principle achieved by a motion of valence
electrons as in the classical bubble model, the Hall constant would have the same
negative sign as for an n-type specimen since then also Q = —g would hold.
Furthermore, because the concentration of valence electrons, C, is much higher than
that of the empty states and also much higher than the concentration of electrons in
an n-type semiconductor of equal conductivity, the absolute value of Ry would be
found to be very small if the classical bubble model would apply. Actually, how-
ever, the Hall constant measured for specimens doped with acceptors is positive
in contrast to that of n-type samples and in magnitude the Ry is comparable for
both doping types. Hence the holes manifest themselves as independent entities
which in a magnetic field experience a Lorentz force like positively charged mass
points. It is for this reason that p-type conductivity is a conductivity type of its own
which is equivalent to n-type conduction. Before the quantum theory of solids was
developed, the positive Hall constant found in many specimens was a very irritating
phenomenon.

2.5 The Doped Semiconductor

If in a silicon crystal some atoms in the lattice are replaced by atoms of an element of
group V in the periodic table, e.g. phosphorus, each impurity atom has one electron
more in the outer shell than necessary for the four covalent bonds. Therefore, one
electron is only loosely bonded and needs only a small amount of energy — available
probably as thermal energy — to be removed from the impurity atom and freed for
conduction. These elements donating their fifth electron to the conduction band are
called donors. The result is an extrinsic, n-type semiconductor with “n” pointing
to the negative charge of the carriers. On the other hand, if the silicon atoms are
replaced at some lattice points by atoms of an element of group III, e.g. boron,
each impurity atom has one electron less than necessary for the four covalent bonds.
Since the bonds between the impurity and the neighboring silicon atoms are nearly
as tight as between the silicon atoms themselves, there is only little energy necessary
for moving an electron out of a Si—Si bond in the neighborhood to the impurity to
complete its bonds with the four silicon neighbors. Accepting an electron of the
valence band and thus generating a mobile hole, these impurities leading to p-type
conductivity are called acceptors. In the energy band picture, the donors have energy
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Fig. 2.6 Energy levels of doping impurities in Si and 4H-SiC. The differences from the respective
band are given, i.e. the ionization or activation energies for elevating an electron or hole from the
neutral impurity atom into the conduction or valence band, respectively

levels close to the conduction band, the acceptors close to the valence band edge.
The energy levels for important dopants in Si and 4H-SiC are shown in Fig. 2.6.

Because of the small ionization energies AEp = Ec — Ep, AEA = Ex — Ev,
and the many states in the conduction and valence bands available for electrons
and holes, most donors and acceptors in Si are ionized at room temperature. This
follows from Eq. (2.1) or (2.2) if the Fermi level lies below the level of the donor
or above the acceptor level in the respective case of doping. Considering the degree
of ionization in detail we use the notation in the case of donor doping denoting the
total impurity concentration with Np and the concentrations of neutral and ionized
impurities with N2, N;©, respectively. Then the number of occupied donor levels in
Eq. (2.2)isng = Ng and the number of unoccupied levels N — ng = Np — Ng =
Ng , hence the ratio of both, the occupation degree, is

NO
_]_?_ = g . e_(ED_EF)/kT (217)
ND

where we have added a “degeneracy factor” g. This factor, which for donors is g = 2,
is necessary because the neutral donors Dexist in two states depending on the spin
orientation of the trapped electron. Nevertheless only one electron can be trapped
because for a second the Coulomb field is no longer present. Since the state D~ does
not appear, the Fermi energy does not include the degeneracy of the D state and
hence one has to take into account it separately [Spe58, Sho59]. The Fermi energy
can be eliminated dividing Eq. (2.17) by Eq. (2.4), which yields

N /Ng

j— (EC ED)/k2
.e 2.18
I/NC § ( )
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As long as the intrinsic concentration and hence the hole density p = ”12 /n is small,
the neutrality condition is N]J)r = n so that N3 = Np — n. Inserting this and solving
for n one obtains after simple conversion
N
n= D (2.19)

Np
1 I, 7P 5. eAEp/kT
+ + e~rD
? \/4 Ne ¢

For small AEp and Np << N, this yields n &~ Np as expected. For acceptor
doping the hole concentration is obtained exchanging Np, Nc, and AEp by the
respective acceptor quantities Na, Ny, and AEa (see the more general equation
(2.23) at Np = 0). However, the degeneracy factor of acceptor levels in Si, Ge, and
SiC is g = 4 since there are two degenerate valence bands at k = 0, from which
the levels are split off, and this results in a further degeneracy in addition to spin
degeneracy [Bla62].! For both n- and p-type conductivity, the degeneracy factor
reduces the ionization ratio n/Np or p/Na, respectively.

As is confirmed by inserting the ionization energies of Fig. 2.6 and the effective
density of states from Eq. (2.8), dopants in Si are nearly completely ionized at room
temperature up to doping concentrations of 10'” cm™3. Considerable deionization is
obtained at higher concentrations. In this doping range one has to take into account,
however, that the ionization energy decreases with increasing concentration starting
from the values given in Fig. 2.6 for small densities. For a Ga impurity concentration
of 5 x 10'7 cm™3, which is about the maximum doping of the p-base in a thyristor,
an activation energy of 65 meV was determined [W{fs60]. With this AEA an ion-
ization ratio of 66% of the total Ga concentration is obtained at 300 K. As function
of temperature, the carrier concentration is shown in Fig. 2.7 for this example and
additionally for the case of phosphorus doping with a concentration of 104cm™3.
Whereas for the Ga concentration 5 x 10!7cm™3 the deionization is noticeable up
to 400 K, for a doping concentration of phosphorous of 10'* cm™3 the ionization
remains complete down to a temperature of 80 K. Above T = 430 K the intrinsic
concentration becomes comparable with Np = 10'*cm™ and causes an increase
of the carrier concentration. To include this effect, the neutrality condition inserted
into Eq. (2.18) has to take into account the minority carrier concentration. Writing
n= NIJ)r + ”12 /n where in this range N]J)r = Np, one obtains

(2.20)

In spite of the explicit dependence on Np in Eq. (2.19) the ionization ratio does
not decrease with increasing doping concentration over the whole available doping

1Actually the occupation of excited states causes an additional degeneracy and enhancement of g
[Bla62, p. 140 ff]. In Si this effect seems to be relatively small owing to the high energy difference
between the excited states and the ground state. Since a calculation under real conditions is not
available, the effect is not taken into account.
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Fig. 2.7 Carrier concentration as a function of temperature for a Ga doping of 5 x 107 cm™3 and

the case of a phosphorus doping of 10'* cm—3

range. Above 5 x 10!7 cm ™3, the explicit dependence is strongly counteracted and
later overcompensated by the mentioned decrease of the ionization energy. This is
caused by screening of the impurity charge by free carriers, e.g. D* by electrons,
as well as by the formation of a tail of states at the neighbored band because the
periodicity of the lattice potential is disturbed by the Coulomb field of the large
number of statistically distributed impurities. Additionally, the levels of the impu-
rity atoms spread and form an impurity band because the wave functions of the
bound states of the impurities overlap at high concentrations and hence the levels
split up. These effects begin more than an order of magnitude below the concentra-
tion Nc,v, where degeneracy sets in. A calculation of Kuzmicz [Kuz86], considering
these effects yielded the dependence on impurity concentration of the ionization
ratio as shown in Fig. 2.8. The figure refers to phosphorus and boron in Si, the most
commonly used dopants. The curves were recalculated using analytical expressions
developed in [Kuz86] on the base of numerical calculations. The deionization has
its maximum near 2 x 10'® cm™3 and amounts to 9% for phosphorus and 20% for
boron at 300 K. Above 10'® cm™3, the ionization is again complete. The deioniza-
tion in the intermediate range is noticeable in the temperature dependency of the
resistivity.

In SiC the energy levels of dopants lie deeper in the bandgap, and hence a
larger part of the doping atoms remains neutral, particularly for acceptors. For Al,
the preferred acceptor dopant in SiC devices, the acceptor version of Eq. (2.19)
with Ny = 2.5 x 10"°cm™3 [Gol01], yields for a doping concentration Ny =
1 x 10'%cm™3 an ionization ratio of only 35% at 300 K. This can strongly influ-
ence the device characteristics. Boron in SiC shows even a smaller degree of
ionization.
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Fig. 2.8 Ionization ratio of phosphorus and boron in Si at 300 and 400 K as a function of the total
concentration of the respective impurity. After Kuzmicz [Kuz86]

What if both donors and acceptors are present simultaneously? This is always the
case in devices doped by impurity diffusion and particularly in the vicinity of dif-
fused pn-junctions, which are defined by the condition No = Np, i.e. that both types
of impurities compensate each other. To analyze this compensation effect, we con-
sider the case that the acceptor doping predominates and that the difference No —Np
is large against the intrinsic concentration n;. The donors will then transfer all their
surplus electrons to the deeper lying acceptor levels so that Nt = Np. Hence only
the portion Ny — Np of the acceptors is free to accept electrons from the valence
band and generate holes. If also this part is completely ionized, the hole density is
p = NaA — Np = Na net, hence equals the net impurity concentration. Usually this is
assumed analyzing the functioning of devices similarly as for uncompensated dop-
ing. However, the compensation leads to an appreciable reduction of the ionization
of the net impurity concentration. To consider this we start as above with Eq. (2.2)
to obtain the ionization degree N, /Ng. Multiplying this with Eq. (2.5) results in

-
Nap = W emimaroir _ (221)
N g

where again a degeneracy factor g is included for the occupation number of the
neutral impurity state. The concentration Ny, containing the thermal activation term
is introduced for compact writing. In addition to Eq. (2.21) one has for the charged
and neutral acceptor densities the neutrality condition N, = p+Np and the equation
Ng = Na — N, = Na — p — Np following from it. Inserting this one obtains as
equation for the hole density

PPy 2.22
Mo N =y =M (2.22)
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This has the solution

b= 2 (Na — Np) 2.23)

2
14 2 +\/<1 + ND) +4<u)
Nya Nya Nya

This equation together with Eq. (2.21) is a generalization of the acceptor version
of Eq. (2.19) into which it passes with Np = 0. The equation shows that the fraction
of the ionized net acceptor doping does not only depend on Na — Np itself but also
on the density Np of the compensating doping. For a given net impurity concentra-
tion the ionized fraction thereof decreases with compensation. This is a significant
effect, although the explicit dependence of Eq. (2.23) is weakened at high concen-
trations on account of the decrease of ionization energies. According to Eq. (2.21)
this results in an increase of Ny, with doping concentration and hence compensa-
tion. We consider first the case of a net p-type doping of 5 x 107 cm™3 achieved
by a Ga concentration Ny = 1 x 10'8¢cm™3 and a compensating donor density Np
of 5x10'7 cm™3. Using an ionization energy of 57 meV for the estimated total ion
concentration of &~ 8 x 10'7cm™3 [Wfs60], Eq. (2.23) results in an ionization ratio
p/(NA — Np) of 53%, compared with 66% in the uncompensated case discussed
above. As another example, Fig. 2.9 shows the ionization in the case of boron dop-
ing as function of the compensating donor density, where the net p-type doping
density is kept constant at 1 x 10'7 cm™3. The decrease of the ionization energy
of boron was expressed as AEx = 46 — 3 x 107 - (N} + Np)!/3 meV [Li78].
The figure shows that the decrease of ionization with increasing compensation is
quite significant. Whereas, however, the ionized net impurity portion p = N, — Ng
is considerably reduced by the compensation, not only the donors in our case are
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completely ionized, also the ionized acceptor density N, = p+Np is enhanced: For
Np =5 x 107e¢m 3, Np =6.0 x 1017 ecm =3 in Fig. 2.9, the hole concentration is
p = 0.855(Na—Np) = 8.55x 10" cm™ and N, = 5.86x 107 cm™ = 0.976 N.
The high ionization degree of N follows because the donors give their electrons
to the acceptors enhancing the number N, . Although the calculation above was
simplified considering high doping effects only via AE,, it will provide a good
first approximation. In literature, the ionization in cases of doping with more than
one impurity species has been discussed early and extensively using equations like
Eq. (2.23) [Bla62, p. 132 ff].

Till now we have assumed that the semiconductor is neutral and in thermal equi-
librium. In devices, however, there are regions with space charge where carriers are
depleted and, on the other hand, regions with injected carriers adding to those sup-
plied by dopants. Departing from above calculations, the ionization in space charge
regions is nearly always complete because the depletion of carriers (p << N,)
shifts the reaction A < A~ + @ to higher N, . Under conditions of high injection,
on the other hand, the deionization is enhanced, and especially in this case it can
essentially affect device operation. In Si the equilibrium equations (2.18) and (2.21)
can be used in most cases to calculate these effects.

In spite of the limits made obvious by this discussion, it is often a use-
ful approximation for Si devices to assume complete ionization throughout the
device. This is actually done in most analytical calculations and programs for
device simulation. We can now estimate where a more precise treatment may be
advisable.

For complete ionization and temperatures where n; << Np, Na, the Fermi level
is related in a simple manner to the doping concentration. Inserting n = Np into
Eq. (2.4) one obtains

N
Ec—Ep=k-T-In <—C) (2.24)
Np

This and the analogous equation for acceptor doping are plotted in Fig. 2.10 for
Si at 300 K. The Fermi energy is a linear function of the logarithm of the doping
density.

Furthermore, we note the terms majority carriers and minority carriers which
can be used independently of the type of doping. The former are the carriers of the
type supplied by the doping atoms and the latter are carriers of the second kind,
which are in minority and related with the first by the mass law equation np = n]2
in thermal equilibrium. In this case, the density of minority carriers is usually many
orders of magnitude smaller than the majority concentration. For a donor density
Np = 1 x 10"cm™ one obtains at room temperature with n; = 10'°cm™ a
majority carrier concentration n = 1 x 10'*cm™ and a minority concentration
p= ”12 /n =1 x 10%m™3. At higher temperatures, the minority carrier concentra-
tion can be calculated inserting Eq. (2.20) into p = "12 /n, see also Fig. 2.7. Despite
the fact that at usual temperatures the minority carriers play virtually no role in

the behavior of bulk material in thermal equilibrium, they play a mayor role in the
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Fig. 2.10 Fermi level in n- and p-type Si versus doping concentration at 7= 300 K

functioning of pn-devices which is essentially based on injection and extraction of
minority carriers. This will be further investigated later.

The high doping effects mentioned in connection with the ionization degree
are responsible for another phenomenon which influences the characteristics of
power devices: the reduction of bandgap and the corresponding increase of the
intrinsic concentration n; at high doping densities. From measurements on the p-
base of bipolar transistors Slotboom and De Graaff [SIo76] obtained the following
empirical relationship for the bandgap narrowing, AE,, in dependence of doping
concentration N:

AE, =9 x 103V - [ 10— +./(In N 2+05 (2.25)
& 107¢m -3 107¢m-3 ’ ’

~ 18 meV x 1nL for N > 5 x 10" cm™
107¢m—3

Calculations considering band tails and impurity band were found to be in rough
accordance with Eq. (2.25) [Slo77]. Another effect which has been shown by
Lanyon and Tuft [Lan79] to result in an effective reduction of bandgap is the
electrostatic field energy required when an electron—hole pair is created within
the surrounding of majority carriers. This stored energy included in the bandgap
becomes smaller with increasing (majority) carrier density due to screening. Based
on this mechanism, the following theoretical formula has been derived in the range
where Maxwell-Boltzmann statistics apply [Lan79]:

AE, = 2O (n . 06 (230 " \% (2.26)
e [ = . e me .
&7 16me \ ekT 1018 T
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Fig. 2.11 Bandgap narrowing as a function of doping or carrier density according to [Slo76],
Eq. (2.25) (solid line), and [Lan79], Eq. (2.26) (dashed lines), respectively. The dotted line
represents a limiting expression for strong degeneracy [Lan79]

where AE; depends here on the carrier concentration 7 (in case of n doping) rather
than the doping concentration, which can be of significance especially in space
charge regions. The numerical expression on the right-hand side of Eq. (2.26) is
obtained for Si using the dielectric constant ¢ = 11.7¢p. Although band tails and
impurity band are not considered, Eq. (2.26) is also claimed to describe largely the
measurements which were partly reinterpreted [Lan79]. Differing from the results of
Slotboom and De Graaff, Eq. (2.25), the bandgap reduction according to Eq. (2.26)
depends on temperature. A plot of the two relationships is shown in Fig. 2.11.
Around 10'® cm™3, the equation of Lanyon and Tuft yields a considerably smaller
bandgap narrowing than that of Slotboom and De Graaff, above 2 x 10'? cm™3 it is
the other way round. Since both theoretical and experimental methods are not free
of assumptions, further work seems to be necessary to understand the contribution
of the various effects more clearly.

The bandgap narrowing is equivalent to an enhancement of the intrinsic con-
centration. Inserting the reduced bandgap E; = Ey — AE, into Eq. (2.6) one
obtains

n-p=n? = NcNye FeW/KT — 2 o AL/KT (2.27)

where n;o signifies the intrinsic concentration at low doping (or carrier) concentra-
tions corresponding to the bandgap Egy. At N,n = 2 X 10718 cm=3 and 400 K, "12
is enhanced by a factor 4.88 if calculated with Eqgs. (2.25), (2.27), and by a factor
2.23 using Eq. (2.26).
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In devices with layers of different doping levels, a superscript index “—” or “+”
is added to the symbols for the conductivity type to indicate the doping level. Son™,
p~ signify n- and p-layers with a much lower doping than neighboring regions; like-
wise n*, p* mean layers with a much higher doping level. This notation is used also
often to indicate absolute doping ranges where the meaning is typically as follows:

n,p : 1012 — 104 cm—3
n,p :10° —108cm™3
n*, pt : 10" — 102! cm™3

Normally a power device contains in the interior a weakly doped n™-region which
essentially determines the characteristics. Heavily doped n*-and p*-layers border
on the metalized surfaces. Further topics on doping, such as the solubility of the
impurities and the methods of introducing them into the semiconductor, for example
diffusion, are discussed in Chap. 4 on technology.

2.6 Current Transport

2.6.1 Carrier Mobilities and Field Currents

As used already in Sect. 2.3, electrons and holes in a semiconductor behave essen-
tially like free particles which, however, are scattered by vibrating lattice atoms,
impurity ions and other scattering centers. Like molecules in a gas they have a
kinetic thermal energy which on statistical average is

Exin = %v%h = %kT (2.28)
where vy, is the mean thermal velocity and m represents the effective mass of
the respective carrier. Already at room temperature the mean thermal velocity is
very high: With the electron effective mass m = m, = 0.27my, one obtains from
Eq. (2.28) v, = /(3kT /my) = 2.2 x 107 cm/s = 220 pm/ns at 300 K. The mean
free path between two scattering events is of the order 10 nm in lightly doped Si and
still smaller if many impurities are present. Since the thermal motion is statistically
distributed over all directions, the current resulting from the large number of carriers
is zero between terminals on equal potential. The thermal velocity used in Eq. (2.28)
is defined as the root of the mean value of the squared velocity, a rough measure for
the mean absolute velocity. Contrary to it, the normal linear mean value of the ther-
mal velocities taking account also of their directions is zero for both electrons and
holes, if no field is present.

When an electric field E is applied, each carrier experiences a force + gE and
is accelerated between two collisions. Hence the thermal velocity is superimposed
by an additional velocity which for holes has the direction of the electric field and
for electrons the opposite. Averaging linearly over time and the carriers of each
type, now non-zero mean velocities vy, vp of the electrons and holes result. These
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velocities caused by the field are called drift velocities. For low fields, defined by the
condition that the drift velocities are small compared with the thermal velocity v,
the mean free time 7. between two collisions which depend on the total velocity is
independent of the field. Therefore, in this range, the drift velocities are proportional
to the field strength

Unpp = FMn,p - E (2.29)

The proportionality factors ., for electrons and ., for holes are called mobilities.
Due to the minus sign used in the case of electrons both mobilities are positive
constants. Inserting Eq. (2.29) into the condition v << vy, and omitting now the
indices n or p, one obtains as condition which the field must satisfy for constant
mobilities

Vth

E << — (2.30)
u

The significance of the mobilities follows from their connection with the macro-
scopic electric current densities. These are obtained from Eq. (2.29) as

i =—g-n-v,=q-un-n-E

]‘n q:-n-Vn=¢: Hn-nN 2.31)
Jp:qp\}pzquppE

with the concentrations n and p of electrons and holes, respectively. The sum of both

is the total current density j:

j=intip=q (un-n+up-p)-E
b " P (2.32)
=o-E=E/p

where

o=q-m-pn+p-pup)=1/p (2.33)

is the electrical conductivity and p the resistivity. According to these equations,
the mobilities are material parameters which determine the ohmic voltage drop
V = EAx = pjAx for a given current density and hence the power loss density jV
and heat generation. Hence, the mobilities determine the maximum allowed current
density of devices. Together with other characteristics they decide on the suitability
of a semiconductor for power devices.

An overview of mobilities in semiconductors is given in Table 2.2. It shows at
first that the mobility of holes is in all cases significantly smaller than that of elec-
trons. Hence, n- and p-regions in devices are not equivalent. Especially in unipolar
devices which conduct current only by majority carriers, the weakly doped region
required for the blocking voltage is chosen preferentially of n-type doping. As men-
tioned in Sect. 2.1, the very high electron mobility of GaAs offers the possibility
to make Schottky diodes with a low on-state voltage drop and simultaneously a
relative large thickness necessary for a high blocking voltage. For the hexagonal
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Table 2.2 Mobilities of various semiconductors at room temperature and for light doping (1 x
10" cm™ 3). The table contains also the saturation drift velocity of electrons, a property discussed
at the end of this chapter

fn(cm?/Vs) fip(em? /Vs) Vsat(m (Cm/s)
Ge 3900 1900 6 x 10°
Si 1420 470 1.05 x 107
GaAs 8000 400 1 x 107
4H-SiC 1000 115 2 x 107
GaN <1000 <200 2.5 x 107
Diamond 2200 1800 2.7 x 107

semiconductors SiC and GaN the mobilities are anisotropic, i.e. they are different in
directions parallel (;LH) and perpendicular (u ) to the hexagonal axis. The values in
the table are the mobilities parallel to the hexagonal axis, which in vertical devices is
the direction of main current flow. In 4H-Si the anisotropy is small, p,) ~ 1.2 pn1
[Scr94] in contrast to the polytype 6H-SiC whose electron mobility iy is about a
factor 5 smaller than p, and also than 1, in 4H-SiC. This is the main reason why
4H-SiC is preferred now against 6H-SiC, which polytype attracted much research
efforts in the 1990s. To judge different semiconductors regarding conduction losses
in devices, one has to use the mobilities together with other relevant properties such
as the necessary thickness and doping density allowed for a given blocking voltage.
Although the mobilities of 4H-SiC are lower than those of Si, in combination with
the much smaller thickness and higher allowed doping of the base region, a much
smaller on-state resistance of unipolar devices can be achieved. This holds also in
comparison with GaAs. GaN is with respect to the mobilities comparable to SiC.
High mobilities are measured in diamond, but because of large ionization energies
of the dopants the carrier concentration is small.

The mobilities are constant with regard to the field (if small enough), but depend
on doping concentration and temperature. An accurate knowledge of their depen-
dence on doping concentration is very important particularly because the mobility
determines the relation between resistivity and doping density which is used daily
to conclude from the simply measurable resistivity to doping density N. Assuming
complete ionization one has for an n-type wafer

1 . 1 1
q-Mn-n q-un(N) N

p(N) = (2.34)

In an undoped and weakly doped semiconductor, the mobilities are determined by
scattering on phonons, i.e. vibrating lattice atoms. Above a doping concentration
of 10¢cm™3, the mobilities are noticeably and at higher concentrations strongly
reduced by collisions with doping ions. At still higher concentrations the scattering
by ions is limited by the carriers themselves by screening of the impurity charge.
The experimental dependence of mobilities in Si on carrier concentration (= con-
centration of donor or acceptor ions, respectively) is depicted in Fig. 2.12 which
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Fig. 2.12 Mobilities in Si as function of carrier density. For y, the Caughey-Thomas fit of
Eq. (2.35) falls within the line width of the experimental curve

also shows fitting curves to the measurements. The figure is valid at room tempera-
ture. The experimental curves represent measurements of Thurber and coworkers on
phosphorus-doped silicon for 1, [Thu80] and boron-doped silicon for (i [Thu80b]
using their analytical representation of the measurements. For n > 8 x 10'8¢cm™3
an empirical dependence for the electron mobility of Masetti et al. [Mas83] is
shown, who determined the mobilities at very high doping levels. The dashed lines
are fits to the experiments by the often used formula of Caughey and Thomas
[Cau67]:

M0 — Moo
= 4+ — 2.35
W= oot T N Nt (235)

The limiting values g and (o for low and high concentrations and the concentra-
tion Nrer at which the mobility adopts the mean value between them, are matched to
the experiments. N denotes the carrier concentration n or p. fq is the mobility due
to lattice scattering. As is seen, this simple approach is well suited to describe the
experimental dependence up to electron and hole densities of 1 x 102 cm™3. The
parameter values used for the fit are given in Appendix A, where also their variation
with temperature is described. Around 2 x 10'® cm™3 the carrier density deviates
noticeably from the total impurity density as discussed in the previous paragraph.
To obtain the mobility for a given total impurity concentration in this range, first the
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ionized impurity density has to be determined using Fig. 2.8. Although Eq. (2.35)
can be used also with N defined as total impurity density, the plot versus carrier
density is preferred, because the carrier and ionized impurity concentration are the
quantities determining the mobilities, while scattering by impurities in the neutral
state may be neglected. Hence the plot is applicable with good accuracy also for
doping with As, Ga, and Al, which are ionized to a different extent. Often com-
plete ionization is assumed when discussing mobilities in the range of operation
temperatures of devices. We will also do this in what follows.

Besides impurities, carriers are scattered significantly by carriers of the opposite
type, i.e. electrons by holes and holes by electrons (electron—hole scattering). For the
mobilities in the base region of power devices with high injected carrier densities
this results in a significant increase of the on-state voltage drop. Measurements of
the mobility sum p, + wp at high injection levels, where n = p >> Np,Na,
have been performed up to a carrier concentration of 1x10'® cm™3 [Dan72, Kra72].
The experimental sum w, + up as a function of the concentration ¢ = n = p
is within the experimental accuracy equal to the mobility sum which is calculated
from Eq. (2.35) (with the respective parameter sets) inserting the concentration N
= c. Hence, both for doped silicon in thermal equilibrium and in the case of high
injection level, the experimental results can be described uniquely defining N in
Eq. (2.35) as the total concentration of scatterers of the respective carriers , i.e.
N = Np + p in the pu,(V)-function and N = Na + n in pp(N). Obviously this
represents a plausible model also for the general case, where impurity scattering
and electron hole scattering have to be considered. Donor ions and holes can be put
together because they are (approximately) equally effective in scattering of electrons
as shown by the measurements, and likewise this holds for the scatterers of holes.
Scattering of electrons by electrons and holes by holes is a second-order effect and
neglected.

In regions with compensation, the mobility is influenced by repulsive ions
in addition to attractive. Although of considerable practical interest, experimen-
tal investigations of mobilities in compensated semiconductors are very scarce.
Theoretically, attractive and repulsive Coulomb fields have equal scattering cross
section and hence the same effect on mobilities, if the concentrations are not too high
(smaller than about 10'® cm™3 at room temperature), so that an approximate scatter-
ing theory (Born approximation) applies [Mol64, Smi59, Kla92] and, additionally,
screening can be neglected. Hence, the sum of donor and acceptor concentrations,
N = Na + Np, has to be inserted into Eq. (2.35) in this case. Generally, if also
injected carriers are present, the mobilities are given by

a) tn = fu(Np + Na +p)
b) tp =fo(Np + Na +n)

(2.36)

where f,(N) and f,(N) are functions (2.35) with the |, and ., parameter set, respec-
tively. This model includes also the case of mobility of minority carriers which is
determined by repulsive impurities. For example, the electron mobility in a p-type
region is obtained with No > Np in Eq. (2.36a). Therefore, this model can be
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broadly used. An important restriction, however, concerns the concentration of
repulsive scatterers: It must be smaller than about 10'® cm™3 in order that the results
are in sufficient agreement with measurements and the theory.

At higher concentrations, the mobilities in compensated material and the minor-
ity carrier mobilities are influenced by screening, which depends on the carrier
density and hence is given (approximately) by the difference of the doping con-
centrations in thermal equilibrium. In the empirical equation (2.35), screening is
included for the majority mobility in uncompensated silicon in thermal equilibrium.
Additionally, a rigorous quantum mechanical scattering theory shows that scattering
on repulsive Coulomb centers is weaker than on attractive ions, and this becomes
significant at high concentrations of the scatterers [Ben83]. A model including these
effects has been developed by Klaassen [Kla92] using Eq. (2.35) as an empirical
base. To get beyond the special case of this formula, a screening term selected from
Eq. (2.35) has been generalized considering the relevant theory, and weighting fac-
tors G < 1 were calculated with which the concentrations of repulsive scatterers
are multiplied. According to this generally applicable model the minority mobili-
ties at high doping densities are considerably higher than majority mobilities, which
is in agreement with measurements [Swi87, Kla92, Dzi79]. At concentrations of
repulsive scatterers below 10'8 cm™3, the model reduces gradually to the simplified
model described above (minor differences ignored). For details we refer to [Kla92,
Kla92b].

The temperature dependence of mobilities is determined by the same effects
as the dependence on doping density. At low doping, scattering on thermal lat-
tice vibrations predominates and yields a decrease of mobilities with temperature
approximately proportional to 7~2. Impurity scattering is shown theoretically to
yield a mobility u; increasing with temperature nearly as 752, if screening is
neglected. This comes from the increase of the thermal velocity causing a decrease
of scattering by the Coulomb centers. The increase of thermal velocity, however,
implicates also a decrease of screening which at very high doping density inverts
the temperature dependence of u; to a slow decrease with T. These effects of the
partial mobilities w; and w; find themselves also in the total mobility . which is
formed according to the approximate rule

1 1 1
— +

- (2.37)
N A

Considering the temperature range 250—450 K, the result is that at low doping the
(total) mobilities in Si show a strong decrease with increasing 7, an approximate
independency on T in the doping range 10'® to 10!°cm=3 and at very high doping
a minor decrease. The experimental temperature dependence can be well described
— together with doping dependence — using temperature-dependent parameters (Lo,
Moo»> Nref and y in formula (2.35) as given in Appendix A.

In Fig. 2.13 the temperature dependency of ., and |, is shown for two doping
densities, one which is typical for the n-base region of power devices (left-hand side)
and the other for the p-base in thyristors, IGBTs, and bipolar transistors (right-hand
side). The temperature dependence at 3 x 10'7 cm™3 is considerably weaker than
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Fig. 2.13 Temperature dependence of mobilities in Si at two doping densities (see text)

at 1 x 10'* cm™3. That the resistivity p = 1/ (qupNa) of the p-base of mentioned
devices increases relatively weakly with 7 is very desirable for the lateral resistance
of the p-base (see Chaps. 8 and 10). Mainly the mobilities and their temperature
dependency are of great significance for the on-state voltage drop of power devices,
including the on-resistance of MOSFETs. The dependence on injected carriers and
compensating doping can be taken into account also in the temperature-dependent
model using Eqs. (2.36) and (2.35) and Appendix A.

2.6.2 High-Field Drift Velocities

At high electric fields, where condition (2.30) is not satisfied, the drift velocity is no
longer proportional to the field, but increases weaker. At very high-field strength it
approaches a limiting value, the saturation drift velocity vs,.. The dependency of the
drift velocities of electrons and holes on the electric field is often expressed in the
form [Cau67, Tho80]:

(0)
tnp - E
Vn,p = P /B (238)

O g\#
|4 (Ene
Vsat(n,p)

where /Lf&)) are the low-field mobilities discussed above. The additional marking is
introduced, because Eq. (2.29) is used also for the non-linear range of fields where
the mobilities pnp = vy p/E are field dependent. For small E, Eq. (2.38) turns into

Eq. (2.29) with ppp = ;LS?I)). The exponent B was proposed by Caughy and Thomas
[Cau67] to be By = 2 for electrons and B, = 1 for holes. Jacobini and coworkers
[Jac77] have determined the 8’s renewed and as functions of temperature. They
obtained B, = 2.57 x 1027066, Bp = 0.46 x 7917 which yields a value near
1 at 300 K in both cases. Besides |y p and B, p, also the saturation velocities are
functions of temperature. According to Jacobini et al. [Jac77] they decrease with T’
as Ve = 1.53 x 102/T987; vy = 1.62 x 108/7%52 in cm/s.?
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Using these results in Eq. (2.38), one obtains at 300 K the field dependences
shown in Fig. 2.14. Below 10% V/cm, fields which occur in devices during the
conducting state, one obtains the linear dependency described by constant mobil-
ities. Soon above this value, however, the increase of v, and somewhat later that
of v, becomes sub-linear, as is expected also from condition (2.30). At 3 x 10*
V/cm the drift velocities approach the respective saturation velocity vsayn) OF Vsag(p)-
These range near 1 x 107 cm/s and thus already reach the order of magnitude
of the mean thermal velocity. Fields in the range up to typically 2 x 10° V/cm
appear in space charge regions during blocking of devices. Hence for a wide range
of blocking voltages, carriers in the space charge region move with saturation
velocity.

Relationship (2.38) has been verified experimentally in pure silicon [Jac77], for
doped silicon experimental data of the high-field drift velocity are not available.
Using the doping-dependent mobility ;L,(B[),(N) in Eq. (2.38), however, a physically
reasonable dependence on E and doping density N is obtained which satisfies gen-
eral scaling requirements [Tho80]. The saturation velocities Vsa(n,p) are assumed to
be independent of N. An alternative approach for vy, as functions of E and N has
been given by Scharfetter and Gummel [Scf69], see Appendix Al.

2.6.3 Diffusion of Carriers and Current Transport Equations

Unlike the situation in metals, the current in semiconductor devices is caused often
not only by an electric field but also by diffusion of carriers. Generally, if some
mobile particles have a spatially variable concentration C, they diffuse from a region
of high to a region of low concentration. The particle current density J thus arising

2In [Jac77] a second expression for the saturation velocity of electrons has been given, which reads:

2.4 x 107cm/s
14 0.8 - exp(T/600)

Vsat(n) =
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is proportional to the negative concentration gradient (Fick’s first law):
J=-D-VC (2.39)

where the proportionality factor D is the diffusion constant. This holds also for
electrons and holes, whose concentrations can vary because of a variation of the
doping concentration or as result of injection of carriers. Due to the charge of the
carriers the particle currents are connected with electrical currents. Multiplying with
=+ g and assuming the concentration gradient to appear in x-direction, the electrical
diffusion current densities are

. dn

Jndiff = ¢ - Dn - P (2.40)
it = —q - Dy - (2.41)
Jp.diff = —¢ P dx K

Together with the field currents, Eq. (2.31), the total current densities are given by
the transport equations:

= E+D, (2.42)
Jn=¢g: -\ Mn-Nn n .
dp
=g - .p-E—D, - — 2.43
Jbh=49 <Mp p b dx) (2.43)

The diffusion constants Dy, Dp depend on the same scattering mechanisms as
the mobilities. In fact, they are related to the mobilities by the following simple
relationship

kT
Dn,p = 7 * Mn,p (2.44)

which is called Einstein relation. This can be derived from the case of thermal
equilibrium [Sho59]: As follows from Eq. (2.43) with the thermal equilibrium con-
dition j, = 0, a concentration gradient dp/dx is connected with a field E and hence

with an electrical potential V(x) = — /' Edx. Now the holes obey the Boltzmann
distribution:
qV(x)
— 2.45
p(x)oceXp< T ) (2.45)

as can be concluded from Eq. (2.2). The energy states are located here at varying
points in space. On the other hand, one obtains from Eq. (2.43) with j, = 0

dinp _rpp _ iy 4V

(2.46)
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This is compatible with Eq. (2.45) only if Dp/up = k T/q. Similarly one can pro-
ceed for electrons. Hence the Einstein relation (2.44) is an immediate consequence
of the Boltzmann distribution. It is valid independently of the doping concentration
and the type of doping. Although derived from thermal equilibrium, it is applica-
ble also to non-equilibrium as long as |unp and Dy stay constant or change by the
same factor in the non-equilibrium state. Therefore, the Einstein relation is applica-
ble generally if the field (see condition (2.30)) and the excess carrier concentration
are relatively small. Actually, it is used also under conditions of high injection where
the applicability is not guaranteed. The quantity k7' /g has the dimension of a voltage
and is named thermal voltage. Its value at 300 K is 25.85 mV. Hence the diffusion
constants measured in cm?/s amount to only about 1/40th of the respective mobility
in cm?/(Vs).

2.7 Recombination-Generation and Lifetime
of Non-equilibrium Carriers

In thermal equilibrium, charge carriers are continuously generated thermally and
they disappear with the same rate by recombination. In devices during operation,
however, carrier densities in the active region are not in thermal equilibrium, they
are higher or lower than the densities according to the equilibrium Egs. (2.4), (2.5),
and (2.6). A non-equilibrium state tends to restore itself to equilibrium. The time
within which the system strives to achieve this, if injection/extraction and external
generation are turned off, is determined by the lifetime t of the non-equilibrium car-
riers. This is a technologically adjustable quantity which is decisive for the dynamic
as well as static behavior of power devices.

The definition of the lifetime uses the net recombination rates R, and R,
of electrons and holes which are defined as the difference between the thermal
recombination rates 7y, p and thermal generation rates gy p:

Ri=rm—gn Rp=rp— 8

These thermodynamic quantities, which are zero in thermal equilibrium, describe
the decrease of n and p with time due to the net thermal recombination. Hence

one has
R on
=m—gn=—|—
n n — &n P N

0t / 1y
where the index “rg” marks the part of the time derivatives owing solely to
recombination and generation. An in/outflow of carriers into/out of the considered
volume element as well as external generation, for example by light, is excluded

in Eq. (2.47). Ry, Ry depend on doping and carrier densities and increase with
increasing deviation of the respective carrier density from the equilibrium density ng

(2.47)

szrp—gp
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or po. The relationship between Ry, R;,, and the excess concentration An = n — n,
respectively Ap = p—po, is usually not very far from a linear dependency. Therefore
it is useful to define lifetimes t,, 7, by the equations:

A A
Ra=—", Ry=-% (2.48)
Tn Tp

Compared with Ry, Rp,the lifetimes depend not very strongly on the respective
excess concentration, and in some significant cases they are actually constant. This
holds for the lifetime of injected minority carriers, the minority carrier lifetime,
if the injection level is low (density of minority carriers is small compared to the
majority concentration).

For the decay of a homogeneous excess concentration, e.g. of Ap(f), Eqs. (2.47)
and (2.48) yield

dAp Ap

== L, Ap=p0)-e% (2.49)
dr 5

where in the latter equation 7}, was assumed to be constant. From this the meaning
of 7 as a lifetime of the excess carriers becomes obvious. In the stationary case the
disappearance of carriers due to recombination (for R, > 0) is compensated by a
net inflow of carriers or by external generation. In this case the net recombination
rates of electrons and of holes are equal:

Ry=R,=R (2.50)

since the number of electrons leaving the conduction band must equal the number of
electrons entering the valence band, the charge on possible intermediate levels being
constant in the stationary case. If energy levels in the bandgap are not involved,
Eq. (2.50) is valid also for time-dependent processes.
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Fig. 2.15 Mechanisms of recombination: Radiative band-to-band recombination, Auger recombi-
nation with energy transfer to a third carrier, and recombination via a deep energy level
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There are mainly three physical mechanisms of recombination, via which the pro-
cesses of recombination and generation take place in devices: (i) recombination at
recombination centers formed by “deep impurities” or traps which have energy lev-
els deep in the bandgap, (ii) band-to-band Auger recombination, and (iii) radiative
band-to-band recombination. The latter two mechanisms occur in the semiconductor
lattice itself and depend only on carrier concentrations, not directly on the density of
normal and deep impurities. The three mechanisms are illustrated in Fig. 2.15. The
total recombination rate is made up additive of the single parts, hence according to
Eq. (2.48) the total lifetime is calculated by adding the reciprocal values of the sin-
gle lifetimes. The intrinsic mechanisms of radiative and Auger recombination are
described first.

2.7.1 Intrinsic Recombination Mechanisms

a. Radiative band-to-band recombination: As shown in Sect. 2.4, this direct
recombination of an electron and a hole under transfer of the released energy
to a light quant has a high probability only in direct semiconductors. According
to simple statistics the net recombination rate is

R=B(np—n?) (2.51)

with the radiative recombination probability B.

The radiative lifetime, for example the hole lifetime in an n-type semi-
conductor, is obtained with Eq. (2.48) as 1,4 = Ap/R = 1/(Bn) since
np — ”12 = noAp + poAn + AnAp = nAp assuming py << ng. Hence,
the radiative minority carrier lifetime is inversely proportional to the majority
carrier density. In most cases np >> niz, so that R >~ Bnp. In GaAs the radia-
tive lifetime is estimated to be 6 s at a doping density N = 1 x 10" cm™3
or 60 ns at 1x10'7 cm™3 [Atk85]. This small lifetime limits the applicability
of GaAs for bipolar devices. In silicon, the recombination constant at 300 K
is B~ 1x 107 cm3/s [Sco75] yielding t,¢ = | ms at a majority carrier
density n = 1 x 10'7 cm™3. In practice such a high lifetime is not measured
in silicon devices, because other recombination mechanisms are more effective
(see Sect. 2.7.2). Using the connection between the injected carrier concentra-
tions and the intensity of the recombination radiation, the radiation is used to
investigate the inner operation of devices.

b. Band-to-band Auger recombination: In Auger recombination, the energy
released during the recombination event is transferred not to a light quant but
to a third electron or hole, where participation of a phonon can be required
for conservation of momentum. Therefore, the recombination probability B in
Eq. (2.51) has to be replaced by a factor which is proportional to the carrier
concentrations. Hence the Auger recombination rate is

Ra = (can-n+cap-p)(m-p—nd) (2.52)



2.7 Recombination-Generation and Lifetime of Non-equilibrium Carriers 51

The coefficients can, cap determine the recombination rate for the cases that
the third carrier taking the energy away is an electron, respectively a hole. Since
the concentrations appear with power 3, the probability of this mechanism increases
strongly with carrier concentration, and the lifetime decreases strongly. Therefore,
the Auger recombination is important mainly in highly doped regions. In an n*-
region with a small concentration of injected holes, with p << n and np >> n]2
Eq. (2.52) turns into Ry = CA,nnzp, and for the hole lifetime one obtains from
Eq. (2.48)

Tap= b= (2.53)

where the extremely small equilibrium concentration py has been neglected. The
formula for the electron lifetime in a p*-region is formed analogously. The Auger
coefficients in silicon are in the range of 10~3!cm®/s, according to [Dzi77] their
values are

can =28 X 1073 em®/s, cap=1x 10731em®/s (2.54)

They are approximately independent of temperature. For a doping density of 1x 10
cm ™3, the Auger electron lifetime in a p*-region is ta, = 1 /(cA,PpZ) = 0.1 us,
and the hole lifetime in an n*-region is 0.036 ws. The small lifetime in highly
doped regions is a constituent part of the 4 parameters via which the properties
of these regions influence the characteristics of devices. This will be shown in
Sect. 3.4.

Another case where the Auger recombination is of significance in devices is that
of high concentrations of injected carriers in a weakly doped base region. With
neglect of the doping density the neutrality requires p ~ n which inserted into
Eq. (2.52) yields

Ra,HL = (can +cap) P (2.55)

Hence, the high-level Auger lifetime is
1

- 2.56
(can+ CA,p) '[72 ( )

TAHL =

Atn = p = 3 x 107 em™3, this relation together with Eq. (2.54) results in an
Auger lifetime of 29 ps. At high current densities, the Auger recombination in the
base region of high-voltage devices becomes significant.

2.7.2 Recombination and Generation at Recombination Centers

The recombination via deep energy levels in the bandgap, associated with appropri-
ate impurities or lattice imperfections, is the dominant mechanism of recombination
in lowly and intermediately doped regions in silicon devices. By means of this
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Fig. 216 Capture and ~ Conductionband / / / / /
emission of carriers at a E.
recombination center
c,n e,
B, i e
A
cyP e,

E valence band  \ \ \ \ \ \

mechanism the lifetime can be controlled over a wide range by the density of the
deep impurities or traps. This is commonly used to adjust the trade-off between
dynamical and stationary device properties. The doping with deep impurities is car-
ried out after the normal doping which determines the conductivity. In the history
of device technology, at first gold was used as deep impurity for lifetime control
in silicon. Meanwhile, many power devices are diffused with platinum, and most
important is now the generation of lattice defects with deep levels by electron,
proton, or a-particle irradiation.

The recombination at a deep impurity proceeds in two steps: the capture of a con-
duction electron which then occupies the deep energy level and thereafter a falling
down of the electron into an empty place of the valence band, meaning capture of a
hole by the impurity (see Fig. 2.16). Vice versa, an electron—hole pair is generated
by thermal emission of a valence electron first to the impurity level, i.e. emission of
a hole from the impurity to the valence band, and then emission of the electron from
the impurity level to the conduction band. The energy released during capture of
a carrier is transferred to lattice vibrations, and the energy required conversely for
generation is taken up from the lattice. Because of the large band-to-level distance
a series of phonons are emitted respectively absorbed during capture and emission.
These multi-phonon processes of capture and emission, however, are considered as
a whole and described by overall capture and emission probabilities.

We consider now in detail the recombination at a center R which can appear in
a neutral and a negative charge state R, R~. The impurity level is called in this
case an acceptor level independent of its position in the bandgap. Similarly, if the
charge state of the impurity atom changes from positive to neutral when the level is
occupied by an electron, the level is called a donor level. The capture of electrons
by centers R” defines an electron recombination rate r, = ¢,nN° where NV is the
concentration of the neutral centers and ¢, a constant called capture probability
capture or capture rate. The electron generation rate, given by emission of electrons
from centers R~ to the conduction band, is proportional to the concentration of
negatively charged centers N, gn = enN,, where the constant e, is the emission
probability also called emission rate of electrons. Hence the net recombination rate
R, is

Ry = cqnN° — N (2.57)
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From thermal equilibrium with R, = 0, one obtains, indicating the concentra-
tions by a “0” and using Eqgs. (2.21) and (2.6), the following relationship between
emission and capture probability:
”lONrOO
n —
Ny

. Ec - Er
en = ¢ = cpnr With ny = Negexp [ — (2.58)

kT

Similarly, the capture of holes at R~ and emission (generation) of holes from R°
result in the net recombination rate of holes:

Ry = cppN; — epN? (2.59)
where cp, is the hole capture probability and e, the emission probability of holes.

A relationship between these quantities is obtained again from thermal equilibrium
with R, = 0 using Eq. (2.21)

N-
ep = cppo—orO = cppr With
10 (2.60)
Ny E—Ey\
Pr = ?exp - kT =n /e

The relation n.p, = nl2 is easily verified. The concentrations n;, p, which relate the
emission probabilities to the corresponding capture probabilities are apart from the
degeneracy factor g identical with the electron or hole density, respectively, which
are present if the Fermi level coincides with the recombination level. As mentioned
earlier, in the stationary case and generally if the time variation of charge on the
deep levels is negligible, one has R, = R,. Equating hence the right-hand sides of
Egs. (2.57) and (2.59) and using the total concentration N, = NP -+ N, one can
solve for N;~ and N? to obtain

N- — Cnll + CpPr
o en(n+np) + Cp(p +pr)

Ny N°=N,—N~ (2.61)

Inserting this into Eq. (2.57) or Eq. (2.59) the net recombination rate is obtained as
the following function of n and p:

n-p—ni2

en(m+ ny) + Cp(p +pr)

Ry = Rp = R = cucphy

(2.62)
n-p— ”12
B Tpo - N+ Tno - P+ Tg - 1y
Tho, Tpo and T are lifetime quantities defined as
! ! (2.63)
Tp) = Tho = .
pO NGC n0 e
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Ty = o [l + i} (2.64)

Nt Len ¢

These equations with Eq. (2.62) in the center are called the model of Shockley,
Read, and Hall [Sho52, Hal52]. They are widely used to describe the effect of deep
impurities on device properties. The equations are valid also for a donor level except
that in Egs. (2.57), (2.58), (2.59), (2.60), and (2.61) Nr0 has to be replaced by N,*
and N by NP and the degeneracy factor g by 1/g. The capture coefficients have
typically values in the range 1070 — 2 x 1077 ecm™3s! at 300 K, they decrease
mostly slightly with temperature. So, a concentration N; of only 1 x 10'3 ¢cm™3
results in lifetimes values 740, Tpo in the range 0.5-100 ps.

We consider now some consequences of the SRH model. Together with
Eq. (2.48), Eq. (2.62) yields the lifetime as function of n and p. In an n-type region
with ng >> po and np — ”12 = ngAp + poAn + An Ap = nAp, the hole lifetime
Tp = Ap/R is obtained as follows:

n n
Tp = Tpo + rn()g + ‘cg;l = Tpo (1 + i) + Tho ( (2.65)

D+ Dr )
In the case of neutrality, n is given according to n = ng + p by the hole concentra-
tion, if charge on the traps can be neglected. According to Egs. (2.58) and (2.60), n;,
pr depend exponentially on the position of the recombination level and upon tem-
perature. At higher temperatures, at least the higher of the concentration of n;, p;
has a considerable effect on 7, assuming the concentration n not much higher than
about 10" cm™3. The lifetime at low injection level (n ~ ng >> p) is

ny Pr
Tp,LL = Tp0 (1 + —) + Tho — (2.66)
no no

and this becomes equal to Ty if the recombination level is located near the middle
of the gap or the temperature is low (n9 >> n;, pr) . Similar holds for the electron
lifetime t,, in a p-region. At high injection levels defined by the conditionn = p >>
noy, po, both lifetimes turn into the high level lifetime

THL = Tno + Tpo + (fp()nr + Taopr)/n (2.67)

which in a range where also n = p >> n;, p, approaches the limiting value

THL,lim = Tn0 + Tp0 (2.68)

For recombination levels near one of the band edges and particularly at elevated
temperatures, form (2.67) of the high-level lifetime applies to a considerable range
of concentrations. The lifetime THL jim iS smaller than the low-level lifetime if
Tp0Me+TnoPr > TnoNo. Between the limiting values the lifetime varies monotonously,
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Fig. 2.17 Hole lifetime for the platinum recombination center in n-type silicon. The capture rates
were taken essentially from [Con71] considering also other results. As degeneracy factor, g = 2
has been used for the donor level and g = 4 for the acceptor level

as is obtained from Eq. (2.65) assuming p = po + n — no as approximate neutrality
condition.

In Fig. 2.17 the variation of the hole lifetime in n-Si is shown for an acceptor
level with E; = 0.23 eV below the conduction band (dashed lines). This level is
identical with the acceptor level of platinum in silicon (see Fig. 2.18). The capture
rates are called here for distinction cg, p (see the text below). As shown by the
figure, the lifetime decreases from a very high value at small hole concentration to a
much lower lifetime at high injection, at 400 K the factor between the two extremes
is 103. Owing to the extremely small ep in Eq. (2.59), the lifetime can be written
as tp = 1/(cpN; ). The very high lifetime at low injection levels now results from
the fact that the electron concentration is small compared with the n, value (which
in the present case is 1.6x 10! cm™3) and hence the concentration N, according to
Eq. (2.61) is also very small. In the range 10'°~10'7 cm™3 which is important for
the on-state voltage drop of bipolar devices, the lifetime has not reached its limiting
value THL Jim. For switching and recovery times the strong increase of the lifetime
with decreasing p is unfavorable. In the calculation for the figure the charge on
the traps was taken into account in the neutrality condition, but it has only a small
effect. The solid curves in the figure will be discussed below where impurities with
two energy levels are considered.

In a depletion or space charge region as found in a reverse-biased pn-junction,
the np product is smaller than ”12 and usually negligible. With n >~ p >~ 0, Eq. (2.62)
yields the generation rate
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A
—R=G= (2.69)

7 l/erl 1/ep

Determining the generation, 7, is called a generation lifetime. Since it does not
obey Eq. (2.48), however, it is strictly speaking not a carrier lifetime in the usual
sense. Ty and hence G depend strongly on the position of the level in the bandgap.
Owing to the inverse interrelation between e, and e, (Eq. (2.60)), T, reaches its
minimum and G its maximum at the energy E; = Eiy where en = e = /CnCp ni.
Inserting this into Eq. (2.64) the generation lifetime at its minimum is obtained
as Tgmin = 2/(Nrm) = ZW: the minimal value of 7 is a little larger
than the mean value of 7,0 and 7. The energy of maximal G is given by Eyy =
(Ec +Ey)/2+kT/2 x In(cpNy /(cnNe g%)) which is not far from the bandgap middle.
The generation rate can be written as G = Gpax/ cosh((Ey — E)/kT). A few kT
away from Eyy, G is proportional to the smaller one of the emission rates and hence
decreases strongly with decreasing distance of the level from the more distant band.
If short switching times of a device are required, but on the other side also a small
generation in the space charge region and hence low blocking current, this can be
reached by choosing a deep impurity whose recombination level is well distant from
the middle of the bandgap, but not oo close to one of the band edges.

Although the density of recombination centers is often considerably lower than
the doping of the weakly doped base region, this may be not so in very fast devices.
Here the charge on the traps can have undesirable effects, such as a compensation
of the normal doping (reduction of the conductivity), a reduction of the breakdown
voltage or a premature punch through of the space charge region. The influence of
the traps on the carrier concentration in thermal equilibrium depends on the position
of their level relative to the Fermi energy and likewise on the type of the level. For
example, an acceptor-like impurity in a neutral n base with a level a few kT above
the Fermi energy will be neutral to a large part and hence will not affect the free
electron concentration essentially. A donor level at the same position on the other
hand will increase n. In a space charge region of a reverse-biased pn-junction, the
charge is given by the condition that the generation rate of electrons must equal to
that of holes at steady state. For an acceptor level one has ep, N, = epN hence
N /N? = ep/en. To obtain a low concentration of charged deep acceptors (e.g., to
avoid punch-through), a higher emission rate e, than e, is required. Generally, the
density of charged traps in a stationary non-equilibrium state is given by Eq. (2.61).
During switching processes, the densities N, N? follow the variation of n and p
not instantaneously. Their time dependence is described by the equation

dN~
dr

dn?
dr

= canN? — cppN;” — enN; + epN = — (2.70)
which follows immediately from the capture and emission events recharging the
impurity. Together with Eqgs. (2.57), (2.59), and (2.47) for n and p, the charged trap
density as a function of time can be numerically calculated. Some effects of the
temporary charge on deep impurities will come up in Sect. 13.3.
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Deep impurities often possess not only one, but two or even more energy levels.
This is the case also for gold and platinum whose levels in silicon are shown in
Fig. 2.18. Both possess a donor level in the lower half of the bandgap and an acceptor
level at higher energy. Whereas the acceptor level of gold is located very near to the
middle of the gap (0.54 eV below the conduction band), both levels of Pt are far
away from the middle (for gold see [Bol66, Fai65, Wuf82], for platinum [Mil76,
Con71, Soe%4, Sie01]).

The levels are coupled to one another, since they describe transitions between
charged states of the same impurity, whose total density N; is distributed among the
three charged states involved. In the present case these states are positively charged
(R*), neutral (R%) and negatively charged centers (R™). According to the definition
given above, the donor level belongs to the transition between R* and R® and is occu-
pied, when R* captures an electron or emits a hole, and is emptied if R0 captures
a hole or emits an electron. The acceptor level describes the transitions between a
neutral and a negatively charged center, R and R™, caused similarly by capture and
emission of a carrier. Indicating the capture rates for definiteness with the charge
state of the involved center before capture, ¢, cg are the capture rates belonging to

the donor level and c(n), cp those of the acceptor level. Because of the electrostatic

energy gained during capture of an electron by R*, but not by R?, the donor level
is (generally) below the acceptor level. This differs from the familiar positions of
donor and acceptor levels of normal doping atoms (see Fig. 2.5). The net recombi-
nation rate now is given by the sum of two Shockley—Read—Hall equations (2.62),
one for each level. However, N; is replaced for the donor level by Ng = N;" +N? and
for the acceptor level by N, = Nr0 + N;, and these concentrations are not constant,
but depend on n and p. This can be calculated putting R, = R,, for each level and
using the constant total trap density N; = N;" +NY+N;~ by which the two levels are
coupled. Calculations of the lifetime for two coupled levels and partly for gold and
radiation-induced centers were carried out in [Sez66, Sco82, Abb84]. For platinum,
the course of the hole lifetime in n-type silicon calculated by considering both levels
is shown by the solid curves in Fig. 2.17. The dashed curves take into account only
the acceptor level, as has been discussed already above. A very interesting result is
that recombination via the donor level yields a strong reduction of the lifetime over
the entire concentration range up to nearly 1 x 10'7 cm™3. In similar cases it is often
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assumed that the recombination in n-type silicon at small minority concentrations
takes place only via the acceptor level and similarly in p-Si only via the donor level.
This follows if the traps in n-Si appear nearly all as negatively charged centers R~
and in p-Si as positively charged centers R*. As is shown by the figure, however,
this is not fulfilled in our case. One reason is that already a minority density of 103
cm™3 leads to a strong deviation of N}, N, N~ from thermal equilibrium values.
Furthermore, if the system is in fact nearly in thermal equilibrium (p >~ pg << nop),
then the centers R, not R~, predominate in n-type silicon up to a doping concen-
tration of about 1 x 10'® cm™ in the case of Pt. Since the R centers can capture a
hole as well as an electron, both levels participate in the recombination also in this
case. As is seen also, the donor level reduces the variation of 7}, with injection and
with temperature.

The strong increase of the lifetime with temperature, which still remains, is
unwanted because it results in a strong decrease of the forward voltage of diodes
with increasing temperature [Lut94], a detrimental property for paralleling devices
in modules. An example will be given later in Fig. 5.11. The strong enhancement
of lifetime with decreasing injection leads to a somewhat higher recovery time of
platinum-diffused devices than in the case of gold, particularly for thyristors. As
follows from the above discussion for one level, the generation of carriers in a
space charge region is determined only by the level which is nearest to the mid-
dle of the gap. In the case of gold this is the acceptor level. The generation by
gold atoms in a space charge region is more than a decade higher than with Pt
even at 150°C. Since this results in a high leakage current of pn-junctions, plat-
inum diffusion or particle irradiation is now preferred for adjustment of carrier
lifetime in fast diodes, destined e.g. for IGBT applications. This holds in spite
of above-mentioned drawbacks of platinum. Moreover, an advantage of platinum
for some applications is that it does not considerably reduce the conductivity
of the weakly doped n-base region, because its acceptor level is located typi-
cally above the Fermi level and hence the Pt atoms in contrast to Au are mostly
neutral.

Often irradiation with high-energy electrons, protons, or He ions is used nowa-
days to generate recombination centers and control the carrier lifetime. The energy
of irradiation is usually in the range 1-15 MeV. While electron irradiation produces
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Fig. 2.19 Energy levels of
important radiation-induced
centers
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a homogeneous density of recombination centers, a narrow region of high trap con-
centration can be created with H and He ion irradiation. The radiation methods show
a good reproducibility. As depicted in Fig. 2.19, mainly three independent centers
with various levels are generated: the divacancy (VV), the A-center which is an
oxygen—vacancy complex (OV), and the K-center, probably an association of an
interstitial carbon atom and an interstitial oxygen atom (C;O;) [NiwO08]. The type of
the levels and distances from band edges are indicated as in Fig. 2.18. The divacancy
has a donor level and two acceptor levels, the upper of which refers to transitions
between R~ and R>~. In contrast, the A-center has a single acceptor level near the
conduction band. The relative concentrations of the centers depend on the radia-
tion energy as well as on tempering processes following the irradiation. For lifetime
control in neutral regions, especially at high injection level, the A-center is consid-
ered to be most efficient because of high capture rates. The carrier generation in
space charge regions is determined by the divacancy whose level at 0.43 eV below
the conduction band is located closest to the middle of the bandgap. Owing to this
energy level, the lifetime control by radiation leads to a significantly lower block-
ing current than obtained using gold, but it is higher than generated by platinum.
The possibility to use simplified models is limited in the case of radiation-induced
centers. More details on the radiation technique for lifetime control can be found in
Sect. 4.9, including consequences for devices.

As has to be noted finally, caution is advisable regarding the use of Eqgs. (2.58)
and (2.60) for calculation of emission from capture rates and vice versa. Using the
accepted experimental position of the levels in the bandgap and reasonable degener-
acy factors, the calculated results differ often from measurements even qualitatively
[Tac70, Ral78, Lag80]. For the gold acceptor level, the ratio ¢,/cp has been deter-
mined to be about 1/85 [Wuf82, Fai65]. Using this in Eqs. (2.58) and (2.60) together
with E. — E; = 0.54 eV and g = 4, one obtains at 300 K for the emission rates
en/ep = 0.82, whereas experimentally e,/e, ~ 10 was found [Sah69, Eng75]. To
get agreement with the experimental e, /e, a degeneracy g of 13 would be neces-
sary here. Such high values cannot be understood as electronic degeneracy [Ral78].
They are interpreted now generally as due to an entropy change AS occurring during
capture or emission of a carrier by the impurity. This is reasonable because the occu-
pation probability of impurity states is determined by the free energy F = E — TS to
be used in the Boltzmann factor if entropy changes can occur. In contrast the position
of the energy level as determined from thermal activation measurements is given by
an energy difference AE from the respective band edge [Vec76, Eng78]. Therefore,
the degeneracy g in the above formulae has to be reinterpreted as an entropy factor
exp(AS/kT), which besides the electronic degeneracy contains an entropy change
caused by a change of vibrational frequency of the impurity [Eng78]. Since the
entropy factors are not known today from independent determinations, the calcu-
lation of emission or capture data from Egs. (2.58), (2.60) contains an uncertainty.
Definite results are obtained if measured data of both capture and emission rates
are available and these are used to define n; = en/cy and pr = ep/cp in the above
equations, without using Eqs. (2.58) and (2.60).
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2.8 Impact Ionization

The electric field which a semiconductor junction can sustain is limited by impact
ionization which leads to avalanche multiplication. This effect determines the break-
down voltage in the whole voltage range, including very small voltages (below 12 V
in Si) where the blocking current is dominated by quantum mechanical tunneling of
carriers. Avalanche multiplication and the “critical” field strength resulting from it
are most important for dimensioning of power devices. The critical field strength is a
property of the semiconductor. Via the width of the base region required for a given
blocking voltage, the critical field determines static and dynamic limits of devices.
In this section, we introduce impact ionization as a further generation mechanism.
The detailed consequences for devices will be treated in later sections.

Impact ionization occurs if the electric field in a junction is high enough, such
that a noticeable number of electrons or holes in the statistical distribution gain
sufficient kinetic energy that they can lift a valence electron by impact into the
conduction band. Each ionizing carrier generates a pair of a free electron and
hole, which again can generate further electron-hole pairs, thus giving rise to an
avalanche event. Impact and avalanche generation are therefore used as synony-
mous expressions. Because the produced secondary particles have a kinetic energy
following from conservation of momentum, the ionization energy which the pri-
mary carrier at least must have is about 3/2 E, (see [Moe69] where an extensive
review on the physics of impact ionization is given). A few carriers in the thermal
distribution have this energy already at zero field strength. However, the generation
at zero field has been taken into account already as Auger generation, whose micro-
scopic mechanism is identical with that of impact ionization. Impact ionization is
defined as the generation arising from the enhancement of the carrier velocities by
the field. It is represented by impact ionization rates oy, o, defined as the number of
electron—hole pairs generated per electron or hole per length of the path which the
assembly travels with drift velocity vy, or vy, respectively. The number of electron—
hole pairs generated per unit of time, i.e. the avalanche generation rate Gy, is then
given by

1 .
Gay=0an-n-vptop-p-vp= 5(an]n+ap]p) (2.71)

On the right-hand side, the densities of the field currents are replaced by the
total current densities, the diffusion currents are neglected because of the high
fields.

Much experimental and theoretical work has been carried out to determine the
ionization rates and their field dependency, which is very strong. Reviews have been
given by Monch [Moe69] and Maes et al. [Mae90]. Theoretically, Wolff predicted
very early the relationship o o exp(—b/ E?) [Wof54]. Experimental ionization
rates, on the other hand, were found by Chynoweth [Chy58] and later most other
authors, to follow the relationship
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Table 2.3 Coefficients of ionization rates in Eq. (2.72) for Silicon as obtained from different
publications

Field for
Source Electrons Holes deff = 100/cm
Field range a b a b
(E in 10° V/cm) (106/cm)  (10° V/iecm) (10%/cm)  (10° V/iem)  (10° V/em)
Lee et al. [Lee64] 3.80 1.77 9.90 2.98 1.99
1.8 <E <4
Ogawa [Oga65] 0.75% 1.392 0.0188% 1.542 1.88?
LI<E<25 4,65 2.30° 1.80
Opverstraaten, De 0.703 1.231 1.582 2.036 1.66
Man [Ove70]
175 < E <4
Our choice [Sco91] 1.10 1.46 2.10 2.20 1.81
15<E<4
T =300K
4 Directly measured
YFrom aef, otn
a=aeb/E, (2.72)

both for electrons and holes. With E we denote here the positive field strength in
direction of the field. In a logarithmic plot versus 1/E, the values of o, and a, follow
a straight line. Shockley derived this relationship [Sho61] using a simplified model
for the manner the carriers reach the high ionization energy. As shown then by Baraff
[Baf62], the field dependences of Wolff and of Chynoweth are limiting cases of a
more general theory. The experimental determination is done usually by measuring
carrier multiplication factors M, and M, consisting of double integrals over the
ionization rates (see Appendix B), which then have to be extracted. The measured
field dependence obeys the relationship (2.72) down to low fields, as is not expected
to this extent from theory [Oga65, Mae90]. Table 2.3 contains the constants a and
b for silicon at room temperature as gathered from some often cited papers. From
Ogawa’s work [Oga65], two sets for a, are given, the first one determined from
multiplication factors like other values in the table. The second set describes the hole
ionization rate determined in [Oga65] from measurements of the electron ionization
rate o, and the effective ionization rate
ay — op
Qeff In(an/atp) (2.73)

which was determined from the breakdown voltage of pin-diodes (see below). The
extremely varying values of a(= «(E = 00)) in the table are mainly due to the
extrapolation with different slopes in the plot versus 1/E owing to the different b
values. Nevertheless, also in the experimental range the diversity of the obtained
ionization rates is large. For example, the a.ff values obtained from [Lee64] and
[Ove70] at a field strength of 2 x 10° V/cm differ by more than a factor 4. Although
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the differences in the field for a given a.f are smaller because of the strong field
dependence, they too are considerable. In the last column of Table 2.3, the field
strengths belonging to aeff = 100/cm are given. This field can be interpreted as
the critical field E. of a pin-diode whose width of the intrinsic i-region is w =
1/aegr = 100 pm, since the breakdown condition of a pin diode is aefr(Ec) w = 1
(see Eq. (2.75) below and Chaps. 3 and 5 on pn-junctions and pin-diodes). The
breakdown voltage Vg = w E. calculated with the data of [Lee64] is 20% higher
than obtained from [Ove70]. For p*n-junctions the difference is still larger (about
35% for Vg > 1000 V).

Calculations for a tight dimensioning of devices need ionization rates whose
results are in close agreement with the measured blocking behavior. We have
compared calculations using different a-sets with measurements on thyristors and
diodes, whose weakly doped n-base region was very homogeneously doped by neu-
tron transmutation (see Sect. 4.2), a method not used before 1975. Mainly devices
in the blocking range 1200-6000 V were used for comparison, although data in the
lower blocking range have also been considered. The ionization rates of Ogawa with
the second set of «, is found to be well suited for diodes. The blocking behavior of
pn~ p-structures in thyristors is better described according to our tests by a course
of the hole ionization rate between the two strongly differing «, curves of [Oga65].
From these comparisons and by considering also measurements with low blocking
devices [Lee64, Ove70], the a-parameters given in the last line of Table 2.3 are
proposed for the simulation of power devices [Sco91]. They agree also well with a
renewed determination of the ionization rates reported by Valdinoci et al. [Val99],
although these authors use a more complex fitting expression.

In Fig. 2.20 these ionization rates for silicon at 300 K (Table 2.3, last line) are
plotted versus the inverse field strength. Within a relative small field range the
a’s vary by several orders of magnitude. The ionization rate of electrons is much
larger than that for holes, and the effective ionization rate defined by Eq. (2.73)
runs between on(E) and ap(E). As is seen, aefr too can be described with excel-
lent approximation by a straight line in this plot and hence can be described by
Eq. (2.72). Best agreement with Eq. (2.73) together with the parameter set in the
last line of Table 2.3 is obtained with

defr = 1.06 x 10° - e 1O810°/E _ defe - ¢/ E (2.74)

(E in V/cm, ae in cm™) which up to a few percent agrees with the exact aefr in
the range 1.5 x 10° to 4 x 10° V/cm. Equation (2.74) is nearly equal with the result
of Ogawa [Oga65].

The effective ionization rate is defined with Eq. (2.73) in a manner that solely
this aefr determines the breakdown voltage of pn-junctions [Wol60, Oga65]. The
breakdown condition which the field E(x) and hence voltage at breakdown must
satisfy is

/ etf(E(X))dx = 1 (2.75)
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Fig. 2.20 Field dependence of ionization rates in silicon. The power approach (Eq. (2.76)) [Shi59,
Ful67] is matched at the point Eg = 2 x 10° using Eq. (2.77)

where the integration extends over the space charge region. The derivation is given
in Appendix B. Although this holds exactly only if the ratio o, /o, is independent of
E,itis a very good approximation also in most other cases. To enable easy analytical
integration for simple field shapes, Shields [Shi59] and Fulop [Ful67] approximated
the field dependency by a power law, which normalized to a field Ej reads

E n

aeff(E) ~ C (E_> (2.76)
0

Based on this approach, practicable and often used relationships for the breakdown

voltage can be derived (See Sects. 3.3.2 and 5.3). If Eq. (2.76) together with its

derivative is fitted to Eq. (2.74) at the point Ej, the constants are obtained as

n=bet/Ep, C = aesfexp(—n) 2.77)

where according to Eq. (2.74) aefr = 1.06 % 106 cm ™! and begr = 1.68 x 10° V/em.
The value n = 7 used by Shields and Fulop is obtained for Eq = begr/7 = 2.40 x
10° V/cm. Matching at the field Ey = 2 x 10° V/em, Eq. (2.77) yields n = 8.40 and
C = 238 cm~!. Using these values, approximation (2.76) is plotted additionally in
Fig. 2.20. Although the approximation is not very good over a wide range of E,
very satisfying results can be obtained choosing the matching point E( near the
maximum of the considered field distribution.
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Whereas for diodes only «.fr is decisive for the breakdown voltage, for transistor
structures such as the pn~ p-structure in thyristors and IGBTs both ionization rates
separately have an effect on the breakdown behavior. Of course, also the single
ionization rates a, and ap can be approximated by a power law according to Egs.
(2.76) and (2.77). In this book, the Shields—Fulop approach will often be used to
describe the blocking capability in an analytical way. If the field distribution E(x) in
Eq. (2.75) does not allow an analytical integration, the power approximation loses
its meaning.

The ionization rates decrease with increasing temperature because the mean free
path between collisions with phonons decreases. As shown by Grant [Gra73] and
Maes et al. [Mae90], the temperature dependence can be expressed by an increasing
coefficient b in Eq. (2.72), while the pre-exponential factor ¢ may be left constant.
For electrons, the temperature coefficient db/dT was determined in [Gra73] to be
1300 V/(cm K), whereas from [Mae90] a mean value of 710 V/(cm K) is obtained;
for holes Grant found db/dT = 1100 V/(cm K). Using a value of 1100 V/(cm K) in
both cases, the temperature dependence of blocking behavior in the range —20 to
150°C is well described. Hence the following field and temperature dependence is
obtained:

1.46 x 10° 4+ 1100(T — 300K
ap = 1.1 x 106-exp <— X * ( )>cm1

E
(2.78)

2.2 x 100 + 1100(T — 300K
ap =2.1x 106~exp (— . + ( )> em™!

E

where the field is scaled in volts per centimeter. Inserting this into Eq. (2.73) and
using Eq. (2.74) at 300 K, the same 7-dependence is obtained for cfy:

E E

(2.79)
The temperature dependence of the constants in the Shields approximation follows
inserting the coefficient beg(T) of the last equation into Eq. (2.77):

1.68 x 10° + 1100(T — 300 bei(T
oeff = 1.06 x 100 exp <— X + ( K)>cm_1 = deff €XP (— ett( )>

ber(T)  1.68 x 100 + 1100(T — 300K)

def 1.68 x 10%/cm '
T = =
D=0 =~ exptu(ty)

In the mentioned paper of Valdinoci et al. [Val99], the temperature dependency
of the ionization rates in the range 300-670 K is described. The results [Val99]
agree well with Eq. (2.78). Singh and Baliga [Sin93] have determined the temper-
ature dependence of the effective ionization rate in the range 77-300 K using the
approach of Shields and Fulop. Although the temperature dependences of their con-
stants differ partly strongly from Eq. (2.80), the ionization rate . itself varies quite
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Fig. 2.21 Ionization rates of 4H-SiC and Si at 300 K

similarly. According to [Sin93], aefr increases by a factor 2.4, if the temperature is
lowered from 300 to 100 K. The same factor follows from above equations for a
field strength E = Eg = 2.5 x 10° V/em.

As mentioned in Sect. 2.1, SiC has the advantage of an exceptionally high crit-
ical field, that is, the field at which impact ionization becomes important is very
high. Measurements of the ionization rates in 4H- SiC, the preferred polytype, have
been performed by Konstantinov et al. [Kon98], Ng et al. [Ng03], and Loh et al.
[LohO8]. The results were fitted by the following equations [LohO8], a modified

form of Eq. (2.72):
1.37
o = 2.78 x 10° exp [— (M) ] cm™!

1.09
ap =3.51 x 106 exp [— (M) ]cm_1

2.81)

where E has to be used in volts per centimeter. These ionization rates together with
those of silicon (Eq. (2.78)) are plotted in Fig. 2.21 versus E. As is seen, the field
required for a given value of ionization rates is in 4H-SiC nearly an order of magni-
tude higher than in silicon. Contrary to silicon, the hole ionization rate o, is larger
than o, in 4H-SiC.

The effective ionization rate defined according to Eq. (2.73) can be described in
the interesting range, 50/cm < aeff < 10*/cm, approximately by the power law

deff =~ 4 x 107% . E%cm™! (2.82)

where E is scaled in volts per centimeter. Recently Bartsch et al. [Bar09] have pub-
lished measurements of the breakdown voltage of 4H-SiC p*nn*-diodes for different
doping concentrations of the base region. From their measurements which include
the temperature dependence they conclude that
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Oeff = 2.185 x 107¥E3Bem™! (Ein V/iem) (2.82b)

at 300 K. According to this result aef is somewhat lower than stated in
Eq. (2.82). The field for an effective ionization rate of 1x103/cm is 2.04
MV/cm according to Eq. (2.82b) compared with 1.85 MV/cm calculated from
Eq. (2.82). Correspondingly higher are the measured breakdown voltages in
[Bar09]. Improvements in material quality of the SiC wafers and in SiC device
manufacturing processes are possibly the cause of this.

2.9 Basic Equations of Semiconductor Devices

The device operation depends on the processes with which the carriers and the elec-
tric field in the interior react on terminal currents and voltages. This is described by
some basic equations which we will discuss now. A central part of these equations
are the continuity equations of electrons and holes

on -
mrTie divJ, + Ry (2.83)

) -
- S =divd, + Ry (2.84)

Here J,, jp are the vectors of particle current densities. The equations represent
the time decrease of a carrier concentration (e.g. —dn/d1) as a flow of carriers out
of the considered volume element (div J, ) plus a disappearance of carriers with
a rate Ry, respectively R,,. In these exact mathematical equations one has to insert
the previously derived models for the current densities and excess recombination
rates Ry, Rp. The latter have to include generally, besides the thermal recombination
generation rates treated in Sect. 2.7 and called now Ry, p 1, the impact generation rate
Gay:Rnp = Rnpm — Gay. The electrical current densities have been given in one-
dimensional form in Eqgs. (2.42) and (2.43). In two or three dimensions the particle
current densities are

Jy = —panE — Dy gradn (2.85)
Jp = jppE — Dygrad p (2.86)
The continuity equations include the law of conservation of charge

.= dp
divi+ —=0 (2.87)

at
where} is the total electrical current density transported by the carriers (conduction
current), j = g(Jp — Jn), and p the charge density or “space charge.” Equation
(2.87) is obtained by subtracting Eq. (2.83) from Eq. (2.84) and considering that
the difference of the excess recombination rates R, — Ry, if it is non-zero, signifies
a recharging of impurities, usually of the recombination centers. Hence Ry, — R)
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contributes to a change of charge density, which includes the charged flat and deep
impurities in the form

p=q(p—n+N5—Ny+N"—=N) (2.88)

A third differential equation on the level of the continuity equations results from
the fundamental law

divD=p (2.89)

which states that an electric charge is a source 0f a displacement field D. The lat-
ter is proportional to the electric field strength, D = 8E where the permittivity
constant € splits up into the absolute permittivity (permittivity of vacuum) and the
relative permittivity as a material constant, & = ¢, - &9. The e.-values of some mate-
rials are compiled in Appendix D. With Eq. (2.88), Eq. (2.89) can be written as
follows:

diveE=p=q(p—n+Nj —Ny + N —N,) (2.90)

The further procedure now is to express the electric field in Eqgs. (2.85), (2.86) and
(2.90) as the negative gradient of a potential V:

E=—gradV (2.91)

Equation (2.90) then turns into the Poisson equation:
divgrad V= -2 (p — n 4+ Ny — Ny + N —N)) (2.92)
&

where the semiconductor is assumed homogeneous and isotropic with regard to ¢.
For non-cubic crystals &, is a tensor, but in current simulation programs it is used as
a scalar. The differential operator on the left-hand side of Eq. (2.92) is the Laplace
operator, div grad = 82/9x> + 9°/3y* + 8%/9z>.

The Poisson equation and the continuity equations (2.83), (2.84) with (2.91) sub-
stituted for E in the current densities form a system of three partial differential
equations with the unknown variables V, n, and p. The doping structure and the den-
sity of recombination centers as well as boundary conditions at the surface and the
characteristics of the external circuit are required to be known. The normal donors
and acceptors are assumed usually to be completely ionized and the concentration
of deep impurities to be small. The concentration of charged impurities is then given
by the net doping concentration Np — Na, and the recombination rates Ry, R, are
approximately equal (see Sect. 2.7). The three differential equations are then suffi-
cient to calculate the potential V and the carrier concentrations n and p as functions
of space and time. Equations (2.83), (2.84), (2.85), (2.86), (2.91) and (2.92) with
Ng = Np, N, = Na, N = N; = 0and R, = R, = R are called therefore the
basic semiconductor equations. The behavior of this system is investigated in the
book of Selberherr [Sel84]. Simulation programs based on these equations in one to
three dimensions are on the market. The two- and three-dimensional programs are
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rather complex with all implications. In special one-dimensional cases the equations
are used widely for analytical calculations.

In fast switching devices, the charge of deep traps is often considerable, and
additionally the incomplete ionization of normal dopants can be a subject of inter-
est, particularly in semiconductors like SiC. In these cases, Egs. (2.90), (2.91), and
(2.92) have to be used in their general form, and for each impurity level, whose vari-
able partial occupation has to be considered, one has to add an equation of the form
(2.70) to the system. A program including these effects is Sentaurus AP [Syn07].

So far we have assumed that the device has the same temperature at all points.
Often this is a good approximation because the thickness of the semiconductor
chips is relatively small and the thermal conductivity of silicon is high. On the
other hand, phenomena of current constriction, thermal runaway, and other pro-
cesses responsible for destruction at heavy loads are connected often with a strongly
inhomogeneous temperature distribution. For power devices, heat conduction is the
primary criterion to be considered for the area and package of a device. To supple-
ment the above system for inclusion of variable temperature and to provide a basis
for thermal estimates, the basic relationships of heat conduction will be summarized
now. The heat current density, the heat energy transported through a surface element
per unit area and time, is proportional to the negative gradient of temperature

Jheat = —Agrad T (2.93)

where the proportionality factor A is the thermal conductivity. The thermal energy
per volume belonging to a temperature rise AT is Q = pncAT, where pp, denotes
the specific (mass) density and c the specific heat of the material. Using this, the
continuity equation describing the conservation of thermal energy is obtained in
the form
oT )

pmcﬁ =div(rgradT)+ H (2.94)
where H signifies the heat generation rate per unit volume. This consists of the
ohmic energy dissipation E ; and the heat produced by the net recombination of
carriers, R - E, [Sel84]:

H=E.j+R-E, (2.95)

where the non-degenerate case is assumed. R is defined here again as the total net
recombination rate including the impact generation: R = Ry, — Gyy. By adding
the heat flow equation (2.94) to the above system of partial differential equations,
the temperature distribution can be calculated in addition to V, n, and p. All quan-
tities in these equations, such as the mobilities and the carrier lifetime, have to be
used in their temperature-dependent form. The equations of current densities may be
unchanged for a first approximation only. A more detailed discussion can be found
in [Sel84]. We note that in silicon ppyc is practically independent of temperature
and has the value pyc = 2.0 Ws/(cm3 K), whereas the heat conductivity A decreases
considerably with 7. In the range 220-600 K, the temperature dependence of A is
described by the formula [Kos74]
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. 320 w
T T—-82 cmK

(2.96)

where T is scaled in Kelvin. The one-dimensional increase of temperature from the
lower surface of a chip toward the interior can be simply estimated for a given load
using these equations.

Till now the Maxwell equations as a fundamental description of all electromag-
netic phenomena have not been mentioned. The question arises, how far they are
satisfied by the above calculation method. Law (2.89) is one of the Maxwell equa-
tions. Furthermore, the equation of conservation of charge (2.87) can be deduced
from the first Maxwell equation

aD

t H = — 2.97
ro j+ o1 (2.97)

by applying the div operator and using Eq. (2.89). Beyond this, however, the
Maxwell equations are not taken into account. According to Eq. (2.97) the cur-
rent is accompanied by a magnetic field Hand a magnetic induction B = MMOH
Fast changes of the current density ] and the displacement current density BD/ dt
cause a corresponding variation of H and B, and according to the second Maxwell
equation

9B

tE=_2" 2.98
ro ” ( )

this leads to an induced electric field. Since rot é # 0, this field cannot be rep-
resented by the gradient of a potential as in Eq. (2.91); hence it is not contained
in the described differential equations. These effects of self-induction, which play
an important part in circuits of power electronics, become noticeable (e.g. as skin
effect) in semiconductors, however, only at extremely fast current changes. Another
neglect is the omission of the Lorentz force +¢gv x B on holes and electrons in the
current equations. It is the cause of the Hall effect discussed in Sect. 2.4. Ignoring
this, large external magnetic fields are excluded. The current-induced magnetic
field, on the other hand, is nearly always too small as to lead to a noticeable influence
of the Lorentz force on the current. Hence the incomplete fulfillment of Maxwell’s
equations and omission of the Lorentz force do not much restrict the applicability
of the basic device equations for the majority of applications.

2.10 Simple Conclusions

We consider now a few simple, but important consequences of the above equations.
A homogeneous n-type semiconductor is assumed, and the decay of minority car-
rier density or charge density is studied either as a function of time after external
generation or, on the other hand, as a function of distance x from the surface of the
semiconductor in the case of stationary generation at the surface.
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1. Excess minority carrier density Ap under conditions of neutrality: This is the
usual case in carrier generation by light or injection by a pn-junction. The excess
hole density is neutralized by an equal excess electron concentration An = n—ngy =
Ap(0) and possibly a charge of recombination centers. Since no external field is
assumed and the space charge is zero, the electric field is also zero.

— Case la): Time decay of a homogeneous excess minority carrier density after
excitation: This decay is obtained from Eq. (2.84) with div jp = 0 and has been
given already by Eq. (2.49). The minority concentration decays with the time
constant Ty.

— Case 1b): Stationary generation in a thin surface layer at x = 0, decrease of Ap
with distance x from the surface: Since the field is zero, the hole particle current
density is J, = —D,, dp/dx. Hence Eq. (2.84) with dp/0t = 0 and R, = Ap/7;
turns into

d’p  Ap
—Dp— 4+ =L =0
P ax? + Tp
The solution is
Ap(x) = Ap(0) - e /! with L, = ,/D,t, (2.99)

The minority carrier concentration decreases with the decay length L, which is
called the minority carrier (here hole) diffusion length, indicating that the spread-
ing of the minority carriers takes place by diffusion. L, can be adjusted by the
minority carrier lifetime 7. With Dy = kT /q up = 12 cm?/s (for small doping
density) a lifetime of 1 ps results in a diffusion length of 34.6 pwm. The diffu-
sion length of electrons is somewhat larger for a given lifetime because of the
higher diffusion constant. With the appropriate lifetime, diffusion lengths of sev-
eral hundred microns are possible. The diffusion lengths in devices are chosen
often with reference to the base width wg. Compared with the decay of a space
charge considered in example (2b), the spreading of minority carriers from the
point of generation or injection stretches much farther.

2. Deviation from neutrality: A small charge density p = —¢q - dn with dn << ng
is assumed, caused by an increased electron concentration above the equilibrium
density ng. First the time decay of a homogeneous space charge is studied, then the
spatial decrease of a stationary space charge caused at the surface x = 0.

— Case 2a): Time decay of a homogeneous space charge generated up to the time
t = 0: From the equation of conservation of charge (2.87) one obtains with j =
q-un-ng-EanddivE = p/e

q - Hn -1 +d_,0

=0
£ P dt
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This results in the time decay
p(t) = p(0) - e~/ (2.100)

where the time constant is the relaxation time
£ &0
q - Un - 1o o

Trel = (2.101)
Trel 1S inversely proportional to the electrical conductivity o and very small; in

silicon at ng = 1 x 109 cm (un = 1350 cm?/Vs, o = 0.22 A/(Vem)) one
obtains 7] = 4.8 ps. A homogeneous space charge left to itself can exist only
very shortly.

— Case 2b): Stationary charge density p(0) = —gq - §n(0) at the surface, caused, for
example, by a positive voltage at an isolated gate electrode. The hole concentration
p <po= ”12 /ng and the hole components in the total current density j are then
negligible. Since dp/dt = 0, one obtains from the equation of charge conservation
(2.87) using Eq. (2.42) together with the Einstein relation (2.44)

dj dE dn kT d*n
0=—= — 4+ —E4+
dx q““(dx+dx T
The term dn/dx - E as a product of two small quantities is negligible. Hence,

using Eq. (2.89) and 6n = —p/q, the equation turns into

no kT d*p

n,_22P_)
g’ g% dx?

From this equation one obtains again an exponential decay with distance x:
p@) = p(0) - e/t (2.102)

But different from the minority carrier diffusion length, the decay length is now

&g - kT 1014 /cm3
Ip= 22" — /Dutre = 0.41 - 107/em?
no - CI no

(2.103)

This decay length of a charge density is called “Debye length”. It is inversely
proportional to the equilibrium carrier density. The numerical expression on the
right-hand side is obtained for silicon (e = 11.7) at T = 300 K. Even at a small
concentration ng of 1 x10'* cm™3, Lp amounts only to 0.41 wm. Hence the space
charge decreases very rapidly toward zero. The Debye length is typically two or
three orders of magnitude smaller than the diffusion lengths. The relation between
Lp and the relaxation time is similar to the relation between the diffusion length
and the minority carrier lifetime. The majority carrier diffusion constant appears
in the relationship (2.103), because the spreading of the space charge is a majority
carrier effect.
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Chapter 3
pn-Junctions

pn-Junctions are the basic element of nearly all power devices. They are formed
when the type of conductivity changes from p-type to n-type within the same crystal.
pn-junctions are rectifying, they conduct current only in one direction of the applied
voltage, called forward direction, whereas in the opposite direction, the blocking
direction, the current is extremely small. Although the function of pn-junctions
has been described theoretically already in 1938 [Dav38], their full technological
significance became obvious only after the invention of the transistor and major
further advances in theory and technology [Sho49, Sho50]. This was a starting
point of the enormous development of the semiconductor sector till now. Today,
even the former poly-crystal rectifiers are thought for the most part to function by a
pn-junction.

The rectifying effect can be simply understood qualitatively (see Fig. 3.1): If
a positive voltage is applied to the p-region with respect to the n-region, then the
free holes in the p-region and the free electrons in the n-region are driven toward
the junction and are injected partly into the opposite region as excess minority
carriers. Since there is no lack of carriers for the current flow, the pn-junction is
conducting in this bias condition. If the voltage at the p-region is negative with
respect to the n-region, then both types of majority carriers are withdrawn from
the junction and cannot be supplied from the adjacent region of opposite con-
ductivity, except for the few equilibrium minority carriers there. Hence only a
very small current can flow, the pn-junction is biased in reverse or the blocking
direction.

forward bias
+ —
O IF;;fer @_, — Fa;ter
reverse bias
— +
O tpa;/er -v—G) ©—> lr:a;'er —O

Fig. 3.1 pn-Junction in forward and in blocking direction
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3.1 The pn-Junction in Thermal Equilibrium

First we consider a pn-junction in thermodynamic equilibrium, the case of zero
external voltage and current. The formulae for this case can be transferred to a large
extent to the case of applied voltage and hence are useful also for the /-V character-
istics in forward and reverse direction. As discussed previously, the concentration
of free holes in the bulk of the p-region is equal to the concentration of ionized
acceptors, likewise deep in the n-region the electron density is given by the donor
concentration, thus the charge of the impurities is neutralized by the carriers. This
is not the case, however, near the transition between the p- and n-region, as is indi-
cated in Fig. 3.2. Here the hole density in the p-region has a steep slope —dp/dx
resulting in a diffusion of holes toward the n-region. Since the fixed acceptors stay
behind without compensation, a negative space charge arises in the p-region near the
junction. From the n-region, in the same way electrons diffuse toward the p-region,
so that a positive space charge of uncompensated donors remains in the n-region
near the junction. Between both space charges an electric field is built up, which
drives the holes toward the p-region and the electrons toward the n-region, i.e. in
both cases in opposite direction to the particle diffusion currents. The thermal equi-
librium is reached when the field current compensates the diffusion current both for
electrons and holes. The field over the space charge region results in a built-in volt-
age Vp = — f;; " E dx, where x;,, x, are the boundaries of the space charge layer in
the p- and n-region, respectively. The built-in potential holds the electrons in the n-
region and the holes in the p-region. Vy; is often called “diffusion voltage, ” because
its primary cause is diffusion.
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Fig. 3.2 pn-Junction in thermal equilibrium

For the built-in voltage a simple general relationship can be derived. In Sect. 2.7,
the Einstein relation (2.44) has been derived from the Boltzmann distribution (2.45).
Inversely, the experimentally confirmed Einstein relation results in the Boltzmann
distribution. If one rewrites the current equations (2.42) and (2.43) using the Einstein
relation

' g4 M dn 3.1)
— . n- _ .
Jn =(: [in g dx
kT dp 32)
Jp =4 KUp|P dx .
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the Boltzmann distribution is obtained setting j, = 0in Eq. (3.2) and integrating the
bracket term:

p(x) = pxy) - e VAT (3.3)
where the potential is given as V(x) = — fx); E(x') dx'. Similarly, one obtains from
Eq. (3.1) for the electrons

n(x) = n(xp) - VO (3.4)

By these equations the space-dependent carrier densities in the space charge region
are connected with that of the potential, which however is also not yet known as
function of x. In Sect. 2.3 the relationship np = nl2 has been derived for thermal
equilibrium, without considering the present case of an existing electrical field. We
note now that this relationship follows from Egs. (3.3) and (3.4) at every point also
in the space charge region where n and p each are strongly varying functions of x:

n(x) - p(x) = n(xp) - pxp) = 1} (3.5)
The built-in voltage V4, is obtained from Eq. (3.3) or Eq. (3.4) as Vi = V(xp):

— k_T HM _ Elnp(xp)'”(xn)

Ve — 3.6
o plm) g n? G0
T N, Y
~ kT In w (3.62)
q n

In the approximation (3.6a) complete ionization of the dopants is assumed together
with neutrality at the boundaries of the space charge layer (see Sect. 2.5). According
to this equation the built-in voltage is given by the doping densities at the boundaries
of the space charge region.

How is now the space dependence of the potential and carrier concentrations,
and how wide does the space charge layer reach into the p- and n-region? This can
be calculated from the Poisson equation (2.92). Assuming complete ionization of
the impurities and using Egs. (3.3) and (3.4) one has without restriction to specific
doping profiles

d?v P q
—— =—= = =(n—p+ Naox) — Npor(x))
dx £ e

=1 L edVIRT _ e VT _
= 2 (n0) - T — p(xy) - NW)

(3.7)

where N(x) = Npjot — Nator- The donor and acceptor concentrations are indi-
cated now additionally by an index “tot” to distinguish them from the net doping
densities No(x) = Naot(x) — Np,wot(x) in the p-region and Np(x) = Npior —
Nayor in the n-region, which are denoted like above in this chapter. The car-
rier concentrations at the p-sided boundary of the space charge region are then
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Pp(xp) = Na(xp), n(xp) = ”12 /Na(xp). Generally, the ordinary differential equa-
tion (3.7) has to be solved numerically, but for abrupt step junctions V(x) can be
expressed analytically by an integral (see Sect. 3.1.1). As will be seen, however, an
approximate simpler calculation is often sufficient and even more useful. The exact
solution of Eq. (3.7) will be used to test and partly correct the approximate formulae.

As obtained above, the voltage V,; over the space charge region is much larger
than the thermal voltage kT/q. Hence a small variation of the potential from the
boundaries of the space charge region toward the interior is associated according
to Egs. (3.3) and (3.4) with a rapid decrease of the hole concentration near xp and
electron concentration near x,. Hence apart from small transition layers the carrier
concentrations in the space charge region may be neglected, and Eq. (3.7) reduces to

R § V7 (3.8)
I

Since the space charge region is assumed here to be completely depleted from
carriers, the approach is called (abrupt) depletion approximation. It will be used
extensively in following parts of the book.

3.1.1 The Abrupt Step Junction

The abrupt pn-junction or abrupt step junction is defined by a sharp, step-like dop-
ing transition between the p- and n-region and homogeneous doping densities within
each of the two regions. Since No and Np are independent of the positions x;, and
xp of the boundaries of the space charge layer, the built-in voltage is immediately
determined by Eq. (3.6a) in this case. In Fig. 3.3, the built-in voltage of abrupt pn-
junctions in silicon is plotted for two temperatures versus the doping concentration
Np of the n-region assuming a fixed doping No = 1 x 101°cm™3 of the p-region. At
300 K, Vp; increases from 0.705 V to 1.00 V in the range 1 x 1013 to 1 x 108 cm™3,
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at 400 K from 0.508 V to 0.905 V. The decrease of Vy; with increasing T is due to
the strong increase of n;j. The dependency on T is approximately linear, because the
pre-exponential factor of ”12 in Eq. (2.6), NcNy, is larger than NpNy in the applica-
tion range of the formula and its logarithm nearly constant like E;. At high doping
concentrations both of the p- and the n-regions the temperature dependence of Vy;
is only weak.

We will now use the depletion approximation to calculate the potential and carrier
concentrations in an abrupt junction as a function of x. Figure 3.4 illustrates the
space dependence of (a) the doping and carrier concentrations, (b) the resulting
charge density, (c) the electric field in the depletion approximation, (d) the potential,
and (e) the corresponding band diagram. These qualitative plots are substantiated
now by the following calculations.

Placing the origin of x at the transition between the acceptor and donor doping,
the metallurgical junction, the doping profile N(x) is given by

N(x) = —Na = const forx < 0,

N(x) = +Np = const forx > 0 (3.9)
In the region with acceptor doping the Poisson equation
v g
— ==N 3.10
o2 = A (3.10)
results in the field (see Fig. 3.4)
dv
a:E(x):—‘-INA.(x—xp) forx, <x <0 (3.11)
e

For the metallurgical n-region, integration of the Poisson equation d? V/dx*> =
—q/eNp yields

v

Ex) = —INp - (g —x) for0 <x<ux, (3.12)
dx £

The continuity of E at x = 0 requires
Na -xp = —Np - xn (3.13)

meaning that the charges on both sides of the junction are oppositely equal.
Integration of Egs. (3.11) and (3.12) leads to

4.

Ve = 2¢e

Na - (x — xp)* forx, <x<0 (3.14)
and

V) = Zi [—ND - (tn — %)% + Npa2 + NAxg] for0<x<x,  (3.15)
£
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Fig. 3.4 Abrupt pn-junction
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where the constant term in Eq. (3.15) is chosen to get continuity at x = 0. As is
shown by Eqs. (3.11) and (3.12), and Fig. 3.4c, the field strength in each region is
linear in x, the potential has a parabolic course. The ratio of the potential increase in
the acceptor region to that in the donor region is obtained from Egs. (3.13), (3.14),
and (3.15) as

Ve Nax el Mo

(3.16)

VN Np-x2  xan  Na

The penetration depths —x;, and x, can now be determined equating V(x,) to the
built-in voltage as given by Eq. (3.6a). From Egs. (3.15) and (3.13) one obtains

q 2 2 q 2 NZD 2
Vbi=g~(ND'Xn+NA~xp)=—8~ ND'xn+N—A‘xn G.17)
2¢e Na/Np Np
o= |2 Na/Np | = -2 - x, (3.18)
g (Na + Np) Na
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The total thickness of the space charge layer is

2¢ Na + Np
— = [Z=Z. 2 " "2 W, 3.19
Wse = Xp + |xp| \/6] NaNp bi ( )

The maximum absolute field strength Ey, = |E(0)| is obtained from Egs. (3.12) and
(3.18) as

2 NaN 2. Vi
E,= |24  ZATD . 2 T (3.20)
e Na+Np Wse

For asymmetric junctions with very different concentrations Na, Np, as found
often in devices, the formulae simplify. Referring in the notation to a p*n-junction
with Npo >> Np, Eq. (3.19) turns into

2 Vi
wee = | &b (3.192)
q-Np

whereas Eq. (3.20) yields

E, = % - Np - Vi (3.20a)
In the energy band diagram of Fig. 3.4e, the band edges vary inversely with the
potential, and the Fermi level Ef is constant across the pn-junction. This follows
because the conduction band edge E. represents the potential energy —gV(x) of
the electrons, and using Eqs. (2.4) and (3.4) results in space-independent Eg. The
built-in voltage multiplied with the elementary charge ¢ is represented in the band
diagram by the entire change of the band edges or of the intrinsic level E; against
the Fermi level. The point x; where the intrinsic level crosses the Fermi level divides
the region where p > n from the region with n > p. This point differs generally
from the metallurgical junction as is indicated in Fig. 3.4e. Instead of the above
calculated voltage parts Vp, VN in the metallurgical p- and n-region, the built-in
voltage can be divided also into the potential difference AV, .; between the neutral
p-region and the intrinsic point x; on one side and the potential difference AV; .,
between the intrinsic point and the neutral n-region on the other. Using Eqgs. (2.11)
and Eq. (2.10) these parts are obtained as

kT p(xp) kT = Na

1
AVy i= q(E {(0p) — Er) = ~ -2

nj q nj
(3.21)
1 kT n(xn) kT ND
AVin = —(EF — Ei(xp)) = —1In
q nj C] n;

The addition of both potentials yields the built-in voltage as given by Egs. (3.6) and
(3.6a).
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As numerical example we consider a pn-junction in silicon with Ny = 2 X
10e¢cm™3, Np = 1 x 10"cm™3. The built-in voltage is in this case 0.604 V. Using
this, Eqgs. (3.18) with the permittivity of silicon ¢, = 11.7 yield the penetration
depths x, = 0.725 um, xp| = 0.363 pm. The maximum value of the field according
to Eq. (3.20) is E, = 1.12 x 10*V/cm. The parts of the built-in voltage in the
metallurgical acceptor and donor region are Vp = Np / (Na + Np)Voi = Vi / 3=
0.203V, Vx = 2Vp = 0.407 V. In contrast to this, Eq. (3.20) yields for the voltage
increase in the region with p > n; a value AV,,_; = 0.311 V, while the voltage in the
region with n > nj is AVj_, = 0.296 V. The considerably higher AV,,_; compared
with Vp says that the intrinsic point is located not at the metallurgical junction but
in the region with lower doping. Numerically Eq. (3.15) together with (3.21) yields
xi = 0.106 pm.

The accuracy of Egs. (3.10) to (3.20) can be tested by comparing with formulae
following from the exact Poisson equation (3.7). By integrating Eq. (3.7) once,’
the following exact relationship between the potential parts Vp, VN in the acceptor
and donor doped region, respectively, can be derived replacing the approximation
(3.16):

Ve —kT/q _Np

= 3.22
Vn—KT/g ~ Na 322
Expressed explicity one has
Np —Np kT N
ypo Na=MNo KT Np
Na+Np g Na+Np (3.23)
VN =Voi — Vp

For the maximum field the exact calculation yields

2kT V
En= \/ 24T [NA e aVelkT 4 Ny (‘fk—TN oA 1)] (3.24)
&

As long as Vp, VN >> kT/q, Eq. (3.22) is well approximated by Eq. (3.16), and
Eq. (3.24) simplifies to the linear term in Vy leading to Eq. (3.20). If however the
pn-junction is strongly asymmetric and satisfies the condition N / Np >> qVpi / kT
in the case of a p*n-junction, Vp tends to kT/q according to Eq. (3.23), not to zero as
would follow from Eq. (3.16). The Na-term in Eq. (3.24) then is large against the Np
expression including the term leading to Eq. (3.20). Hence Ey, as given by Eq. (3.24)
is much larger than according to the depletion approximation (3.20a). The limiting
expression of Eq. (3.24) for Na /Np >> qVyi /kT with Vp, Vy from Eq. (3.23) is

! After multiplication with 2-dV /dx, Eq. (3.7) can be integrated analytically to obtain the field E(x)
as function of V(x) in both regions. From the continuity of potential and field at the metallurgical
junction the potential parts Vp, VN are then determined.
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[2kT
En =,/ —Na/e forNa/Np >> qVyi/kT (3.24a)
&

While the maximum field according to this equation depends only on the doping
density of the highly doped region, the approximation (3.20a) contains only the
doping concentration of the weakly doped region and additionally the built-in volt-
age. For the example Npo = 1 x 10'%¢cm™3, Np = 1 x 10'%cm™3 Eq. (3.24) yields
for Silicon E,, = 5.44 x 10*V/cm, whereas from Eq. (3.20a) with Vi, = 0.711
V one obtains a field £, = 4.69 x 103V/cm which is an order of magnitude too
small.

The cause of this discrepancy becomes evident from Fig. 3.5 which shows the
carrier distributions in the p*n-junction of the last example calculated by solving
Eq. (3.7). It is seen that the hole cloud is not restricted to the acceptor region but
reaches beyond the metallurgical junction into the n-region. In the first range the
hole concentration is much higher than the doping density Np and even the inte-
grated hole charge in the n-region is large compared with the total charge of ionized
donors in the space charge region. This explains why the field at the metallurgi-
cal junction is independent of Np according to Eq. (3.24a). As will be shown in
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Fig. 3.5 Carrier distribution in an abrupt p*n-junction. x, is the boundary of the space charge
region in the depletion approximation
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Sect. 3.5, the charge of mobile carriers in the space charge region can have a strong
influence on the differential capacitance ¢ = §Q / V.

Practically, the perfect abruptness presupposed here will be realized to a suffi-
cient extent mainly by junctions in wide-gap semiconductors like SiC, whose doping
profiles are not smoothed out by diffusion. In silicon, only junctions prepared by
low-temperature epitaxy (see Chap. 4) are so abrupt that Eq. (3.24) is applicable.
In most “abrupt” asymmetric junctions in silicon, the doping concentration of the
highly doped region ceases slowly enough that the carrier cloud does not strongly
surmount the doping concentration and not reach beyond the metallurgical junction,
but it is steep enough that the charge density of the weakly doped region is given
with good approximation by the constant doping density. For such abrupt asym-
metrical junctions the depletion approximation is a useful approach, especially if a
reverse voltage is applied (see Sect. 3.3).

3.1.2 Graded Junctions

Very often the transition between the acceptor and donor doping is substantially
graded. Particularly this holds for pn-junctions made by diffusion of the impuri-
ties, a technique described in detail in Chap. 4. If impurities are diffused into a
semiconductor which contains already a doping of the opposite type and with a
smaller density than the surface concentration of the diffused dopant, a pn-junction
is formed at the point where the diffused impurity just compensates the back ground
doping. The net doping density, N(x) = Np — Na(x) for an acceptor diffusion,
changes its sign at the junction. If the gradient of N(x) is not too small, a significant
space charge builds up as for abrupt junctions. In Fig. 3.6 the profile of a diffused
acceptor with surface concentration 1 x 10'8cm™ added to a homogeneous donor
doping with density 1 x 10'#*cm™3 is shown together with the resulting absolute
net doping density and the electron and hole concentration calculated numerically
for silicon. Near the pn-junction, the carrier concentrations are much smaller than
the net doping density, indicating that the space charge there is a large. The net
doping density shown on an expanded linear scale in the inset varies nearly over
the whole space charge layer. The depletion approach neglecting the carrier charge
in the space charge region can be used also in this case to a first approximation.
Sufficiently near to the junction, the net doping concentration can be approximated
by a linear dependence

Nx)=a-x (3.25)

the first term in the Taylor series, using the junction as origin of x.
In a linearly graded junction Eq. (3.25) holds by definition throughout the space
charge region. In this case one obtains from Egs. (3.8) and (3.25):

d?v dE :
cr__=__94 (3.26)
dx? dx e
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Fig. 3.6 Diffused p™n-junction in silicon: Doping profile together with hole and electron
distribution. A Gaussian function, Nao exp(—(x/La)?), is assumed as diffusion profile

L ) 2

E(x) = P (x w) (3.27)
_a (2 13

V(ix) = e <w X 3 x) (3.28)

where w is the extension of the space charge layer in each of the two regions (half
width of the total space charge layer) and the potential at the junction is set to
zero. Since V(w) — V(—w) is the built-in voltage, the half width w follows from

Eq. (3.28) as
3¢ Vi 1/3
- ( ¢ "‘) (3.29)
2qa

To calculate the built-in voltage this has to be inserted into Eq. (3.25) to obtain the
net acceptor and donor density to be used in Eq. (3.6a):

— p— . . 2
Voi = kq—T-ln (—N( Wg N(W)) = k—T1n<(a ;V) )

1 1
kT a-w
=2—1In
q ni

(3.30)




88 3 pn-Junctions

300 K
0.6

T 400K
04r e

Si

10" 10" 10° 107! 107
alem-4)

Fig 3.7 Built-in voltage of a linearly graded junction in Si as function of the doping gradient

Together with Eq. (3.29) this is an implicit equation for V4; which can be solved by
iteration to obtain the built-in voltage as function of doping gradient a. The result
for silicon at 300 and 400 K is shown in Fig. 3.7. By comparing this result with
exact numerical calculations it has been shown [Mol64, Mor60] that the depletion
approximation is only good for impurity gradients

8nd ¢?
e kT

x 10* (3.31)

For silicon, the right-hand side amounts to 7.6 x 10'%cm=3 at 300 K, but 8.8 x
102%cm—3 at 400 K. Below this value, the line for 400 K in Fig. 3.7 may be rather
inexact.

For variable doping densities, also the (quasi-)neutral regions possess an inherent
built-in field and built-in potential. Since the electron and hole currents are zero in
thermal equilibrium, a field is necessary to compensate the diffusion current which
arises from the concentration gradient. From Eq. (3.2) one obtains replacing the hole
density by the net acceptor concentration

kT dIn p kT dInNa
E(x) = — = —
g dx g dx

kT Na(x)
Vix) — V(xg) = —7 In NaGio)

For n-regions the sign is opposite. The built-in potential of diffused regions in their
quasi-neutral part is usually considerable. In the case of Fig. 3.6, the potential dif-
ference between the surface of the p-region and the boundary of the space charge
region, where Ny = 3 X 104cm=3, amounts to 0.28 V at 400 K according to

(3.32)

(3.33)
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Eq. (3.33). If also a diffused n-region follows on the homogeneous n-base, the whole
built-in potential of the quasi-neutral regions comes near to that of the space charge
region. For device characteristics, however, the built-in potential of the quasi-neutral
regions is of minor significance. This follows because they stay (nearly) unchanged
if an external voltage is applied, whereas the space charge region together with the
voltage across it is essentially altered, as will be seen. If not further specified, the
term “built-in voltage” refers therefore always to that of the space charge region.
We have used here the term “quasi-neutral” because diffused regions are not com-
pletely neutral but have a charge density p = edE/dx which can be calculated from
Eq. (3.32). The border between the actual space charge region and the quasi-neutral
regions is not precisely fixed by nature. It may be defined with some arbitrariness as
the point where the majority carrier density falls below the net doping density by a
certain percentage, for example 3%, or where the space charge is by a certain factor,
for example five times, higher than according to Eq. (3.32). The precise limit has
not a strong influence on the two built-in voltages.

If the p- and n-region are connected externally by a wire without applying a
voltage, a current flow will not take place despite the presence of the built-in voltage,
since this would contradict general laws of thermodynamics. Based on the constancy
of the Fermi level throughout the contacted structure in thermal equilibrium, it can
be concluded that contact potentials exist between the contacted two semiconductor
regions and the metal which in sum are oppositely equal to the (whole) built-in
voltage of the semiconductor.

As one of the results of this section we mention again that the extension of the
space charge layer in thermal equilibrium is very small compared with the usual
thickness of the (quasi-)neutral p- and n-regions enclosing it. If an external voltage
is applied, the situation can be changed.

3.2 Current—Voltage Characteristics of the pn-Junction

Now a voltage V is applied to the p-region with respect to the n-region. If this volt-
age is positive, it is directed against the built-in voltage Vpi. Assuming that the
caused current is small and the ohmic voltage drop over the neutral regions can
be neglected, the voltage across the space charge region is now

AV = Wi—V (3.34)

For building up this voltage step, the required charges in the dipole layer at the
junction are smaller or larger than without the external voltage depending on the
sign of the voltage. Since the charge density on each side is given approximately by
the doping density, the thicknesses of the space charge layer in the p- and n-region
decrease or increase. Most important, however, is that the hole concentration in the
n-region and electron concentration in the p-region are raised above the equilibrium
minority densities for V > 0 and lowered for V < 0. This can be concluded from
Eqgs. (3.3) and (3.4) assuming that the Boltzmann distribution is applicable also to
cases away from thermal equilibrium. This is a basic assumption of the whole device
theory, justified by the fact that the deviation from equilibrium is usually weak, i.e.
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the field and diffusion currents compensate each other largely in the space charge
region.

In this chapter we assume furthermore that the minority carrier densities in
the neutral regions are small compared with the doping densities. The junction is
assumed to be abrupt. Using Eq. (3.34) in Eq. (3.4) replacing V(x,) in Eq. (3.3) by
Eq. (3.34), one obtains for the minority carrier density py* higher as (3.35) in the
n-region at the boundary x = x,

P:: =Ny - e~ 9(WVi=V)/KT (3.35)
= po - VM (3.36)

Here the equilibrium hole density in the n-region is denoted by ppo, and the
relationship

Pno = Na - e~4"/KT (3.37)

was used which follows from Eq. (3.6). In the same way, for the electron density n;
in the p-region at the boundary x = x;, one obtains

nf = npo - 1"/ (3.38)

where np is the equilibrium electron concentration in the neutral p-region. The
minority concentrations at the boundaries to the space charge region are raised
respectively lowered by an exponential factor containing the applied voltage, the
Boltzmann factor. In Fig. 3.8 this is illustrated for forward bias. The applied voltage
raises the concentrations p} and ”; here by eight orders of magnitude. On the chosen
logarithmic scale the minority carrier concentrations decrease linearly with distance
from the space charge layer. The figure anticipates here results of the following
calculation.

For further visualization especially of the situation at reverse bias, the minority
carrier densities are plotted in Fig. 3.9 on a linear scale. In the picture for reverse
bias (lower part of the figure) the minority carrier concentrations at the boundaries to
the space charge region are lowered already to zero. This is approached already for
reverse voltages higher than a few times the thermal voltage k7/q, as follows from
Egs. (3.36) and (3.38). The diffusion of holes out of the n-region and electrons out
of the p-region which determines the reverse current can then no longer be enhanced
by a further increase of the reverse voltage. Because the equilibrium densities ppo =
”12 / Np, npo = "12 / Ny are very small and this transfers to the concentration gradients
of the minority carriers, the blocking current is also very small.

As is noted, Egs. (3.36) and (3.38) require only that the injection level of the
injecting region is low, while (within these limits) the minority concentration n; in
the considered region may be arbitrary. For a p*n-junction, Eq. (3.36) is applicable
to arbitrary injection levels in the weakly doped n-region as long as the injection
level in the p*-region is low. The equations will appear later for pin-diodes with
high level injection in the base region.
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From now on, we assume in this section that the injection level on both sides of
the junction is low. From Egs. (3.3) and (3.4) together with Eq. (3.38) one obtains
then for the np-product in the space charge region

n(x) - p(x) = n(xp) - pxp) = npo - e?/¥7 . pg = n? - 1V/KT (3.39)

As without bias, the np-product in the space charge layer is independent of x, but
it is increased or decreased depending on the sign of the voltage V by the expo-
nential voltage factor. The deviation from equilibrium leads to net recombination or
generation, respectively.

The I-V characteristic is governed by the minority carrier currents in the neutral
regions. To calculate them one uses the continuity equation which for the holes in
the n-region according to Eq. (2.84) reads

djp P — Pn0
- g Ry = —qg—T 3.40
i q- IXp q % ( )
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Fig. 3.9 Minority carrier space charge layer
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Here the stationary case is assumed and the excess recombination rate R, is
expressed, according to Eq. (2.48), by the minority carrier lifetime and the excess
hole concentration. Since the hole density p is assumed small compared with n,
and additionally the field in the neutral region is small, the field term in the current
equation (2.43) can be neglected. Hence we are dealing with the case 1b) in Sect.
2.10. Inserting

dp
ih = —q - Dp,— 341
Jp q-Ppy- (3.41)
into Eq. (3.40) one obtains
p,. ¥P _p=pw (3.42)
Pdx? T '

The solution of this differential equation with the boundary condition p(x,) = pj is
P@) = pro = (P = puo) - e~ 0T/l (3.43)

where Ly, is the hole diffusion length:

L, =D, 1 (3.44)
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Inserting p;: from Eq. (3.36) one has

P(X) = Pro = Po (e‘fV/"T - 1) L/t (3.45)

Using this hole distribution in Eq. (3.41) the hole current density at x = xp is
obtained as

Jp(in) = Jjps - (qu/ KT _ 1) (3.46)
with
. Dy ”12 Dy
Jps=f1'Pn0'3=61'N—D'L—p (3.46a)

Analogously the electron current density in the p-region at x = x;, is given by

JnCxp) = s - (74T — 1) (3.47)
with
. Dy n; Dy
Jns = qnpo - - q- o L. (3.47a)

where L, is the electron diffusion length:

L, =Dy -1y (3.48)

As is seen, the minority carrier diffusion currents adopt the exponential voltage
dependence of the minority carrier densities pj, n;. Apart from these quantities,
the currents depend on the diffusion constants and the diffusion lengths L, Ly
which are determined by the respective minority carrier lifetime in the neutral
regions.

Whereas the recombination in the neutral regions is considered to be essen-
tial, the recombination/generation in the thin space charge layer is neglected in
the ideal I-V characteristic. Since djy / dx = =gR, this means that the elec-
tron and hole currents are assumed constant across the space charge layer. With

Jn(xn) = jn(xp), jp(xp) = jp(xn) One obtains

J=Jn0n) +jplen) = jn(xp) +jp(rn) (3.49)

Thus, the current density j is given by the sum of the minority carrier diffusion
currents in the neutral regions at the borders to the space charge layer. Hence by
adding Eqgs. (3.46) and (3.47), the current—voltage characteristics of the pn-junction
is obtained as

j=js- (qu/kT - 1) (3.50)
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Fig. 3.10 Normalized ideal Ll
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Equation (3.50) with (3.51) is the ideal current—voltage characteristic of the pn-
junction as derived by Shockley [Sho49]. In Fig. 3.10 the characteristic is shown
in the normalized form j/js versus gV/kT. The current increases exponentially
with positive voltage, in the blocking direction it approaches quickly the saturation
current which is very small. If for example

Na =1x10%cm=3, Np =1 x 10cm—3,
Ly =L, = 50 um, D, = 30cm?/s, Dp = 12cm?/s

one obtains for silicon with 7;(300K) = 1.07 x 10'%cm=3: j, = 5.5 x 10~ A/cm?.
As is noted, the characteristic (3.50) has been published for a different model first by
Wagner [Wag31] who showed that it describes the maximum possible rectification
effect attainable by electronic conduction.

The factor ;2 in js includes the influence of the bandgap of the semiconductor
material and contains the main part of the temperature dependence. In Fig. 3.11
the characteristics for several semiconductors at 300 K as given by Eqs. (3.50) and
(3.51) are plotted directly and on a larger scale than in Fig. 3.10. The reverse current
is scaled logarithmically. For all semiconductors the same values of Na, Np, and
Dnyp / Ly, were used for js as in the above example for silicon, so that only the
influence of the intrinsic concentration and the bandgap is shown (see Eq. (2.6)
and Fig. 2.3). The values of the saturation current density obtained are in A/cm?:
1.9 x 107 for Ge, 5.5 x 107! for Si, 2.1 x 10~!8 for GaAs and 1.3 x 107%6 for
4H- SiC. The figure shows that up to a certain forward voltage, about 0.7 V for Si,
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Fig. 3.11 Current density versus applied voltage for ideal pn-junctions in different semiconductors
at 300 K

the current remains very small on the scale of normal conduction current densities,
whereas above that voltage the current is soon strongly increasing. This threshold
voltage can be defined with some arbitrariness as the voltage belonging to a current
density ji,r = 5A/cm?. Solving Eq. (3.50) for V

k-T j
v (L4 (3.52)
q Js

and inserting jg,r = 5 A/cm the threshold voltage in the case of Fig. 3.11 is obtained
to be 0.26 V for Ge, 0.65 V for SiZ, 1.09 V for GaAs, and 2.77 V for 4H-SiC. These
values are close to the built-in voltage Vy; calculated by Eq. (3.6a). The threshold
current, although near the lower end of normally used current densities, is already
so high that the voltage balances largely the built-in voltage. The threshold voltage
increases nearly linearly with increasing bandgap as follows from Eqs. (3.52) and
(3.50) if Eq. (2.6) is inserted. Experimental results are sufficiently well reproduced
by this theory.

Of course a small threshold voltage is advantageous since it implies small for-
ward losses. On the other hand, however, the high js required for small Vi, means

2 The threshold voltage given in data sheets of device manufacturers is about 0.2-0.5 V higher.
Because it is defined there as the onset voltage Vi in the equivalent straight line Vg = Vi +
RuigrlF, the fitting to the mostly parabolic characteristics results in somewhat higher values than the
threshold voltage defined above.
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a high reverse leakage current. In the case of Ge this disadvantage outweighs
strongly the advantage of small threshold voltage. Already at 100°C the leakage
current grows so high that it results in a hardly controllable heating. For semicon-
ductors with a wide bandgap on the other hand, the large threshold voltage is the
more weighing disadvantage. Here, the large threshold voltage of pn-junctions is
often avoided by using a metal-semiconductor junction and for switching devices a
unipolar field effect transistor without junction in the current path.

In practical devices, the pn-junctions are mostly very asymmetric. With Np >>
Np Eq. (3.51) simplifies to

js=q~n?~( De ) (3.53)
Ly - Np

The saturation current is determined in these cases only by the minority carrier
parameters in the weakly doped zone. Using this equation, we consider now the
temperature dependence of the voltage V at a given forward current which is often
used to indicate and control the temperature in integrated power devices. Inserting
Eq. (2.6) for ”12 one obtains from Eqs. (3.53) and (3.52) for V > 3kT/q

E kT - Dy - N¢ - N,
VG, T) = £ _ 'In <w> (3.54)
9 q Lp-Np-j

Because the term gDpN:.N,/ (LPND) represents a very high current density whose
temperature dependence due to the logarithm has little influence, the forward volt-
age V decreases nearly linearly with increasing 7. In Fig. 3.12 the dependency (3.54)
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Fig. 3.12 Temperature dependence of forward voltage of a p*n-junction at constant current
densities
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with use of Egs. (2.8) and (2.9) is plotted for two current densities for the example
Np = 1 x 10'%m~3 and 7,,(T) = 1 ws(T/300)%. This temperature dependence is
found often and leads here to D, /L, = \/(Dp/1p) = 3.3 X 103(300/7)3/2.

Regarding the conditions underlying the Shockley characteristic (3.50) and
(3.51), the assumption of negligible recombination in the space charge region is
sometimes not satisfied in silicon even at forward bias where the thickness of the
space charge layer is very small. This can be seen, if at small forward current densi-
ties, for example in the range of 100 js to 1 A/cm?, the measured current is plotted on
a logarithmic scale versus voltage. The observed slope is often not ¢/kT as required
by Eq. (3.50) but essentially smaller. The measured characteristic can be described
then by

j=s (e7V10D 1) (3.55)

where the coefficient n ranges often between 1.7 and 2. Because of the small current
densities this cannot be attributed to a resistive voltage drop in the p- and n-region.
The recombination in the space charge layer is given by the SRH equation (2.62)
with np = const >> ”12 at forward bias (see Eq. (3.39)). The numerator of this
equation has approximately the same magnitude as in the neighboring parts of the
neutral regions. However, if the recombination level lies near the middle of a not too
small bandgap and hence the concentrations n; and p; both are small, the denomi-
nator in Eq. (2.62) is on average small against the value in the neutral regions where
n or p is large. Hence the recombination rate R is very high, and in spite of the
small thickness of the space charge layer the integral recombination J'Rdx can be
significant. If the recombination levels, however, lie appreciably away from the mid-
dle of the bandgap, the assumption of negligible recombination in the space charge
layer is justified, and the ideal characteristic is measured at sufficiently small current
densities.

At higher current densities, where the resistive voltage drop Vyyir; caused by the
majority carrier currents in the p- and n-region is considerable, the applied voltage V
in the above equations and figures has to be interpreted as the junction voltage V; =
VE — Vaiire where VE signifies the total forward voltage. As long as the resistance is
given by the doping concentration and thicknesses of the two semiconductor regions
and hence is known and constant, VF as function of j is obtained by adding the drift
voltage Vyyify = 7j (r = resistance x area) to the right-hand side of Eq. (3.52):

kT J ,
VE=—-\In-4+1) +r-j
q Js

However, the resistance can be simply calculated only if also the further assumption
made for the derivation of Eq. (3.50), i.e. the condition of low injection level, is sat-
isfied. This is the case over a considerable range of current densities only for relative
high doping concentrations of the p- and n-region, as for example in the n-emitter
and p-base region of thyristors and IGBTs. In many other cases this condition is not
fulfilled. For power diodes with a p*nn* structure, the injection level in the weakly
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doped n-base is at usual forward current densities not low but in fact high. Chapter
5 deals with the characteristics for this case.

3.3 Blocking Characteristics and Breakdown
of the pn-Junction

3.3.1 Blocking Current

Especially for reverse voltages, Eqs. (3.50) and (3.51) agree with measurements
only in limited ranges of voltage and temperature if at all. Often the measured
blocking current is much higher than the saturation current (3.51) because of large
generation in the space charge region. A second effect not included in Egs. (3.50)
and (3.51) is avalanche multiplication which at high reverse voltages leads to
enhanced blocking current and at a certain voltage to complete breakdown of the
blocking ability. This effect will be treated in the next section, in the present section
we consider the blocking current as made up of the saturation current (3.51) and the
current caused by generation in the space charge region.

Since a reverse voltage results in a negative excess carrier concentration (devi-
ation from equilibrium), the thermal generation rate G(x) is everywhere > 0. The
total reverse current density j, owing to thermal generation is obtained by integrat-
ing the continuity equation dj,/dx = —gR = gG from the left border of the p-region
(x = —o0) to the right border of the n-region (4-00). This yields

o
CI/ Gdx =jp(oo) _jp(_oo) = _jp(_oo) =—j=J (3.56)
—00
since the hole current in the p-region at large distance from the junction equals the
total current. For the calculation, one uses as before the abrupt depletion approx-
imation with n >~ p ~ 0 in the space charge region and with the minority carrier
distribution in the neutral regions as given for the holes in the n-region by Eq. (3.45),
where now V < 0 (see Fig. 3.9¢). The integral over the neutral regions delivers the
reverse current of Eqgs. (3.50) and (3.51), as can be easily verified. The minority
carriers diffusing out of the neutral regions are generated there due to the nega-
tive excess concentration. For the current caused by generation in the space charge
region, the formula (2.62) applies. In order that the terms with n and p can be
neglected on the base of Eq. (3.39) and Egs. (3.15) and (3.18), the reverse volt-
age V; is assumed to be > 3kT/q. The generation rate is then constant and given by
Eq. (2.69), and the reverse current generated in the space region (boundaries x;, and
Xn, thickness w = x — xp) is
q-ni-w qg-Np-w

Xn
e = Gdx = = (3.57)

Since the charge density on both sides of the junction is given by the doping con-
centration in the used approximation and is therefore independent of the voltage,
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the extension of the space charge region into the p- and n-region (and other rela-
tionships) is given by the same expressions as for zero bias except that Vy,; has to be
replaced by Vs = Vi — V = Vpi + V1. Hence Eq. (3.19a) for an abrupt p*n-junction

generalizes to
2.e (Vi
W= e (Vo + Vo) (3.58)
q-Np

Inserting this and adding Eq. (3.57) to Eq. (3.53) the total blocking current density
of a p*n-junction is obtained as

n Ly Lo 2~8~(Vbi+Vr)> (3.59)

S i
Jr=JstJsc=¢q (ND T 7, q-Np
where D, /L, is written as L, /T, to express the two current contributions in a similar
manner by a concentration, a length, and a lifetime. Also for the diffusion current
the condition V; > 3kT/q is used to be in saturation.

Via the width of the depletion region the blocking current increases now with
voltage. Whereas the diffusion current is proportional to niz, the space charge
term increases only linear with n;. Hence the diffusion term in proportion to the
space charge current increases with intrinsic concentration, that is with decreasing
bandgap and increasing temperature. Which part predominates depends, however,
also on the lifetime 74 as compared to 7, as well as on the voltage V;. If the genera-
tion lifetime 74 is comparable with 7, and w comparable with L, the space charge
term in Eq. (3.59) predominates to the extent as n; >> pyo = ”12 /Np or nj << Np.
However, as has been discussed in Sect. 2.7.2, the generation lifetime depends expo-
nentially on the recombination level and becomes very large if E; is not located near
the middle of the bandgap. According to Eq. (2.64), (2.58), (2.60), and (2.63) of the
Shockley—Read—Hall model, the generation lifetime in the depletion region can be

written as
nj 1 1 T 0
rgz—‘< + ):ni-<i°+l> (3.60)
Ny \cn-ne cp-pr ne Pr

whereas the low-level minority lifetime 7|, according to Eq. (2.66) is given by

Tp = Tpo + (Tp0 - 1ir + Tho - Pr)/ND (3.61)

ny and p; are (except for the degeneracy factor) equal to the carrier concentrations
obtained assuming the Fermi level equal to the recombination level (see Egs. (2.58)
and Eq. (2.60)). If E; coincides with the intrinsic level Ej, one has n; = p;, = n; and
Egs. (3.60) and (3.61) yield Ty = tho + Tpo Which is close to the minimum of 7g.
On the other hand, if the recombination level is distinctly distant from the middle
of the bandgap, either n; or p; is small against n; and hence t; >> T, according
to Eq. (3.60). In this case the space charge current can be small compared with the
saturation current.
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Fig. 3.13 Reverse current
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In Fig. 3.13 the reverse current density of a p*n-junction in Si is plotted versus the
reciprocal absolute temperature for E. = Ej as well as for E;, = Ey + 0.32eV. The
reverse voltage is 1000 V. The case of E; = E; reflects the behavior of gold-doped
junctions since gold has an acceptor level very near the middle of the bandgap (see
Fig. 2.18). The second case refers to the Pt level which is nearest to E; and hence the
active level in the depletion layer. As is seen, for E. = Ej the total reverse current is
practically equal to the current generated in the depletion region, except in the upper
temperature range. This holds even for a small reverse voltage. A predominant space
charge current is also observed often in junctions which are not intentionally doped
with deep traps, as is indicated by the temperature dependence. In the platinum case,
on the other hand, the reverse current consists nearly totally of diffusion current j
(dashed line in Fig. 3.13). With equal lifetime parameters t,0, Tp0 assumed in both
cases, the generation lifetime for E; = FEj (and g = 2 in Eq. (2.58)) is 4.6 us at
300 K whereas for E; = Ey + 0.32¢V one obtains 7, = 61 ms.

The heat dissipation during reverse bias, j; V;, is usually much smaller than at for-
ward conduction. However, because j; increases strongly with temperature, the heat
generation can increase stronger than the heat conduction to the sink. Since this can
lead to an uncontrolled temperature increase (thermal run-away) and destruction,
the reverse current density must be small enough. As an upper limit for diodes of
the 1500 V class a value of about 10 mA/cm? at 150°C is typically used. Such a
limit implies that the recombination center density has to be limited, which in the
case of gold has the consequence that otherwise possible switching times cannot be
attained.
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3.3.2 Avalanche Multiplication and Breakdown Voltage

At a certain breakdown voltage, the reverse current increases abruptly and the block-
ing ability is lost. This is due to impact ionization or avalanche multiplication as
described in Sect. 2.8. By the kinetic energy gained in the electric field a carrier
raises an electron from the valence to the conduction band and creates an electron—
hole pair, and these secondary particles again create electron-hole pairs, thus an
avalanche process is initiated. The effect is significant only at high field strengths
occurring under high reverse bias. With the avalanche generation rate (2.71) the
continuity equations (2.83) and (2.84) in the stationary one-dimensional case take
the form

dj . .
Ep =dp-jpton-jntqg-G
(3.62)
di
I =—0pjp—tnjn—q- G
dx

where ay, ) are the field-dependent impact ionization rates and G as before denotes
the thermal generation rate. The total current density

J=Jn~+Jp (3.63)

is independent of x under stationary conditions (see Eq. (2.87)). The avalanche effect
is expressed in Egs. (3.62) by the proportionality of the generation rate to the current
densities which at the relevant field strengths are proportional to the carrier densi-
ties. The course of the field strength, of the ionization rates and current densities
is shown for a p*n-junction in Fig. 3.14 (see the legend). To have positive current
densities and field strength at reverse bias, the n-region is at the left and the p-region
at the right-hand side. The strong variation of j,, jp in the high field region due to
avalanche multiplication is illustrated qualitatively.

For a qualitative understanding we assume at first that the ionization rates are
equal, oy = ap = «, as is found e.g. in GaAs. Then Egs. (3.62) with (3.63)
simplify to

djp , djn
dx_a j+q-G= o (3.64)

Integrating over the space charge region with the boundaries x, = 0 and x, = w one
obtains

w
j_jns_jpszj'/“dx+ qg-w-G
0
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since jp(xn) = j — jns and jp(xn) = jps, Where jps, jps are the minority carrier sat-
uration current densities entering the depletion layer from the neutral regions. The
current density j follows as

j= Jns +]pi}+]sc (3.65)
1 — [y adx

where the previous notation ji. = gwG is used. As shown by this equation, the effect
of avalanche can be expressed by a multiplication factor

1

M

which enhances the three components of the thermal current density. If with
increasing voltage the field via the ionization rate satisfies the equation

/Woz(E(x))dx =1 (3.67)
0

the current increases to infinity. Hence this is the condition from which the break-
down voltage V; = Vg = fgv E dx can be calculated. Below the breakdown
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voltage, Eq. (3.65) describes the enhancement of the reverse current by avalanche
multiplication.

The considered case a, = o allows a simple calculation because the position
where an impact ionization initiates the avalanche process has no influence on the
total generated avalanche charge in this case: After generation of an electron—hole
pair at a point x the electron moves to the neutral n-region and the hole to the p-
region, so both together cover the whole width of the space charge region (high
field region). This holds also for the pairs generated by the secondary carriers at
a point x7. Hence if electrons and holes are equally effective, the total generated
avalanche charge is independent of x. This is also the cause why all three current
components jis, jps, and jsp are multiplied by the same factor.

If oy # «ap as in the case of Si and most other semiconductors (see Figs. 2.20 and
2.21), the calculation is much more complicated. In Appendix B it is shown that
the avalanche multiplication can be expressed generally by double integrals over
the ionization rates. As expected, the three components of the thermal blocking
current (numerator of Eq. (3.65)) are enhanced for an # «p each by a different
multiplication factor and hence the leakage current density is generally given by

J =My - jns + M - jsc +ijps (3.68)

From o, > o in the case of Si, it follows that My > M. > Mp. All three M'’s tend
to infinity at the same voltage, the breakdown voltage. For an abrupt p*n-junction
in Si the multiplication factors, as calculated numerically from the formulae in the
appendix using the ionization rates of Eq. (2.78), are plotted in Fig. 3.15 versus
the reverse voltage. The breakdown voltage for the assumed doping density 1 x
10'*cm™3 of the n-region is 1640 V. Already at 1400 V, the current density jy is
enhanced by M,, = 5, whereas the multiplication factor M}, amounts to 1.17 only. In
the case of a p*n-junction the higher M, is not significant for the blocking current,
since the electron saturation current jyg is very small according to Eq. (3.51). For
a transistor structure with a p*n-junction between base and collector, however, the
large M, has a strong effect on the breakdown voltage, as will be seen.

Analytically, the multiplication factors as function of voltage are approximated
often by the equation [Mil57]

1

M= ——M— 3.69
= (V/Vay" (5-69)

where the exponent m is used for fitting. To approximate the dependencies of
Fig. 3.15, very different m-values are necessary for M, and M,. Fitting in both
cases at My p = 2, a value m = 2.2 is obtained for My, and m = 13.2 for M. These
values differ significantly from values in the literature where often m = 4 and 6 are
used for My, M, respectively. Although Eq. (3.69) is only a rough approximation,
considering the whole voltage range, it is very useful for dimensioning of transistor
and thyristor structures. The large difference between M, and M}, has a significant
influence on the blocking behavior.
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Fig. 3.15 Multiplication factors in dependence of the voltage for an abrupt p*n-junction with
Np =1 x 10Mem™ . T =300K

If only the breakdown voltage of a (single) pn-junction is of interest, the compli-
cated ionization integrals in Appendix B can be avoided. As noted already in Sect.
2.8 and shown in Appendix B, the breakdown voltage can be calculated using the
effective ionization rate

Oleff = I "% (3.70)
In(on /ap)

which at breakdown satisfies the condition [Oga65, WW60]

/O wer(EQ) = 1 3.71)

similarly as o in Eq. (3.67). This holds exactly only if the ratio an /ot is independent
of E. However, also if this is not well fulfilled over a large field range, Eq. (3.71)
is often a good approximation, because only a relative small field range contributes
significantly to the integral. This is the case also for silicon.

The maximum field strength in the depletion layer, at which breakdown occurs,
is called the critical field strength E.. If the width of the high-field region is varied
via the doping density according to Eq. (3.58) for a p*n-junction, this must be com-
pensated according to Eq. (3.71) by an inverse variation of «.fr. However, due to the
very strong increase of the «’s with E, this requires only a small change of the field
strength. Hence E. depends only weakly on the thickness w of the depletion region,
and for rough estimates E; is assumed often as constant.
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Without restriction we assume at first that the critical field (in dependence of w
and Np) is known and ask how the width and doping concentration of the weakly
doped region(s) of a pn-junction are to be chosen to reach a desired breakdown
voltage V. Considering an abrupt p*n-junction as shown in Fig. 3.14 the breakdown
voltage is

w 1
VB=/ Ed« =-wkE; (3.72)
0 2

Within the approximation of constant E., the breakdown voltage is proportional to
the width w of the space charge region. According to the Poisson equation

dE_EC q - Np
dx w

= (3.73)
e

w depends inversely on the doping density Np. Expressing the width w in Eq. (3.72)
by Np one obtains

2
L =

VB = ———
B2 Mp

(3.74)

Hence, within the approximation of constant E., the breakdown voltage is inversely
proportional to the doping density of the n-region. However, as mentioned, this is
only a very rough approximation.

To calculate the critical field in dependence of w or Np in analytical form, we
use the power approach (2.76) in the form [Ful67, Shi59]

deff =B - E" (3.75)
With the coordinates of Fig. 3.14, the field strength is

E(x) = @ x (3.76)

Inserting Eq. (3.75) together with dx = ¢/(gNp) dE = w/E.dE into the condition
(3.71) one gets

Bw E
E"dE = B < =1 3.77
E. f v n+1 ( )
0
1 1
1\ . 1) - Np =+
E. = (n + ) = <M) (3.78)
Bw B¢
The last expression follows from Eq. (3.77) with w = ¢E./(gNp)

(Eq. (3.73)). As expected, E. decreases slightly with increasing w and decreasing
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Np. Inserting Eq. (3.78) into (3.74) the breakdown voltage as function of doping
density is obtained as
2

€ q-(n+1)-Np\rt
Vg =
2-q-Np- B-¢
) . (3.79)
L n4 1\ e n+l
2 B q-Np
Equations (3.72) and (3.78) yield
1
1 n+1 1\
Vg =5 <T " 1) (3.80)

The width w of the depletion region as function of Np at breakdown follows from
Egs. (3.73) and (3.78) as

1 n
1w T
W= (”+ ) ( ¢ ) (3.81)
B q-Np

Due to the variation of the critical field, the increase of Vg with w and with 1/Np is
sub-linear.

To adjust Eq. (3.75) to the Chynoweth law, the constants n and B are to be chosen
according to Egs. (2.77), (2.76) and (3.75). With the numerical equation (2.74) for Si
at 300 K, one obtains in dependence of the field E( where the adjustment is carried
out

168 x 10° V/cm

3.82
n E (3.82)
1.06 x 10°
B— nx—/cm (3.83)
EO -exp (n)
Following Shields [Shi59], most authors set the exponent to n = 7 in silicon.

According to Eq. (3.82) this is obtained at Ey = 2.4 x 10°V/cm. The correspond-
ing B-value according to Eq. (3.83) is B = 2.107 x 10~3cm®/V7. Using these
constants, Egs. (3.80) and (3.81) can be written as

1 3 3
1 (8)\* 3 4% 10" /cm? *
VB:_.<_ (L) =ses v (0T em (3.84)
2 B gNp Np

8 8 e 8 4 x 10" /cm3 §
w=|=] - =446 pm|( ——— (3.85)
B q - Np Np

In the numerical expressions on the right-hand side, the doping density is related
to the value 4 x 10'#cm™3 because this is roughly the point at which the approx-
imation is adapted and around which it will be very accurate. Here it is taken into
account that aefr(E) in the triangular field distribution of the junction (see Fig. 3.14)
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Fig. 3.16 Constants in the power law aef = BE" as functions of the field strength at which it is
fitted to aefr = a/ exp(b/E).a = 1.06 x 10%/cm, b = 1.68 V/cm (Si at 300 K)

is best approximated choosing E near 0.9E.. This can be seen by maximizing the
calculated breakdown voltage. Hence, with the choice n = 7 the function (3.75)
is matched to Eq. (2.74) at the point where the maximum field in the junction is
E. = 24 x20°/09V/cm = 2.667 x 10°V/cm. This field corresponds to the
doping density Np = 4.36 x 10"*cm~3 according to Eq. (3.78).

At much higher and lower voltages the accuracy suffers from the deviation of
the power approximation from the Chynoweth law as illustrated in Fig. 2.20. In
Fig. 3.16, the exponent n and the constant B are plotted versus the field Eg where
the fitting is carried out. n varies nearly by a factor 3 in the relevant field range. The
extreme increase of B with E is caused according to Eq. (3.83) by the decrease of
n and the resulting rapid decrease of Ej. To take into account these variations, it
is suitable to choose the matching point E( for each doping density separately as
about 0.9E.(Np). Inserting Egs. (3.82) and (3.83) with this E into the right-hand
side of Eq. (3.78), one can solve the equation for E, by iteration. The breakdown
voltage and width of the space charge layer are given by Egs. (3.74) and (3.73) or
can be calculated from Egs. (3.79) and (3.81). The breakdown voltage and width w
at breakdown obtained in this way are plotted in Fig. 3.17 as functions of Np. These
results are very close to those calculated from the exact ionization integral given
in Appendix B. In the figure also N];S/ 4 according to Eq. (3.84) is shown (dotted
line). As is seen, this simple formula is a good approximation over a wide range.
For doping densities Np < 10'4 and > 10'>cm™ it underestimates the breakdown
voltage. The used approach allows an analytical integration of Eq. (3.71) also in
other cases where the field strength depends linearly on x. For ptnn™-diodes this is
utilized later in Chap. 5.

For diffused junctions, the approach (3.75) is useless because the integration of
Eq. (3.71) or the ionization integral can be carried out even with this approxima-
tion only numerically. If the diffusion profile is very steep, the results for abrupt
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Fig. 3.17 Ceritical field
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junctions can be used as an approximation. Generally diffused junctions have a
higher breakdown voltage than abrupt ones with equal doping density of the lightly
doped region. This follows because (i) the maximum field at the junction is reduced
and (ii) the field extends considerably into the highly doped diffused region near
the junction. In Fig. 3.18 the numerically calculated breakdown voltage of diffused
p*n-junctions is plotted versus the background doping density Np for two examples
of steepness of the diffusion profile. The acceptor density around the junction at
x = 0 is approximated here by an exponential decrease N (x) ~ exp(—x/)) (orien-
tation as in Fig. 3.6). Hence, \ is the decay length of the diffusion profile near the
junction. Since Na(x) = Np at x = 0, the net doping density in the space charge
region is

N(x) =Np —NA(x) = Np-(1—e*/*) (3.86)

and the doping gradient at the junction is dN/dx(0) = —Np/A. The case A = 3 pm
is typical for pn~p structures in thyristors diffused with gallium or boron, the case
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A = 10 pm is representative for high voltage pnp-structures realized with very deep
aluminum diffusion.

Temperature Dependence

As described in Sect. 2.8, the ionization rates decrease with increasing temperature;
for the effective ionization rate this is expressed numerically by Eq. (2.79). Hence
the critical field strength and avalanche breakdown voltage increase slightly with 7.
Using again the power approach (3.75) to give an analytical description, the expo-
nent n and constant B are needed as function of temperature. This is obtained from
Eq. (2.80) together with Eq. (3.75):

besr(T) _ 1.68 x 10° + 1100 - (T — 300)

Eo Eo
cr) Aot _1.06 x 10°
BT 5T expoury) BT - expin(1)

n(T) =
(3.87)
B(T) =

where Eg has to be inserted in volts per centimeter. Substituting these para-
meters in Eq. (3.79), the breakdown voltage for a triangular field distribution is
given analytically as function of temperature. If for example the doping concen-
tration is Np = 1 x 10M4ecm™3, a good choice for Ey is 2.2 x 205V/cm (see
Fig. 3.17). Then Eq. (3.87) at 300 K yields n = 7.64, B = 7.7810~*cm"~! /Vv",
With these values Eq. (3.79) gives Vg = 1630V. At T = 400K one obtains
n=8.14,B =101 x 107* cm™!/V", and Eq. (3.79) results in Vg = 1835V, a
12.6% higher value than at 300 K. Due to a considerable decrease of Vg from room
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temperature downward, one has to dimension so that the targeted blocking abil-
ity is maintained still at the lower limit of operation temperature (=~ 250 K)>. This
holds for diodes. For thyristors, the temperature dependency is weaker and can be
inverted, because the blocking voltage is supplied here by a transistor structure and
depends not only on avalanche multiplication but also on the current amplification
factor of a transistor, which increases with temperature

3.3.3 Blocking Capability with Wide-Gap Semiconductors

The presented theory is of course applicable also to other semiconductors, partic-
ularly to those which have a wider bandgap than Si. Owing to the higher energy
required to carry an electron from the valence into the conduction band, the criti-
cal field strength increases with bandgap. A summary of raw values of the critical
field is given in Table 3.1. Using these values in Egs. (3.72), (3.73), and (3.74)
a rough estimate can be obtained about the needed width w of the depletion
region and the allowed maximum doping density for a given blocking ability.

Table 3.1 Raw values of the critical field strength for Si and semiconductors with a wider bandgap

Ec(V/cm)
Si 2 x 10°
GaAs 4 x10°
4H-SiC 2 x 10°
GaN >3 x 100
C (diamond) 1—2x107

To attain for example a breakdown voltage of 10 kV with a p*n or pn*-junction
in 4H-SiC, a width w = 2Vg/E. = 100 wm and a maximum doping density
Np = 1.07 x 101%cm=3 are obtained using the E. value in the table. For a more
precise calculation the dependence of the critical field strength on the thickness of
the depletion region and the doping density determining it is necessary. For 4H-
SiC, this can be obtained from Eq. (2.82b) inserting the constants n = 8.03 and
B =2.18 x 107*8cm’ 03y 393 [Bar09] into Eq. (3.78):

0.111
D

3 Some manufacturers’ data sheets specify Vg at +25°C, and for application at lower temperatures
one must be aware of said decrease of Vg with temperature.
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For the blocking capability Eq. (3.79) gives

1016/cm3 0.78
—) v

No (3.89)

VB = 1770(

The breakdown voltage calculated in this way for an asymmetrical junction in 4H-
SiC is shown in Fig. 3.19 together with that of silicon. As can be seen, the maximum
doping concentration for a given blocking voltage, for example 1000 V, is for SiC
two decades higher than for Si. This results because the critical field strength is
an order of magnitude higher than in Si, and according to Eq. (3.74) Np ~ Eg
for a given V. The thickness w is about an order of magnitude smaller since w
depends only linearly on 1/E according to Eq. (3.72). Owing to the smaller possible
base width and the much higher doping concentration SiC devices show superior
characteristics regarding conduction and switching losses, as will be shown in detail
later.

Several years it was practice in the design of SiC-devices to limit the electric
field to a maximum value of about 1.5 MV/cm. The devices were specified for
a lower blocking voltage than the breakdown voltage resulting from doping and
thickness dimensions, because the leakage current otherwise surmounts the allowed
range. The reasons for the enhanced reverse current are crystal defects. In recent
time, the SiC crystal quality has been improved strongly and former limits are over-
come. Since the SiC technology is still developing, Eqgs. (3.88) and (3.89) must be
considered to some extent as preliminary.

3.4 Injection Efficiency of Emitter Regions

In preceding sections mainly asymmetric pn-junctions have been considered. It
turned out that to the extent as the doping ratio No/Np is very large or small the
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influence of the properties of the highly doped region on the characteristics van-
ishes, in case of blocking as well as in forward direction. Since the density of
injected minority carriers at forward bias is inversely proportional to the doping
density according to Egs. (3.36) and (3.38), mainly the highly doped region injects
carriers into the weakly doped region and not vice versa. Because this is similar to
the function of the emitter and base regions in transistors, the highly and weakly
doped regions of asymmetrical junctions are also called emitter and base region,
respectively. The injection efficiency, defined as ratio of minority carrier current in
the base region to the total current, is called emitter efficiency. A quantitative com-
parison of theory and experiment shows now that the measured emitter efficiency
is considerebly smaller than calculated on the base of the equations in Sect. 3.2.
This manifests itself immediately in the current amplification factor of transistors.
For power diodes with a p*nn*-structure, the current injected from the base into the
emitter regions becomes much earlier significant with increasing injection level than
according to the given “classical” equations. A consequence is that the forward volt-
age drop of diodes and other power devices is significantly enhanced at high current
densities compared with characteristics obtained theoretically taking into account
high injection levels in the base region. The cause of the unrealistic emitter effi-
ciency obtained from theory is that bandgap reduction in the highly doped region(s)
has been neglected till now.

In the present section we examine the injection properties of emitter regions with
consideration of bandgap narrowing. Furthermore, Auger recombination in the emit-
ter is considered and the injection level in the base region is allowed to be arbitrary.
According to the continuity equation (3.40), the minority carrier current entering the
emitter is absorbed by recombination in the bulk and, if the thickness of the region
is smaller than a few minority carrier diffusion length, at the contact. Although the
contact recombination is utilized in novel devices to improve switching properties,
we assume at first that only recombination in the volume is significant.

We consider an abrupt n*p-junction which is forward biased with low injection
level in the emitter region, while — within this limit — the injection level in the base
region may be arbitrary (see Fig. 3.20). At first we expand the pn-theory of Sect. 3.2
to the case of arbitrary injection level in the base. According to Eqgs. (3.3) and (3.4),
the ratio of carrier densities on one side to that on the other side of the space charge
region are given by the Boltzmann factor with the potential difference (3.34):

*

P _ T oqavir (3.90)

- =
P nt

As illustrated in Fig. 3.20, the star indicates the carrier concentrations in the neutral
regions at the boundaries to the space charge layer. The concentration n* in the
emitter is equal to the donor density Np due to the assumed low injection level
there. For the minority carrier density in the emitter region Eq. (3.90) gives

ng Py _ N (Ve +np)
i=Lt B2 ——F (3.91)
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where the equation pE = N + ny follows from neutrality. The base doping Na
is replaced here by Np to include the case of an n*n-junction, occurring in power
diodes, by defining Ng = —Np in case of an n-base. For power diodes which have a
low base doping, Eq. (3.91) is mainly significant for high injection levels in the base
region where pE ~ nE, in bipolar transistors and thyristors the injection level in the
p-base region is typically intermediate in the interesting current range. As shown
earlier (see Egs. (3.46) and (3.43)) the injected holes result in the minority current
density in the n*-region:
D

JoGn) = ¢q - Zf’ - (P — Pn0) (3.92)

Neglecting the very small equilibrium concentration ppo this can be written using
Eq. (3.91) as

Jo(n) = q - hn -1 - pp (3.93)

where the properties of the n emitter are comprised in the constant:

D, 1 Dy
hy=——=—. |— (3.94)
Np - Lp Np T
This parameter characterizes the emitter recombination which reduces the injec-
tion efficiency. It equals the saturation current density jps of the emitter defined in
Eq. (3.46a) except that the factor qni2 is omitted. It is useful to introduce the h-
quantity, because the intrinsic concentration with its strong temperature dependence
is not relevant for the injection efficiency for a given current. The h-parameter is
nearly temperature independent. Equation (3.93) defining the h-parameter by the
proportionality between jj(x,) and the product nj - pg is usable also for diffused
emitter regions. The experimental h-values determined on the basis of Eq. (3.93)
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[Bur75, Sco69, Sco79] are not in close accordance with the saturation current
density determining the /-V characteristics at low current densities.

For the emitter efficiency of the n*p-junction, defined as the electron current in
the p-base near the space charge layer in proportion to the total current

Y =in(xp)/Jj (3.95)

one obtains with j,(xp) = j — jp(xp) =2 j — jp(xy) by insertion of Eq. (3.93)

y=1—jptn)/j=1—=q-hy ng-pg/j (3.96)

As is seen, a small /,-value is required to get a high emitter efficiency and current
amplification.

According to Eq. (3.94) h, can be made small by choosing a high doping density
Np. The explicit Np dependence is however counteracted by the decrease of the
minority carrier lifetime due to Auger recombination described in Sect. 2.7. For
Np > 5 x 10'8cm™3 the lifetime is often solely determined by this recombination
process, hence according to Eq. (2.53) one has 1/7p = can - NZD. Inserting this,
Eq. (3.94) yields the following “limiting” h-value for high Np

hn,lim =+ Dp *CAn (3.97)

which decreases however still slightly with increasing n* owing to the decrease
of the diffusion constant Dp. Using the Auger coefficient of Eq. (2.54) and D, =
1.9 cm? /s for a doping concentration of 10'° cm™ 3, Eq. (3.97) gives hnlim = 7.3 X
10~ 1cm? /s,

Experimentally, the lowest h-values are an order of magnitude higher [Sco69,
Bur75, Sco79, Coo83]. This is attributed to the bandgap narrowing in the emitter
region due to high doping, which has been neglected above. Actually the bandgap
narrowing has been determined essentially from this discrepancy to explain the
experimental current amplification [S1076]. As discussed in Sect. 2.5 (see Fig. 2.11),
a cause of bandgap narrowing consists in the decrease of the energy of the electro-
static field which is built-up by a minority carrier in the environment of majority
carriers [Lan79]. It is obvious that the energy AE,, saved by this phenomenon dur-
ing injection must be subtracted from the potential barrier gAYV in the Boltzmann
factor for the minority carrier density p;;. Hence it follows that

*

P_: — o (@-AV=AE)/kT (3.98)
PB

whereas because of the lower doping in the base region the electron concentration

ng is given by the classical relationship

nk
B _ e qAV/T (3.99)
nt
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Dividing the two equations one obtains in place of Eq. (3.91)

P
=2 Do oake/k (3.100)

This holds also in case of the AE, resulting from band tails [SI076]: In thermal
equilibrium one has according to Eq. (2.27):

nt - py =nk - exp(AEg/kT) = n}y - pf exp(AEg/kT)

If a forward voltage is applied, the lowered potential difference across the junc-
tion results in an enhancement of p}/p} and njj/n™ by the same factor, hence
Eq. (3.100) follows generally. Defining an effective doping concentration Np eff =
Np - exp(—AE/kT), one has for the concentration ratios at opposite sides of the
space charge layer for all doping densities p,, /pE = njj/Npefr (see Fig. 3.20). This
effective doping concentration increases only very slightly with increasing Np. It
serves only to illustrate the effect of bandgap narrowing on the injection efficiency
and has no whatever significance for the majority carrier concentration n™ = Np.
Inserting Eq. (3.100) into Eq. (3.92) the A, quantity as defined by Eq. (3.93) takes
the form

I Dy(N
L De®b) - ar vyt (3.101)
ND Lp(ND)

The explicit dependence on Np in the denominator can be overcompensated now by
the increase of AE, with increasing Np, which adds to decrease of L, = i (Dp1p)
and results in an increase of &, at high Np.

As mentioned, the highly doped region was assumed till now thick enough that
recombination at the contact can be neglected. Often however it is considerable or
made large even intentionally as noted also. Fortunately, the contact recombina-
tion can be taken into account simply by replacing the diffusion length L, in Egs.
(3.92) and (3.101) by a length L, ¢ defined for this purpose. Assuming a contact
with infinite recombination velocity the minority carrier concentration at the sur-
face is pressed down to the equilibrium value p,, so that p >~ p — py,o = 0. With
this boundary condition at x = 0 the solution of the differential equation (3.42) is
Pn(x) = pp - sinh(x/Lp)/ sinh(wy /Lp) (wn width of the emitter). The gradient of this
carrier distribution at x = wy, i

dp/dx(xn) = py/(Lp - tanh(wn/Lp))

which for w, — oo tends to the previous form p;/L,. Hence for small w;, the length
to be used instead of L, is

Lpett = Ly - tanh(wy /L) (3.102)
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Thus the emitter parameter is finally given in this model by

D P
"~ Np - L, - tanh(wn/Lyp)

Iy . eAEe /KT (3.103)

where the dependency on the doping and carrier concentration Np = n™ is con-
tained to an essential part in L, = /(Dp1p), AE,, and D, For very high Np where
Tp is determined by Auger recombination and L, = \/(Dp/can)/Np is smaller than
about wy/3, Eq. (3.103) yields instead of Eq. (3.97)

hn = /Dy - can - e2Ee/HT (3.104)

Formulae for a p-emitter are obtained by exchanging n and p and Np and Nj.
Eq. (3.103) for a p-emitter reads

D,
hp _ n .eAEg/kT (3.105)
Na - Ly - tanh(wp /Ly)

For later use, we note also the formula for a small width of the p*-region: If w, <
L,/3, Eq. (3.105) turns into

D
hp = ——— - eNE/KT (3.106)
Na - wp

This equation holds also for variable emitter doping if Nawp is replaced by the
integral /' Na(x)dx. For AE; and Dy, one has to use then suitable mean values. In
Fig. 3.21 the h-parameter of a p*-region as calculated from Eq. (3.105) is plot-
ted versus the doping density Na for a very small and a larger width w},. The
minority carrier lifetime 7, was calculated from the Shockley—Read—Hall life-
time Tsry assumed to be 2 s and Auger recombination according to 1/t, =
1/tsrH + CAn - Ni, where the Auger constant ca p of Eq. (2.54) was inserted. As

= 1012} TsRH= 2 US —— AEg accord. [Slo76] |

________ " accord. [Lan79]
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bandgap narrowing AE(Na) Eq. (2.25) of [Slo76] as well as Eq. (2.26) of Lanyon
and Tuft [Lan79] was used. The minority diffusion constant D,(N4) was calculated
from the mobility ., using for simplicity the same dependence on doping concentra-
tion as in an n*-region: Dy(Na) = kT /q uin(Np = Na) (see Sect. 2.6 and Appendix
A). As expected from Fig. 2.11, the AE, of [Lan79] results in considerably smaller
hy, below 10" cm™3 than that of Slotboom and De Graaf. Experimental A-values
obtained with power diodes are mostly in rough agreement with the AE;(N) depen-
dency of [Slo76]. At small N corresponding curves tend to the same value, since
AE, then approaches zero in both cases. As is shown already by the formulae, &
can be strongly enhanced by choosing a small thickness of the emitter. The curves
for wp = 2 um are described up to about 1 x 10'%cm—3 by Eq. (3.106) showing
that recombination at the contact predominates. For w, = 30 um on the other hand,
recombination in the emitter volume is significant in the whole range. Due to the
decrease of the lifetime because of Auger recombination, adding to the increase of
AE; with Ny, hp has a minimum at 3 x 108e¢m—3.

Concerning n-emitter regions, it can be seen, that due to the smaller minority
diffusion constant D}, and inspite of the higher Auger recombination constant ca n
the numerical A,-values will be somewhat smaller than h, under most conditions.
For a small emitter thickness the formula corresponding to Eq. (3.106) yields a A,
which is by the factor D,/Dy, smaller than h,, provided the integrated doping density
is equal in both cases. At very high doping densities the parameters Ay, and &, are
very similar according to Eq. (3.104) since the products Dycap and Dpcan do not
differ much. The bandgap narrowing is generally assumed to be the same in n* and
p*-regions

Although not all consequences of the theoretical model have been verified
precisely and the bandgap narrowing itself is not yet completely understood quan-
titatively, the model has been proved to be quite useful for describing the main
influence of design measures of emitter regions.

For the experimental determination of emitter properties, diodes with a p*nn*-
or p*pn*-structure have been used in a forward current range where the injection
levels in the base region is high. Hence Eq. (3.93) was used in the form

JpGin) = q - hn - 1 (3.107)

Typical highly doped emitter regions have h-values in the range 1 X
10~ em*/s to 3 x 10~ 4em?/s, and the lowest values observed are about 7 x
10~ Bem*/s [Sco69, Bur75, Sco79, Coo83]. As will be treated in detail in Chap. 5,
the h-values of the two emitter regions of pin-diodes and thyristors influence
largely their forward voltage drop from moderate current densities upward. For low-
frequency power diodes which are designed to show a forward voltage drop as low
as possible, small h-values are required. The injection efficiency of the junctions
then is high. If 7 = 1 x 10~ "#cm ™% /s and ng =pg =1x 10'7 /ecm? at a current
density of 200 Al/cm?, one obtains from Eq. (3.96) y = 0.92. On the other hand, the
h-value of the p-emitter of fast power diodes and IGBTs is made often very high by
choosing a small thickness and a relatively low doping density. In a typical exam-
ple one may have i, = 1 x 10~"2cm*/s, and the carrier concentration in the base
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region at the p-emitter side may be 1.8 x 10'%cm ™3 at a forward current density of
150 A/em?. In this case Eq. (3.96) yields y = 0.65. The electron particle current
which enters the p*-region and ends at the contact by recombination, amounts then
to more than a third of the total current.

An observation which is not expected from the above theory is that the minority
carrier current flowing into the emitter regions contains besides the quadratic term
(3.107) also a significant part which increases proportional with the concentration
nj [Sco79,Coo83]. Hence the minority carrier current density is actually given by

JoGn) = q - (hn - 0 + 50 - 1) (3.108)

This was found for all samples investigated regardless whether prepared by diffu-
sion, epitaxy, or alloying. The linear term in Eq. (3.108) is often considerably higher
than the recombination in the volume of the base. For gold doped pin-diodes with
diffused junctions, Cooper [Coo83] found that the linear constant sy, in Eq. (3.108)
is nearly proportional to the gold concentration. The linear recombination is caused
possibly by an accumulation of recombination centers at the junctions. Its existence
follows because the high-level lifetime in the base region determined from the car-
rier distribution is appreciably higher than the total linear recombination lifetime
determined from stored charge measurements. (See also Sect. 5.5)

3.5 Capacitance of pn-Junctions

In this section, we consider the capacitance of a pn-junction for small oscillations
around a given stationary state. The actual switching behavior of power devices
consisting of large current and voltage changes between forward and reverse states
will be discussed in later chapters. The small-signal capacitance in conjunction with
an external stray inductance for example can be a source of disturbing oscillations
in power electronic circuits (see Chap. 13). On the other hand, the capacitance is
used as a tool for determining the doping concentration of the weakly doped base
region of a junction. It is also used in different methods to investigate the properties
of deep-level impurities which will be discussed in Sect. 4.9. In the present section,
however, the concentration of deep impurities is neglected against the density of the
normal doping. The doping atoms are assumed to be completely ionized.

In a reverse biased pn-junction, the capacitance per unit area is defined as ¢j =
dQ/dV;, where dQ is the variation of charge per unit area caused by an incremental
change dV; of the reverse voltage. Assuming a p™n-junction the charge in depletion
approximation is given by dQ = ¢gNpdw, where Np denotes the doping density
of the base region and dw the change of the width w of the space charge layer
caused by the voltage dV;. The latter can be expressed according to Eq. (3.58) as
dVy =¢q-Np - w-dw/e. This results in ¢; = dQ/dV; = ¢/w, a well-known formula
for a planar parallel plate capacitor. Substituting Eq. (3.58) for w, one obtains the
capacitance as function of the reverse voltage
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q-¢-Np
;= |21 7D 3.109
TN 2 (Vi + ) (3109

or

1 2-(Vhi +V,
_ZZM (3.110)
¢ q-¢-Np

According to this equation, a plot of l/cj2 versus V; yields a straight line, whose
slope can be used to determine the doping concentration Np. This measuring method
has the advantage compared with other methods that it allows the direct deter-
mination of donor and acceptor doping concentrations down to 1 x 103cm™3,
without using any other quantities and material characteristics. Because the capac-
itance according to Eq. (3.109) refers to a depleted space charge region, it is called
depletion capacitance.

If we assume for example Np = 1 x 10em=3,V, = 600V and a junction area
A = 2cm?, the capacitance Cj = Acj amounts to 235 pF. With a stray inductance
Lpar = 50nH in series, this capacitance gives rise to oscillations with frequency
f = 1/Qm/Lya - C}) = 46.4MHz. Note that the switching frequency of power
electronic circuits is typically in the order of 10 kHz.

As illustrated in Fig. 3.5, the charge of mobile carriers in the space charge region
can be significant or even dominating in abrupt asymmetrical junctions. The exact
expression for the maximum field strength is given by Eq. (3.24). Since the charge
of one sign in the space charge region is Q = [ pdx = ¢ Ey, according to the Poisson
equation, Eq. (3.24) yields

1%
Q:\/2~8~kTo|:NA~quP/kT+ND~qk—TN:| (3.111)

The exponential term in Vy and the term “1” in Eqs. (3.24) have been neglected,
because the condition Np << Np implicates that Vi (voltage over the space
charge layer in the n-region) is large compared with k7/q. VN and Vp are given
by Egs. (3.23), where the built-in voltage has to be replaced by V; + V; at reverse
bias. Hence, Q is given by Eq. (3.111) together with Eq. (3.23) as an explicit func-
tion of V; which by differentiation yields the capacitance. Using the inequality
(Vbi + V)/kT >> 1 in addition to Np/Nay << 1, but taking into account the
product

q
— - (Vs + W 3.112
Na kT (b1+ r) ( )

the voltages can be expressed as Vp >~ kT/q(1 4+ y), VN =~ Vi + V;. After some
conversions the capacitance per unit area is obtained then as
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d g N, 1 —e 77
=2 _ | 2 ‘ (3.113)
dv; 2-(Whi+ Vi) 1 4e -7y

For y > 2, i.e. for a sufficiently high voltage V;, Eq. (3.113) approaches the
depletion formula (3.109). For concentrations Ny = 1 x 108 ¢cm=3 and Np =
1x10 cm™3 for example, the condition y > 2leadsto V; > 516V (withe, = 11.7
for silicon). For smaller y, Eq. (3.113) yields a significantly lower capacitance than
Eq. (3.109). For V; = 0, the factor between both equations is

(V. =0 .
Vr=0) =1.042. No  qVbi (3.114)
ciapl(Vr = 0) Na kT

where the depletion capacitance is indicated by the subscript “dpl”. With Np /N =
10™* and Vi = 0.7V this yields Cj/Cjqp = 0.0542 at 300 K: the capacitance is
nearby a factor 20 smaller than calculated from Eq. (3.109) in thermal equilibrium.
It is to be noted, however, that the formula (3.113) applies to very abrupt junc-
tions, whose doping transition occurs over a smaller length than a Debye length
of the highly doped region. As mentioned already at the end of Sect. 3.1.1, such
very abrupt doping transitions are shown usually only by pn-junctions in SiC and
other wide-gap semiconductors whose impurity diffusion constants are extremely
small. Typical “abrupt” junctions in Si have a somewhat smoother doping transi-
tion, so Eqgs. (3.109) and (3.110) will be more useful than Eq. (3.113) in these cases,
although some influence of the mobile charges may remain.

At forward voltages above a few kT/q, the capacitance is dominated by the charge
of minority carriers in the neutral regions. Concerning this “diffusion capacitance”
we refer to the literature [Sze02]
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Chapter 4
Short Introduction to Power Device Technology

In the following some basic aspects of power device production technology will
be described. The selection was done with the aim to describe the process steps
which are important for the understanding of the power device operation and
limitations.

4.1 Crystal Growth

The material for silicon devices must be of very high purity. Metallurgical silicon is
converted to trichlorosilane, SiHCl3, which is liquid and purified by fractional dis-
tillation. Especially chlorides of metals must be eliminated. By reduction of SiHCI3
in a hydrogen atmosphere, polycrystalline rods of pure silicon are formed. For more
details, see [Ben99].

The semiconductor material used for power device manufacturing must be
monocrystalline. To produce such monocrystals there are two important processes:

In the Czochalski process (CZ) the crystal growth is performed in a crucible in
which molten silicon is kept at a defined temperature. The required p- or n-type
dopants are added to the melt. A small monocrystalline seed crystal is then dipped
into the melt (Fig. 4.1). During slow rotation of the seed crystal, and of the cru-
cible in the opposite direction, monocrystalline layers of silicon are deposited on
the seed crystal maintaining the crystal structure of the seed. The growing bar is
simultaneously pulled slowly upward.

With the CZ process very large single crystals can be grown. Si cylinders of
a length of several meters and a diameter of more than 30 cm for fabrication of
300 mm wafers are produced on an industrial scale. However, the purity and qual-
ity of single crystals is limited with the CZ process, since the melt is in contact
with the crucible during crystal growth. The oxygen content in CZ silicon is typi-
cally >10'7 cm™3 and also the content of impurity carbon is in the same range. CZ
wafers are mainly used as substrates for epitaxial wafer growth (see Sect. 4.3), from
which integrated circuits, etc., are produced. Some power devices like MOSFETs
are also produced from epitaxial wafers using CZ substrates. For power devices in
which the volume of the wafer is used, in most cases the purity of CZ crystals is not
sufficient.

J. Lutz et al., Semiconductor Power Devices, DOI 10.1007/978-3-642-11125-9_4, 123
© Springer-Verlag Berlin Heidelberg 2011
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Fig. 4.1 Czochalski process
for production of single

crystalline silicon rods.
Figure taken from [Ben99] Seed holder
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The Float Zone (FZ) process is a crucible-free crystal growth method. The starting
material is a rod of high-purity polysilicon. A seed crystal is clamped in contact
with the end of the rod (Fig. 4.2). An induction heating coil is placed around the
rod, melting a small zone next to the seed crystal. While slowly moving the coil
along the bar, the molten zone, starting at the interface between seed crystal and
polysilicon rod, passes slowly along the length of the bar. The polysilicon melts
and monocrystalline silicon is regrown with the same orientation as the seed crystal.
Because of the absence of a crucible, crystals with higher purity and higher quality
can be grown with the FZ process. Also since the solubility of the impurities is
higher in the melted zone they tend to be accumulated there. The carbon content
is < 5 x 10" cm™3 and the oxygen content is < 1 x 10'® cm™3. With the FZ
method, monocrystalline silicon rods with a diameter of more than 15 cm can be
produced.
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Fig. 4.2 Float-zone (FZ)
process for crystal growth.
Figure taken from [Ben99]
reprint with permission of
John Wiley & Sons, Inc.
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Power devices, which use the whole volume of the wafer, are mostly fabricated from
FZ silicon because of the higher crystal quality and excellent purity. Only power
devices which are manufactured with epitaxial techniques are using CZ silicon as
material for the substrates.

In the FZ as well as in the CZ process, the doping of the crystal is done by
adding dopants to the melt. Power devices normally require a thick low-doped mid-
dle region to support a large voltage. Most often an n-type region is preferred. The
value of this doping depends on the voltage for which the power device is designed;
see further Eq. (3.84) and Fig. 3.17. The doping processes will be discussed in more
detail below.
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After crystal growth follows a sawing process to slice the rod in single wafers.
To remove the surface damage caused by sawing and to obtain a clean and undis-
turbed surface, the wafer surface layer is lapped mechanically and in some cases
additionally etched chemically. For some semiconductor processes also wafers with
single-side polished surface are necessary.

4.2 Neutron Transmutation for Adjustment
of the Wafer Doping

The homogeneity of the doping concentration is extremely important for power
devices. If variations in doping concentration (or local defects) exist in the wafers,
the current may be unevenly distributed, especially at avalanche breakdown. This
can in turn result in local overheating and device failure. However, even with the
FZ process, which alone is suited for the preparation of the extremely pure silicon
crystals needed for power devices, fluctuations in doping cannot be avoided. The
obtained wafers show periodic concentric rings with doping variations called “stri-
ations”. An example for the resistivity profile measured across a wafer is shown in
Fig. 4.3.

According to Eq. (2.34), the resistivity variations correspond to doping fluc-
tuations in an inverse manner. Since the doping directly determines the blocking

232382

Wafer center B Edge

T 50 T el B 4 i e

Fig. 4.3 Radial resistivity profile achieved by conventional doping (fop) and by neutron transmu-
tation doping (bottom). Figure from [Sco82]
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voltage, it is not possible to produce high-voltage power devices with the required
narrow design, if the doping of the starting material is fluctuating in the amount as
shown in Fig. 4.3a. Only with the method of neutron doping (Fig. 4.3b), it became
possible to realize for instance thyristors with a blocking voltage of >2000 V.

The neutron transmutation doping (NTD) of silicon was proposed and investi-
gated first by Lark-Horovitz [Lar51] and Tannenbaum and Mills [Tan59, Tan61].
For the fabrication of 5 kV thyristors with an acceptable recovery time, the method
was reinvented and introduced on industrial scale in 1973-1974 [Scl74, Haa76,
Jan76]. It is based on the radioactive transmutation of the silicon isotope ?QSi to
phosphorous %P by thermal neutrons. This isotope is contained in natural silicon to
3.09%, besides %?‘Si with a share of 4.67% and the main isotope %ﬁSi with 92.23%.
As starting material a crystal bar is used which is grown by the FZ method and
doped very low, typically below 5x 10" cm™3. If the silicon rod is placed near the
core of a nuclear reactor, the ?gSi atoms capture partly a thermal neutron and turn
under emission of a y quant into the unstable isotope ?}LSi which by emission of an
electron (B particle) decays then into the stable phosphorous isotope %P:

0Si (ny) > }Si—> P +p

The decay of 3! Si to 3'P has a half-time of 2.6 h. Thermal neutrons exhibit a decay
length in Si of 19 cm, while the diameter of the bars is usually 10 or 15 cm. By
rotation of the bar during the irradiation, however, the mean neutron flux in the Si
bar becomes nearly homogeneous, the difference between the value at the axis to
that at the periphery being less than 4% even for a rod diameter of 15 cm [Jan76].
The final phosphorous concentration obtained by these processes is given by

Nppos =c- P - ¢ 4.1

where @ denotes the neutron flux in cm~2s~! and ¢ the time. With the cross-
section data given in [Jan76], the constant ¢ for natural silicon is obtained to
be 2.0 x 10~*cm™!. The typical flux density ® of thermal neutrons at the used
positions is in the range 103-10'* cm™2s~! [Amm92]. At a flux of 2x10"3
em~2s~!, for example, an irradiation time of 3.5 h is necessary according to
Eq. (4.1) to obtain a phosphorous doping of 5x10'3 ¢cm™3. The phosphorous
concentration can be adjusted by this method very exactly within limits of
only £ 3%.

After the neutron irradiation a storage period is necessary for the ongoing trans-
mutation of the ﬂSi into the ;;P and particularly for the decay of the activity due
to the B emission. The time for the decay of the activity to an undetectable level is
3-5 days. As secondary process, the reaction of the generated %P atoms with the
neutrons and the decay of the resulting %P according to

?;P(n, y) — %P — ?éS + B
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has to be considered. The decay of %P into ?%S has a half-time of 14.3 days and will
prolong the time required for the activity decay if the phosphorous concentration
generated is higher than about 1x103¢m™3 [Jan76]. To eliminate lattice defects
induced by the radiation, the crystal bar is annealed at a temperature of 800°C,
before it is further processed to wafers.

Because the neutron doping method is rather costly there have been major efforts
of silicon wafer suppliers to improve the FZ crystal growth process, and essential
advances have been reached in the last 20 years. The doping tolerances of wafers
with a diameter of 200 mm are decreased now to = 12% [SILO6]. Nevertheless, the
NTD method is still indispensable.

4.3 Epitaxial Growth

Epitaxial growth is an alternative method to produce high-purity single crystalline
layers. As a starting material or substrate for the epitaxial growth process, a single-
side polished CZ wafer is used. On this wafer a layer with higher purity and higher
crystal quality is then grown in the same crystal orientation as the substrate, see
Fig. 4.4. The epitaxy process is done significantly below the melting temperature of
the semiconductor material.

The growth of epitaxial layers from silicon is made in an enclosed chamber, a
reactor, using a vapor phase process. There are different possible processes which
use one of the following chemical reactions [Ben99]:

SiCly + 2H, —> Si + 4HCl  at 1150 — 1220°C
SiHCl; + H, — Si 4+ 3HClI  at 1100 — 1175°C
SiH,>Cl, > Si 4+ 2HCI  at 1025 — 1100°C
SiHy4 — Si 4+ 2H, at 1150 — 1220°C

Prior to the growth an intensive mechanical and chemical cleaning of the wafer sur-
faces is done. The substrates are also cleaned and etched in the process reactor at a
temperature of 1140—1240°C with HCI. The growth is executed in a Hy atmosphere.
For doping, PH3 (phosphine) or BoHg (diborane) for n-type or p-type, respectively,
are added to the hydrogen gas in controlled proportions.

D| Epitaxial layer

i n- Epitaxial layer T j

+ n

+
n

. S Substrate
Fig. 4.4 Epitaxially grown Substrate

wafer in cross section. n
Example n*-substrate with
n~ -epitaxial layer —>x
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Epitaxial layers in silicon can be fabricated with high purity, especially with very
low impurity content of carbon and oxygen.

For the production of SiC monocrystals a high effort is necessary. The SiC sub-
strate crystal growth is done at a temperature of 2300°C. It is very difficult to achieve
monocrystals of low defect density. For SiC power devices, a following epitaxy pro-
cess is always necessary to reach the desired material quality. This epitaxial process
is done at 1400-1600°C under H, atmosphere using SiH4 and CH4 or C3Hg as
reaction gases. The growth rate is typically in the range of only a few micrometers
per hour. However, there are still problems with crystal defects in the SiC substrate
that propagate into the epitaxial layer, and particularly large area SiC wafers of high
quality are therefore very expensive compared to Si.

4.4 Diffusion

One important way to introduce dopants into semiconductors is by diffusion.
Particle diffusion was already introduced with respect to electrons and holes in Sect.
2.6, and the following description of dopant atoms is clearly similar.

Considering a gradient in the particle density N(x) according to Fig. 4.5a, this
gradient will cause a particle current density j. The magnitude of this particle current
density is proportional to the slope of the particle density grad N, and its direction
is opposite to grad N (first Fick’s law)

7 = —D x grad N 4.2)
or in one-dimensional formulation
) dN
dx

The diffusion constant D is a proportionality factor between the density gradient
and particle current density j.

If j flowing out of a volume element of the thickness dx is higher than j flowing
in, i.e. dj/dx > 0, then the density of particles in this volume element is decreasing

Fig. 4.5 Tllustration of the

relation between (a) gradient ﬂ
of a particle density and A}
particle current density (first —»
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(Fig 4.5b). The rate of change in particle density will be —dN /9t = 9j/0x, or in a
general formulation

oN —
— — =div J 4.3
” J (4.3)
The source of the particle current density j, expressed as div j, arises from the
decrease of particle density in the volume element. By the same way the continuity
equation for electrons and holes was derived.
For a constant D, Eq. (4.2) inserted into Eq. (4.3) leads to Fick’s second law

oN )
m = div (D . gradN) “4.4)
or in one-dimensional expression
dN d*N
—~_p.
dr dx?

A solution of Eq. (4.4) gives the density profiles N(x, ¢) (in one dimension).
We will now examine the diffusion of dopant atoms in a semiconductor and
consider two situations.

a) Constant total amount of impurities: Diffusion profile of the Gauss type. With the
boundary condition that the integrated total number of diffusing dopant atoms is
constant in time and equal to the initial doping amount $ per area

o0
/N(x, t)dx = S = const 4.5)
0

where x = 0 indicates the semiconductor surface, resulting in the solution

2

S
Nix,t) = ———=-¢ (4.6)
VoDt
If the penetration depth is increasing by diffusion, then the density of particles at the
surface Ns must decrease with diffusion time:

S
Ng = —— 4.7
VoDt
Using the diffusion length Lp — the distance, at which the density has decreased to
1/e of Ng
Lp=2-v/D-t 4.8)

Equation (4.6) becomes

N(x,f)=Ng-e D 4.9
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The Gaussian diffusion profile is always attained when no additional supply of
particles from outside during the diffusion process occurs. This type of solution,
a Gaussian diffusion profile, develops after an initial deposition of dopants, for
instance by diffusion from a finite particle source, or an initial ion implantation.
During the subsequent diffusion process no source of dopants from outside is sup-
plied. A result of this often used diffusion process is shown in Fig. 3.6. This figure
shows a p-type dopant diffusion profile of boron in a fast diode. The penetration
depth — the depth at which the profile Na(x) is reaching the value of the constant
n-type background doping Np — amounts to 20 pm.

b) Constant surface concentration: The diffusion profile of erfc-type develops, if
during diffusion there is always a source of the doping atoms present, i.e. diffu-
sion from an infinite source. Therefore, the surface concentration Ns is constant
and usually given by the solubility of the dopant in silicon at the diffusion
temperature. The solution of Eq. (4.4) is given by

N(x. 1) = Ns - erfc (2;\/1)_) = Ny - erfc (%) (4.10)

with the complementary error function

o0

erfe(u) = 2 ,/e—uzdu A o= 1 14u=0.7002u>122 @.11)

N

u

The right-hand side in Eq. (4.11) gives an approximation for the erfc function with
a maximal deviation of 2°/,,.

The erfc profile is created, for example, during the diffusion from the vapor
phase, where the semiconductor wafer is exposed to an atmosphere which contains
the dopant. Another possibility is to deposit a layer containing the dopant in high
concentration on the semiconductor surface. Only a small amount of the dopants can
penetrate into the semiconductor due to the solubility limit, so that the concentration
inside the semiconductor can be continuously augmented by the deposited layer.

Both the specific diffusion constant and the specific solubility determine the dif-
fusion, and both are functions of temperature. The temperature dependence of the
diffusion constant D can be expressed in a first approximation by an Arrhenius
function

D(T) = Dy - e Ea/kT (4.12)

where Ea represents the activation energy of the diffusion process. Figure 4.6 shows
the temperature dependence of the diffusion constants for dopants used for n- and
p-doping in silicon. In a more detailed investigation, the diffusion constant also
depends on the dopant density, on the concentration of other dopants and, in some
cases, on the atmosphere. However, Eq. (4.12) is a good approximation in most
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Table 4.1 Parameters for calculation of the diffusion constant in Si with Eq. (4.12)

Element Do (cm?/s) Ea (eV) Reference
B 0.76 3.46 [Sze88]
Al 4.73 3.35 [Kra02]
Ga 3.6 35 [Ful56]
P 3.85 3.66 [Sze88]
As 8.85 3.971 [Pic04]
Sb 40.9 4.158 [Pic04]

cases. The parameters for the calculation of Fig. 4.6 are given in Table 4.1. The val-
ues in the literature are sometimes different; however, the values applied in Fig. 4.6
and listed in Table 4.1 are confirmed by own experience.

The elements commonly used for doping of silicon are B, Al, Ga for p-type dop-
ing and P, Sb, As for n-type doping. These elements occupy silicon lattice positions,
so-called substitutional sites, as well during the diffusion process as in their final
position. The diffusion on substitutional positions is relatively slow. Al is the fastest
diffusing element of them; it is used for creating deep pn-junctions especially for
thyristors in which pn-junctions of a depth up to 70—100 wm are used. The temper-
ature of the diffusion process is normally higher than 1200°C to achieve the desired
penetration depth in a reasonable time. However, of all doping elements, Al has
the lowest solubility in silicon. The dependence of the solubility on temperature
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is shown in Fig. 4.7. The low Al solubility is often not sufficient to obtain a sur-
face concentration high enough for good ohmic contacts. Therefore, several p-type
diffusion steps are performed subsequently for some thyristors. After the Al diffu-
sion, a Ga diffusion follows and some manufacturers even use a third diffusion step
with boron. In Fig. 8.3, a diffusion profile of a thyristor manufactured in this way is
shown.

Profiles of p-type with steep gradients and a penetration depth in the range of
20 wm are created preferably with boron, because of its higher solubility. Profiles of
n-type are almost solely generated with phosphorus. P is the only n-doping element
in silicon, which has a sufficient solubility and an acceptable diffusion constant.
Nevertheless very deep n-profiles, for instance used for bipolar transistors, require
a high temperature and a long diffusion time. For the 120 wm deep profile of the
collector layer of a npn-bipolar transistor (Fig. 7.3), a process time of about 140 h
at a temperature > 1250°C is necessary.

The high solubility of As in silicon is not used for diffusion processes. Arsenic
is used for doping substrates of epitaxial wafers. With As, a very low specific resis-
tivity of less than 5 mQcm can be reached, while with Sb only values <15 m€2 cm
are achievable. Since in many power devices the resistivity of the substrate is acting
as a series resistor, a very low resistance is important for low conduction losses.
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Other atoms, as the heavy metals Au, Pt, Ni, and Ag, can occupy lattice places
as well as interstitial positions in the silicon crystal. These impurities are very
important for controlling the charge carrier lifetime in an indirect semiconductor
as silicon. Placed at interstitial positions the diffusion process is very much faster.
The diffusion constant of Au in silicon at 900°C is seven orders of magnitude higher
than for Al at the same temperature. For this type of heavy metal impurities, already
a temperature of 850°C and a time of 10 min are sufficient to reach the backside of
a 300 pm thick wafer. Furthermore, these elements are preferably implemented in
regions in which the lattice is under stress because of a high concentration of boron
or phosphorus. The diffusion mechanism is strongly influenced by lattice disorder
like vacancies and interstitials, and these heavy metals prefer to accumulate at dis-
locations and other defects. As a result, the diffusion profile is no longer of Gauss
type, as in Fig. 3.6, or of erfc type. More likely a “bath tub” profile will arise, where
the concentration of impurities is lowest in the middle region and higher close to the
wafer surfaces, see later in Fig. 4.23. Due to the rapid diffusion and to the interaction
with vacancies, interstitials, and other lattice disorder, it is very difficult to achieve
reproducible doping profiles, even with modern process techniques with fast heating
and very fast cooling rates.

Other impurity atoms like H, Li, and Na diffuse solely on interstitial positions,
and they diffuse very fast. Regarding alkaline and alkaline earth-metal elements, it
is necessary to exclude a contamination of the silicon wafers, and therefore very
clean process conditions are necessary.

While in silicon the diffusion process is used widely, this is not possible in SiC.
All elements, which can be used as dopants feature very low diffusion constants
even at very high temperatures. If pn-junctions and other device structures cannot
be produced by an epitaxial process, the only possibility to introduce dopants is ion
implantation.

4.5 Ton Implantation

In the ion implantation process, atoms of the dopants are ionized and accelerated in
an electric field to form a beam of monoenergetic ions. The focused beam is scanned
vertically and horizontally and the particles are injected into the wafer homoge-
nously distributed across the wafer surface. The ions will slow down and stop in the
semiconductor. The kinetic energy of the impacting ions is lost to the wafer by two
types of collisions: with the cores of the lattice atom — elastic nuclear collisions —
and by retardation in the electron shells of the lattice atoms — electronic deceleration.
The nuclear collisions will also scatter the ions randomly, giving rise to a distribu-
tion of implanted ions where the mean penetration depth is mainly determined by
the initial energy of the ions.

The dose of the implanted ions and thereby the quantity of the dopants can be
controlled very exactly and it is also possible to mask different areas of the wafer
to prevent ions from reaching the semiconductor at these locations. Power semi-
conductors with challenging technology are often doped using ion implantation.
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Fig. 4.8 Calculated doping profile of an ion implantation of boron in silicon

Typically, all semiconductor devices with MOS structures at the surface, as power
MOSFET and IGBT, use ion implantation to form the p- and n-type regions.

The generated profile of the dopants can be described in a simplified way with a
Gauss function

S _ (x—Rpr)z

NE) = —— e 28 4.13)
27 - ARpy (

where Ry, the projected range, corresponds to the mean depth of the implanted ions,
i.e. the peak of the profile in this simplified description. ARy, the projected range
straggling, is the statistical variation around this mean value, similar to the standard
deviation. The integral amount of doping atoms § corresponds to the implanted dose.
A doping profile calculated with Eq. 4.13 is drawn in Fig. 4.8.

The projected range depends primarily on the implantation energy, this relation
is shown for boron in Fig. 4.9. Ions that are heavier than boron will have a smaller
Ry for the same energy.

With increasing energy, the peak height of the doping profile will decrease due to
the increasing straggling. This is shown for boron in Fig. 4.10, where a linear scale
is used for the concentration. Most often a log-scale is used, since the concentration
varies over many orders of magnitude. Tables for the projected range and projected
range straggling for the different ions are found in the literature, e.g., in [Rys86].
The ion distributions can also be simulated using for instance the SRIM software,
which is a widely used program available on www.SRIM.org [Zie06].

The description discussed up to now has assumed a solid target with unorganized
distribution of atoms, i.e. an amorphous target. But in a single crystalline target
the atoms are regularly ordered. The elementary cell of the silicon lattice has been
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Fig. 4.10 Calculated doping profiles according to Eq. (4.13) after implantation of boron in silicon
with different energies. Ry and AR, are calculated with SRIM [Zie06]

already shown in Fig. 2.1. In Fig. 4.11 a drawing of the arrangement of atoms at a
view along the [110] direction into a silicon crystal is shown.

If the direction of the penetrating ion beam is aligned with a major crystal orien-
tation, it can penetrate deeper. In the so-called channels, nuclear collisions are very
rare and many of the ions are not deflected from their original path. The retardation
occurs only due to inelastic impacts with the electron shells of the lattice atoms,
i.e. due to the electronic deceleration. The penetration depth in the channels can
therefore be 10 times higher than the projected range in an amorphous solid object.

Normally one tries to avoid the channeling, and to counteract this effect the
wafer is tilted, so that the implantation occurs in a direction deviating from the
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Fig. 4.11 Atomic structure
of silicon: viewed in the [110]
direction through a silicon
crystal of 3x3x3 unit cells.
Figure from [Pic04] © 2004
Springer
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Fig. 4.12 Dependency of the channeling effect on the tilt angle between the ion beam direction
and the wafer surface normal for a phosphorus implantation in silicon [Dea68]. Copyright 1968
National Research Council of Canada

major crystal axis. In Fig. 4.12 the dependence of the channeling effect on the tilt
angle is shown. Even at a tilt angle of 8° a partial channeling is still visible. A fur-
ther increase of the tilt angle would cause channeling into other channels. Usually
semiconductor wafers are tilted by 7° during ion implantation.

Another way to reduce the channeling is by covering the crystal with an amor-
phous layer, for instance SiO,. In this amorphous layer the ions are scattered and the
ions will no longer travel in parallel paths. Oxides with a thickness of just 10-20 nm
reduce effectively the channeling effect.
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An increased target temperature results in increased amplitude of the lattice oscilla-
tions and this will also increase the number of ions that are scattered at the surface.
Therefore, the channeling effect is reduced with increased target temperature.

However, none of these countermeasures is sufficient to avoid the channeling
effect completely [Rys86]. The best way to reduce the channeling is to use a previ-
ously amorphized target. If the silicon wafer is first implanted with Si ions at a high
dose, an amorphous Si layer of sufficient thickness is created at the surface, which
will effectively prevent the channeling.

When dopants are introduced by ion implantation, one serious complication is
the generation of lattice defects by the elastic collisions. These defects consist of
atoms knocked out of their lattice positions into interstitial sites, with vacant lattice
sites left behind. Combinations of these defects are also known, for instance the
Si divacancy, formed by two neighboring vacancies. The maximum amount of ion
beam induced lattice defects is located just before the ion comes to rest, e.g., at an
implantation of boron in Si at 0.8R),. The profile of lattice defect is reaching up to
the semiconductor surface. The distribution of lattice defects in comparison to the
distribution of implanted atoms is shown in Fig. 4.13 on example of an implantation
of heavy As ions into silicon.

If the implantation dose is sufficiently high, an amorphous layer can be generated
due to the large number of lattice defects. For every ion there is a critical dose for
silicon amorphization, which depends on temperature. The higher the mass of the
ion, the lower is the critical dose. However, there is a balance between defect build-
up by the incoming ions and the recombination of Si interstitials and vacancies, and



4.6 Oxidation and Masking 139

this balance depends very much on the target temperature and the flux of incoming
ions. For boron implantation at room temperature for instance, no amorphous layer
can be generated.

The implantation process is always followed by a thermal annealing process and
there are two reasons for it:

The lattice must be restored to its crystalline form and remaining point defects
should recombine.

The implanted donor ions or acceptor ions must be positioned at substitutional
sites where they become electrically active, i.e. contribute with an electron
to the conduction band or a hole to the valence band.

The annealing of lattice defects starts already at room temperature, but defect
complexes of higher order anneal only at a higher temperature. Mostly used in
Si processing is a fast annealing process — rapid thermal annealing, RTA, to keep
the effect of diffusion of the implanted ions small during annealing. In an RTA
process the wafer is heated in a short time to a high temperature by using very
intensive light radiators. The temperature is typically above 1000°C and the anneal-
ing time is only some seconds or half a minute. A fast cooling step follows. With this
process an effective electrical activation of the doping atoms and an effective anneal-
ing of lattice defects is possible without a significant increase of the penetration
depth of the doping profile. Even amorphous layers can be restored to monocrys-
talline layers. Careful optimization of the implantation and annealing processes is
necessary to achieve the desired device structures in the field of micro- and nano-
electronics. For power devices, higher penetration depths than can be reached by
conventional implanters are often necessary. In these cases, a diffusion step follows
the ion implantation step. However, the process of ion implantation is frequently
used because of the possibility of an exact control of the dose and thereby a very
exact adjustment of the resulting profile. Modern implanters can produce doping
profiles with a deviation of less than 1% across 8 in. wafers.

4.6 Oxidation and Masking

One of the great advantages of silicon compared with other semiconductors is the
ability to form an oxide of high quality. Silicon dioxide, SiO;, is widely used for thin
insulating layers (e.g., gate insulation in MOSFETSs), and for protecting or masking
certain areas of a wafer during processing. SiO; features a disordered amorphous
structure. For the oxidation of silicon two processes are used.
Dry oxidation:
Si+ 0y — SiO,

This process gives a low growth rate of the oxide, but the quality is very good. It is
used for fabrication of thin oxide layers, which are needed as scattering layer for ion
implantation to prevent channeling, and also for the creation of gate oxide in field
controlled devices, so-called metal oxide semiconductor (MOS) structures.
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Wet oxidation:
Si + 2H,0 — SiO; + 2H>

The growth rate of the oxide is higher with this process. It is used to fabricate oxides
for masking purposes and oxides as passivation layers. After the wet oxidation step,
a dry oxidation step to improve the surface quality of the oxide layer follows in
many applications.

The thickness of the oxide layer, dox, can be calculated with [Ben99]

dox = do+ A -t for thin oxide
dox = B - 4/t for thick oxide.

The constants A and B are temperature dependent. For instance, an oxide layer of
the thickness of 1.2 wm for masking purpose is created with a wet oxidation at
1120°C and a time duration # = 3 h. The process is finished with a dry oxidation in
the same reactor for 1 h at the same temperature, which improves the oxide quality.

The diffusion constants of the dopants B, P, As, and Sb in SiO, are several
decades lower than their diffusion constants in crystalline Si. This is used in the
manufacturing process. The oxide layer is structured with a photolithographic pro-
cess. The photoresist is exposed to ultraviolet light through a photomask with the
intended pattern. After developing and hard baking of the photoresist, the SiO;
layer is etched in buffered hydrofluoric acid NH4F/HF, and finally the photoresist
is removed (“stripped”). After removal of the photoresist the wafer has a pattern of
Si0; layers as shown in Fig. 4.14a.

After cleaning, this pattern can now be used as a mask for a diffusion process.
A phosphorus diffusion is typically executed from the vapor phase in a diffusion

Sio, d,,
; r
a)
Sio, phosphosilicate glass

Fig. 4.14 Masking, example
of fabrication of n*-structures
in a p-layer. (a) p-layer, SiO2
structured with a
photolithographic process.
(b) Phosphorus diffusion with
a penetration depth x;
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Fig. 4.15 Vertical and lateral
diffusion

furnace. With the parameters temperature and time the penetration depth x; is
adjusted. However, the time can only be so long as the phosphorus does not pen-
etrate the masking oxide layer with the thickness dyx. With an oxide thickness of
1.2 wm a penetration depth x; in the range of 10 um can be achieved. During diffu-
sion a layer of phosphor silicate glass is growing at the surface of the silicon and of
the oxide, it acts as source of diffusion atoms. This layer is subsequently removed.

During the vertical diffusion process a simultaneous lateral diffusion under the
oxide takes place. This lateral diffusion extends to a length yj, which is always
smaller than x;j. In the literature is found a relation in the range y;/x; = 0.6 — 0.9
[Sce83]. However, also an exact solution of Eq. (4.4) is possible for the given two-
dimensional problem. If there is initial deposition of dopants with constant integral
particle density per area S (see Eq. 4.5), and if a constant D is presumed, then the
exact solution is

2
S -5 b—y y—a
N(x,y,1) = -e o (erf f 4.14
(x,y,1) TR (e o T LD) (4.14)

with Lp = 2 - +/D - t. Here the edges of the SiO, mask are at y = a and y = b, see
Fig. 4.15. erf(u) is the normal error function, which is related to the more frequently
used complementary error function erfc(u) by

erf(u) = 1 — erfc(u)

and for erfc(u) the approximation in Eq. (4.11) can be used for u > 0. For negative
values in erf(u) holds

erf (— |ul) = —erf (|ul)

According to Eq. (4.14), the surface concentration between a and b is not constant
as often assumed, but decreases at y = a and y = b to =~ 50% of the density in the
middle.

Equation (4.14) can be simply extended to describe profiles obtained by ion
implantation. In Egs. (4.10) and (4.14), a loss of doping by diffusion out of the
surface during the drive-in diffusion has been neglected. Additionally, during drive-
in diffusions often an oxide layer grows at the surface and consumes some of the
semiconductor. More detailed calculations of this process can be done with process
simulation tools. Nevertheless, Eq. (4.14) is an approximation which is found to be
closely correlated to experimental results.



142 4 Short Introduction to Power Device Technology

The lateral diffusion must be taken into account in the design of structures and the
layout of the particular masks. The lateral diffusion is not in all cases a disadvantage.
In fact, it can also be used for the formation of special structures in power devices.
It is, for example, used to adjust the channel length in MOSFETs, see Chap. 9.

Masking with SiO; is not possible for the dopants Ga and Al, since for these
impurities the diffusion constants in SiO, are too high.

Ton implantation is also often masked with SiO,. The penetration depth of the
ions into the oxide layer is in the same range as in Si because of the similar density.
Therefore, the thickness of the oxide must be chosen accordingly. Other coating lay-
ers are also used for laterally masking during ion implantation, e.g., SiszN4 and even
photoresist layers can be used, as long as the temperature during ion implantation is
kept low.

4.7 Edge Terminations

The one-dimensional investigation of the blocking behavior in Chap. 3 is valid only
as long as the semiconductor body is unlimited in lateral direction. In reality, how-
ever, the device structures have a finite dimension and an edge termination must be
applied to lower the electric field at the edges. Edge termination structures may be
divided in two main groups:

1. Edge structures with beveled termination structures. By beveling a defined angle
can be adjusted between a lateral pn-junction and the surface, and thereby the
edge is relieved from high electric fields. An overview is given in [Ger79].

2. Edge structures with a planar semiconductor surface are denoted as planar
termination structures. An overview is given in [Fal94].

4.7.1 Bevelled Termination Structures

The beveled edge contour is produced by mechanical grinding. The angle « is
defined in relation to the junction from the high doped side to the low doped side.
A beveled edge with negative bevel angle is shown in Fig. 4.16. The effect can be
explained in a simplified way as follows. The equipotential lines of the space charge

n avalanche
center

Fig. 4.16 Edge termination n*
with negative bevel angle
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Fig. 4.17 Edge termination
with positive bevel angle

must intersect with the surface orthogonally, if there are no surface charges. This
forces the space charge region to widen at the edge, and thereby the electric field
strength is lowered at the surface.

In a structure with negative bevel angle, a compression of the field lines occurs
close to the junction on the p-side near the beveled surface. Therefore, the electric
field is increased at this location. To counteract this, an edge structure with neg-
ative bevel angle is always fabricated with a very shallow angle, usually between
2° and 4°. For this case, approximately 90% of the volume blocking capability can
be achieved. The avalanche breakdown always starts at the edge close below the
semiconductor surface at the location which is marked in Fig. 4.16 as avalanche
center.

With a beveled edge termination using a positive bevel angle, as shown in
Fig. 4.17, the distance between the equipotential lines is also increased at the sur-
face. Especially close to the pn-junction, where the electric field is high, the field
lines are widened at the edge. Therefore no avalanche center occurs and 100% of
the volume breakdown voltage can be achieved with this termination structure. The
angle « can be chosen in a wide range between 30° and 80°.

The etched structure shown in Fig. 4.18 is also a junction termination struc-
ture with positive bevel angle. The semiconductor wafer is etched starting from

etch contour

anode metal organic insulator

/ avalanche

Fig. 4.18 Etched edge n* 'Il ERma

termination structure with '
positive bevel angle at the |
pn-junction
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the n*-side. Also for this structure, the breakdown will take place in the volume and
the breakdown voltage is not lowered compared to the one-dimensional calculation.
However, if the space charge penetrates the n*-layer, an avalanche center may occur
at the nn*-junction at the location marked in Fig. 4.18.

If an avalanche center at the nn*-junction is avoided, the structure according
Fig. 4.18 proves to be very insensitive against surface charges. For the long time
stability in this case a passivation layer of silicone gel is sufficient. The sharp cor-
ner at the anode side is mechanically very susceptible and such devices can easily
be damaged. Therefore, this edge structure is not suited for modern devices with
shallow penetration depth of the p-layer.

4.7.2 Planar Junction Termination Structures

Planar structures are mechanically much more insensitive. The structure with float-
ing potential rings, as shown in Fig. 4.19, can be fabricated in a single mask step
together with the p-type anode layer. The potential rings lead to a widening of the
space charge at the semiconductor top surface. The potential ring structure was first
suggested by Kao and Wolley [Kao67].

The maxima of the electric field are marked in Fig. 4.19, they can be lowered by
selecting the optimal distance between the potential rings. With numerical simula-
tion using the Poisson equation in a two-dimensional grid, the optimal arrangement
of potential rings can be calculated, as shown by Brieger and Gerlach [Bri83].
Nevertheless field maxima cannot be completely avoided and the avalanche break-
down will occur in the region of the junction termination. Around 85-95% of the
volume breakdown voltage can be achieved. A big advantage of this structure is that
no additional photolithographic step is necessary in production; it accrues simulta-
neously with the fabrication of the p-layer, which is used as anode layer for a diode
or p-base for a transistor. Therefore, this structure is the most frequently used edge
termination structure. A disadvantage is the large space requirement.

anode metal passivation layer channel
4 ’ : stopper
guard rings
,- \w\w N ] o] n+
n positons of highest
electric field
n+

Fig. 4.19 Planar junction
termination with floating
potential rings
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Fig. 4.20 Junction glass
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(VLD) doping
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With a very lowly doped p~-zone, the so-called junction termination extension
(JTE) structure, it is also possible to reach the volume breakdown voltage using pla-
nar structures. The variation of lateral doping (VLD) structure shown in Fig. 4.20
is one of the possible varieties of the JTE structure, it was first suggested by Stengl
and Gosele [Ste85]. A p~-zone, in which the doping is decreasing outward to the
device edge, is connected to the p-anode layer.

The structure is manufactured in such a way that the mask for the p~-layer has
stripe-shaped openings, with a pitch in a form that the share of open area decreases
from the anode region toward the edge. The deposition of the p-dopant is executed
in these stripes, and during the following drive-in diffusion the p~-zones are joined
by lateral diffusion. This process results in a profile with decreasing doping concen-
tration and decreasing depth toward the edge as shown in Fig. 4.20. With an optimal
design the breakdown takes place in the volume. Structures fabricated with implan-
tation of Al reach 100% of the volume blocking voltage [Scu89]. Because of the
lower solubility of Al, low-doped regions are easier to realize with Al.

Compared to the structure with floating potential rings, the VLD structure fea-
tures a smaller space requirement and it is also much more insensitive against
surface charge states [Scu89]. Because of the small tolerance window of the dop-
ing in the edge region, an ion implantation is necessary for controlling the deposited
amount of B or Al. Regarding other parameters, e.g., the penetration depth, the VLD
structure is less sensitive.

With field plate structures, the metallization of the p-layer is extended above the
insulating passivation layer at the edge of the device. Figure 4.21a shows the effect
of a one-step field plate. Also with this structure the space charge is elongated at
the edge. A one-step field plate is rarely sufficient to reach blocking voltages close
to the volume breakdown voltage. For the fabrication of field-controlled devices,
several insulating layers are necessary in the cell structure, and using a combination
of these layers several steps at the edge can be realized as shown in Fig. 4.21b. The
determination of the position of the specific steps is done by numeric simulation
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Fig. 4.21 Field plate junction termination. (a) One-step field plate (b) multi-step field plate

solving the Poisson equation, similar to the calculation of field rings, mentioned
earlier. Field plate structures are often used in MOSFETSs and IGBTs.

It is also possible to combine guard rings and field plates in order to spare some
potential rings and thus to reduce the area requirement.

For economic reasons, it is necessary to keep the edge termination area as small
as possible, since this area cannot be used for current conduction. On the other hand,
additional photolithographic steps should also be avoided. In several ways the edge
is the weak point of a power semiconductor device and the development of protect-
ing junction terminations is one of the most important tasks in the development of
stable and rugged power devices.

4.7.3 Junction Termination for Bidirectional Blocking Devices

Bidirectional blocking devices like the thyristor have two blocking pn-junctions,
where the low-doped layer n™-layer is commonly used for both directions.
Thyristors are fabricated, for example, with two structures of negative bevel angle
like in Fig. 4.16, or with one structure of negative and one with a positive bevel
angle as shown Fig. 4.17. Also other structures like etched mesa grooves from both
sides are applied.

An attractive solution for a bidirectional blocking device is the structure with
deep edge diffusion as shown in Fig. 4.22. The deep p-diffusions on the right side

' Glasspassivation
Emitter Guard ring

Fig. 4.22 Thyristor with
edge diffusion. Figure from
IXYS semiconductors AG
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are carried out from both sides as one of the first process steps. In a final step the
wafer is cut in the regions of the deep p-diffusions. The upper pn-junction has a
planar junction with guard rings and a channel stopper as in Fig. 4.19. The lower
pn-junction is connected to the top side of the wafer via the deep p-layers. The deep
p-diffusion diffuses additionally to the side and thus a p~-structure as used in JTE
structures is achieved. No further structures are necessary.

The advantage of the edge diffusion structure is that the wafer is compatible
with processes of modern semiconductor technology, in which photolithographic
processes can usually be applied only to one side of a wafer. Bidirectional blocking
IGBTs are using a similar junction termination, see Sect. 10.7.

4.8 Passivation

The surface of a semiconductor is very sensitive to high electric fields. In addition
to the edge terminations just described, it is also necessary to treat the surface in
some way to obtain a well-defined surface and to terminate the free bonds of the
silicon atoms at the surface. This treatment is called surface passivation and involves
cleaning processes and subsequent deposition of an insulating material or a material
with high resistivity.

For conventional devices with beveled edge an organic passivation layer is often
used which consists of silicon rubber or polyimide. For junction terminations like
the beveled structure with positive angle (see Figs. 4.17 and 4.18) the passivation
layer is not critical, since no field peaks occur at the interface.

In junction terminations such as the planar structure with potential rings, field
peaks occur at the surface and the passivation becomes crucial. The resulting block-
ing capability of the device is very sensitive to charges in the passivation layer
and the charge state of the passivating material must be taken into account in the
calculation of the breakdown voltage.

Often SiO; is used as passivation layer. After diffusion processes, an oxidized
semiconductor surface is attained often and no additional process for passivation
is necessary. This oxide layer must have a very high purity and this requirement
becomes more critical for lower background doping levels Np, since at low Np
already a very small density of surface charges is sufficient to generate an inversion
layer at the surface. Such inversion layers lead to increased leakage currents and
long-term instability of the device. Instead of SiO; also different glass layers are
used, which consist of SiO, and additional elements.

Also semi-insulating layers are possible to use as a combined passivation and
edge termination. By adjusting the electric conductivity of a semi-insulating layer,
a continuous decrease of the potential at the surface can be achieved.

One commonly used evaluation method and selection criterion for the quality of a
passivation layer is the hot reverse test (see Sect. 11.6), where devices are subjected
to the maximal allowed temperature and the maximum allowed voltage, applied as
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DC voltage, for 1000 h. If there are mobile ions or other mobile charges in the pas-
sivation material, they will move, driven by the high electric field, and accumulate
at unfavorable locations where an inversion layer may be created. In this case a
significant leakage current increase will be observed and the device will be rejected.

Most challenging is the passivation of very high-voltage devices between 5 and
10 kV, because of the very low doping which is mandatory for such devices. For
these very demanding conditions a passivation layer of amorphous hydrated carbon
(a-C:H) is used in some applications [Bar99]. The mechanical and chemical proper-
ties of a-C:H feature a diamond-like characteristic, although the bandgap is smaller
than for diamond, it is only in the range of 1 to 1.6 eV. One positive property of a-
C:H is that mirror charges can be induced in the bandgap, which have the capability
to compensate disturbing charges. They can even reduce field peaks at the surface.
Layers of a-C:H are very stable under the condition of hermitically sealed housings.

For SiC devices, 10 times higher fields are allowed in the bulk, as compared to sil-
icon. This imposes difficult challenges for SiC passivation layers and new solutions
are required both for surface processing and for the insulating layers.

4.9 Recombination Centers

Fundamental device characteristics depend on the charge carrier lifetime. The car-
rier lifetime in silicon, as well as all other indirect bandgap semiconductors, is
adjusted by recombination centers. Recombination centers always decrease the car-
rier lifetime and therefore increase the voltage drop at forward conduction of a
device, which leads to higher on-state losses. On the other hand, recombination cen-
ters decrease many parameters important for the switching behavior, for instance the
switching time and the reverse recovery charge. This lowers the losses associated
with the turn-off. The following part of this chapter deals with the particularities of
different recombination centers, for instance their temperature dependence and how
they can affect device characteristics. For power devices it is very important to know
the differences between different recombination center technologies and how they
can be used to optimize the trade-off between on-state and switching losses.

4.9.1 Gold and Platinum as Recombination Centers

Gold is the earliest used recombination center in silicon [Far65]. Platinum is used as
arecombination center since middle of 1970s as an alternative to gold [Mil76]. Both
recombination centers, their energy levels (Fig. 2.8) and physical characteristics,
have been discussed in Sect. 2.7.

Gold as well as platinum are diffused into silicon, and both have similar char-
acteristics in their diffusion mechanism. In silicon they can occupy interstitial and
substitutional positions; however, the solubility of the heavy metal is higher at the
substitutional sites. On the other hand, gold and platinum on interstitial sites are
much more mobile and diffuse rapidly. The diffusion from substitutional heavy
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metals can in fact be neglected, but there is always a relatively small barrier for inter-
stitial to substitutional sites which results in a very fast diffusion. For instance, at a
diffusion temperature of 850°C, a substantial part of the heavy metals can be found
at the opposite side of the semiconductor wafer already after a diffusion time of
only 10 min. This fast diffusion leads to an U-shaped concentration versus depth, or
a bathtub-shaped profile with increased density of heavy metal atoms close toward
the wafer surfaces, as shown in Fig. 4.23.This profile also means that the density is
increased close to the pn- and nn*-junctions in devices.

Figure 4.23 does not contain highly doped zones, which are produced in power
devices before the gold diffusion. Highly boron-doped p-layers will have more stress
in the lattice and will exhibit an increased gold concentration. Highly phosphorous-
doped n*-layers will collect gold atoms (gettering), a gold diffusion through such
layers is not possible.
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It is difficult to control the diffusion profile of gold and platinum. Because of
the interaction of the diffusion mechanism with other defects in the crystal, it is
also difficult to obtain a good reproducibility of the diffused heavy metal profiles.
Over many years of application of gold and platinum diffusion to control the charge
carrier lifetimes, a wide spread in the device characteristics even within the same
batch, as well as a bad yield, had to be accepted. Much due to the problems to
control the gold and platinum diffusion, a large difference is found between the real
parameters and the maximal allowed values in data sheets of many fast diodes of
older generations.

While the diffusion mechanism is very similar for gold and platinum, the
characteristics of gold- and platinum-diffused devices are very different.

Platinum features a decrease of the lifetime with the injection level, see Fig. 2.17,
this holds not for gold. Using gold, it is possible to achieve a relative good trade-off
between forward voltage drop and reverse recovery charge extracted at turn-off. In
this respect, gold would be a suitable recombination center. However, one of the Au
levels is located almost exactly in the middle of the bandgap, see Fig. 2.18. This
has the consequence that it acts also very effectively as generation center during the
blocking state and this generation creates a high reverse leakage current at elevated
temperature, for further details see Fig. 3.13. The leakage current of devices, where
gold has been diffused to control the recombination rate, are at 150°C a factor of 50
higher than for platinum-diffused devices.

The leakage current for different recombination center technologies are com-
pared in Fig. 4.24. For devices with a high density of gold recombination centers
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Fig. 4.24 Leakage current of diodes fabricated with different recombination centers at T =
150°C. X-axis: Rated voltage of the respective device. The density of recombination centers is cho-
sen so that requirements for freewheeling diodes for IGBTs with the specified voltage are fulfilled.
Figure from [Lut97] © 2007 EPE
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as necessary for instance for fast freewheeling diodes and for a rated voltage over
1000 V, at a temperature of 150°C such high reverse blocking losses occur that they
will, in fact, result in thermal instability. Gold must therefore be excluded as recom-
bination center for fast freewheeling diodes in this voltage range. As a thermal limit
in Fig. 4.24, it is assumed that the temperature increase by the leakage current is
allowed to be at maximum A7 = 15 K at a DC voltage of two-thirds of the speci-
fied blocking voltage, and a thermal resistance Ryyj—c) = 31 KW mm? is assumed
which is, for example, a typical value for a power module.

For gold-diffused devices at a voltage above 1000 V, the maximum allowed junc-
tion temperature is limited, typically to 125°C. For a DC voltage load it must be
further reduced and limited to only 100°C.

In a space charge region the acceptor level of the gold center is negatively
charged. If the density of the gold atoms is in the range of the background dop-
ing — this is the case for very fast power diodes — then a compensation effect
occurs and the device behaves according to the reduced background doping [Mil76,
Nov89]. This affects also the turn-on behavior. The voltage peak VrrMm, occurring
at turn-on of a device, is a function of the resistance of the low-doped layer — see
Chap. 5, Eq. (5.66). For gold-diffused devices, VrrMm can amount to the multiple of
the voltage peak of diodes completely without, or with other recombination centers.

For platinum, the trade-off between forward voltage drop and reverse recov-
ery charge is significantly less convenient than that for gold. On the other hand,
for platinum there is no energy level close to the middle of the bandgap, and the
small leakage current of a platinum-diffused device can hardly be distinguished
from a device without recombination centers. Therefore higher junction tempera-
tures can be realized with platinum, for instance 150 or 175°C and in the future
probably 200°C.

For platinum-diffused fast diodes the reverse recovery charge is strongly increas-
ing with temperature. The effect of the recombination center is therefore decreasing
with increasing temperature. As a consequence platinum-diffused diodes, in which
the p-emitter is strongly doped and the emitter recombination is low, show a nega-
tive temperature dependency of the forward voltage. The temperature dependency
of capture coefficients of different recombination centers is summarized in [SieO1].

4.9.2 Radiation-Induced Recombination Centers

The characteristics of the most important centers generated by radiation have been
discussed in Sect. 2.7. This technology has a much better reproducibility, and it is
easy to control the lifetime by adjusting the radiation dose. The process of irradiat-
ing silicon power devices with high-energy electrons to induce lattice defects, which
act as recombination centers, has been in use since the 1970s. Electron and also y-
radiation create a homogeneous distribution of defects by knocking out lattice atoms
in random collisions with low probability. This technique has many advantages over
diffusion technology, but the resulting constant distribution of recombination centers
is often a disadvantage for the switching characteristics of devices. More recently,
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implantation of protons or helium ions has been introduced for charge carrier life-
time control [Won87, Lut97]. These particles also collide with the host atoms and
knock them out of their positions, but the collisions occur with large probability
toward the end of the ion track. As a result, low mass ion implantation creates a
localized region of recombination centers, whose position can be adjusted by the
energy of the incoming particles. This process has become widely used for the
adjustment of charge carrier lifetime (see also Sect. 5.7, CAL diode). Irradiation
processes feature high accuracy and high reproducibility and, furthermore, the irra-
diation techniques offer the possibility to perform the carrier lifetime control at the
end of the fabrication process after the devices have been metalized and passivated.

The vacancies and interstitials that are generated by the collisions diffuse and
form stable complexes with each other and with impurity atoms which are present
even in high-purity silicon, such as carbon, oxygen, and phosphorus. The irradia-
tion process is followed by a mild annealing step to eliminate the thermally unstable
centers and to ensure a long-term stability of the device characteristics. The anneal-
ing process is also needed to reduce the effects of further processing steps, such as
soldering, that can alter the defect properties.

Devices for packaging in presspack technology are annealed in the range of
220°C and they will not be exposed to a higher process temperature after the irradi-
ation. Devices which are exposed to a soldering process during packaging and other
possible thermal treatments should be annealed at temperature in the range 340-
350°C to ensure that no further defect annealing occurs in subsequent soldering
processes, whose temperatures can be quite high.

A lot of work has been done to determine the characteristics of the radiation-
induced centers [Sue94, Hal96, Ble96]; a summarizing work of recent results is
given in [Sie06] and [Haz07]. The most important centers are shown in Fig. 2.19.
Figure 4.25 shows additionally the centers which are still present after annealing at
220°C and which impact the carrier lifetime or other device characteristics [Sie02,
Sie06]. The notations in the base line E(90 K) denote the signal of the center found
in Deep Level Transient Spectroscopy (DLTS). This notation is often used, since the
determination of the specific atomic structure is difficult and the literature on it is
not always consistent.
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Fig. 4.25 Energy positions in the bandgap for the most prominent irradiation-induced defects in
silicon
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The OV center or A center £(90 K) is a vacancy—oxygen complex. This cen-
ter starts to anneal at temperatures above 350°C and vanishes almost completely
at an annealing temperature of 400°C [Won85]. As described in Sect. 2.7, the
high-injection lifetime tyr and the resulting forward characteristics as well as
switching properties are mainly controlled by the OV center.

The K-center H(195 K) was found as a hole trap at +0.35 eV above the
valance band. Different assignments on its origin are found in the literature, often a
COV V-complex involving a carbon impurity, an oxygen atom and two vacancies is
assumed. Recent work using the cathode luminescence method identified the rele-
vant center as C;Oj, an association of an interstitial carbon atom and an interstitial
oxygen atom [NiwO08]. The K-center starts to anneal at a temperature in the range
of 370— 400°C and vanishes after annealing at temperatures over 450°C [Niw85].
It has an energy level close to the middle of the bandgap, but the contribution to
recombination processes is rather small due to low probability to capture charge
carriers, i.e. small capture cross sections. Under high-injection condition, which
is given in a forward-biased power diode, for example, this center is positively
charged. When the diode is turned-off sufficiently fast, the defects remain posi-
tively charged for a certain time, typically some 100 ns or 1 s, due to the relatively
low electron-capture rate. The positively charged K-centers will act as donors, and
they will increase the effective doping concentration. This reduces temporarily the
breakdown voltage at the pn-junction according to Eq. (3.84), resulting in avalanche
breakdown at voltages far below the static breakdown voltage [Lut98]. These detri-
mental effects are further described in Sect. 13.3. It is thus important to avoid high
densities of K-centers, and the maximum irradiation dose is therefore limited for
some applications.

The divacancy, VV E(230 K), has as many as three different charge states, that
give rise to three separate levels in the bandgap. Most important for charge car-
rier dynamics is the level at 0.43 eV below the conduction band edge. It acts as a
recombination center, but since this energy level is so close to the middle of the
bandgap, it also acts as a generation center and will determine the generation life-
time and leakage current. However, its effect as generation center is fortunately
weaker than gold.

Divacancies anneal out at temperatures of about 300°C [Bro82, Won85], but
when using proton- or *He?* irradiation, this level is still found even after anneal-
ing temperatures in excess of 350°C. This can be explained by a transformation of
the defect to another defect with nearly the same bandgap position, and recently
the remaining centers have been assigned to the singly and doubly charged states of
the V50 defect [Mon02]. Another possible origin of this E(230 K) peak is given in
[Gul77], which suggests that it arises from a V4 or V5 complex. Because of their
low concentration, the influence of the V,O defects on gy, is rather small, but this
center is responsible for the fact that devices implanted with helium ions exhibit
a higher leakage current than platinum-diffused devices (see Fig. 4.24). The leak-
age current of helium-implanted devices is about 20% of the leakage current of
comparable gold-diffused devices and poses no problem for the thermal stability at
junction temperatures up to 150°C.
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The E(230 K) defect also shows a significant compensation effect on the dop-
ing in n-type silicon, where the Fermi level is above the trap level We —0.43 or
—0.46 eV. After annealing at a temperature of 350°C, one can find a decrease of
the effective doping due to the charged acceptor states of E(230 K) in the region
affected by the helium implantation. This effect can be used to increase or to adjust
the blocking voltage of a device after the main manufacturing steps [Sie06].

Annealing temperatures significantly above 350°C may result in the formation
of so-called thermal double-donors TDD. The maximum TDD concentration was
found after annealing at 7 &~ 450°C. The TDDs increase the doping concentration in
n-type silicon but compensate the doping in p-type silicon. In n-type silicon, thermal
double donors can be used to create buried buffer layers with shallow doping.

After proton irradiation, additional effects arise since the protons (hydrogen ions)
may also participate in the defect complexes. The hydrogen-related shallow thermal
donors STD(H) are an example for this. These centers are found after annealing
of a proton implanted sample above 200°C [Won85]. Their maximum density is
found in the region of the projected range Ry, of the protons, a clear indication
that the defects involve the implanted hydrogen. In contradiction to the K-center,
the doping effect is not temporary. The STD(H) is a stable donor with an energy
level close to the conduction band. If proton implantation is used to reduce the
carrier lifetime, the dose must be limited to keep the density of these hydrogen
related centers below the background doping. Otherwise the effect will be that deep
buried n-layers are created. However, this effect may also be used in device design.
If proton implantation is executed in conjunction with a subsequent annealing step
at temperatures between 300 and 500°C, “buffers” which lead to a trapezoidal field
in the device (PT dimensioning, Chap. 5) can be created. This technology is applied
for some IGBTs of the latest generations. Furthermore, proton irradiation is used to
adjust the threshold voltage of protection devices [Sie06].

While radiation-induced centers are used widely, their atomic structure and
the charge carrier capture and emission processes are still not fully understood.
An overview with a detailed treatment of the characteristics of the specific cen-
ters can be found in [Sie06]. Many important details, for instance the temperature
dependency of the center characteristics, are still an object of active research.

4.9.3 Radiation-Enhanced Diffusion of Pt and Pd

As described, the diffusion mechanism as well as the built-in mechanism of Au and
Pt into the Si lattice interacts with crystal defects. Therefore the final profile can be
influenced if there is defined crystal damage at a defined penetration depth as it is
created by radiation with particles such as H* and He>* ions. After a He?* irradia-
tion, Pt can be diffused at a temperature much lower than usual for Pt diffusions into
the position of maximal radiation damage caused by the He?* implantation [Vob02].
If the temperature is high enough to anneal the radiation-induced defects, they are
replaced by a local profile of Pt atoms. Since not all of the radiation-induced defects
have optimal properties, the final device characteristics can be further improved by
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the radiation enhanced diffusion. A level close to the middle of the bandgap, which
leads to increased leakage current, is avoided if Pt or Pd is used.

The energy levels of Pd are at positions in the bandgap close to that of Pt, so that
the electronic structure of a substitutional Pd atom seems to be quite similar to a sub-
stitutional Pt atom. A wider usable temperature range was found for the radiation
enhanced diffusion of Pd [Vob07]. Depending on the temperature, the formation of
an acceptor is observed and a buried p~-layer can be formed at the penetration depth
of the primary He-implantation [Vob09]. This p~-layer increases the static break-
down voltage and reduces peaks of the electric fields and dynamic avalanche at fast
switching events of diodes. Diodes with increased ruggedness have been presented
using this technique [Vob09]. Further work is of interest to understand the details of
the created centers.
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Chapter 5
pin-Diodes

Most power diodes are pin-diodes, i.e. they possess a middle region with a much
lower doping concentration than the outer p- and n-layers enclosing it. Compared
with unipolar devices (see Chap. 6), pin-diodes have the advantage that the on-
resistance is strongly reduced by high-level injection in the base region, which is
known as conductivity modulation. Hence pin-diodes can be used up to very high
blocking voltages. The base region is not intrinsic, as suggested by the name. The
intrinsic case — doping in the range of < 10'°cm™3 — would not only be difficult
to attain by technology, extremely low doping would cause essential disadvantages
in the turn-off behavior and other properties. Power diodes usually have a p*n~n*-
structure, hence the so-called i-layer is actually an n™ -layer. Since it is several orders
of magnitude lower than the doping of the outer layers, the name pin-diode has
become the usual denotation in almost every case,

From the viewpoint of application, power diodes can be distinguished into two
main types:

Rectifier diodes for grid frequency of 50 or 60 Hz: the switching losses play a
subordinate role, and there is a high carrier lifetime in the middle layer.

Fast recovery diodes that work as freewheeling diodes for a switching device
or that are in the output rectifier after a high-frequency transformer. They have to
be generally capable of switching frequencies of up to 20 kHz and in switch-mode
power supplies of 50-100 kHz and more. In fast diodes manufactured from silicon,
the charge carrier lifetime in the middle low-doped layer has to be reduced to a
defined low value.

5.1 Structure of the pin-Diode

With respect to structure and technology, pin-diodes can be classified into two types.
For pin-diodes using epitaxial technology (epitaxial diodes, Fig. 5.1a), first, an
n~-layer is deposited by epitaxy on a highly doped n*-substrate. Then, the p-layer
is diffused. With this process a very small base width wg down to some micro-
meters can be created, whereby the silicon wafer is thick enough by the substrate
to allow production with low wafer breaking and at high yield. By implementing
recombination centers — in most cases by gold diffusion — very fast diodes can be

J. Lutz et al., Semiconductor Power Devices, DOI 10.1007/978-3-642-11125-9_5, 159
© Springer-Verlag Berlin Heidelberg 2011
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realized. Since wp is kept very small, the voltage drop across the middle layer is low.
Epitaxial (epi-) diodes are mainly applied for blocking voltages of between 100 and
600 V; however, some manufacturers also produce 1200 V with epi-diodes.

Because the costs of the epitaxy process are notable, diodes for higher blocking
voltages — usually 1200 V and above — are fabricated by diffusion. For a diffused
pin-diode (Fig. 5.1b), one starts with a low-doped wafer in which the p*-layer and
the n*-layer are created by diffusion. The thickness of the wafer now is determined
by the thickness wp of the middle n~-layer and the depths of the diffusion profiles.
The required wg is small for lower voltages. With deep n*-and p*-layers the wafer
thickness can be increased again, but deep p-layers have disadvantages regarding
the reverse recovery behavior. The processing of such thin wafers is challenging.
Infineon has introduced a technology for handling very thin wafers, down to a thick-
ness of 80 wm in the manufacturing process. With this technology, also freewheeling
diodes for 600 V with shallow p- and n*-border layers can be fabricated as diffused
diodes.

5.2 I-V Characteristic of the pin-Diode

The I-V characteristic of a fast 300 V pin-diode measured at 25°C as well as some
definitions for parameters of the /-V characteristic are shown in Fig. 5.2. In the fig-
ure different scales in forward and reverse directions are applied. In forward bias,
the characteristic associates a defined current Ir to the voltage drop Vg. This has
to be distinguished from the maximally allowed voltage drop Vrmax specified in
manufacturers’ data sheets. Vpmax is the maximum forward voltage drop that can
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Fig. 5.2 [-V characteristic of a fast pin-diode with some definitions of parameters

occur at a diode of this type under specified conditions. In most cases this value is
significantly higher than the value measured for an individual sample due to toler-
ances of parameters during production, e.g. of the base width wg. In fast diodes,
the carrier lifetime strongly effects V. For fast gold- or platinum-diffused diodes of
older generations, relatively high variations in the carrier lifetime are typical due to
the difficulties to control these technologies, see Chap. 4. Some manufacturers also
specify typical values, but this is not guaranteed for an individual sample.

In reverse bias, Vpp is the physical breakdown voltage of a given sample. Ir
denotes the leakage current measured at a defined reverse voltage. This has to be
distinguished from VrrMm, the maximal reverse voltage that is specified in the data
sheet, as well as from Irm, the specified maximal leakage current at VrRrm. Since
the manufacturer takes into account data scattering and may add additional margins,
at a single diode Ir can be significantly lower and Vgp will be typically higher; the
manufacture extends a warranty, however, only for Vrrm and Irm, respectively.

The I-V characteristic of a diode is strongly temperature dependent. With
increasing temperature

e the leakage current I increases, Ir can be several orders of magnitude higher
at the typical maximally allowed operation temperature of 150°C than that at
room temperature. Both the diffusion component and generation component of
the leakage current also increase; see Eq. (3.59) and Fig. 3.13

e the blocking voltage Vgp somewhat increases in accordance with the increase in
breakdown voltage of avalanche breakdown; see Eq. (3.79) with the temperature-
dependent parameters in Eq. (3.87)

e the built-in voltage V4, decreases, because according to Eq. (3.6), the determining
parameter for the temperature dependency is the strongly temperature-dependent
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”12 This corresponds to a decreased threshold voltage V. Also in the derivation
of a threshold voltage from Eqgs. (3.51) and (3.52), "12 dominates the result.

5.3 Design and Blocking Voltage of the pin-Diode

A dominating parameter for all characteristics of the diode is the width wg of the
low-doped base region. First of all, the base width together with the base-doping
concentration determines the blocking voltage. As illustrated in Fig. 5.3, different
cases of the field shape can be distinguished.

If wp is chosen such that the space charge does not reach the n*-layer (triangular
field shape), it is called a non-punch-through (NPT) dimensioning [Bal87]. If wg
is chosen such that the space charge penetrates the n*-layer, then the field shape
is trapezoidal, and the diode is denoted as a punch-through (PT) diode. The term
“punch-through” is used here in a different meaning as for thyristors. Whereas in
thyristors it refers to reaching of the space charge region to a layer of opposite
doping, in diodes with PT design the space charge layer is stopped by a highly
doped region of the same type of conductivity. The indication of diode design by
NPT and PT is widely used. The p*n- and nn*-junctions are assumed to be abrupt.

For NPT design, the equations of Sect. 3.3.2 apply. Particularly the breakdown
voltage can be calculated from Eq. (3.79), and the thickness w of the space charge
region at breakdown for a doping concentration Np is given by Eq. (3.81). In the
following calculation, the approach (Eq. (3.75)) is used with n = 7, so that aefr =
B- |E|7 where B = 2.11 x 1073 ecm™3 ¢cm®/V7 according to Eq. (3.83). According
to Eq. (3.85) the condition for NPT is obtained then as

g\ /8 e \7/8
v (5) ()
B gNp

For an ideal NPT dimensioning, wp is chosen such that at this point the end w of the
space charge is given, wg = w. The condition can be written also as a relationship

Na ] ] ]
Np
Ec Ec |EM)I E
I ..........,_..I.E(x) |
............... n+ p nt+
Erf
E=0
n " n
0 X Wg 0 sx VB 0 —35x "B
a) Triangular field shape b) Trapezodial field shape c) Limit rectangular field shape
Non-Punch-Through (NPT)-diode Punch-Through (PT)-diode

Fig. 5.3 Field distributions at breakdown in pin-diodes with different design
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between wp and the breakdown voltage Vpp, which follows by inversion of Eq.
(3.80):

I
[N}

WB=2 -B

A=
)

b 5.1)

In this condition for NPT design, the doping concentration Np is not contained, but
according to (inverted) Eq. (3.84), it is unambiguously determined by the chosen
breakdown voltage Vpp.

We consider now diodes with PT dimensioning, where the doping density Np is
lower than for NPT dimensioning. The space charge region penetrates the n*-layer,
where the field drops rapidly to zero as is depicted in Fig. 5.3b. Since the blocking
voltage corresponds to the area below the line |E(x)|, a higher blocking voltage
results from Fig. 5.3b with the same wg for the now given PT dimensioning.

For PT design, the electric field over the base at breakdown is given by

M
Ew) = —E.+ 1702,

x (5.2)

where E; denotes the critical field strength. To calculate E., the power approach
deff = B - |E(x)|7 for the effective ionization rate is inserted in the breakdown
condition (3.71), which yields

wB

7
/B-(Ec—q'SND-x> dr= 1 (5.3)
0

The integration leads to the equation

N 8 8.4-N
Eff—(Ec—q 8DWB) :% (5.4)

Because the absolute value E; of the field strength at the nn*-junction (Fig. 5.3b) is
obtained from Eq. (5.2) with x = wp as

q-Np

El = EC — - WB (55)

Equation (5.4) can be written as

8- gNp 1/8
e = < 2ot E?) (5.6)

Since E; < E., Eq. (5.6) together with Eq. (5.5) is suitable to calculate E. by
iteration. From E; one obtains for the breakdown voltage:

E\+E Np
VBp = TC “wp = <Ec— 6]2_8 'WB> - WB (5.7
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Fig. 5.4 Blocking voltage for a device with given wp as a function of doping

The breakdown voltage calculated in this way for a given base width (85 pm) is plot-
ted in Fig. 5.4 as a function of Np (solid line). With decreasing Np, the breakdown
voltage increases monotonously. This holds also for other base widths.

Often one uses a design of moderate or slight punch-through with E; < E_./2.
Then the term for E ? in Eq. (5.6) is negligible and one obtains for the critical field:

o 1/8
E.= <8q—ND) (5.8)
B-¢

This equation is identical with Eq. (3.78) for n = 7. From Egs. (5.7) and (5.8) the
breakdown voltage is obtained as an explicit function of doping density and base
width:

1
8gNp \ 8 1 gNp
Vsp = ( > wp — = 10,2 (5.9)
eB e

This dependency on Np for wg = 85 is plotted in Fig. 5.4 too (dashed curve). At
high Np down to 8 x 103 cm!® cm™3, where E|/E. = 0.51, the curve coincides
with the exact curve. At lower Np, however, the approximate solution becomes inex-
act and has a maximum at 3.7 x 10'3 cm™3 at the chosen wg. In some textbooks it
is concluded from this approximation that the breakdown voltage of pin-diodes has
a maximum at an optimal doping density and from this point downward decreases
with decreasing doping. As is shown by the exact curve in Fig. 5.4, this is an error.
Neglecting of Eif is only permissible as long as doping is not too low.

The limit for very low doping can be derived immediately from the ionization
integral. In this case, the field shape is rectangular, E; = E, and the condition for
avalanche breakdown Eq. (3.71) with the polynomial approximation of ionization
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rates with n = 7 is simplified to

WRB
B~fEZ:dx:l (5.10)
0

From this and with Vgp = E¢ - wg it follows:

W6 7
VBD = (FB) (5.11)

This limiting value for the example wg = 85 m is also depicted in Fig. 5.4. The
blocking voltage approaches this limit very quickly already for a doping in the range
of 2 x 103 ecm=3.

For the base width as a function of Vpp, Eq. (5.11) yields

1
wp(PT, lim) = B¢ - V&, (5.12)

This lowest attainable base width is by a factor 2%/3 = 1.59 smaller than the
minimum wg for NPT design given by Eq. (5.1):

we(PT,lim) = 23 wg(NPT) = 0.63 - wg(NPT) (5.13)

Although wg (PT,lim) is not half of wg (NPT), as would follow for equal critical field
strength in both cases, the reduction by the PT design is very significant.

A high field at the nn*-junction, however, has disadvantages. From a techno-
logical viewpoint, an edge termination for this design requires much more effort.
Therefore, an only moderate PT dimensioning, e.g. E1<0.5E., is preferred. If
the ratio Ej/E; is kept independent of the breakdown voltage, the dependency
WB ~ Vgg is obtained for each value of E}/E., where however the proportionality
factor varies with the field ratio. For E{/E. = 1/2, the calculation yields

wp(PT) = 0.70 - wg(NPT) (5.14)

Figure 5.5 shows the minimum width of the middle region for PT design (5.12) and
for NPT design (5.1) as a function of breakdown voltage. The difference between wg
in the two cases results in a significant difference in forward voltage drop. For fast
diodes with a rated voltage of 1200 V and with the necessary low carrier lifetime, the
difference in Vg amounts up to 0.8 V. For higher voltages the reduction of forward
voltage by the PT dimensioning is even larger. This is significant for the conduction
losses. Consequently, a PT dimensioning should be applied if possible. Nonetheless,
this design also poses challenges, in particular regarding reverse recovery behavior,
as will be shown later.

In practice, one has to make further compromises in the dimensioning of diodes.
For example, tolerances of background doping Np, tolerances in the adjustment of
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wp, and other aspects have to be considered. Additionally, the junction termination
structures do not lead to 100% of the volume breakdown voltage in most cases.
Taken from experience, an orientation value for a moderate PT dimensioning can be
given by

7
wp =y Vip with x=23x10%mVé (5.15)

It is to be mentioned here that these considerations on dimensioning hold not only
for diodes but also for other power devices whose base region contains a higher
doped buffer layer to limit the extension of the space charge region. Particularly
Schottky diodes, MOSFETSs, and modern IGBTs are designed in this way.

A power device has to function over temperature range from about 250 K to more
than 400 K. The temperature dependency of the breakdown voltage arises from that
of the critical field strength which is described according to Eqgs. (3.78) and (3.87)
by the temperature-dependent parameters n(7) and B(T). For PT design, we restrict
the discussion to the case E|/E. < 1/2. To express Vpp as a function of 7, one has
to use the Eq. (5.9) in a form which contains B and n as variables. This equation is
obtained by substituting E. in Eq. (5.7) by Eq. (3.78):

1
(n+ 1)gNp \ "1 1gNp
VBD = (T WB — ETWB (516)

in which the temperature-dependent parameters B and n according to Eq. (3.87)
have to be inserted. Since the critical field enters Eq. (5.16) only linearly, while for
NPT design Vgp(= Vp) is proportional to Eg according to Eq. (3.79), Eq. (5.16)
predicts a smaller variation with temperature than Eq. (3.79). Of course, at the tran-
sition between PT and NPT, Egs. (5.16) and (3.79) give identical results. Due to the
increase of E. with T, the width of the space charge region for unlimited extension
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increases with temperature. Hence a NPT situation existing at 250 K can change
into a moderate PT at higher temperatures. Since the blocking capability must be
given at the lowest operation temperature, the decrease of Vgp from room tempera-
ture downward is of particular interest. Often the nn*-junction is not abrupt, but the
doping increases gradually. Then the measured temperature dependency is found to
be between the predictions of Egs. (5.16) and (3.79).

Since n and B are arbitrary in Eq. (5.16), the equation can be used also (without
making use of the temperature dependency) for PT diodes made of other semicon-
ductors, if the parameters n and B are known for this material. Thus the breakdown
voltage of diodes in 4H-SiC-diodes can be calculated using the data for n und B
given in Eq. (2.82b).

5.4 Forward Conduction Behavior

5.4.1 Carrier Distribution

At forward bias, the lowly doped base zone of a pin-diode is flooded with carri-
ers injected from the highly doped outer regions. The density of free carriers is
increased by a few orders of magnitude above the background doping, and the con-
ductivity in the low-doped zone is strongly enhanced or “modulated.” Because in
the neutrality condition n = p + Ng , the doping concentration Ng is negligible, the
hole and electron concentrations in the base are approximately equal:

n(x) ~ p(x)

Figure 5.6 shows the carrier distribution n = p in the middle region calculated for
a 1200 V diode at a current density of 160 A/cm?. Here, the emitter efficiency of
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highly doped regions has been assumed to be 1. n and p exceed the background
doping by more than two orders of magnitude. The broken line is obtained if there
would be equal mobilities for electrons and holes. Since the electrons in silicon are
much more mobile than the holes, an asymmetric distribution, which is increased at
the pn-junction, results.

To calculate the carrier distribution, one starts with the transport equations (2.42)
and (2.43) which for n = p take the form:

dp
i=q-wy-p-E—q-Dp-— 5.17
Jp=¢q Up-P q-Dp- (5.17)
. dp
Jn=¢q tn-p-E+q-Dn-— (5.18)

dx

Since in the stationary case, which we consider, the total current density j = j, + jp
is independent of x according to Eq. (2.87), the electric field strength E is suitably
expressed by j. Adding Egs. (5.17) and (5.18) one obtains

. d
J=intio=q-Gtn+pp)-pEdq-(Do=Dp)- - (5.19)
Hence, the electric field is
L= (0= Dp) -
E-4 (5.20)

(n + 1p) - P

The term proportional to j is the normal resistive or ohmic field. The second field
term determined by the concentration gradient and the difference in the diffusion
constants is denoted as “Dember-field”. This field compensates the total diffusion
current for a given j. Inserting Eq. (5.20) into Egs. (5.17) and (5.18), one obtains

. Mp . dp
jp=-—2— . j—q-Dp- — (5.21)
P (,Uvn + Mp) dx
. Mn . dp
" () dx
where Dy is the following combination of the single diffusion constants:
2-Dn-D
Dy=—2 P (5.23)
Dy + D,

For this relationship, the Einstein relation Dy, = (kT/q)iunp has been used. Dy is
called “ambipolar diffusion constant” , and the terms gD -dp/dx are the ambipolar
diffusion current densities. These include the current resulting from the Dember
field, which makes the ambipolar diffusion current of electrons and holes oppositely
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equal. In many equations, the ambipolar diffusion constant appears in connection
with the high-level lifetime tyr in the form of the ambipolar diffusion length:

LA = \/DA * THL (524)

To obtain a differential equation for the carrier concentration, one has to insert Eq.
(5.20) or Eq. (5.21) into the relevant continuity equation. According to Eq. (2.84),
the continuity equation for holes in the stationary case can be written as

djp p

P g R=—g—— 5.25

o q - (5.25)
where the recombination rate R is expressed according to Egs. (2.48), (2.50) by
p, and the high-level carrier lifetime Ty, by Eq. (2.68), neglecting the equilibrium
carrier density. Inserting j, from Eq. (5.21) the following differential equation for
the carrier concentration is obtained:

&p_p

Da TSR (5.26)
where the mobility ratios and ambipolar diffusion constant are assumed to be con-
stant. In what follows, also the lifetime 7y is assumed to be constant, which agrees
with Eq. (2.68) of the SRH model (for n;, pr << ngp). Then this differential equation
(5.26) has the solutions p(x) o< exp(z£ x/La), where La is the ambipolar diffusion
length defined in Eq. (5.24). In addition to the differential equation, the wanted car-
rier distribution has to satisfy conditions at the boundaries of the base region which
are given by the emitter efficiency of the p*- and n*-regions. In the present section,
we assume that these regions are ideal emitters (with emitter efficiency 1), meaning
that j, = 0 at the p*n-junction and j, = 0 at the nn*-junction. Using these current
densities in Eqgs. (5.21) and (5.22) one obtains the boundary conditions:

dp . dp .
q Dpa(o) =—j/2 ¢q Dna(WB) =j/2 (5.26a)

To the same extent as D, < Dy, the absolute value of the concentration gradi-
ent at x = 0 (p*-side of the base region) is higher than at x = wp (n*-side).
Considering the simplified case Dy = D}, = D, the solution of Eq. (5.26) satisfying
the conditions (5.26a) is

p(x) = J La cosh (—/)
2 ¢ D sinh(wg/(LA)) In

Here the coordinate x’ has its origin in the middle of the base region:
x' = x — wp/2. The symmetrical carrier distribution in Fig. 5.6 (dashed line) was
calculated using this equation together with the parameters given in the legend.
The obtained cosh-distribution is well known from the chainline. The smaller the
ambipolar diffusion length La, the more pronounced is the sagging of the carrier
distribution.
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In the real case of different mobilities of electrons and holes, the carrier
distribution can be written as

/ /
. X s X
juae [ ©osh 7D pn—pp  Sinh 77
: % W
2gLa \ sinh ﬁ M, + pp cosh ﬁ

n(x') = pix') = (5.27)

It can be verified that this solution of Eq. (5.26) satisfies the boundary conditions
(5.26a). The carrier distribution calculated from Eq. (5.27) for the given parameters
is plotted in Fig. 5.6 as solid line. The concentration is at the pn-junction more
than a factor 2 higher than that at the nn*-junction (which later will prove to be a
disadvantage for the reverse recovery behavior). The minimum has shifted toward
the nn*-junction. The term with sinh(x'/L) in Eq. (5.27) expresses this asymmetry.
Since for silicon jt, & 3 i}, the factor before this term consisting of the mobilities is
approximately 0.5. As is noted, integration of Eq. (5.27) yields for the mean carrier
concentration across the base:

1 wp/2 j - THL
ﬁ = ﬁ = — pdx/ =
WB J—wg/2 q-wWB

For real p*- and n*-regions with emitter efficiencies < 1, the boundary conditions
change and the factors in Eq. (5.27) are no longer valid. The carrier distribution in
the base is written in this case suitably in the form:

-t inh 2 inh (2B 528
pw‘xmm@um(”“n(&>+mﬁn( La )) 628

PL, PR are the concentrations at the left and right edges of the base region and have
to be determined from the general boundary conditions (see Sect. 5.4.5).

5.4.2 Junction Voltages

In a p*nn*-structure one has a space charge region at the p*n-junction and another
at the nn*-doping step, whereby both are connected with a built-in voltage Vy,;(p*n)
and Vpi(nn™), respectively. If a forward voltage VF is applied, a part of it is used
at the junctions to reduce the potential steps there and to raise the injected carrier
densities in the base region similarly as for a single pn-junction. Additionally, the
forward voltage provides for an ohmic voltage drop Vgig over the weakly doped
base region needed for the current transport. Hence, if the junction parts are called
Vi(p™n), Vj(nn™), one obtains

Ve = Vi(p*n) 4 Vasiee + Vi(nn™) (5.29)
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The internal voltage steps at the junctions

AV(p™n) = Vpi(pTn) — Vi(p*n),
AV(nT) = Vyi(nn™) — Vj(nn™)

are related to the carrier concentrations at the neutral boundaries of the space charge
regions via Boltzmann factors. For the hole concentration pp. near the p*n-junction
in the neutral base and the electron density ng at the n*-side of the base (see
Fig. 5.6), one obtains

L <_L(P+“)) MR exp (_%) (5.30)

— =exp
p kT nt kT

where the carrier densities p*, n* of the highly doped regions are given by the doping

densities Na, Np. Dividing the relationships (5.30) by the corresponding thermal

equilibrium equations (see Chap. 3):

Pno ( q'Vbi(p+H)) Np ( ‘]'Vbi(nn+))
= —exp| ——7F7-—), =exp| -——F"—>

p* kT nt kT

one obtains for the external parts to the voltage drop at the junctions:

kT kT - N
Vi(p™n) = Al R T 5 b
4  Pn0 q n; (5.31)
nR
Vi(nn") = — In —
! g Np

Vi(p*n) and Vj(nn™) differ significantly from one another depending on the doping
density Np of the base region. By leveling out the strong difference of built-in volt-
ages, they make the internal voltage steps AV(p*n) and AV(nn™) more similar. The
sum of both, the total external junction voltage V;, does not depend on Np:

kT .
Vi = Vi(p'n) + Vj(m') = 7 In 2% an
;i

(5.32)

These equations hold independently of the injection level, but they will be used
below for high-injection conditions where p;, = nj, and nr = pg.

For the example of Fig. 5.6 with p™ = 2 x 108 ecm™3, Np = 7 x 103 cm™3
as doping of the middle layer, and nt = 1 x 10'cm™3, one obtains
Voi(ptn) = 0.721V, Vpi(nn™) = 0.307 V. With p_ and pr from the asymmet-
rical carrier distribution in Fig. 5.6, one attains Vj(p™n) = 0.654V, V;(mnt) =
0.161V,V; = 0.815V. For the internal voltage steps, the results are AV(p™n) =
0.067 V, AV(nn™) = 0.136 V.
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5.4.3 Voltage Drop Across the Middle Region

Now the voltage Vi that drops across the middle region has to be calculated. Vi
results by integration of the electric field which is given in Eq. (5.20). It contains in
the nominator as second term the Dember field, which is proportional to the gradi-
ent of the carrier density. This term leads to the Dember voltage Vpep. Using the
Einstein relation (2.44), it follows from Eq. (5.20) that

kT -
Voun = KT Mn =ty | PL
q  Mn+ pUp PR

(5.33)
For a symmetric carrier distribution this voltage term vanishes since p;, = pr. But
also for the actual asymmetrical distributions Vpen is very small. For the example
in Fig. 5.6, Vpem = 14.3 mV results, which can be neglected.

From the term in Eq. (5.20) which is proportional to the current density, the
voltage over the middle region is obtained as

WB
v, / / dx (5.34)
drift = ——————— | ——= .
g (un+ pp) J px)
For a homogeneous distribution p(x) = const the integral would be equal to

wg/p. For a not too strongly inhomogeneous distribution, this holds approximately
if p is replaced by the average value p. This leads to

Jj-wB
Vi = ——2—B (5.35)
g (n+ 1p) - D

As can be verified by carrying out the integration in Eq. (5.34) with the exact carrier
distribution (5.27) (see below), this is a good approach for wg/La < 3, but can be
used as a rough approximation up to wg/La = 4. For wg/La = 3 the error made
with Eq. (5.35) is only 7%, although the inhomogeneity is already considerable
(cosh(1.5) = 2.35). The density of carriers represents a stored charge

Or=q-A-wp-p (5.36)
and, with this, it follows that
IF . W2
Varip = ————2—— (5.37)
(tn + pp) - OF

where Iz = A - j denotes the forward current (A is the area of the device).
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5.4.4 Voltage Drop in the Hall Approximation
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For the further calculation, we assume now as in Sect. 5.4.1 that recombination in
the p*- and n*-regions is negligible (emitter efficiency 1). This is suggested because
the excess charge in the base is orders of magnitude higher than in the end regions
(see Fig. 5.7). In the theory of diode characteristic this case is called Hall approxi-
mation [Hal52]. Since the minority carrier currents in the end regions are neglected,
integration of the continuity equation (5.25) yields for the current density:

j:

q:-WB-D

THL

Multiplying Eq. (5.38) with Aryr, one obtains for the stored charge:

OF =If - tHL

Hence from Eq. (5.37) it follows that

2

w
B

Varift =

(4n + pp) - THL

for wp/La <3

(5.38)

(5.382)

(5.39)

Expressing tyy by the ambipolar diffusion length La defined in Eq. (5.24) together

with Eq. (5.23), Eq. (5.39) can be written in the form

n(x)
p(x)

Py

P n(x) = p(x) pr| n°
np. ‘\_//’I/

Nen

tN -
Fig. 5.7 pin-Diode with
; . In
consideration of i L

recombination in the border
regions
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2b

kT (wg

2
Varite = f(b) - — —> with  f(b) =
g \La

where b = pn/p. Equation (5.40) can be found in many textbooks on device
physics. The factor f(b)is always <'%. For silicon, the mobility ratio is b ~ 3
which yields f(b) =~ 3/8. Like Eq. (5.37), Egs. (5.39) and (5.40) apply up to about
wp/La = 4. Even for wg = 4La, Vgire amounts only to 0.16 V according to
Eq. (5.40).

For a more pronounced sagging of the carrier distribution, the voltage drop
is mainly produced by the region of lowest concentration, hence Vg is under-
estimated by Egs. (5.39) and (5.40). The accurate formula for Vg is obtained
by carrying out the integral in Eq. (5.34) with the exact distribution (5.27). With
d = wg/2 the result can be written as

A ) < sinh(d /L)
- arct

kT d
Vi — ar) - L sinh (<2 - cosh (2 —
drift = 4f(b) p sin <LA) cos (LA cosh(A/La)

) (5.41)

where A denotes the distance of the minimum of p(x) from the middle of the
base. The asymmetry enhances the voltage drop a little. In the limit /Ly >> 1,
Eq. (5.40) turns into

kT A d
Varite = wf(b) - — -cosh | — Jexp | — forwg >> 2 - La (5.41a)
q La La

According to Egs. (5.39) to (5.41), the voltage drop across the middle region does
not depend (explicitly) on the current. The increase of current is neutralized by a
proportional increase of the carrier concentration and so the ratio j/p in (5.35) is con-
stant. With mobilities and carrier lifetime in the base assumed constant, this implies
a current-independent voltage Varife. Actually, the decrease of w, and pp causes an
increase of Vg, with current. According to (5.38), the concentration p reaches very
high values even at normal forward current densities. At such high concentrations,
also the lifetime is significantly reduced because of Auger recombination. These
effects together with the slight increase of the junction voltage according to Eq.
(5.32) lead to an appreciable increase of the forward voltage with current. In the
range where the Auger recombination predominates strongly and hence the lifetime
in the base is very inhomogeneous, however, the analytical approach above becomes
insufficient.

However, the application range of the equations is anyway restricted to much
smaller concentrations and current densities. As mentioned, they are based on the
condition of negligible recombination in the emitter regions, and this becomes sig-
nificant at a decade smaller p than the Auger recombination. Typically the Hall
approximation applies up to a current density of about 5 to 30 A/cm?, depending on
the lifetime and width of the base region. Above this limit the experimental forward
voltage (see Fig. 5.2) is noticeably higher and increases stronger with current than
calculated. This is supported by the observation that the stored charge increases
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essentially slower with current in the relevant range than according to the linear
dependency (5.38a). In the next section, the theory will be expanded taking into
account the emitter recombination, which resolves these discrepancies.

That the cuductivity of the base region is enhanced very strongly by the high
injection remains valid. Due to this conductivity modulation, even high-voltage
devices with their wide, weakly doped base region can be operated with high
forward current densities without causing a very high forward voltage.

5.4.5 Emitter Recombination, Effective Carrier Lifetime,
and Forward Characteristic

The influence of emitter recombination on the injection efficiency of pn-junctions
has been described in detail in Section (3.4). Using (3.93) for the junctions of a
forward-biased pin-diode, a minority hole current j,(n) = g - hy - sz flows into
the n*-region, and an electron current j,(p*) = ghy, - p% is flowing in the p*-region,
where hp and hy, are the constants of the respective emitter region given by Eq.
(3.101) (if recombination at the contact is neglected). In the case of Fig. 5.6, these
currents amount to j(p™) ~ 32 A/cm? and jp(n+) ~ 8 Alem?, if hy and hy have a
typical value of 2 x 10~ #cm?/s (see Fig. 3.21). Hence, the current due to recombi-
nation in the end regions amounts to 25% of the base recombination current in this
case where the lifetime in the base is very small (0.48 ws). For a higher Ty, higher
current density or intentionally reduced emitter efficiency, the emitter recombination
current can predominate.

To calculate the influence of emitter recombination on the forward characteristics
of a pin-diode, we introduce an effective carrier lifetime tfr by [Sco69]

© Ap dx [
f—oo—p:/gdx (5.42)

Teff Tp
—00

By this definition, g is a mean carrier lifetime of the structure including the
emitter recombination. The integration extends from a point deep in the p*-region
(x = —00) over the base to a point deep in the n*-layer (x = 00). In the base where
the injection level is high, the excess hole concentration Ap is equal to p = n,
and in the p*-region the recombination rate Ap/t, can be equated to the minority
recombination rate An/ty(n") ~ n/tp. To realize the importance of the effective
lifetime for device characteristics, we use the continuity equation (2.84) which in
one-dimensional form can be written as
Jp Ap dAp

S g 2P E 5.43
ox U, T Ty (543

Since the hole current deep in the p*-region equals the total current (j,( — 00) = j),
and deep in the n*-region is zero (jp(00) = 0), the integration of Eq. (5.43) yields
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o0 o0

. Ap d

j=q- —dx+qg-— Ap dx (5.44)

T dr
—00 —00

Inserting Eq. (5.42) and multiplying with the area, one obtains

,_Q  do

5.45
Teff dr ( )

where [ denotes the current and Q the stored charge of excess carriers:
0 = gA / Apdx. Equation (5.45) is a generally valid equation of charge dynamics.
For a stationary forward current I, it takes the form:

Or = If - Teft (5.46)

where QF is the stored charge for this special case. According to Eq. (5.46), the
effective lifetime can be directly determined by measuring Qf for a given forward
current /p. Compared with Eq. (5.38a), the lifetime ty in the base is replaced by
the effective lifetime of the structure in Eq. (5.46). When the current is interrupted,
Teff represents the decay time of the stored charge, since for Ir = 0 Eq. (5.45) yields
dQ/dr = —Q/efy.

Immediately important for the /-V characteristic is that within the widely appli-
cable approximations (5.35) and (5.37), the effective lifetime determines the voltage
drop across the middle region. By insertion of Eq. (5.46) in Eq. (5.37) one obtains

2
WB

—_— 5.47)
(n + tp) - Teff

Varife =
This equation is the generalization of Eq. (5.39) for the real case that the emit-
ter efficiency of the junctions is below unity. Equation (5.47) is applicable if
wp < 4 - 4/Da - Ty (see the discussion to Eq. (5.35)).

We evaluate the effective lifetime now in dependence on device parameters and
on the stored charge or the mean concentration p in the base region. By splitting
up the integration interval on the right-hand side of Eq. (5.42) into the three neutral
regions with constant lifetime one obtains (see Fig. 5.7)

7 P 7 L 17
— Apdx:—/ndx v+ — [pd + —/pdx (5.48)
Teff Tn THL Tp

—00 —00 L Xn

The equilibrium minority carrier concentrations and likewise the contributions of
the space charge layers from x, to L and from R to x, are neglected on the right-
hand side. Since the integrals are proportional to the respective stored charges, Eq.
(5.48) can be written as

Q _Qn(p+)+@+Qp(n+)

Teif  w(P*) L p@t)

(5.49)



5.4 Forward Conduction Behavior 177

where Qp denotes the stored charge in the base, Qn(p™), Qp(n+) are the
stored charges of minority carriers in the p*- and n*-regions, respectively, and
0 = 0Op + Oup™) + Qp(n+) denotes the total stored charge. Because of the
low injection in the end regions and the relative small minority carrier diffusion
length, the stored charges Qn(p™), Qp(n+) are small compared with the stored
charge Op = ¢ - wp - p, if the base width is not too small and the injection level
not extremely high. Equation (5.49) shows that in spite of the small stored charges
On(p™), Qp(n™), the recombination in the end regions can be significant if the life-
times 7,(p™), Tp(nT) are correspondingly smaller than .. The latter can be caused
by Auger recombination, a high density of recombination centers in the outer layers
(see the discussion to Eq. (3.108)) or by a design of the end regions leading to high
surface recombination.

Insertion of the exponential minority carrier distribution in the first and third inte-
grals on the right side of Eq. (5.48) yields the connection with the emitter parameters
introduced in Sect. 3.4. For the n*-layer, we obtain with Egs. (3.43), (3.100) and
(3.101) and neglecting the equilibrium density ppo:

1 [ee)
™ ™
Xn

L p2
m*)pp =" et =y py (5.50)
p

The bandgap narrowing AE; results in an enhancement of the minority carrier con-
centration p,* and hence of the emitter parameter /,. The analogous equation holds
for the recombination integral over the p*-region (first term on the right-hand side
of Eq. (5.48)):

L
i ndx = L(p) ot = L_“ . IieAEg/kT — h . p? (5.51)
Tn B () P ™ pt AL .
—00

If the integral on the left side in Eq. (5.48) is approximated by wg - p, neglecting the
stored minority carrier charges in the end regions, one obtains from Eq. (5.48)
1 r PR

— = — + hy- — 4+ hy- —
Teff THL WB - D WB - P

(5.52)

To correlate the mean concentration p with the concentrations pp, and pr at the
boundaries, the carrier distribution is used in the form (5.28). One obtains

_ 1 La d

p=—(pdx =— -tanh{ — ) - (pL +pr) (5.53)
WB WB La

L

For simpler writing we use again the letter d for wg/2. Using Eq. (5.53),
Eq. (5.52) can be written as

11 H d/Ly) \ -
'(tanh <d/<LA)>> |

(5.54)
Teff THL d
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Fig. 5.8 Effective lifetime 7 of a forward-biased pin-diode and lifetime ty, in the base region
as functions of the mean carrier concentration in the base. See the text. From [Sco82]

where
n*hy + hy
(n+ 1)?

(5.55)

with n = pr/pr. The quantity H corresponds to a first approximation often inde-
pendent of p. For a symmetrical distribution (n = 1), H reduces to (s, + h,,)/2. With
a typical H-value of 2 x 10~'% cm?/s, one obtains from Eq. (5.54) for a base width
wp =200pmati =p =1 x 107cm™3:

1 n 1 ( d/La
tanh(d/La)

Teff  THL 5.0ps
Even if the carrier lifetime tyy is very high, the effective carrier lifetime remains
below 5 s in this case, the value given by the recombination in the border regions
for wg/La — 0.

Measurements of the effective lifetime t.f and the high-level lifetime 7yp, in
the base are plotted in Fig. 5.8 as functions of the mean concentration n = p in
the base. teff = Qp/Ir was determined by measuring the stored charge Qp, which
simultaneously delivers the concentration 7. The base lifetime tyy, was determined
from the carrier distribution measured via the recombination radiation profile. While
Ty is found to be nearly independent of the carrier concentration, 7. decreases by
an order of magnitude in the shown range. This is in agreement with the above
theory; particularly the variation of t¢g with 72 can be described by Eqs. (5.52) and

2
) atp =1 x 107 em™3
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(5.54). A point not in agreement with these equations is that 7g does not tend to
the base lifetime ty, for small 7, but remains considerably smaller. We will come
back to this effect at the end of this paragraph.

The boundary concentrations pr, pr depend strongly on the parameters hp, hy.
In some modern fast power diodes, the injection efficiency of the p-emitter is made
small while the n*-region keeps the usual form with a small parameter /. This leads
to an inversion of the carrier distribution compared with Fig. 5.6 and by means of
this to an improved reverse recovery behavior. The influence of the A-values on
the carrier distribution follows from the continuity of the electron current at the
p*n-junction and the hole current at the nn*-junction. Using Egs. (5.21) and (5.22)
together with Eq. (5.28) the boundary conditions can be written as

D ) Da PL PR
T g A S = qhypi  (5.56a)
Dy + Dy La \tanh(wp/La) sinh(wg/La)

Dp . Dy PL PR 2
i U A - — gh 5.56b
DotDy " La <sinh(wB/LA) tanh(wg /L) ¢ Pk (5-560)

Without solving these equations explicitly for p;, and pr, one can see that py,
becomes smaller if £, is enhanced. In the limit of very large emitter recombination
(right-hand side) compared with the recombination in the base, the ratio n = pr,/pr
tends to (Dphy/ (Dphp))l/ 2 as follows by division of Egs. (5.56a) and (5.56b). A cal-
culation of 7 as a function of p and the device parameters hy, Ay, wg, and L is given
in [Sco69]. The quantity H, which according to Eq. (5.54) determines the effective
lifetime and hence the voltage drop Vgrife varies less than h, because n decreases
with increasing /,. A measured carrier profile for a 1200 V diode using the men-
tioned design principle is shown later in Fig. 5.33 in Sect. 5.7.4. In this diode the
p-emitter layer had a doping No = 5x10'® cm~3 and a thickness wp = 2 um, which
according to Eq. (3.106) results in 1, = 2.6x 1012 cm*/s. The n*-region had a dop-
ing concentration of about 10!° cm™ and an estimated /;, - value of 2x 10~ cm*/s.
As shown by the figure, the boundary concentration py, is about a factor 4 smaller
than pr. However, the recombination term hppi in Eq. (5.52) is still seven times
higher than hnsz.

From Eqgs. (5.46) and (5.54), the current density can be expressed as a function
of the concentration p:

_ 2
J:QF/A:qWBp:q[_J<W_B+2H<d/i> i)) (5.57)

Teff Teff THL tanh(d/La

The voltage drop across the base follows by insertion of Eq. (5.54) into Eq. (5.47)

WB wB diLa \*
Vait = —— | —+2H- ————) p (5.58)
Mo+ Hp  \ THL tanh(d/La
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The junction voltage Eq. (5.32) can be written using Eq. (5.53):

KT (2 djLa 7
oo Ky (2 _d/Es P (5.59)
q 1+n tanh(d/La) n;

where as before n = pr./pr. With Egs. (5.57), (5.58), and (5.59) the current—voltage
characteristic is given in a parameter representation j(p), Ve(p) = Vj(p) + Vit (D).
This form of the characteristic has the advantage that also the mobilities and ambipo-
lar diffusion constant as well as the lifetime in La can be inserted as functions of p
to consider carrier—carrier scattering and, if necessary, Auger recombination.

Forward characteristics calculated with these equations for different values of
hp, hy are shown in Fig. 5.9 (solid curves). The dimensions of the base region are
suitable for a 3 kV-diode. Carrier-carrier scattering is taken into account as described
in chapter 2. The neglect in the step from (5.34) to (5.35) is abandoned using the
inhomogeneity factor given by the later equation (5.63). In the case h, = hp =
2-107 ! cm?/s a realistic characteristic for diodes with these dimensions is obtained.
For h, = hy = 0 (Hall case), the concentration p runs so high at high current densities
that Auger recombination in the base becomes very significant. Within the above
model, Auger recombination is considered replacing 1/t by 1/tg1 +(can+cap)-
132 (see Eq. (2.56)). To test the accuracy of the model, also characteristics calculated
numerically are plotted in Fig. 5.9 (dotted lines). They were obtained by determining
the carrier distribution for each current density from the differential equation (5.25)
using a lifetime including Auger recombination and variable mobilities in (5.21);
the mobility sum in (5.34) was pulled under the integral. As is seen, the analytical
approach is fairly accurate. Above the current range of the figure and in the Hall
case, the analytical model is no longer suited. However, the Hall case is anyway
hypothetical.

Sometimes the direct relationship between forward voltage and current density
is desirable. To derive it, Eq. (5.57) is resolved first for p, which yields
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1 2 H
- q.WB 1+ 1+ tHL2 y (5.60)
P 2jtHL q D tanh*(d/Lp)

Inserting this into Eq. (5.35) one obtains for the voltage drop across the middle
region:

wa 2w H .
Vit = —— 1+ / 1+ 5 -j (5.61)
2 (tn + pp) THL g Da tanh?(d/Ly)

The junction voltage as a function of current density is obtained by insertion of Eq.
(5.60) into Eq. (5.59). Hence the forward voltage Vr = Vj + Varie is given now as a
function of the current density j.

Contrary to the Hall approximation (5.39), the voltage drop Vgife depends now
explicitly on the current density. For a sufficiently small emitter quantity A or small
current density j, Eq. (5.61) reduces to Eq. (5.39). Since H cannot be made smaller
than about 1 x 10~ 4 cm? /s, however, the current-dependent term in Eq. (5.61)
becomes soon significant. The reference current density

g Da tanh’(d/Ly)
Jo= 2 THL H

around which the current density j comes into play is fairly small. If for example
H =2x 107"%em*/s, d = 100 pum, Ty, = 4ps,Da = 15cm?/s, jo amounts
only to 11.1 A/em?. If H is made large for above-mentioned reasons, jo will be still
smaller. For j >> jg, Eq. (5.61) turns into

2

w:
Varife = B JH 5.62
= e & ) L tanh@/Lmy V2 ¥ 662

Varife 1s here proportional to the square root of the current density, as far as the
variation of the mobilities can be neglected. p is proportional to +/j in this case
according to Eq. (5.60); hence, j/p in Eq. (5.35) is also proportional to ./j. This
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relationship is in accordance with measurements, which often yield a dependency
VE — V; proportional to ,/j for power diodes.

Figure 5.10 shows the measurement of the forward characteristics of a fast 600 V
diode and the result of a calculation with Egs. (5.59), (5.60), and (5.61). For the
dependency of |y, Wp, Da on the carrier concentration, the equations given in
Appendix A are used. The calculation agrees with the measurement within a wide
range of the current density.

If the carrier distribution is very inhomogeneous, i.e. very unsymmetrical or if it
is characterized by a d/La > 2, the approximations (5.35) or (5.47), underlying our
calculation, underestimates the voltage drop Vgsif considerably. Carrying out the
integral in Eq. (5.34) with the exact carrier distribution p(x') = cosh((x’ - A)/La
results in a voltage drop Vgir; which has been given for the Hall case by Eq. (5.41).
According to this equation, Vg is by the factor

2 .
f= <L—A> - sinh (i) - cosh (A) - arctg <M> (5.63)
d La La cosh(A /Lp)

higher than given by the approximation (5.40) (A denotes the distance of the min-
imum of p(x) from the middle of the base). Since the carrier distribution has the
same general cosh-form also if emitter recombination is present, the inhomogeneity
factor (5.63) applies generally and has to be added correctly to the Vgyif; expressions
(5.47), (5.58), (5.61), and (5.62). In Fig. 5.9 the factor has been taken into account.

The above equations can be used also for IGBTs to describe the I~V character-
istics in the saturated current range. The conduction behavior of several types of
IGBTs is mainly determined by the p-emitter, since very shallow and low-doped
emitter regions are implemented. An IGBT characteristic will be shown later in
Fig. 10.2. In the range above the rated current one finds often a nearly linear or
resistive characteristic.

In Fig. 5.8 it is observed that 7. for small 7, in the range of 101> cm™, is nearly
constant like the lifetime Ty in the base, but is essentially smaller than typ.. This
result has been found for all samples till now. It has led to the conclusion that there
is a linear recombination part entering the stored charge, which is not located in the
volume of the base but must be located in the emitters or thin boundary layers of the
base not resolved by the radiation profiles [Sco79, Coo83]. This recombination part
called “linear emitter recombination” has been mentioned already in Sect. 3.4 and is
expressed by Eq. (3.108). In Fig. 5.33 in Sect. 5.7.4, the phenomenon appears again:
The lifetime in the volume of the base is higher than given by Qr/Ir at small p where
the quadratic emitter recombination is negligible. The sagging of the concentration
toward the middle of the base is therefore smaller. For the incorporation of this effect
into the theory of the I-V characteristic we refer to the literature [Sco79].

Above calculations can be used to implement the parabolic shape of the forward
characteristics of modern fast diodes in a circuit simulator. Such simulators need
simplified models for the forward characteristics of diodes, and this description by
a parabola is in most cases much closer to reality than the description with the Hall
approximation, or the often used oversimplified description with a straight line.

3
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5.4.6 Temperature Dependency of the Forward Characteristics

For low current, the forward voltage decreases with temperature, because the part of
the voltage that drops at the pn-junction, i.e. the term Vj(p+n) given in Eq. (5.31),
decreases with increasing ;2. The diode at low-current condition can thus be used
as a temperature sensor (see Chap. 11, Fig. 11.19). At increased current density, the
temperature dependency of Vgife predominates and here, opposing effects have to
be considered:

— The mobilities decrease with temperature (see Fig. 2.13 and Appendix Al).
According to Eq. (5.47), this leads to an increase in V.

— The carrier lifetime increases with increasing temperature which, in turn, leads to
a decrease in Vsift.

Since both effects are opposing, the resulting behavior depends on the specific
technology, especially of the temperature dependency of the effect of the used
recombination centers.

By using radiation-induced recombination centers, a curve as is depicted in
Fig. 5.11 on the right-hand side is measured. The lines for the characteristics at
25 and 150°C intersect at 150-200 A/cm?, a current density which is typical for
rated current of a 1200V fast diode.

Even though an intersection point is likewise found for diodes without recom-
bination centers (rectifier diodes for grid frequency) and for diodes using gold as
recombination center, this intersection occurs for those devices typically at a three
times higher current density.

By using platinum combined with a not very weakly doped p-emitter, no inter-
section point is found in the relevant current range. An example is given in Fig. 5.11
(left). In this case, the forward voltage strongly decreases with temperature. This

HA] / / 1[A] [y

8a / / 80 /
M EE X 80 /%
150°C;
40 / T 40 /’ C
2 /1 250 2 -251C
7
I LA /

0
0 1 2 3 4 V[v] ¢© 1 2 3 4 VV]

Fig. 5.11 Forward characteristics of fast 1200 V diodes and its temperature dependency. Left:
platinum-diffused diode. Right: diode with radiation-induced recombination centers (CAL diode).
Active area is 0.32 cm?
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is advantageous in terms of conduction losses, but this temperature behavior is
very unfavorable for parallel connection of diodes. As the result of tolerances in
the manufacturing process, there is always some variation of the forward voltage
for different samples. In case of parallel connection, the diode with the lower volt-
age drop will attract more current. Consequently, it will generate higher conduction
losses, its temperature will increase. That will result in a further reduction of the
forward voltage, so that this diode will attract a further increased fraction of the cur-
rent, and so on. A pronounced negative temperature dependency with a Vg decrease
of more than 2 mV/K endangers thermal instability in parallel connection. A diode
like that in Fig. 5.11 (right) is, on the other hand, well suited for parallel connection.
Diodes connected in parallel are coupled thermally:

e via the substrate for paralleling of several diodes in a module,
e via the heat sink with paralleling of modules.

In the case of a weakly negative temperature coefficient, this coupling is usually
sufficient to avoid a thermal runaway of the diode with the lowest forward voltage.
In the case of diodes with a negative temperature coefficient of < —2mV/K, it is
recommended to decrease the current load in parallel connection to a lower value as
would result from the sum of the current ratings of the single diodes. This measure
is known as “derating”.

5.5 Relation Between Stored Charge and Forward Voltage

Especially with fast diodes, a trade-off between the demands for fast switching —
low stored charge, etc. — and for low forward voltage has to be made. If the car-
rier lifetime is adjusted to be low, then the forward voltage increases according to
Eq. (5.61). According to Eq. (5.37), the voltage Vq;if; and the stored charge Qf are
related by the equation:

WZB -Ip

O = Vasite (10 + #p)

(5.64)

The forward voltage has been partitioned into the parts Vi in the base region
and the voltage drops Vj(p+n) at the pn-junction and Vj(nn+) at the nn*-junction
(see Eq. (5.29)). These terms are combined in Eq. (5.32) to the junction voltage
Vi, VE = Vi + Vaiite Replacing Viite, Eq. (5.64) results in

WZB - I
(Ve = V3) (n + 11p)

Of = (5.65)
Equation (5.65), like Eq. (5.35), is a good approximation for wg/La < 4. This
hyperbolic relation is shown in Fig. 5.11. In this figure, O according to Eq. (5.65)
is drawn for a fast 600 V diode with wg = 65 pm. For comparison, the experimental
results for Qrr of a fast diode with this dimensioning are also shown. Qrgr
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distinguishes from Qp by the amount of charge recombining during the measure-
ment duration.

A hyperbolic relation as shown in Fig. 5.12 results for every technology; how far
it can be shifted to lower values, however, is an evaluation criterion for the specific
design. The base width wg contributes squared to QO as well as to Vg. Therefore,
wp must be kept as low as possible by taking into account all requirements to the
diode.

Nevertheless, up to now nothing has been stated about the time-dependent wave-
form in which the stored charge emerges during the reverse recovery procedure.
This, however, is most significant and is to be discussed in the following para-
graphs regarding the turn-off behavior. However, first the turn-on behavior will be
investigated.

5.6 Turn-On Behavior of Power Diodes

At the transition of the diode into the conducting state, the voltage first increases to
the turn-on voltage peak Vrrm (forward recovery maximum) before it drops down to
the forward voltage. Figure 5.13 shows the definition of Vgry and the turn-on time
tfr, in which t¢ is defined as the time interval between the instant of 10% forward
voltage and the instant at which the voltage has dropped down again to the 1.1-fold
value of the steady-state forward voltage.

This old definition comes from a time in which thyristors were the dominating
devices in power electronics; low current slopes were usual and Vgry amounted to
several volts. This definition does not pertain to freewheeling diodes and snubber
diodes used in circuits with IGBTs as switching elements, because with them such
steep slopes di/dr of the current occur that Vrry may reach — for example in a poorly



186 5 pin-Diodes
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designed 1700V diode — a value of 200 — 300 V which is more than 100 times the
value of Vg. Reading out the time at the value of 1.1 x VF is no longer possible in
the measurement.

A low VgrM is one of the most important requirements for diodes in snubber-
and clamping circuits, since these circuits work just after the diode has turned on.

The forward recovery voltage peak is an important feature also for freewheeling
diodes designed for a blocking voltage of 1200 V and more. At turn-off of the IGBT,
the freewheeling diode turns on; the di/dr at the IGBT turn-off creates at the para-
sitic inductance a voltage peak on which Vgry is superimposed. The sum of both
components can lead to a critical voltage peak.

The measurement of this behavior is not trivial, since the inductive component
and VerMm cannot be distinguished in an application-conform chopper circuit. The
measurement is possible only at an open setup directly at the bond wires of the
diode. Such a measurement is depicted in Fig. 5.14. Here, the turn-on of two diodes
is shown, one of which (standard diode) is designed with a very wide wp in order to
achieve a soft recovery behavior at turn-off. For the CAL diode presented in compar-
ison, wpg is kept as low as possible. Under the same measurement conditions, i.e. the
same parameters for controlling the IGBT turn-off, a Vpry of 84 and 224 V results
for the CAL diode and the standard diode, respectively. It is possible to analyze the
worst-case scenario. At a step function current form (di/d# = 00), the maximally
occurring voltage corresponds to the resistance of the base without carrier injection,
multiplied by the current density:

Verm = ——2I (5.66)
q - Mn-Np
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Fig. 5.14 Turn-on of two diodes with different width wg of the low-doped layer

This equation can be used as long as j < ¢ Npvsy. The design of a diode for
higher blocking voltage requires a lower doping Np and a wider base width wg,
which increases the resulting voltage peak strongly. Figure 5.15 shows the results
according to Eq. (5.66), whereby Np and wp were selected for fast diodes of
different voltage ranges, and the mobility u, for T = 400K from Fig. 2.12
was used.

For a diode designed for 600 V, a voltage peak amounting to only some 10V can
occur. For a diode designed for 1700 V, however, this peak may amount to more
than 200 V, and for a diode designed for the voltage range of > 3000 V, more than
1000 V are possible. Moreover, the effects of recombination centers have not yet
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been considered in this calculation. It is known that the recombination center gold
has a compensating effect. The level at Ec — 0.54 eV is of acceptor type. In a low-
doped n-region, the density of these acceptors compensates a part of the background
doping density. The resulting decreased effective doping has to be applied in Eq.
(5.66), and the voltage peak can then become significantly higher. In practice, there
are no current slopes occurring with the form of a step function; however, current
slopes with di/dt in the range of > 2000 A/ps are to be expected in IGBT applications
as shown in Fig. 5.14.

The importance of the turn-on behavior of freewheeling diodes was underesti-
mated for a long time. Just after high-voltage IGBTs of > 3000 V were introduced
and failures in the application occurred, the anti-parallel diode to the IGBT was
found as a reason: if it creates a high forward recovery peak Vgrm, this voltage
peak is applied to the IGBT in the reverse direction. The reverse blocking capabil-
ity is not specified for common IGBTs, since the collector-side pn-junction has no
defined junction termination. To counteract this problem, more attention was paid
to the turn-on of the freewheeling diodes.

Regarding switching losses, the turn-on behavior of the diode is not significant.
Even if high voltage peaks occur, the turn-on process is very fast, and turn-on losses
amount to only some percent of the turn-off losses or of the conduction losses of
the diode. For thermal calculations, turn-on losses can be neglected in verymost
cases.

5.7 Reverse Recovery of Power Diodes

5.7.1 Definitions

With the transition from the conducting to the blocking state, the charge stored in a
diode has to be removed. This charge causes a current flow in the reverse direction
of the diode. The reverse recovery behavior signifies the time-dependent waveforms
of this current and the corresponding voltage.

The simplest circuit to measure this effect is the circuit according to Fig. 5.16,
whereby S represents an ideal switch, /r an ideal current source, Vpy an ideal volt-
age source, L an inductor, and D the diode being considered. After closing the
switch S, the progression of current and voltage as shown in Fig. 5.17 occurs at
a the diode. Figure 5.17 exemplifies a diode with soft recovery behavior, whereas
Fig. 5.18 depicts two examples of the current waveform of diodes with a snappy
reverse recovery behavior.

First, the definitions will be explained using the circuit in Fig. 5.16 and the wave-
form in Fig. 5.17. In the circuit of Fig. 5.16, after closing the switch S it holds

di
L. — 4+ (1) = = Vo (5.67)

dt
where v(?) is the time-dependent voltage at the diode. First, during the current decay,
the voltage at the diode is in the range of the forward voltage Vg which is in the range
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Fig. 5.16 Circuit for .
characterizing reverse s

recovery behavior
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Fig. 5.17 Waveforms of current and voltage for a soft recovery diode during the reverse recovery
process in a circuit according to Fig. 5.16 and definitions of some characteristic values of the
recovery behavior

a b

Fig. 5.18 Current waveform for two different possibilities of snappy reverse recovery behavior
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of 1 -2V, and v(¢) can be neglected. The current slope at commutation is determined
by the voltage and inductance:

_ i Vi (5.68)
dr L '

The zero-crossing point of the current occurs at #y. At t, the diode starts to take over
the voltage; at this instant the pn-junction of the diode is free of charge carriers. At
the same point in time, the current deviates from the linear slope. At #j;, the reverse
current attains its maximum /rrm. At tim, it holds that di/dt = 0 and from Eq.
(5.67), v(t) = — Vgt results.

After tj; the reverse current decays down to the level of the static leakage cur-
rent. The shape during this interval solely depends on the diode. If this decay is
steep, a snappy reverse recovery behavior is given. If this decay occurs slowly, how-
ever, a soft recovery behavior is indicated. This slope di;/dt, which is often not
linear, leads to an induced voltage L - di;/dt that adds on the battery voltage.

The switching time #,; is defined as the time between 7y and the point in time at
which the current has decayed down to the value of 20% of Irrym. With the subdivi-
sion of #; in #; and #; as is shown in Fig. 5.17, formerly the following “soft factor” s
was defined as the quantitative parameter of the reverse recovery behavior:

It

= (5.69)

N

whereby, e.g. s > 0.8 signified that a diode can be called to be “soft.”

This definition, however, is very insufficient. According to it, a current shape
as in Fig. 5.18a would be snappy, but a current shape as in Fig. 5.18b would be
accepted as soft. While in Fig. 5.18b # > ¢ is given and s > 1 according to Eq.
(5.69), a very steep slope, a reverse current snap-off, occurs in a part of the reverse
recovery waveform.

The following definition of the soft factor is better:

-
=0
(%) (5.70)
dr max
The applied current slope must be measured at the zero-crossing point, and the di, /d¢
caused by the diode is measured at its maximal value. The measurement must be
executed at less than 10% and at 200% of the specified rated current. For soft recov-
ery the value of s > 0.8 is again required. With this definition, also a behavior
like that shown in Fig. 5.18b is considered to be snappy. Additionally, this defini-
tion includes the observation that small currents are especially critical for reverse
recovery behavior.

The term di;/dt determines the occurring voltage peak, and v(¢) in Eq. (5.67) has
the maximal amplitude at the maximal slope:

S =

di;
VWw=—Voau—L-|— 5.71)
dr / ax
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Thus, the voltage peak V) occurring under special conditions or the induced voltage
Vind = Vm — Vbat can be used as a quantitative definition for the reverse recovery
behavior. As conditions, Vi, and the applied di/df must be indicated.

This definition, however, is also insufficient, because even more parameters have
an influence on the reverse recovery behavior:

1. The temperature: In most cases, high temperatures are more critical for the
reverse recovery behavior. For some fast diodes, however, room temperature or a
lower temperature is a more critical condition for possible occurrence of snappy
recovery behavior.

2. The applied voltage Vi, Higher voltage leads to worse recovery behavior.

3. The value of the inductor L: According to Eq. (5.71), with increased L the voltage
at the diode is increased; this makes the conditions for the diode harder.

4. The commutation velocity di/dz: A rise in di/d¢ leads to greater danger of oscilla-
tions and snap-off of the current. The reverse recovery behavior has an increased
tendency toward snappy behavior.

All these different influences cannot be covered by a simple quantitative defini-
tion. The circuit according to Fig. 5.16 and the definitions according to Egs. (5.69)
and (5.70) can only be used to show the effect of different design parameters. In
fact, the reverse recovery behavior has to be evaluated by using the waveforms of
current and voltage, which are measured under application-conform conditions.

The application-conform double-pulse measurement circuit is shown in
Fig. 5.19. Compared to the circuit in Fig. 5.16, the ideal switch is replaced by a real
switch, e.g. an IGBT. The ideal current source is replaced by an ohmic-inductive
load consisting of R and L. The commutation velocity is given by the transistor; for
an IGBT it is adjustable by the resistor R, in the gate circuit as described later in
Chap. 10. Vpy is the battery voltage, which is assisted by a capacitor C. The wiring
between capacitor, IGBT, and the diode together form a parasitic inductance.

In Fig. 5.20 the drive signals for the IGBT, the current in the IGBT, and the
current in the diode are shown for the double-pulse mode. By turning off the IGBT,
the load current is transferred to the freewheeling diode. At the next turn-on of the
IGBT, the diode is commutated — the point in time when the characteristic reverse

Fig. 5.19
Application-conform
double-pulse circuit for
measuring the reverse
recovery behavior
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recovery of the diode occurs. At turn-on, the IGBT has to conduct additionally the
reverse current of the freewheeling diode.

This reverse recovery event is shown at higher time resolution in Fig. 5.21 for a
soft recovery diode. Figure 5.21a presents the current and voltage waveforms in the
IGBT and the resulting power loss v(¢) - i(f) at the turn-on. In addition, Fig. 5.21b
displays the current and voltage waveforms for the freewheeling diode as well as
the power losses in the diode.

While the IGBT has to conduct the reverse recovery current maximum /rry of
the freewheeling diode additionally to the load current, the voltage at the IGBT is
still in the range of the battery voltage Vi (1200 V in Fig. 5.21a). In this instant the
maximum of the turn-on loss in the IGBT occurs.

The reverse recovery current waveform of the diode can be divided into two
phases:

1. The waveform until [rrm and the subsequent decay of the reverse current with
di;/dt. In a soft recovery diode, |di;/d¢| is in the range of |di/dt|. The reverse
current peak Irrm causes the most stress for the switching device.

2. The tail current phase during which the reverse current slowly phases out. A use-
ful definition of the switching time # is hardly possible for such a waveform.
The tail current phase causes the main losses in the diode, since now there is a
high voltage across the diode. Even though a snappy diode without tail current
would feature less switching losses in the diode, it is detrimental for the appli-
cation due to generated voltage peaks and oscillations. Slow and soft waveforms
are desired. For the IGBT the tail current phase of the diode causes less stress,
since in this phase the voltage at the IGBT has already decayed down to a low
value.

The diode switching losses in Fig. 5.21b are represented on the same scale as
those for the IGBT in Fig. 5.21a; the diode losses in the application are small
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Fig. 5.21 Current waveform, voltage waveform, and power losses at turn-on of the IGBT (a) and
simultaneous turn-off of the diode (b) during the measurement of the diode recovery behavior in a
double-pulse circuit according to Fig. 5.19

compared to the losses in the IGBT. With regard to the total losses in the inter-
action of both devices, it is therefore important to keep the reverse recovery current
peak IrrMm low, and to take care that the main part of the stored charge of the
diode is extracted in the tail phase. As the tail current causes the main part of
the switching losses in the diode, it must also be limited. Typically, the switch-
ing losses in the diode are lower than those in the transistor (compare Fig. 5.21a
and b). Regarding its contribution to the total losses, the most important character-
istic for the diode is the reverse recovery current peak /rrm that must be as low as
possible.

For a typical application in a current range of 100 A, in which the semiconductor
devices of the chopper circuit are packaged inside of a single module, the parasitic
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inductance Ly, is in the range of 40 nH or below. This leads to no significant over-
voltage. Since there is no longer an ideal switch but rather a real transistor, the
transistor still takes a part of the voltage during the reverse recovery phase of the
diode and lowers the applied battery voltage by vc(f). After turn-on of the transistor,
Eq. (5.67) is now valid in a modified form:

di
Lpar - & +v(#) = —Vpar + ve (@) (5.72)

The voltage occurring at the diode after Irrn is now

di;
W(t) = —Viar — Lpar - d_l, +ve() (5.73)

where vc(7) is the voltage drop across the transistor in this phase. For soft recovery
diodes it is typical that at moderate commutation velocities di/ds of up to 1500 A/ps
and minimized parasitic inductance, the absolute value of the voltage at the diode
v(¢) is smaller than Vi, and no voltage peak occurs.

As long as the circuit according to Fig. 5.19 is applied and the parasitic
inductance is kept low, one can use the following definition:

A diode exhibits a soft recovery behavior if, under all relevant application con-
ditions in an application conform circuit, no overvoltage is caused at the diode
by a reverse recovery current snap-off.

The relevant conditions cover the whole current range, all commutation velocities
which can occur in the application and the temperature range from —50°C up to
150°C.

This definition is valid provided that there are not excessively high commutation
velocities (> 6 kA/s) or high parasitic inductances (>50nH) in the circuit. If Ly
is increased and the switching characteristics of the IGBT approach the character-
istics of an ideal switch, which means that vc(f) approaches zero, then the circuit
in Fig. 5.19 approaches the circuit in Fig. 5.16. In this case, voltages peaks are
unavoidable also for soft recovery diodes.

In high-power modules with a rated current of 1200 A and more, 24 or more
IGBT chips are connected in parallel. Such modules exhibit a large volume and it is
very difficult to achieve a low parasitic inductance when connecting these modules
to a three-phase inverter. In this range it makes sense to investigate the diode with an
increased parasitic inductance. Thus, it should be investigated whether there are con-
ditions at which a reverse current snap-off occurs. In such a reverse current snap-off,
the waveform usually is similar to the waveform shown in Fig. 5.18b. The reverse
current snap-off may even occur relatively late in the reverse recovery waveform, at
the end of the tail current.

5.7.2 Reverse Recovery Related Power Losses

The turn-off energy of the diode per switching event is generally (see Fig. 5.21b):



5.7 Reverse Recovery of Power Diodes 195
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A simplified estimation can be given for two cases. The first is the case of the circuit
according to Fig. 5.16 and the waveform in Fig. 5.17. This waveform is drawn in a
simplified way in Fig. 5.22.

During the time until current zero crossing and during the time f, the voltage is
simply assumed to be v = 0. For ¢ > £, the diode takes over the voltage. If a linear
decay of i during f is assumed, it holds during #; that

I
ir(f) = —Irrm + @ 1 (5.75)
f
di I
V= Vi — L = = —Vig —L- M onst. (5.76)
dt tf
Thus, it follows:
1 1
Eoff = = - L-I3gag 4 = - Voat - IRRM - I (5.77)

2 2

The first term on the right-hand side of Eq. (5.77) can be modified using Eq. (5.67).

Accordingly, it holds that L = — (;?ljfilt = IR:;’;“/[Q. With this, one obtains from Eq.
(5.77): '
1 1 1
Eott = E‘Vbat'IRRM'ts+§ “Voat - IRrM - 1 = 5 “IRRM * frr - Vbat = OrR * Vbar (5.78)

The diode turn-off losses are thus directly proportional to Org.
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This simplified consideration is valid only for the circuit in Fig. 5.16 in which main
effects are determined by the inductor L. Also for the second case, the application-
conform circuit according to Fig. 5.19 with the waveforms according to Fig. 5.21,
a simplified estimation of the switching losses is possible. The waveforms from
Fig. 5.21 are illustrated in a simplified way in Fig. 5.23. Here, the parasitic induc-
tance Ly, is neglected, and the voltage slope at the diode is only determined by
the voltage slope at the transistor vc(f). The voltage fall time of the transistor #gy is
assumed to be equal to the reverse current fall time # of the diode. The current and
voltage waveforms are again idealized by straight lines.

The reverse recovery charge Qrr of the diode is subdivided into the charge Ors
occurring during the storage time #; and the charge Orp occurring during the reverse
current fall time #. It holds that Orr = Ors + Orr- The turn-off energy loss in the
diode per switching event is then

1
Eoff = gQRF * Vbat (5.79)
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The parameters Qrr and Irry at specified conditions di/df and Vi, are given in the
data sheets of well-specified, modern freewheeling diodes. From Irrm and dig/d?,
one can calculate QOrs as

Ors = 1, Ingag = - JRRM o] Y (5.80)
RS = o IRRM =0 " dipydr M T 2 dijdr '
and because of Qrr = Orr — ORrs, it follows:
Eoff = 1v 0 R (5.81)
off = ) batt RR ) di/dl .

If this result is compared with the result (5.78), the case of the inductor-determined
turn-off process, then one can see the turn-off energy loss is less than half of the
estimation in Eq. (5.78). The transistor has relieved the stress for the diode by its
ve(f) which drops across the transistor during the diode turn-off event and which
slowly decays during the turn-on of the transistor.

Nevertheless, for this reduction of losses in the diode, the switching transistor
has to pay the price during its turn-on. From the same simplified consideration in
Fig. 5.23, it can be derived that assuming a freewheeling diode without reverse
recovery current maximum — and thereby without a stored charge — the idealized
turn-on energy loss in the transistor would be

. 1 1
Eon(trid) = 3 (tri — 1) - ICE * Voar + 5 v “IcE - Voat (5.82)
By the freewheeling diode, the following terms are generated additionally:

the dissipated energy because the current-increase time #; is prolonged by 5; in
this interval, the current as well as the voltage are high

the power losses caused by Ors

the power losses caused by Orr

This leads to additional losses AE,, — in the order of the enumeration:

2
AEon = ts - If - Vpar + ORrS - Voar + gQRF - Viat (5.83)

Comparing this with Eq. (5.79), one can state that the losses in the transistor,
generated by the diode, are higher than the losses in the diode itself by the first
terms in Eq. (5.83) and additional twice of the diode losses according to Eq. (5.79)
occurs as last term in Eq. (5.83).

The turn-on losses in the transistor amount to Eqy,(tr) = Eoy(tr,id) + AEq,. The
sum of the losses caused by the diode in the transistor and in the diode is

Eott + AEon = tlpVpar + QRRVbat (5~84)
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This is significantly higher than the estimation in Eq. (5.78); in summary, an
excessive price was paid for relieving the stress in the diode.

These estimations show that the requirement for diodes is a low reverse recovery
peak IrrM, and thereby a #; which is as low as possible.

In real circuits, a parasitic inductance that causes additional losses in the
diode has to be considered. If the parasitic inductance dominates and if the relief
of the diode by the voltage decay of the transistor can be neglected, then the
losses in the diode again approach the situation that was described with Eq.
(5.78). Comparatively high parasitic inductances have to be taken into account, for
example, in some traction applications.

In the application, neither an ideal switch nor a circuit without any inductance
can be presumed. Thus, Eq. (5.74) must be used for an exact determination of the
switching losses. The waveforms of i and v are recorded with an oscilloscope, mul-
tiplied, and integrated over the total switching time. The simplified estimation given
here comply with measured values in a low-inductive circuit with an accuracy of
+20%.

5.7.3 Reverse Recovery: Charge Dynamic in the Diode

Figure 5.6 has shown the flooding of the base of the diode with free carriers for the
forward conduction state. The reverse recovery behavior is determined by the inter-
nal behavior of the stored plasma and the time-dependent shape during its removal.
First, this shall be investigated qualitatively. Figure 5.24 depicts the simulation of
the stored carriers in a snappy diode, whereas Fig. 5.25 shows the same for a soft
recovery diode.

At forward conduction, the n~-base of the diode is flooded with free electrons
and holes in a range of 10'® cm™3; they build up a neutral plasma in which the
density of electrons n and of holes p are approximately equal. After commutation
a neutral plasma zone with n & p is still present in the diode until the time 4. The
removal of free carriers takes place toward the cathode by the electron current and
toward the anode by the hole current, the plasma removal process occurs in the outer
circuit as reverse current. In the case of the snappy diode (Fig. 5.24), both edges of
the plasma meet shortly after #4, and suddenly the source for feeding the reverse
current vanishes. The reverse current is interrupted abruptly, the reverse recovery
behavior is snappy.

The time-dependent shape of the remaining plasma for a soft recovery diode is
shown in Fig. 5.25. The doping profile is the same as in Fig. 5.24 in this example,
but the on-state carrier concentration (f = fp) is changed resulting from an inhomo-
geneous carrier lifetime, i.e. a low lifetime at the pn-junction and a higher lifetime
at the nn*-junction. During the whole reverse recovery process, a neutral plasma
remains inside the diode and feeds the reverse current. At the instant ¢5 the diode
has taken over the applied voltage. A plasma decay as shown in Fig. 5.25 leads to a
tail current as depicted in Fig. 5.21b.
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Fig 5.24 Doping profile and concentration of the remaining plasma during reverse recovery in a
snappy diode (ADIOS simulation)

Whether soft recovery behavior is achieved depends on the time-dependent decay
of the plasma and how this process is controlled suitably. It took a comparatively
long time until the reverse recovery behavior was mastered.

For analyzing the dynamic behavior of the plasma, two cases will be investigated
in more detail in the following. The first case refers to the effects during the increase
in voltage and is based on the model of Benda and Spenke [Ben67]. With this model
is investigated under which conditions a reverse current snap-off or a soft recovery
behavior is to be expected. Thereafter, a further analysis is conducted for the case
that the device has already taken the voltage with a soft recovery shape of the current
and that despite this, a snap-off does occur at the end of the tail current.

For investigating the first case based on the model of Benda and Spenke, the
following simplifications are assumed:

e The pn- and nn*-junctions are assumed to be abrupt, and the charge within the
highly doped regions is neglected.

e The plasma edges are treated as abrupt.

e Since the amount of charge carriers removed by the current is much higher
than the recombination of charge carriers, recombination in this time interval
is neglected.

e Additionally, the hyperbolic asymmetric shape of the initial plasma (Fig. 5.6
respectively Eq. (5.27)) is, as a first step, simplified by a constant plasma density,
whereby n = p = n is assumed.
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Fig. 5.25 Doping profile and concentration of the remaining plasma in a soft recovery diode
(ADIOS simulation). Compared to Fig. 5.24 the difference is caused by an inhomogeneous carrier
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Figure 5.26 illustrates this simplified model. In the plasma the current consists of

electron current and hole current; it holds that j = j, + j, whereby

jo=—2j
A
Mo + 1
o (5.85)
o=t
-
Mn + Up
N\ NI)—-
i E
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Fig. 5.26 Simplified drawing of the removal of the internal plasma in a diode
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On the left side of the plasma zone, toward the pn-junction, a part of the n"-base has
become free of carriers and a space charge is building up. The current flows here as
a hole current j = j,. From the continuity condition for the current at the border of
plasma and space charge, it follows:

JoL =Jn tJp (5.86)

For the difference of the hole current, it is therefore valid at this position that

ij _jp = AJ.p =Jn (5.87)
Using Eq. (5.85) it follows:
. Mn .
Ajp = ———j (5.88)
P+

Both sides of Eq. (5.85) multiplied by the time interval dr lead to a differential
charge
Ajp-dr = —E" s (5.89)
Un + Up

This differential charge corresponds to a charge ¢ -7 - dx stored in a volume element
dx while the plasma zone is shortened by dx. Consequently, Eq. (5.89) becomes

g--de=—M" g (5.90)

Un + Kp

and for the velocity of the movement of the left-hand side border of the plasma to
the right-hand side, one obtains

Ll = (5.91)

At gt pp g
Analogously, this can be analyzed for the right side of the plasma zone. From the
continuity condition for the current at the border between the plasma zone and the
plasma-free zone at the right-hand side, it follows:

jnR =Jn +jp (592)
and this leads to
9 .
vg| = ——2—. L (5.93)
Mn+Up g-n

For silicon, with (1, &~ 3, one obtains vi, ~ 3vr: The plasma zone is removed
from the side of the pn-junction thrice as fast as from the side of the nn*-junction.
With the assumed constant density of free carriers in the plasma, both plasma fronts
will finally meet at
VL
VL + VR

3
Wy = -WB = ZWB (5.94)
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The electric field is built up by the space charge in the part of the n™-layer between
the pn-junction and border of the plasma. The electric field cannot penetrate the
plasma zone, since this is neutral. Hence, the electric field will have a triangular
shape. The voltage across the device corresponds to the area below the line —E(x)
in Fig. 5.26. The plasma-free zone at the right side does not contribute to the voltage
in this first approximation.

Therefore, the device can take over as much voltage as possible with a width
wy before a reverse current snap-off occurs. This voltage shall be designated as
threshold voltage for snappy behavior Vg,. Since electrons are not present in the
space charge region, one obtains

=7 wy (5.95)

The current j in this region flows as a hole current, and the holes have the same
polarity as the positively charged donor ions of the background doping. Equation
(5.95) is valid as long as the density of holes p, which are traveling through the
space charge, is low, p << Np, and can be neglected. With increasing p, Np has
to be replaced by Nesf = Np + p. Therefore, the gradient of the electric field and
thereby the area below the line —E(x) is increased by the current. The device can
thus take over more voltage. Maximally, this voltage can take the value at which
avalanche breakdown sets in. Rewriting Eq. (5.1), one obtains the maximal voltage

Vsn as a function of w, to be
1
6 7
Ven = < ié: ) (5.96)

24.B

This is the maximal voltage for triangular electric field shape. Equation (5.96) pre-
dicts a higher value for Vy, than Eq. (5.95). In most cases, the prediction from Eq.
(5.95) is too low, especially for switching with high di/d¢ which is typical in appli-
cations with IGBTs as switching devices; at these conditions the hole concentration
p cannot be neglected. Equation (5.96) is closer to the experimental observation.
It should be noted here that V, is always significantly lower than the breakdown
voltage Vpp of the device. Since with a wide wp also increases wy, this shifts the
snap-off of the reverse current to a higher voltage.

Earlier, some suggestions to achieve soft recovery behavior in fast diodes have
been based on this movement of the plasma fronts and proposed a wide wg [Mou88].
Even some recent solutions are applying this approach. Here, the diode must be
designed for triangular field shape (NPT), and w, is determined using Eq. (5.1).
Moreover, the doping is chosen as high as possible for the respective voltage accord-
ing to Eq. (3.84), w, results from Eq. (3.85) or Eq. (5.1) and finally, according to
Eq. (5.94), 1/3'w;, is added to determine wg.

As was already mentioned in Sect. 5.3 in the investigations on dimensioning
of fast diodes, the minimal width of the n™-layer of a NPT diode is the 2%3-fold
of the minimal width of the n™-layer of a PT diode — the diode with the smallest
width of the n™-region for the required voltage. Compared to the minimal width
WBmin = WB(PT,lim) of Eq. (5.12), the suggestions above lead to
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1 4
WB = 53t 3 WBmin =2,1-WBmin (5.97)

This results in a significant increase in the forward voltage drop, to which wg
contributes with the power of 2 or even exponentially. To avoid this high forward
voltage, the charge-carrier lifetime can be increased, but this contradicts the require-
ment that the diode must be fast. Hence, further measures are necessary to achieve
soft recovery behavior, especially under condition of fast switching events in IGBT
circuits. With the behavior of the internal plasma as in Fig. 5.25, a soft recovery is
obtained without making wg as thick.

Up to now, the plasma profile was assumed to be homogeneous and constant over
the base of the diode, which contradicts reality. However, the simplified approach
allows useful conclusions to be drawn also for an inhomogeneous distribution.
According to Fig. 5.5 or Eq. (5.27), the plasma density is increased at the pn-
junction because of the different mobilities of electrons and holes. This is now taken
into account by the densities 7, at the side of the pn-junction and 7R at the side of
the nn*-junction. The term 7y, stands for the average density of carriers close to the
pn-junction. Division of Eq. (5.93) with Eq. (5.91) leads to

YR _ Hp ﬁ_L (5.98)
VL Mn NR

Furthermore, the quantity n = pr/pr introduced in Sect. 5.4.5 in Eq. (5.55) shall
be used, and we approximate that this proportionality is valid within some distance
to the respectively junction, e.g. n = nr/nr = p;./pr. Inserted into Eq. (5.94), this
results in the following equation:

- WB (5.99)

If the profile in Fig. 5.6 is simply expressed with n = 2, then Eq. (5.99) yields

3
wx = 3 - WB (5.100)

The diode would snap-off even at a lower voltage than estimated with Eq. (5.94), or
a diode with abrupt highly doped border regions and homogeneous lifetime in the
base would have to be made even thicker than according to Eq. (5.97).

On the other hand, if the profile in Fig. 5.6 can be inverted to maintain a
higher density of carriers at the nn*-junction compared to the pn-junction, this
will be advantageous [Sco89]. If, for example n = 1/3, then Eq. (5.99) leads to
wy = 0.9wp, and wg would have to be widened by a much smaller amount to obtain
a sufficient wy. Such a distribution can be achieved by special structures of the p-
emitter, or by using a p-region which is much lower doped than the n*-region, or
by an inhomogeneous carrier lifetime which, at the pn-junction, is much lower than
deep in the base. Such measures are used in modern fast diodes (see Sect. 5.7.4).
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The above analytical approach using a simplified model gives us a good under-
standing of the physics of the recovery process. Considering the results of the
numerical simulation shown in Fig. 5.24, one notices the following deviations from
the simple model:

e The p- and n*-regions usually have diffusion profiles; hence, the pn- and nn*-
junctions are not abrupt.

e The very low gradient of the doping concentration at the nn*-junction in the figure
results in a later start of the carrier removal at the nn*-junction than at the pn-
junction. Therefore, the low doping gradient at the nn*-junction is advantageous
for the recovery behavior. The doping gradient at the pn-junction, on the other
hand, should be as abrupt as possible, because this involves an early rise in the
reverse voltage and a reduced peak reverse current.

e Of course, the gradients at the edges of the plasma cannot be infinite. However,
the non-abrupt transition to the depletion regions does not greatly affect the
velocity at the edges, because after a time interval df the form of the carrier con-
centrations at the boundaries is approximately unchanged and only the thickness
of the uniform plasma region is reduced.

Another aspect not included in the above model is avalanche generation which
often takes place during fast switching, since free carriers, still present in the
space charge region, enhance the electric field. This “dynamic avalanche” will be
discussed later in Chap. 12.

Now the second case will be considered: the device has successfully sustained
the interval of the voltage increase, whereby the reverse recovery in this interval
was soft. The device has taken over the applied voltage, but the plasma was not
completely removed. Resulting from the remaining plasma, a tail current still flows.
This tail current flows through the space charge as hole current, there holds j = jp.
Under the given condition of a high field, the holes flow with the drift velocity v4(p),
which approximates the saturation drift velocity vg,. Accordingly, the hole density
in the space charge is

p=—1 (5.101)
q - Vsat

This influences the gradient of the electric field in the space charge region as

dE—q(N 1) (5.102)
x g DTP '

This situation is illustrated in Fig. 5.27 for a diode with low base-doping Np. The
voltage can be assumed to be constant in the investigated time interval: conse-
quently, the area under — E(x) is constant. The hole density is one factor in dE /dx,
and p is determined by the hole current extracted from the remaining plasma. This
hole current leads to a removal of the remaining plasma. By applying Eq. (5.101),
Eq. (5.91) is changed to:
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Fig. 5.27 Reverse current snap-off at the end of the tail current. Left: Waveform of current and
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dr  pn+ yp n

As p and j decrease, dE/dx becomes lower and the space charge layer widens.
However, if the space charge reaches the end of the base while still a significant
current is flowing, the source of the current will suddenly vanish and the current
will then snap-off. The electrical field springs from a triangular to a trapezoidal
shape.

To avoid this effect, the device must be capable of taking the space charge at a
given voltage without a punch of the space charge to the n*-layer. The voltage limit
at which the space charge reaches the n*-layer at a given background doping Np
and a base width wg, is

Von = - ———wp (5.104)

For this case which is described in more detail in [FelO4], w, can be set to wg. As
long as the battery voltage Vi, stays below Vi, no reverse current snap-off will
occur. In the static case or upon occurrence of voltage peaks, the diode can bear
much more voltage, since then a trapezoidal space charge can be built up, and the
breakdown voltage Vpp is much higher than V.

The simplified description up to now cannot give an answer how a diode tran-
sits from the plasma in Fig. 5.26 to that in Fig. 5.27, since only the field-induced
drift components of the current were considered. Taking into account the diffu-
sion components, the movement of the plasma layer backward to the cathode can
be described. The diffusion components on the right side of the plasma become
dominating in the tail current phase, and the remaining plasma can move from the
position in Fig. 5.26 to that in Fig. 5.27. This is explained in [BabOS].

The effect of reverse current snap-off in the tail phase can especially occur with
diodes designed for higher voltages (> 2000 V). In such applications, often a low
di/dt is applied, because the circuit contains significant parasitic inductances. This



206 5 pin-Diodes

is the case in some applications for very high power control. Usually in such applica-
tions, the battery voltage is limited to 66% of the breakdown voltage Vgp for which
the device is designed. In order to keep Vi, high, the doping Np is not allowed to
be too low. This, however, contradicts the demands of cosmic ray stability, see Sect.
12.7. Hence, an optimal trade-off has to be found.

5.7.4 Fast Diodes with Optimized Reverse Recovery Behavior

Recombination centers are implemented in all fast silicon pin-diodes. The character-
istics of the employed recombination centers gold, platinum and radiation-induced
centers have been described in Sects. 2.7 and 4.9 . With the density of recombination
centers, the charge carrier lifetime and thereby the stored charge QOrr is decreased.
However, there is no direct relationship between the concentration of recombina-
tion centers — as long as their axial distribution is kept constant — and the form of
the reverse current decay. Therefore, it cannot be determined by the recombination
center density whether the behavior will be soft or snappy.

It was already shown that the recovery behavior will become soft, if only the
width wp of the lowly doped base region is wide enough. Yet this leads to very
high forward conduction losses and/or switching losses, which can not be accepted
in most cases. The modern concepts aim to adjust soft recovery behavior without
using a strongly enhanced base width.

5.7.4.1 Diodes with a Doping Step in the Low-Doped Layer

To avoid an excessively wide wp and to minimize the disadvantages resulting from
it, in 1981 an n™-layer with a step in the doping density was suggested by Wolley
und Bevaqua [Wol81]. The doping profile of this diode is shown in Fig. 5.28.
Approximately in the middle of the base, the doping is augmented by a factor of
5 —10. Such layers are manufactured using a two-step epitaxy process.

When the space charge builds up and the field penetrates the higher doped layer
ny, it decreases there with a steeper gradient. At turn off, the remaining plasma zone

Fig. 5.28 Diodes with a step
in the doping concentration of 0 ] S
the low-doped layer Wi X
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is located in the layer n,. The voltage which the device can take corresponds to the
area below the line — E(x). This area is larger than that for a triangular field shape.
The threshold voltage for possible snappy reverse recovery behavior is shifted to a
higher value. This measure is nowadays often used for diodes manufactured in epi-
taxial technology in the voltage range of up to 600 V. For diodes of higher voltage,
especially above 1200 V, the fabrication of an epitaxial layer with the necessary
thickness is too laborious. For soft recovery behavior under all conditions relevant
for the application, usually one of the following concepts is used.

5.7.4.2 Diodes with Anode Structures for Improving the Recovery Behavior

It was already shown that the carrier concentration in the flooded base of the
pin-diode with highly doped border regions is higher at the pn-junction than at
the nn*-junction (see Fig. 5.6). This is disadvantageous for the reverse recovery
behavior. Therefore, concepts were developed to invert this distribution: the con-
centration shall be higher at the nn*-junction than at the pn-junction. This principle
was explained already in [Sco89], and there were several approaches to realize this
by using structures in the p-anode layer.

For example, Schottky junctions cannot inject holes. Thus, it is obvious that
implementation of Schottky junctions on a part of the area will lead to the desired
distribution, considering the average concentration over the area. This measure is
often discussed in the literature.

The “merged pin/Schottky” (MPS) diode consists of sequenced p-layers and
Schottky regions [Bal98] (Fig. 5.29a). The distance between the p-layers is cho-
sen to be so small that, in case of blocking voltage, the Schottky junction is
shielded from the electric field, and only low field-strength occurs at its posi-
tion. Consequently, the high leakage current of a Schottky junction is avoided.
Figure 5.30 presents the forward characteristics of a MPS diode similar to that of
[Bal98] calculated with the device simulator TCAD DESSIS [Syn07]. The struc-
ture with wg = 65 um is designed for a blocking voltage of 600 V. Compared here
are the forward characteristics of the pin region, of the Schottky region, and of the
parallel connection of both in a MPS diode. At low current density the MPS diode
approaches the characteristics of a Schottky diode. In the range of 200 A/cm?, the
typical current density of fast 600 V diodes at the rated current, the advantage caused
by the Schottky regions is only small. At increased current density, the MPS diode
has a higher forward voltage because of the loss of area of p-emitter regions.

If the MPS diode is designed for a blocking voltage of 1000 V and greater, then
the range of lower forward voltage drop shifts to lower current density, because then
the voltage drop in the low-doped base region predominates. But the effect that the
area of the p-region is reduced and thereby the injection of carriers at the anode
side of the device is reduced, maintains its function. An inverted distribution of free
carriers is formed (see Fig. 5.31, right-hand side).

Since the p-layers must be arranged closely to shield the Schottky regions from
the electric field, the possibility is limited to make their share of the surface area
small. A further idea to improve the MPS diode is the “french oxide pin Schottky”
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(TOPS) diode [NemO1] which was presented by Fuji. The structure is shown in
Fig. 5.31. The p-anode regions are placed at the bottom of the trench cells. A
Schottky contact is formed at the semiconductor surface. Hole injection takes place
only by the p-layers that are connected via the resistor of the polysilicon layer in
the trench. Thus, the integral hole injection over the area is strongly reduced. This
results in a profile of free carriers as is shown in Fig. 5.31 on the right side, which
exhibits a stronger inversion of the internal plasma.

A soft recovery behavior can be expected from this plasma profile. The p-regions
at the bottom of the trenches effectively shield the surface against the electric field;
therefore, the leakage current is kept low with a narrow arrangement of the trenches.

There are several further concepts of structures at the anode side, among them,
also structures with diffused p*- and n*-regions. What they all have in common is
the reduction of the area of layers that are injecting holes and, thus, the reduction of
the density of free carriers at the pn-junction.
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Fig. 5.31 Trench oxide pin Schottky (TOPS) diode. Structure (leff) and vertical distribution of
holes in the forward conduction state (right). Figure taken from [NemO1] © 2001 IEEE

5.7.4.3 The EMCON Diode

Instead of reducing the emitter area by emitter structures, an homogeneous p-layer
with high emitter recombination, as is shown in Fig. 5.29b, can also lead to the
desired inverted distribution of the plasma. This concept is applied in the “emitter-
controlled” (EMCON) diode [Las00]. It needs much less effort in production
compared to the MPS diode or the TOPS diode.

The EMCON diode utilizes a p-emitter of low emitter efficiency. The emitter
parameter /1, introduced in Eq. (3.94), can be expressed for a p-emitter which is not
too highly doped as follows:

Dl’l
pt-Ly

hy = (5.105)

To reduce the emitter efficiency y according to Eq. (3.96), h, must have a high value.
According to Eq. (5.105), this can be done if the doping density of the emitter p* is
chosen low and also if the effective diffusion length L, is adjusted to a low value.
Both measures are used in the EMCON diode. p* must be sufficiently high to avoid
a punch-through of the electric field to the semiconductor surface. For a thin p-layer,
L, is approximately the same as the penetration depth of the p-layer w},, and also
this depth is small in an EMCON diode. Under this condition it holds that

D, D
prowp G,

n

hy

(5.106)

where G, = p+wp is the Gummel number of the emitter under the condition of
an abrupt emitter [Sze81]. The term G, represents the number of doping atoms per
area. For the diffused emitter of the EMCON diode, it is more precisely expressed as
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Fig. 5.32 Turn-off behavior of a 1200 V EMCON-HE diode, measured and simulated at 600 V,
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G, = /p(x)dx (5.107)
0

Using the Gummel number according to Eq. (5.107) increases h, compared to the
abrupt emitter. High 4, and therewith low y leads to a decreased py, as is necessary
to create the inverted distribution. According to Eq. (5.52), h,, is the dominating
factor for the emitter recombination. High 4, means that a significant share of the
total recombination takes place inside the p-emitter or at the surface.

An emitter of high doping and high efficiency is applied at the cathode side of
the EMCON diode; hence, the plasma density at this side is high.

Figure 5.32 depicts the turn-off waveform of an EMCON-HE diode. The mea-
sured turn-off behavior is compared to the numerical device simulation. Here, the
simulated waveform agrees sufficiently well with the measured characteristic. The
numerical simulation enables visualization of the effects inside the device. The sim-
ulated distribution of the density of free carriers is shown in Fig. 5.33 for the
indicated time steps in Fig. 5.32.

At forward conduction the diode is flooded with free carriers. In Fig. 5.33 the
rhombic dots show the measured carrier distribution in an EMCON diode at for-
ward conduction as is obtained by the internal laser deflection method [Deb96]. The
density of free holes calculated with the device simulator (line A in Fig. 5.33 for
instant A in Fig. 5.32) is in good agreement with the measured density. The hole
density represents the plasma density; n & p applies for the regions of high flood-
ing below the lines A, B, C, etc. For the initial distribution at instant A, it holds
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Fig. 5.33 Carrier distribution in an EMCON diode for forward conduction and during commu-
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that n = pL/pr ~ 0.25; this is attained by a strong emitter recombination in the
anode.

During commutation and change of the polarity of the voltage (C, D, E in
Figs. 5.32 and 5.33), the hole current flows to the negatively poled anode on the
left side, and the electron current flows to the positively poled cathode. As is illus-
trated in Fig. 5.33, the removal of the stored charge occurs for the instants B, C, D,
E. At the instant C, the diode has reached the maximal reverse current. After that, a
current can still flow resulting from the removal of the still existing plasma which
ensures a soft recovery behavior.

The low p-emitter efficiency of the EMCON diode leads to the disadvantage of
a reduced surge current capability. A structure proposed in [Sco89], the so-called
SPEED-diode containing high p-doped regions, could improve the surge current
capability.

5.7.4.4 The CAL Diode

For the carrier lifetime adjustment in the diodes, often a platinum diffusion is used,
whereby the vertical profile of the recombination centers (Fig. 4.23) results from
the diffusion process and cannot be modified. The advantage of an adjusted pro-
file of recombination centers, created by implantation of light ions, was already
recognized early [Sil85, Won87]. But at that time this technology, which requires
particle accelerators of energy of up to 10 MeV, was only available for research
issues. The situation changed in the early 1990s of the last century. Then, the interest
of basic researchers in high-energy physics migrated to the GeV region, and parti-
cle accelerators in the medium energy range became available for semiconductor
production.



212 5 pin-Diodes

1 101'3 - T T ™ T
o Recombination center H H
£ peak E E
: ! ! |
Z 110" - e i
o e | '
Base recombination center denisity
110W o= SECEEEES § TP 3 gazzzzy
p n ' Lot
110" :
0 50 100 150 200

% [pum]

Fig. 5.34 Profile of recombination centers in the CAL diode (scheme)

The first diode that reached the maturity of a series product with this technology
was the so-called controlled axial lifetime (CAL) diode [Lut94], designed for a
blocking voltage of 1200 V in 1994. Meanwhile several manufacturers have applied
this concept, whereby devices of up to 9 kV have been realized and are commercially
available.

Figure 5.34 illustrates the profile of recombination centers in the CAL diode.
The recombination center peak is created by implanting He>*-ions. From this
implantation, a profile of lattice defects similar to those in Fig. 4.13 results. Its depth
can be adjusted by the energy of the helium implantation and its peak density by
the dose. In combination with this implantation, the base recombination center den-
sity is adjusted as homogeneous across the base, preferably by electron irradiation.
Three degrees of freedom — the recombination center peak depth, its height, and the
base recombination center density — are available for adjusting the reverse recovery
behavior.

It is most suitable to locate the recombination center peak close to the pn-
junction. The main requirement is a low reverse recovery current peak /rrv. For
this the pn-junction must be free of carriers at an early moment of the reverse recov-
ery period. The relation between forward voltage Vi and Irry is better, the closer
the recombination center peak is located to the pn-junction. In the CAL diode, the
peak of radiation-induced recombination centers is located in the p-layer close to the
pn-junction as is shown in Fig. 5.34. Consequently, the main part of multi-vacancies,
which act as generation centers (see Sect. 4.9), is outside of the space charge, and
the arrangement leads to a low leakage current.

An inverted plasma distribution in the on-state is achieved by this arrangement of
the recombination center peak. The on-state plasma distribution shown in Fig. 5.25
is calculated with a recombination center profile according to Fig. 5.34.

The reverse recovery behavior of the CAL diode was already displayed in
Fig. 5.21b. The reverse recovery current peak, which can be adjusted by the height
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of the recombination center peak, is reduced, and the main part of the stored charge
is extracted during the tail current phase. The tail current can be adjusted by the
base recombination center density. An increased base recombination center density
shortens the tail current time, but this has the drawback of increased forward voltage.
With the given degrees of freedom, the reverse recovery behavior can be adjusted
in a wide range. Thus, a diode can be designed that exhibits soft switching behavior
under all conditions relevant in the application, especially also at low current.

5.7.4.5 The Hybrid Diode

Modern fast diodes have been considerably optimized with the described concepts.
Thus, there is only a small difference between the CAL diode and the EMCON-HE
diode in the voltage range of 1200 V with respect to the relationship of forward
voltage drop VF and reverse recovery charge Orr [Lut02]. Moreover, there are indi-
cations that the limits for possible optimization of fast 1200 V rated diodes based
on silicon have almost been approached. However, by parallel and series connection
of different diode designs, these limits given for a single device can be exceeded to
some degree.

The hybrid diode [Lut00] is shown in Fig. 5.35a. It consists of a parallel con-
nection of two diodes with contrary switching behavior, whereby on the one hand,
a snappy diode Dg is used whose low-doped middle layer is designed as thin as
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soft-recovery diode PT diode
D
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Fig. 5.35 Hybrid diode: (a)
structure; (b) current
waveform in both partial
diodes during reverse
recovery

b)
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possible; this design is also known as a “punch-through” (PT) diode. On the other
hand, a soft recovery diode Dg is used. With the correct adjustment of the charac-
teristics of both diodes in parallel connection, the low forward voltage drop of a
PT diode combined with soft recovery behavior of the soft diode can be obtained
simultaneously.

The function principle is presented in Fig. 5.35b. The snappy diode Dg carries
the main part of the forward current, whereas the soft diode Dg carries a smaller
part. At commutation, the current ipg through Dg crosses zero first and reaches at
the instant #1 its turning point in the reverse current. At this moment, the diode Dg is
still carrying forward current. At 71, the pn-junction of Dg is free of carriers. Then,
the diode Dg is commutated with an increased slope di/dt. The total current is still
impressed by the outer circuit.

At 1 the pn-junction of Dg is free and similarly the reverse recovery current
maximum of Dg is reached. Between #, and #3 the hard snap-back of the reverse
current ipg in Dg occurs. The reverse current ipg in Dg, which contains still stored
plasma, increases with the same slope. The total current as the sum of ips and ipg
shows no reverse current snap-off. Therefore, no high voltage peak is induced. The
remaining plasma in the soft recovery diode Dg is removed between #3 and t4. The
behavior of the combined arrangement is soft.

For an effective function of the hybrid diode, the diode Dg has to deliver sufficient
charge after the reverse current snap-off in Dg. Thus, the soft diode Ds must be
flooded with sufficient plasma, and for this, it must carry between 10 and 25% of
the total forward current. The forward voltage drop of both diodes must match to
achieve this. In the practical realization, a very fast epitaxial diode with low width
wp of the middle layer is used as diode Dg. Its forward voltage at rated current
is in the range of 1.1 V. As diode Ds, a CAL diode with !/4 of the area of Dg is
connected in parallel. This special CAL diode has the double width wg compared
to the diode Dg, but by implementing a low recombination center density in the
base, its forward voltage drop is adjusted to achieve the desired current distribution
between both diodes. Dg features a large tail current, but it is capable of surely
overtaking the reverse current snap-off of the epitaxial diode with a sixfold area.

The hybrid diode is proven in application in drives for fork lifts and other elec-
trical vehicles. In these vehicles the battery voltage is typically in the range of 80 V.
The applied step-down converters are built up using MOSFETs. To achieve low
conduction losses, the MOSFETs must be designed for a voltage not higher than
160 — 200 V. For the induced voltage peak according to Eq. (5.71):

di
Vind = —Lpar - (j) (5.108)
max

Only 80 V margin are available for Vjp if the rated voltage of 160 V should not
be exceeded for a battery voltage of 80 V. The controlled current is typically high
in these applications, i.e. in the range of 200-700 A. High currents lead to a large
footprint of the modules, and a significant parasitic inductance Lp,: can hardly be
avoided. Therefore in Eq. (5.108), the term di;/d¢, the slope of the current after
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Fig. 5.36 Configuration of a 3
tandem diode and a MOSFET

intended for the application

as step-up converter

5

the reverse current maximum, has to be low to keep the induced voltage in the range
that is allowed in such applications. The hybrid diode has proven its capability under
these hard requirements.

5.7.4.6 The Tandem Diode

The tandem diode consists of a series connection of two fast diodes in a common
housing. An example [IXYO0O0] is shown in Fig. 5.36. The configuration is intended
for the application in a step-up converter for power factor correction. The concept
of the tandem diode aims to offer diodes with a reverse recovery charge Orr as low
as possible for the application at very high switching frequencies.

Equation (5.37) describes an approximate relationship between the stored charge
and the base width wg of a diode. The minimal base width, however, is determined
by the required blocking voltage. To express the base width as a function of the
desired voltage, we assume the case of a moderate PT dimensioning, as it was given
in Eq. (5.15):

7
we = x - Vigpwithy = 2,3 x 10™%cm V™6

Inserting this into Eq. (5.37), one obtains
x* ]
) - Vap (5.109)

Op=lr—F——
Vasite (in + 1p

Now the recovery charge of the diodes connected in series, measured as reverse
current integral, is equal to the stored charge of a single diode in the series, hence
Qg]e{les) = Qgr. Furthermore, Orr = OF can be assumed as long as the recombi-
nation during the reverse recovery is low. However, the total forward voltage of a

series of n diodes is
Ve =n- (Vaife + Vj) (5.110)

Expressing the drift voltage of a single diode Vs by the total forward voltage Vr,
Eq. (5.109) yields

7

S <%)§ (5.111)
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This relation between stored charge and forward voltage is presented in Fig. 5.37
for a single diode (n = 1) and for a tandem diode with n = 2. For a forward voltage
higher than approximately 1.9 V, the tandem diode shows a better trade-off between
VEr and Qf. The tandem diode recommends itself for applications where very high
frequencies and low switching losses are required as the primary feature, but where
the current is low and conduction losses are less important. If a forward voltage of
3 V is allowed, a significant reduction of the stored charge can be achieved with
the tandem diode. The conduction losses are shared between two devices, which is
advantageous regarding the thermal management.

Since a PT dimensioning was assumed for the partial diodes in the above equa-
tions, no soft recovery behavior can be expected under these conditions. But in the
intended applications with voltages of around 600 V, the converters are usually build
up very compactly, so that low parasitic inductances can be realized. In combina-
tion with the typically applied low currents, the soft recovery requirements can be
reduced, also considering that soft recovery leads to switching losses during cur-
rent decay. In the considered voltage range, no RC network for symmetrical voltage
sharing is necessary using modern devices. Competing with the tandem diode are
Schottky diodes made from GaAs or SiC that are also used for very high frequencies.

5.7.4.7 MOS-Controlled Diodes

The idea underlying the MOS-controlled diode (MCD) is to improve diode prop-
erties by introducing a third electrode, a MOS gate. Here, we have to anticipate
some concepts of Chap. 9 about the MOSFET - the metal oxide semiconductor
field effect fransistor. The basic form of the MCD has the same structure as a power
MOSFET. As is shown in Fig. 5.38, the MOSFET contains a pn'n*-diode, which
consists of the n*-drain region, the weakly doped n-region and the p-well which is
connected with the source metallization, the anode of the diode [Hua94]. The diode
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Fig. 5.38 Basic structure of DAMOS-MCR node
the MOS-controlled diode
(MCD) and equivalent circuit. x A
Figure taken from [Hua94] W
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lies parallel to the MOS channel and conducts if the voltage changes its polarity; it
is an “anti-parallel” diode. The voltage at the drain electrode is negative in the diode
conducting state. The corresponding equivalent circuit is shown in Fig. 5.38 at the
right-hand side.

By opening the channel of the MOSFET with a positive gate voltage, a current
path parallel to the pn-junction of the diode is created. If the voltage drop along
the channel is smaller than the set-in junction voltage of the diode (& 0.7 V at
room temperature), almost the whole current is flowing through the channel, and
the MCD operates in a unipolar mode without carrier injection. Therefore, during
commutation no stored charge of injected carriers is to be extracted. Operating in
this mode, the structure was called a “synchronous rectifier” [Shm82]. At a channel
voltage higher than the set-in junction voltage, charge carriers are injected by the
pn-junction. This range of operation, however, is usually excluded when speaking
of a synchronous rectifier.

Normally, the MCD is used in a different manner: since the channel is closed
during most of the time of forward conduction, the MCD works like a pin-diode.
The channel is opened a short time before commutation, so that the pn-junction is
nearly shortened via the n-channel. Therefore, the injection by the anode emitter is
strongly decreased. This can be expressed also using an effective emitter efficiency
of the p-well and the channel. Analogously to Eq. (3.96), this can be written as

y=1-1 (5.112)
j

where j, now denotes the electron current through the channel. If j;, is increased by
opening the channel shortly before commutation, y is strongly decreased and hence
also the carrier density is decreased at the anode side of the diode structure. In this
way, a drastic reduction of the recovery charge can be achieved. In addition, the
inverted carrier distribution leads to a soft recovery behavior.
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Fig. 5.39 Characteristics of the 1000 V MOSFET IXFX21N100Q in the third quadrant

The parallel operation of the pin-diode and the MOS channel is illustrated in
Fig. 5.39. A conventional 1000 V MOSFET was found which shows the effect, i.e.
the IXFX21N100Q of the manufacturer IXYS. With the channel closed (Vg = 0 V),
the current is very small below the set-in junction voltage of approxssimately
0.6 — 0.7 V. With opened channel (Vg = 5V and Vg = 10 V), significant current
flows already at smaller voltages where a resistive characteristic is observed. This
is caused by the channel resistance, Rcp, and resistance components arising from a
vertical (R;1) and lateral current paths (Rj2, Rj3) through the weakly doped n-region.
On account of Ry, the total resistance decreases with increasing gate voltage. This
is the operation range of the synchronous rectifier. In the range above 0.7 V, the
forward voltage drop at open channel is significantly higher than that in the case
of closed channel, as can be seen especially for the higher gate voltage. During the
operation cycle of the MCD, the diode works only shortly before turn-off in this part
of the characteristics.

In order that opening of the channel results in effective shunting of the current,
the voltage drop caused by the external current in the channel and the other resis-
tance components must be smaller than the set-in junction voltage [Hua94]. This
holds only up to a critical current /. given by (at room temperature):

B 0.7V
Rcu + Rj1 + R + Rj3

(5.113)

Lerie

Ierit should be as high as possible and, hence, the resistances Rcn and Rj1, Rj2, Rj3
must be as small as possible. An MCD structure optimized for this requirement is
shown in Fig. 5.40 [Hua95]. By using a trench structure, the resistances R;j; and Rj»
are removed completely. If additionally the n-region directly under the p-layer is
provided with a higher doping, depicted in Fig. 5.40 as n-buffer, also the resistance
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Fig. 5.40 Trench-MCD cell anode
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Rj3 should be small. But the allowed buffer doping at this position is very closely
limited, because it reduces the blocking capability.

The MCD must be switched from the state of fully flooded base, at which no
voltage is applied at the gate, to the state of a lower plasma density in the base by
applying a voltage to the gate. In this process the main part of the stored charge must
be removed. If this is removed by recombination, one has to consider a time of some
10 ws, which is too long for practical application. An n-buffer additionally makes the
extraction of holes more difficult. Therefore, an additional p-layer is implemented
at the cathode side, which facilitates the extraction of holes to the negatively poled
cathode easier.

With these measures, the stored charge before commutation can be reduced sig-
nificantly; in device simulation even a reduction by a factor of 20-40 was shown
[Hua94]. Nevertheless, the stored charge cannot be completely eliminated.

The fundamental disadvantage of all the previously shown variants is that before
a blocking voltage is applied to the device, the channel must be closed again.
Figure 5.41 depicts an MCD as replacement for a diode in a commutation cir-
cuit with an IGBT as switch. The current flows in the freewheeling path, before
the diode is commutated from the conducting to the blocking mode at the next
turn-on of the IGBT. If the channel of the MCD is open while voltage is applied,
the current will not flow into the load but via the channel; a short in the circuit
occurs in the commutation branch. Therefore, the channel must be closed before-
hand; this point in time must be met with an accuracy of approximately 100 ns.
It is hard to ensure this with a driver circuit, however. This disadvantage — that
when a positive gate voltage is applied, no blocking capability is given — is the
main factor that impedes the implementation of MCD and trench-MCD in practical
applications.
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Fig.5.41 MCDina
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An example for a modified solution without this fundamental disadvantage is the
emitter-controlled diode (ECD), which is shown in Fig. 5.42 [Dru01]. A low-doped
p-zone is connected to the p*-zone or to the p-well. The highly doped n*-zone is
arranged in the p-well; the path to the low-doped p-zone is controlled by a MOS
channel. The channel can be prolonged by a very shallow n*-layer above the low-
doped p-layer. Geometry and doping of the respective layers are chosen such that
if a positive voltage is applied to the gate and the channel is open, the current takes
the path via the low-doped p-layer. For this, the sum of all voltage drops across this
path, i.e. the junction voltage at the pn -junction, the voltage drop in the channel
and further resistive parts in the path, must be lower than the junction voltage of the
p*n -junction.

Without positive voltage at the gate, a p*n'n*-structure is given in which a plasma
distribution with increasing density to the pn-junction arises, similar to Fig. 5.6. In
the case of a channel opened by a positive voltage at the gate, an inverted plasma
distribution is given similar to Fig. 5.33 or Fig. 5.31 (right side). The turn-off process
is executed only from the open-channel mode; in this mode a turn-off with soft
recovery behavior can be expected. In Fig. 5.43 the internal plasma distribution is
compared for both modes. The special progress of the MCD is that, also with open
channel, a structure with a blocking capability is given.

The ECD is explained in detail in [Dru0O1, Dru03] and has not been realized in
practice as yet. Nevertheless, it is possible that this idea or similar ideas are used as
a foundation for future optimization of diodes in the voltage range of >3 kV. Even
though the necessary effort seems to be high at first glance, one has to consider that,
nowadays in applications with IGBTsS in this voltage range, the possible switching
frequencies are limited especially by the reverse recovery behavior of the diode. A
progress in diodes can lead to an advantage on the system level that might justify
the necessary effort.
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Fig. 5.43 Plasma distribution in the ECD during the reverse recovery process: (a) Vg= 0, closed
channel, (b) positive gate voltage, open channel. Figure taken from [Dru01] © 2003 IEEE

5.7.4.8 Diodes with Cathode Side Hole Injection

While all measures up to now modified the anode side, it was found that also the
cathode side, the nn*-junction, can be used to improve the reverse recovery behavior.
Structures which inject at reverse recovery additional holes from the cathode side
are the field charge extraction (FCE) structure [Kop05] and the controlled injection
of backside holes (CIBH) structure [Chm06]. Since there are additional p-layers at
the cathode side, no electric field can build up between the plasma and said layers.
It can be achieved that the plasma does not detach from the cathode. Instead of Eq.
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(5.93), |v¢| = 0 applies and from Eq. (5.94) results wy = wpg. This extends the
voltage range of soft recovery. Moreover, it was shown for the CIBH diode that, if
at the end of the reverse recovery process the space charge punches to the n*-layer
(see Eq. (5.104), the backside p-layers inject additional holes and damps possible
oscillations [FelO8].

Since these structures were developed with the intention to increase the capability
of the diode to withstand dynamic avalanche, they will be described in more detail
in Sect. 12.4.

5.8 Outlook

For the soft recovery behavior of fast diodes, appropriate solutions have been found
in the voltage range smaller than 2000 V. Even though further optimization is pos-
sible, there are indications that the design is already approaching the limits of what
is possible for pin-diodes in silicon. Still there is a potential of hybrid structures for
improving diodes.

For the voltage range of 3000 V and more, considerable work still has to be done
to realize diodes with satisfactory reverse recovery behavior in applications with
very high power. These applications combine switching slopes, which are much
steeper than formerly occurring using thyristors and GTOs, with a significant para-
sitic inductance in the commutation circuit. For these applications the devices have
to be optimized to avoid voltage peaks and oscillations even under such hard condi-
tions. Furthermore, dynamic ruggedness is very important; this will be explained in
Chap. 12.

Regarding applications with high switching frequencies, Schottky diodes are the
better choice. Schottky diodes from GaAs are available as single diodes for 300 V,
and they may be developed to reach the voltage range of 600 V. Although Schottky
diodes in SiC have already been established for the range of 600-1200 V (see
Chap. 6), they can also be designed for a higher voltage range. Because of prob-
lems involving material quality and defects, SiC devices are still available only with
comparatively small area. For applications in the wide field of motor drives, they
should become available in sufficient area (of up to 1 cm?) to carry enough current
per device and at costs that are competitive to silicon devices.

Moreover, there are encouraging results in research regarding pin-diodes in SiC;
in particular, here blocking voltages far above 10 kV are possible with a single
diode. First results seem to show that the physics of reverse recovery, which was
previously explained, can be used in a similar way for analysis and optimization of
SiC pin-diodes [BarQ7]. However, applications in the high-power range require high
currents and, thus, large device areas too.

Therefore, diodes from silicon will probably dominate the market for a long time
and still further work for optimizing them is necessary. In the field of fast diodes, Si
and SiC will most likely exist in parallel for some time.



References 223
References

[Bab08] Baburske R, Heinze B, Lutz J, Niedernostheide FJ: “Charge-carrier Plasma Dynamics
during the Reverse-recovery Period in p*-n"-n* diodes, IEEE Trans. Electron Devices
ED-55 No 8, pp. 2164-2172 (2008)

[Bal87] Baliga BJ, Modern Power Devices, John Wiley & Sons, New York 1987

[Bal98]  Baliga BJ: “Power Devices” in S.M. Sze: Modern Semiconductor Device Physics, John
Wiley & Sons, New York 1998

[Bar07]  Bartsch W, Thomas B, Mitlehner H, Bloecher B, Gediga S: “SiC-Powerdiodes:
Design and performance” Proceedings European Conference on Power Electronics and
Applications EPE, (2007)

[Ben67] Benda HJ, Spenke E: “Reverse Recovery Process in Silicon Power Rectifiers”,
Proceedings of the IEEE, Vol 55 No 8 (1967)

[Chm06] Chen M, Lutz J, Domeij M, Felsl HP, Schulze, HJ: “A novel diode structure with
Controlled Injection of Backside Holes (CIBH)”. Proceedings of the ISPSD, Neaples
pp. 9-12 (2006)

[Coo83] Cooper RN: “An investigation of recombination in Gold-doped pin rectifiers”, Solid-St.
Electron. 26,217-226 (1983)

[Deb96]  Deboy G et al: “Absolute measurement of carrier concentration and temperature gradi-
ents in power semiconductor devices by internal IR-Laser deflection”, Microelectronic
Engineering 31, 299-307 (1996)

[DruO1]  Driicke D, Silber D: “Power Diodes with Active Control of Emitter Efficiency”,
Proceedings of the ISPSD, Osaka, pp. 231-234 (2001)

[Dru03]  Driicke D: Neue Emitterkonzepte fiir Hochspannungsschalter und deren Anwendung in
der Leistungselektronik, Dissertation, Bremen 2003

[FelO4] Felsl HP, Falck E, Pfaffenlehner M, Lutz J: “The Influence of Bulk Parameters on
the Switching Behavior of FWDs for Traction Application”, Proceedings Miel 2004,
Nis/Serbia & Montenegro, 2004

[Fel08] Felsl HP, Pfaffenlehner M, Schulze H, Biermann J, Gutt T,. Schulze HJ, Chen M, Lutz J:
“The CIBH Diode — Great Improvement for Ruggedness and Softness of High Voltage
Diodes” ISPSD 2008, Orlando, Florida, pp. 173—176 (2008)

[Hal52]  Hall RN, “Power rectifiers and transistors”, Proc IRE 40, 1512-1518 (1952)

[Hua94] Huang Q: “MOS-Controlled Diode - A New Class of Fast Switching Low Loss Power
Diode” VPEC, pp. 97-105 (1994)

[Hua95] Huang Q, Amaratunga GAJ: “MOS Controlled Diodes - A new Power Diode” Solid-St.
Electron. 38 No 5, 977-980 (1995)

[IXYO00] IXYS data sheet FMD 21-05QC (2000)

[Kop05]  Kopta A, Rahimo M: “The Field Charge Extraction (FCE) Diode — A Novel Technology
for Soft Recovery High Voltage Diodes” Proc. ISPSD Santa Barbara, pp. 83-86 (2005)

[LasO0]  Laska T, Lorenz L, Mauder A: “The Field Stop IGBT Concept with an Optimized
Diode”, Proceedings of the 41t PCIM, Niirnberg (2000)

[Lut94]  Lutz J, Scheuermann U: “Advantages of the New Controlled Axial Lifetime Diode”,
Proceedings oft the 28th PCIM, Nuremberg (1994)

[Lut00]  Lutz J, Wintrich A: “The Hybrid Diode - Mode of Operation and Application”,
European Power Electronics and Drives Journal Vol. 10 No. 2 (2000)

[Lut02] Lutz J, Mauder A: “Aktuelle Entwicklungen bei Silizium-Leistungs-dioden”, ETG-
Fachbericht 88, VDE-Verlag Berlin (2002)

[Mou88] Mourick P, Das Abschaltverhalten von Leistungsdioden, Dissertation, Berlin 1988

[NemO1] Nemoto M et al: “Great Improvement in IGBT Turn-On Characteristics with Trench
Oxide PiN Schottky Diode”, Proceedings of the ISPSD, Osaka (2001)

[Sco69]  Schlangenotto H, Gerlach W: “On the effective carrier lifetime in psn-rectifiers at high
injection levels”, Solid-St. Electron. 12, pp. 267-275 (1969)



224

[Sco79]

[Sco82]

[Sco89]

[Shm82]

[Sil85]

[Syn07]

[Sze81]
[Wol81]

[Won87]

5 pin-Diodes

Schlangenotto H, Maeder H: “Spatial Composition and Injection Dependence of
Recombination in Silicon Power Device Structures”, IEEE Trans. Electron Devices
Ed-26, No 3, pp. 191-200 (1979)

Schlangenotto H, Silber D, Zeyfang R: “Halbleiter-Leistungsbauelemente -
Untersuchungen zur Physik und Technologie”, Wiss. Ber. AEG-Telefunken 55 Nr. 1-2
(1982)

Schlangenotto H et al, “Improved Recovery of Fast Power Diodes with Self-Adjusting p
Emitter Efficiency”, IEEE Electron Dev. Letters Vol. 10. pp. 322 — 324 (1989)
Shimada Y, Kato K, Ikeda S, Yoshida H: “Low input capacitance and low loss VD-
MOSEFET rectifier element”, IEEE Trans. Electron Devices, Volume 29, Issue 8, pp.
1332-1334 (1982)

Silber D, Novak WD, Wondrak W, Thomas B, Berg H: “Improved Dynamic
Properties of GTO-Thyristors and Diodes by Proton Implantation”, IEDM, Washington
(1985)

Advanced tcad manual. Synopsys Inc. Mountain View, CA. Available: http://www.
synopsys.com (2007)

Sze SM, Physics of Semiconductor Devices. John Wiley & Sons, New York 1981
Wolley ED, Bevaqua SF: “High Speed, Soft Recovery Epitaxial Diodes for Power
Inverter Circuits”, IEEE IAS Meeting Digest (1981)

Wondrak W, Boos A, “Helium Implantation for Lifetime Control in Silicon Power
Devices,” Proc. of ESSDERC 87, Bologna, pp. 649—652, (1987)



Chapter 6
Schottky Diodes

Schottky diodes are unipolar devices, which means that only one type of carrier is
available for the current transport. If they are designed for large blocking voltages,
the resistance of the base will increase strongly due to the lack of charge carrier
modulation, as will be shown in the following. Schottky power diodes have been
used for a long time, but in the last years they have gained an increased importance
in the medium power range:

e Si Schottky diodes in the voltage range up to approximately 100 V to be used as
freewheeling diodes for MOSFETSs. Their advantage is the low junction voltage
and the absence of stored charge. At turn-off from conducting to blocking mode,
only the capacitive recharge of the junction capacitance needs to be considered.
This makes them useful for very high switching frequencies.

e Schottky diodes from semiconductor materials with wide bandgap. With these
materials, much higher blocking voltages are possible due to the higher critical
fields. However, since the increased bandgap leads to a comparatively high junc-
tion voltage in a bipolar device (see Fig. 3.11), a Schottky junction with a much
smaller junction voltage has become an attractive alternative.

6.1 Aspects of the Physics of the Metal-Semiconductor
Junction

Figure 6.1 shows schematically the band structure for a metal-to-semiconductor
interface. To understand the charge carrier transport across this junction we need to
define some quantities relating the electron energies in the metal and semiconductor
to the energy of a free electron, the so-called vacuum level.

@\ work function for the metal

This is the energy, which must be added to an electron to allow it to escape
from the metal, and this is equivalent to the difference between Fermi level, Ef,
which is located in the conduction band of a metal and the vacuum level. In the
semiconductor,

J. Lutz et al., Semiconductor Power Devices, DOI 10.1007/978-3-642-11125-9_6, 225
© Springer-Verlag Berlin Heidelberg 2011
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Fig. 6.1 Metal-semiconductor junction for an n-type semiconductor. (a) Schottky junction,
(b) ohmic junction. Figure taken from [Ben99] reprint with permission of John Wiley & Sons,
Inc.

®g: work function for the semiconductor

The work function for a semiconductor is also defined as the distance between the
Fermi level and the vacuum level. However, the Fermi level of a non-degenerate
semiconductor is positioned between the valence band and the conduction band
and no electron is allowed to have this energy. Therefore additionally we need
to define:

x: electron affinity for the semiconductor

This is the energy needed to remove an electron located at the bottom of the conduc-
tion band, Ec, where most of the conduction electrons reside, to the vacuum level
outside the semiconductor.

If a semiconductor and a metal, for which ®\; > &g, are put into contact, the
electrons close to the metal will leave the semiconductor until again the condition of
thermal equilibrium is fulfilled, i.e. the Fermi level is constant throughout the whole
structure (Fig. 6.1a). In the semiconductor this leads to a layer depleted of electrons
and a space charge region will be formed by positively charged donors, setting up
a barrier for further electron transition across the junction. From the figure it can
be seen that the height of this barrier for electrons moving from the metal to the
semiconductor is given by

eVpn = Py — x 6.1)

For electrons moving from the semiconductor to the metal the barrier is accordingly

eVk = dm — (x + (Ec — EF)) (6.2)

where Vi is the contact voltage. This junction has a rectifying characteristic: A
negative voltage at the metal in relation to the semiconductor will broaden the space
charge region and increase the barrier. The metal-semiconductor junction is now in
the blocking mode. On the other hand, a positive voltage at the metal with respect
to the semiconductor is narrowing the space charge and decreases the barrier. The
metal-semiconductor junction is now in forward conduction mode and electrons can
flow from the semiconductor to the metal.

In the case of Fig. 6.1b, where &)1 > Pg is given, no depletion layer is formed.
Instead an enhancement layer of electrons is built up at the semiconductor surface
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Table 6.1 Richardson constant A* for different semiconductor materials

Si 120 A/(cm? K?) [Sze81]
GaAs 8 A/(cm? K?) [Sze81]
Sic 400 A/(cm? K2) [Tre01]

and the barrier is lowered. For ®\; = x + (Ec — EF) the barrier vanishes, and for a
@ which is small enough a free flow of electrons through the junction is possible.
Such a junction is called ohmic junction. For real contacts a large quantity of surface
states are always formed by the interruption of the crystal lattice and this induces an
additional barrier. In order to produce a good ohmic contact, usually a highly doped
semiconductor with a doping > 10'® cm™3 is necessary. In this case the barrier is so
thin that charge carriers can easily tunnel through.

6.2 Current—Voltage Characteristics of the Schottky Junction

The rectifying characteristics of the Schottky junction can be described by
an equation for the -V characteristics, in analogy to related equation for the
I-V characteristics of the pn-junction (3.50)

J=Js- (e‘f‘//"T — 1) (6.3)
with
Jo =A% T%. e VeNAT (6.4)

This saturation blocking current js is different from that of the pn-junction. In the
equation for j the term A* is a material-specific constant, the so-called Richardson
constant.

Equation (6.4) is only a first approximation and valid for small voltages and
small currents. One important correction term is the image force, A®, which must
be introduced for larger biasing. It corresponds to a decrease of the work function at
a metal surface in the presence of a high electric field [Pau76]. With the image force
Eq. (6.4) becomes

jo =A% T? . ¢ qVBN-AR)/KT 65)
with

q-E
4.7 ¢

AD = (6.6)

The image force A® is nearly independent of the applied voltage. It is the
main reason for the “soft” characteristics of Schottky diodes under reverse bias,
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giving an increased blocking current close to avalanche breakdown. The effect
of the image force is observed especially for Schottky diodes with low bar-
rier heights, but is of less importance for large barrier heights. Under forward
biasing the image force leads to an increased barrier height, resulting in an
increased forward voltage drop. This effect is important at high current densities of
200-300 A/cm?”. Typical values of the image force potential are in the range of
15-30 mV.

In addition to the image force, there are several other effects that must be consid-
ered for a detailed treatment of the Schottky interface [Pau76]. The effect of various
correction terms is sometimes summarized by an extended Richardson constant,
A**, in the expression for the saturation blocking current js. Typically the value for
the extended Richardson constant is about 10-20% lower than A*. Also an ideal-
ity factor n is sometimes introduced in the exponent of Eq. (6.3) to obtain a better
agreement with experimentally measured values.

= (eq~V/n~k-T _ 1) (6.7)

The value for n is between 1 and 2, but for good Schottky diodes a value of
1.02-1.06 can be obtained. The main reason for a non-ideal behavior, i.e. n # 1,
are generation and recombination centers in the space charge region and at the
interface.

Figure 6.2 shows the ideal /-V characteristics of a Schottky diode for very
small current densities calculated with Eq. (6.3). Compared to the result with the
equation for the pn-junction, the Schottky barrier shows a several orders of mag-
nitude higher saturation leakage current js, which in this case is as high as 6.2
wA/cm?. Furthermore, the total leakage current of a real device will often be
significantly larger than the ideal current shown below, as is always the case in
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Fig. 6.3 Calculated /-V characteristics for Si Schottky diodes for different contact materials
according to data from G. Berndes, IXYS Semiconductor GmbH [Ber97]

power devices. This is caused by effects of technology, processing, and junction
termination.

Potential barriers for different contact materials are given in inserted table in

Fig. 6.3. The calculated /-V characteristics using these barriers are shown in Fig. 6.3
on a larger current scale, showing the different threshold voltages for different
materials.
For Cr,Si, for instance, the threshold voltage is only 0.22 V (at 10 A/cmz), but the
leakage current will be about 2 mA/cm? for this type of barrier. Moreover, the leak-
age current will increase with temperature according to Eq. (6.4). The Cr,Si barrier
is therefore only suited for a low blocking voltage, e.g., for diodes in switched-
mode power supplies for low voltages. For 100 V Schottky diodes, typically PtSi
is used as contact material. For tuning and optimization of the barrier and the con-
tact properties, also composite silicides are used. The I-V characteristic is strongly
temperature dependent (j ~ 772), so the threshold voltage is decreasing with tem-
perature. It should also be pointed out that the series resistance is neglected in the
idealized equation (6.3).

In the forward characteristics of a Schottky diode a voltage drop across the low-
doped middle layer is added, which is in the given case of a unipolar device a voltage
drop across an ohmic resistance. This leads to the total forward voltage drop Vg:

V= Vs + Raift - If = Vs + R - If (6.8)

Here Vs is the voltage drop across the Schottky junction. The middle layer is not
modulated since it is a unipolar device, and Rq will be significantly larger compared
to a pin diode with the same wg (Note: For a pin-diode, Rgisr is only a technical def-
inition to simplify the /-V characteristics and it is not derived from semiconductor
physics).
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6.3 Structure of Schottky Diodes

Figure 6.4 shows schematically the structure of a Schottky diode. For power diodes
only n-doped silicon is used in practice, because of the higher mobility of electrons.
Epitaxial silicon is used for the low-doped n~-layer which is grown on a substrate
with high n*-doping.

Contact material

\ o

"
\Schottky T

x junction

nt nt

Substrate Substrate

— > x

Fig. 6.4 Schematic structure of a Schottky diode

Real Schottky diodes need additional junction termination structures, but this is
not shown in Fig. 6.4. Commonly used terminations are field plates, the diffusion
of potential rings, or a JTE structure. Sometimes combinations of field plate and
potential ring or JTE structures are also implemented. For details of these junction
terminations, see Chap. 4.

The low-doped layer must sustain the reverse voltage. Since a Schottky diode is
a unipolar device, the width of this layer wg is directly proportional to the ohmic
voltage drop in the forward direction.

6.4 Ohmic Voltage Drop of a Unipolar Device

The resistance of the low-doped middle layer in a unipolar device is calculated by
the following expression:
WB

Rog= ————
q-pun-Np-A

(6.9)

where A is the active area of the device. For a defined area, only the width wg, the
doping (which is equal to the density of free electrons), and the mobility of electrons
determine the resistance.

To sustain the required blocking voltage Vpp, the middle layer must have a width
and a doping as discussed in Chap. 3. First, a triangular electric field is considered.
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For silicon this results in a maximal possible doping Np for a required breakdown
voltage Vpp according to inversion of Eq. (3.84):

Np=2"3.B7%. . Vo (6.10)

The width wgmust be chosen minimally equal to w required for the space charge.
By insertion of Eq. (6.10) into Eq. (3.81), one obtains

1)
o=

wg =23 -B

AN—
s

b (6.11)

Equations (6.10) and (6.11) inserted into Eq. (6.9) results in

3
2.-B2-V3

Rg=-—"BD (6.12)
Mn - €A

Equation (6.12) gives a first approximation for the resistance of the middle layer
based on the assumption of a triangular field or a NPT-design. For a PT-design, or a
trapezoidal shape of the electric field, the doping Np is lowered and the width wg is
decreased, in the same way as described in Fig. 5.3 and Egs. (5.2), (5.3), (5.4), (5.5),
(5.6),(5.7), (5.8), and Egs. (5.9). A decrease of both Np and wg will counteract each
other in Eq. (6.9). There will be a minimum in this expression for the doping, which
occurs for a moderate PT-design [DahO1].

This effect can be estimated if Eq. (5.9), applicable for a moderate PT dimen-
sioning, is written in the form of a quadratic equation for wp:

w
2 ¢ B

1
1 gN 8gNp \ §
47D 2_<an> wp + Vap = 0 (6.13)

The solution of this equation is

1 1
8gNp \ ¥ 8gNp \ 3 N
wp = —— | (2422 ) " 4 [(242R)T o 4Dy (6.14)
gNp eB e

where only the negative sign of the square root is of technical relevance. It must be
kept in mind that Eq. (6.14) is no longer valid if the design changes to a NPT-design
or to an extreme PT structure producing a nearly rectangular shape of the field. If
now Eq. (6.14) is inserted into Eq. (6.9), the relation between Rg and Np shown in
Fig. 6.5 is obtained, exemplifying a device which is designed for a blocking voltage
of 240 V.

According to Fig. 6.5 the lowest on-state resistance for a 240 V design will occur
for a doping between 1.1 and 1.3 x 10'> cm~3. The thickness of the middle layer
wpwill be in the range of 11-13 wm. This is smaller than wg for a device with
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NPT-design, which would require a wg of minimally 15 wm. The shape of the elec-
tric field is significantly trapezoidal, almost as shown in Fig. 5.3b. The minimum
resistance Rq in the figure is 0.45 Q; however, for the NPT-design the result from
Eq. (6.12) is 0.5 Q2.

This value for a NPT-design, which according to Eq. (6.10) results in a doping
level of Np = 1.34 x 10" cm™3, can also be seen in Fig. 6.5. Estimation for other
blocking voltage will lead to similar results. Equation (6.12) can now be written in
a more useful form:

L3
2.Bz.VBD

Romin =0.9-
Q,min Mn‘g‘A

(6.15)

Figure 6.6 shows the width of the middle layer wp for a trapezoidal field shape as
a function of the breakdown voltage Vpp, and the corresponding resistance Rg of
the middle layer of an unipolar device according to Eq. (6.15). For the mobility
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the parameters of Appendix A have been used. From Eq. (6.15) one can see that
the resistance is growing more than a power of two with an increased breakdown
voltage. This is caused by the reduced doping concentration which is necessary for
enhanced blocking voltage additionally to the increase of the base width wg. As
a result, unipolar devices for high blocking voltage will have a very high on-state
resistance.

In practice, however, a deviation from this series resistance behavior is often
observed for silicon Schottky diodes. To achieve sufficient blocking capability of
a Schottky diode, a p-doped potential ring is often implemented at the edge of the
active area, similar to Fig. 4.19. In this case a pn-junction is connected in parallel
to the Schottky junction, and at a forward voltage in the range of the diffusion volt-
age of the pn-junction, this junction starts to inject charge carriers. This injection
of minority carriers will give a significantly lower resistance in the middle layer
compared to the resistance calculated with Eq. (6.15). Additionally, the resistance
should increase with temperature due to the reduction of the mobility with tempera-
ture according to Eq. (6.15). However, this is often not found in measurements of Si
Schottky diodes. For Schottky diodes based on SiC the resistance shows the temper-
ature dependence as expected for a decreasing p, in Eq. (6.9). Details on this issue
will be discussed below, see Fig. 6.10

Example: Design of a Silicon Schottky Diode
Jor a Rated Voltage of 200 V

Because some spread of data is to be expected from tolerances in used materials
and fabrication processing steps (roughly 10% as a role of thumb) and to have some
safety for tolerances in the measurement technique (up to 10%), the calculation
is done for a breakdown voltage of 240 V. From Eq. (6.15) a value for RoA =
0.45 Q'mm? is obtained. At a current density of 1.5 A/mm? — a typical current
density at rated current — results a voltage drop of 0.68 V. As Schottky contact
material PtSi can be used. This material leads to a threshold voltage of 0.5 V, and
therefore a forward voltage Vr = Vs+RqAj = 1.18 V is to be expected. In practice,
however, less than 0.9 V is measured. This discrepancy can be explained by the
bipolar effect, as discussed above.

In comparison, a fast pin epitaxial diode designed for voltages of 200 V can
be fabricated with such a low stored charge that it is comparable to the capacitive
charge of a Schottky diode. Even though the junction voltage of a Si pin-diode is in
the range 0.7 —0.8 'V, such fast pin epitaxial diodes does not reach a higher voltage
drop than 1.0 V at the current density assumed in this example.

However, if the Schottky diode is designed for a rated voltage of 100 V, the same
consideration leads to RoA = 0.082 Q'mm?. If we take the same PtSi barrier, the
resulting on-state voltage is Vg = Vs + RoAj = 0.62 V. Such a low value cannot
be reached with a pin-diode. For still lower voltages, the advantage of the Schottky
diode compared to a pin diode will be even higher.
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6.5 Schottky Diodes Based on SiC

The mostly used SiC polytype is 4H which has a bandgap of 3.26 eV. For a SiC
pn-junction this leads to a diffusion barrier or built-in potential of & 2.8 V, as can be
seen in Fig. 3.11. The high forward voltage drop resulting from this barrier is a clear
disadvantage for SiC device technology. However, this disadvantage can be avoided
by using a Schottky junction instead of a pn-junction.

Equation (6.3) leads to the threshold voltages compared in the /-V characteristics in
Fig. 6.7 with values of VN = 0.85 eV for PtSi on Si, and with Vg = 1.27 eV for
Ti on SiC. The different Richardson constants for SiC and Si are given in Table 6.1.
At 10 A/cm? one finds for this idealized case that the SiC Schottky diode has a
threshold voltage of approximately 0.9 V, and this value can be accepted.

One of the main advantages of SiC compared to silicon is a ten times higher
critical electric field strength for avalanche breakdown. In analogy to Si, the doping
and width of the middle layer can be calculated for SiC. If a general approach for
the ionization rates as power law is used, aerr = B |E|", as already introduced in
Chap. 2 in Eq. (2.76), with B = C/E}, we obtain a general solution for the relation
between avalanche breakdown and doping as it was given in Eq. (3.79). Equation

(3.79) solved for Np results in
2

& ntl B T-n  ntl
Np = —-2T=n Vary! 6.16
D q <n+ l) BD ( )

For wg, a more general expression than (6.11) can be derived too. The procedure
similar to Chap. 3, Eqgs. (3.77), (3.78), Eq. (3.79), (3.80), and (3.81) is used and
Eq. (6.16) is inserted into the expression (3.81) for w. It leads for the investigated
NPT-dimensioning to
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For details on this estimation, see Sect. 3.3.

The width of the space charge for Si and SiC in relation to the blocking volt-
age under the assumption of a triangular electric field is shown in Fig. 6.8. For Si,
B = 2107 x 1073 cm® V7 and n = 7 is used as before, for SiC B = 2.18 x
107*8 cm”03 V=893 and n = 8.03 is used, see Eq. (2.82b) based on the proposal
from [Bar09]. The figure shows that for SiC the device can be made a factor of
10 thinner, and additionally a much higher doping concentration Np is possible,
compare Fig. 3.19. According to Eq. (6.9) this will lead to a much lower on-state
resistance Rq.

For a more general expression of the on-state resistance Rg, Egs. (6.16) and
(6.17) are inserted into Eq. (6.9) resulting in

3 2ntl
2% B n—1 V. r{lfl
BD

EUnA

Rq = (6.18)

With the same procedure as for the Si Schottky diode, one can estimate that a mod-
erate PT-design is most suited for achieving a resistance Rg as low as possible for
SiC. For the calculation of Rg also the mobility of electrons and its dependency
on the doping in SiC must be known. The situation is more complicated in SiC
since the mobility is anisotropic, i.e. parallel to the crystallographic c-axis it has a
higher value than in the orthogonal direction. However, this asymmetry is neglected
in most cases, often the so-called analytical model is used as given in Appendix A.
The mobility of electrons in n-doped SiC at 25 °C is well described by [Ser94]

947 cm?

I+ Np 061 yg
1.94x 1017 cm—3

Pn = (6.19)
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The “effective” electron mobility ., in SiC is lower than in Si and it also decreases
rapidly for increasing doping. This doping dependency has the consequence that in
a device with PT-design, and therefore also lower background doping, the mobility
can be higher. The same procedure as used for the derivation of Eq. (6.15) leads to
the following expression:

2243 (B/9.03)"* V343

R min = 0.88 - e

(6.20)

Because the influence of the doping on the mobilities is more pronounced in SiC
for a 300-600 V device, decreased doping of the PT-design is of more effect as in
Si. This effect is expressed by the pre-factor of 0.88. Finally, for SiC the relative
dielectric constant &, = 9.66 is used. The resistance Rq min derived in this way is
shown in Fig. 6.9. The curves are approximately linear on this double-logarithmic
scale and they are sometimes referred to as the silicon or silicon carbide “unipolar
limits.” The specific on-resistance resistance for SiC is approximately a factor of
500 lower than for Si at the same rated voltage, or for the same Rq, a one decade
higher blocking voltage can be achieved.

The graphs for the “unipolar limit” vary in the literature by some small amount.
One reason for this is that some authors do not consider that the critical electric field
strength depends on the shape of the electric field. This field shape dependency is
taken into account here by using the respective approach for the ionization rates for
Si and SiC.

When dimensioning real devices some tolerances must always be considered and
one can only approximate these limits. For SiC the crystal quality is still insufficient
and this can have a large influence on the critical field; therefore the possible high
field strength before avalanche breakdown cannot be fully used in the design of
practical devices. Often the doping is chosen even lower and the width of the middle
layer is chosen still higher than given by the expressions to limit the electric field at
rated voltages to values below 1.5 MV/cm.
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Fig. 6.10 [-V-characteristic of a 1200-V SiC Schottky diode with 10 mm? active area at 25 and at
125°C. Figure taken from [PetO1]

In Fig. 6.10 the I-V characteristic of a 1200-V SiC Schottky diode is shown. The
specific resistance of this device at room temperature, which can be extracted from
this characteristic, is also indicated in Fig. 6.9. The “silicon limit” is exceeded by
nearly two decades, nevertheless, there is still a high potential left for optimization
of SiC Schottky diodes.

The first SiC Schottky diodes were developed by the German company SiCED
and introduced on the market by Infineon for rated voltages of 300 , 600, and 1200 V.
The charge which occurs at commutation of a Schottky diode into the reverse direc-
tion is caused by the junction capacitance and this quantity is not temperature
dependent. SiC Schottky diodes are therefore superior to solutions using bipolar
Si diodes in all applications that require a high switching frequency (switched mode
power supplies, power factor correction, etc.) [ZveOl]. The higher price of a SiC
diode compared to Si pn-diodes can be compensated by reduction of inductive or
capacitive components in the circuit, which is possible because of the allowed higher
switching frequency.

The Ti Schottky barrier can theoretically be used for devices up to 3000 V
blocking capability. Figure 6.10, taken from [PetO1], shows the -V character-
istics of a SiCED Schottky diode rated for 1200 V with 10 mm? active area.
The characteristic is shown for 25 and 125°C. At 25°C one can recognize the
threshold voltage in agreement with Fig. 6.7. At higher temperature, the differ-
ential resistance is increasing because of the decrease of electron mobility with
temperature.
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Fig. 6.11 Structure of (a) usual SiC Schottky-diode, (b) MPS diode structure with p*-regions to
improve the surge current capability [Bjo06], and (¢) MPS diode structure with p-regions to shield
the Schottky junction from high electric fields [Sin00]. Figure similar to [Hei08], Copyright 2008
IEEE

In reverse direction a leakage current increasing with temperature can be observed.
In theory the breakdown voltage should increase with the temperature due to the
decreasing avalanche coefficients and increasing critical field strength. The decrease
of blocking voltage with temperature for real devices and the “soft” shape of the
blocking characteristics is probably caused by lattice defects and/or surface defects.

To improve the SiC Schottky diode, merged pin-Schottky structures (MPS-
diodes) have been introduced [Bjo06, Sin00]. Most Schottky diodes contain already
a p-zone at the edge of the active area for field termination as shown in Fig. 6.11a. In
Fig. 6.11b additional high p-doped areas are implemented, which act as p-emitters
and inject carriers if the forward voltage drop is above the junction voltage of the
SiC pin-diode. This is the case in the range of 2.8 V, as discussed above. An addi-
tional solution is the implementation of p-layers in analogy with silicon merged
pin-Schottky (MPS) diodes as shown in Fig. 5.28. Such a structure is shown in
Fig. 6.11c. These p-layers are separated by a relatively small distance of n™-material
with the aim to completely shield the Schottky contact from the high electric field
in reverse bias.

The surge current behavior of these structures was investigated in [Hei0O8]. The
I-V characteristic of diodes with the three structures in Fig. 6.11 is shown in
Fig. 6.12. The structure with p*-regions (b) shows the lowest forward voltage drop
for high current. The effect of the pin-diode is clearly noticeable for currents above
20 A, when the p-layers inject current. This structure shows a high surge current
capability. A similar effect, although not as strong, can also be seen for structure
(a), where the pin-contribution caused by the edge region injects carriers. Structure
(c) shows no pin-behavior. Instead, the /-V characteristic deviates from the ohmic
behavior at currents above 20 A. At high forward voltage, a significant electric field
arises across the middle layer, which has a thickness of only some micrometers. The
increased field will then cause the electron mobility to decrease and results in an
increased forward voltage drop. A further significant contribution is the temperature
increase during measurement. Therefore, the surge current capability is limited for
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this structure. However, a structure like Fig. 6.11c is appropriate for high—voltage
SiC Schottky diodes in the voltage range of 2 —3 kV or even higher, because it avoids
the reverse bias leakage current of the Schottky junction.

SiC Schottky diodes have today found a market and they are preferred for several
applications that involve high switching frequencies. SiC devices are still young and
when we compare to Si devices, we must remember that the silicon technology has
been improved for several decades to reach the device performance achieved today.
For silicon carbide there is still a high potential for optimization of crystal quality
as well as for processing technology and device design.
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Chapter 7
Bipolar Transistors

The transistor was invented in 1947 first in the form of a point contact transistor,
whose emitter and collector were formed by sharp metal wires on a germanium
block as base [Bar49, Sho49]. Soon it was clear that the metal semiconductor junc-
tions at the point contacts can be replaced by two closely coupled pn-junctions. The
first paper on a bipolar transistor of silicon with diffused emitter and base was pub-
lished in 1956 [Tan56]. For a bipolar transistor as power switch, the emitter and
base are fine interdigitated structures whose distance in the range of 30 pm have to
be mastered; the technology for this was available in the 1970s. For a certain time,
the bipolar transistor was the most important switching device in power electronics.
But already at the end of the 1980s, the IGBT was introduced (see Chap. 10), and
the IGBT began to replace the bipolar power transistor. Nowadays power converters
are no longer equipped with bipolar transistors. In niche markets, e.g., as line deflec-
tion transistors in TVs, they have survived. However, recently, activities to develop
bipolar SiC transistors were started.

7.1 Function of the Bipolar Transistor
The bipolar transistor has an npn-structure or pnp-structure. Therefore, it comprises

two subsequent pn-junctions. The power transistor, with the exception of the voltage
range below 200 V, always has an npn-structure as schematically shown in Fig. 7.1.

G &>+ ®

E le I c
h
O n| p n~ n* O
Fig. 7.1 npn-power ® T|a
transistor shown _II_/
schematically S B
J. Lutz et al., Semiconductor Power Devices, DOI 10.1007/978-3-642-11125-9_7, 241

© Springer-Verlag Berlin Heidelberg 2011
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When a positive voltage is applied to the collector C, the pn-junction between base
B and collector is biased in blocking direction and the pn-junction between base
and emitter E is biased in forward direction. With open base, the electron density
is low in the base. The base p-doping is in the range between 10'¢ and 10'7 cm™3;
a density ny0 = nl2 /p in the range of 10* cm~3 can be achieved from the relation
(2.6). In spite of a high voltage at the collector, the transistor carries only a very
small current; it is in the blocking state.

If the switch S is closed and a positive current /g is injected at the base contact,
the n*p-junction is biased in forward direction, and so the base is flooded with elec-
trons. But with the base current /g, not only the emitter current is increased, the
electrons in the p-base now have a high gradient of carrier density in the direction
of the blocking base—collector junction. They diffuse in this direction and into the
low-doped n™ -layer. If an electric field is build up, they are accelerated by the field
toward the collector.

The current gain « in a common-base circuit is defined by

Ic = alg + IcBo (7.1)

with the leakage current Icpg, measured between base and collector with an open
emitter. Furthermore, a current gain 8 in a common-emitter circuit is defined by

Ic = BIg + Icko (7.2)

with the leakage current Icgg, measured between emitter and collector with an open

base. According to Fig. 7.1, Ic is the load current which is to be controlled, therefore

B is the current gain of the load current in relation to the controlling base current.'
If the relation

Ig=1Ic+1Ip (7.3)

resulting from Fig. 7.1 is used and the leakage currents Icgg and Iggg are neglected,
Eq. (7.2) is solved for g and finally inserted into Eq. (7.3); it follows that

Ic Ic Ic/Ig o
f=—= = / = (7.4)
L k—Ic 1-Ic/lE 1-«a

The same result is also obtained if the exact definitions (7.1) and (7.2) are used, then
the leakage currents must be converted. Equation (7.4) can be solved for a which
results in 5

The closer « approaches 1 the higher is the current gain B of the collector current.
For example o = 0.95 results in 8 = 19.

1 Strictly speaking it must be distinguished between the DC current gain A = Ic/Ig and the
small-signal current gains « = Alc/Alg , the same holds for 8. This is neglected in the following
simplified treatment.
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7.2 Structure of the Bipolar Power Transistor

Figure 7.2 shows the structure of a power transistor. The emitter regions are mostly
arranged in stripes, the width of the emitter fingers of power transistors is typically
in the range of 200 wm. Base and emitter fingers are arranged in an alternating
sequence, interleaved like the teeth of two combs.

The collector region is divided into a low-doped n™-layer to take over the electric
field and an adjacent higher doped n*-layer. The diffusion profile of the bipolar
transistor along the vertical line A-B through an emitter region in Fig. 7.2 is shown
in Fig. 7.3. A diffusion profile of this type features the “triple-diffused” bipolar
power transistor. The term “triple-diffused” stands for the subsequent diffusion of
the deep collector layer, followed by the p-base layer and finally by the n*-emitter
diffusion. In this case, the n*-layer is a deep-diffused layer with a Gauss-shaped
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Fig. 7.3 Doping profile of a 1200 V bipolar power transistor along the line A-B in Fig. 7.2
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profile of the doping atoms. This deep-diffused layer can also be replaced by an
epitaxial layer; then a transistor fabricated from epitaxial wafers is given. But the
abrupt junction from the n*-layer to the n™-layer in epitaxial transistors leads to
some disadvantages; see later paragraphs on second breakdown.

7.3 I-V Characteristic of the Power Transistor

In Fig. 7.4, a measurement of the forward I-V characteristic of a power transistor is
shown. Already at a low collector voltage, e.g., at 0.4 V, a comparatively high current
density is reached. This is not possible for a device where a pn-junction is forward
biased, because of the junction voltage in the range of 0.7 V. In a bipolar transis-
tor in this operation mode, both pn-junctions are forward biased, and the voltage
at the pn~-junction is opposed to that at the n*p-junction. This region of the for-
ward characteristics, which features very low voltage drop, is denoted as saturation
region.

The quasi-saturation region, in which the current slightly increases with increas-
ing voltage, follows next to the saturation region. For a higher voltage — not shown
in Fig. 7.4 — the bipolar transistor enters the active region. There, the collector cur-
rent is nearly constant for a given base current and independent of the increasing
collector voltage.

From this shape of the forward characteristic, the short-circuit capability of the
transistor results. The current is limited, even if there is a short circuit at the load. If
in a basic circuit according to Fig. 5.18 a short circuit occurs shorting the load con-
sisting of R and L, then the voltage across the transistor increases until the applied
external voltage Vi, drops across the transistor. The value of the short-circuit cur-
rent which occurs in short-circuit mode is given by the transistor /-V characteristic
and the applied base current. Very high losses are generated in this operation mode;
however, if the short circuit is detected within some microseconds by appropriate
supervising functions in the driver circuit and is turned-off by the driver, the device
will survive this event.
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7.4 Blocking Behavior of the Bipolar Power Transistor
In Eq. (7.1), Icpo is the leakage current measured between base and collector. To

determine the leakage current between collector and emitter at open base, Eq. (7.1)
can be used. At open base, Ic = Ig = Icgo holds, and from Eq. (7.1) results

Icgo = o - Icgo + IcBo (7.6)
solved for Icgp:
IcBo
Icgo = (7.7)
l—«

The leakage current between collector and emitter is therefore always higher than
the leakage current between collector and base. With « = 0.9, Icgg is 10 times
larger than Icpp.

Also the onset value of avalanche breakdown for a voltage between collector and
emitter is lower at open base compared to a voltage between collector and base. To
calculate this, Eq. (7.1) must be extended by the effect of avalanche multiplication.
The current « Iy enters the space charge from the collector side and is enhanced
by the electron multiplication factor M. The leakage current Icpg, mainly cre-
ated by generation in the space charge, is enhanced by its multiplication factor Msc
(compare Sect. 3.3 on avalanche breakdown, especially Eq. (3.68)). It holds that

Ic = Myalg + Msclcpo (7.8)
At open base, Ic = Ig is given, which for the collector current results in

_ Msclcpo

= 7.9
C I Mo (7.9

Therefore, the collector current grows to infinity for My = 1 or it holds that

M, = (7.10)

1
o
for avalanche breakdown between collector and emitter, whereas the avalanche
breakdown between collector and base arises only if M;, grows to infinity. For high
current gain(x close to 1), the blocking capability at open base is strongly reduced.
For « = 0.9, it is sufficient as the condition for avalanche breakdown that the
multiplication factor M, grows to 1/0.9 = 1.11.

Because the ionization factors for electrons are much higher than that for holes,
an > op, My grows much faster with the electric field (see Fig. 3.13). M;, determines
the avalanche breakdown and the approximation by an effective multiplication fac-
tor M or an effective ionization rate o is no longer valid. The breakdown voltage
Vceo is considerably smaller than Vcpg. Figure 7.5 shows the difference between
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Vepo and Vg for a commercially available bipolar transistor. For this example,
Vcgeo amounts about 60% of Vegg.
For a pnp-transistor, we obtain in analogy

M, = (7.11)

1
o
Because of M, < M,, the difference from Vcgo to Vepo will be smaller for a
pnp-transistor.

In Sect. 3.3, with Eq. (3.69) an often used approximation for the multiplication
factor at a voltage V < Vo was given [Mil57]

1

M=—
1 —(V/Vceo)™

(7.12)

where V is an applied voltage smaller than Vcgg. With Eq. (7.10), it leads for
V = Vcgo to

1
Vego = (1 —a)™ Vepo (7.13)

where a value of 5 for m is given as typical for a bipolar npn-transistor [Ben99].
The value m = 5 leads to agreement with measurements, if for « the value at typical
forward operation conditions is used where both 8 and « are high. However, static
avalanche breakdown effects appear at low current where the current amplification
is low, since a high share of the current recombines in the base layer. If this is
considered, m = 2.2 as suggested in Sect. 3.3 is a better choice.

An approximation for a transistor with typical structure can also be found for
Vceo [Ben99]

Veeo = Kiwe (7.15)
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where wc is the width of the low-doped collector zone, as defined in Fig. 7.3, and
K is given as 10° V/cm.

The difference between reverse blocking voltage and reverse current of a transis-
tor structure with open base and the reverse blocking voltage of a pure pn-junction
is very important for devices with several pn-junctions. It is also very fundamen-
tal in the practical application of the bipolar transistor, since for a voltage applied
at open base, the device goes into breakdown at a much lower voltage and it is
potentially destroyed. On the other hand, if a negative voltage is applied to the base
with respect to the emitter, both pn-junctions of the transistor are biased in reverse
direction. The leakage current of both junctions is extracted as base current, and no
more interaction of both pn-junctions occurs. For this case, the blocking capability
between collector and emitter is approximately the same as between collector and
base. A similar effect occurs if base and collector terminal are connected by a short
circuit. In practical application, a small negative voltage is applied at the base of the
transistor if a high reverse voltage emerges at the collector. Usually a negative volt-
age at the base is applied for turning off the collector current, and it is maintained
continuously during the blocking mode.

7.5 Current Gain of the Bipolar Transistor
According to definition (7.1), it holds that

Jc —JcBo
o ="—"""
JE

(7.16)

Equation (7.16) is multiplied in nominator and denominator by the electron current
JnB Which is injected by the emitter into the base

o = JnBjc —JjcBo _
JE JnB

yoT (7.17)

The first term on the right-hand side of Eq. (7.17) corresponds to the emitter effi-
ciency y, which was already introduced in Sect. 3.4 with Eq. (3.95) and which is
given for an n-emitter by

jnB

= (7.18)
Y JnE + JpE

For an n-emitter, this definition describes the share of the electron current j,g,
injected into the base, related to the total emitter current.
The second term in Eq. (7.17) is denoted as transport factor aT

_ Jc —JcBo
jnB

ar (7.19)
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For an npn-transistor, this corresponds to the share of the electron current injected
by the emitter which arrives at the collector. For jc = jcpo and therefore ot = 0,
only the leakage current arrives at the emitter. For an npn-transistor with high current
gain, y as well as ot shall be close to unity, so that « exhibits a value close to 1.
Now the emitter efficiency y shall be investigated in more detail. Recombination
at the pn-junction between emitter and base shall be neglected; this is feasible at
current densities higher than 1 mA/cm?. The electron currents on both sides of this
pn-junction are therefore assumed to be equal, jug = jup. Then it follows that
- s (7.20)
JnB +JpE 1 4 fE
JnB

The minority carrier current jg penetrating into the emitter can be expressed by
Dp
Ly - Ne

and for the electron current j,p penetrating into the base at the condition of low
injection it holds

JpE =4 " (7.21)

Dy
L, - Np

JnB=¢"- (7.22)
Equations (7.21) and (7.22) are inserted into Eq. (7.20). For the case of low injection,
that means that the flooding with free carriers is smaller than the doping of the base
Ng, the emitter efficiency y can now be expressed by

(7.23)

In this equation L;, the diffusion length of the electrons in the base, was replaced
by the width of the base wg, since wg is always smaller than L;, for the high carrier
lifetime typical in bipolar transistors. Further L, in the emitter will be small, after all
wg and L, will be in the same order or magnitude. Therefore, the dominating term in
Eq. (7.23) is the quotient Ng/Ng. To achieve y close to 1, the doping of the emitter
Ng must be much higher than the doping of the base Ng. Equation (7.23) gives a
first approximation for these relations, which are very important for the design of a
transistor.

Equation (7.23) is valid for the case of low injection. Furthermore, bandgap nar-
rowing was not considered in Eq. (7.23); that means a not too high doping of the
n*-emitter was presumed. Additionally, the description of the emitter efficiency in
Eq. (7.23) does not contain the current dependency of the emitter efficiency. Based
on Sect. 3.4, the emitter efficiency can be investigated in more detail. The n-emitter
is characterized by the emitter parameter /,. Auger recombination and bandgap
narrowing determine an n-emitter with high doping; in analogy to Eq. (3.104) it
holds that
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hy = e*E/MT /D can (7.23b)

With the Auger coefficient Ca p = 2.8 x 10731 ¢cm®/s and with the mobility Wp of
79 cm?/V s (estimated for a doping of 1x10'> cm~3) and using bandgap narrowing
according to Slotboom and DeGraaf as described in Eq. (2.25), one obtains

hy ~2 x 10714 cm4/s

The experience of the authors with design and fabrication of bipolar transistors has
shown that the parameter 4, is in the range between 1 x 10~'* cm*/s and 2 x
10~'4 cm* /s up to a doping of 5 x 10!” cm™3 and it only increases at higher doping
resulting from Eq. (7.23b) with bandgap narrowing according to Eq. (2.25). A high
value for &, indicates a reduced emitter efficiency.

The emitter efficiency can be expressed in analogy to Eq. (3.96) as

[72
y=1- qhnT.L (7.24)

To estimate y, the density of the free carriers pr. at the junction between emitter and
p-base must be known. In a power transistor, shown again schematically in Fig. 7.6
(top), a low-doped collector layer with a thickness wc follows adjacent to the p-base.
This layer is responsible for taking over the space charge in the forward blocking
mode of the transistor. It must be flooded with free carriers in on-state to achieve a
low voltage drop in the conduction mode. The effective base width increases from
wg to wg+wc (Fig. 7.6), referred as Kirk-effect [Kir62].

The transistor is in the mode of saturation at high base current and low voltage
Vc. This point is marked in the /-V characteristic in Fig. 7.4 with the number 1.
The holes injected in the base diffuse also into the low-doped collector region. A
conductivity-modulated zone is built up in which n ~ p holds. The shape of the
carrier density at point 1 in the /-V characteristic is shown in Fig. 7.6 with the
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graph for the mode of saturation. The p-base as well as the low-doped collector
layer are flooded with free charge carriers. The current transport from the collector
to the emitter can be considered as solely carried by electrons, since the diffusion of
holes is oriented in the direction against the electric field, whereas the diffusion of
electrons is supported by the electric field.

The density of free carriers decreases from the emitter towards the collector. For
the distribution across base and low-doped collector layer, Eq. (5.26) still applies.
This equation leads to a sagging carrier distribution. The grade of deviation from
a linear shape is determined by the charge carrier lifetime. It turns out to be more
pronounced for a lower carrier lifetime. In high-quality bipolar transistors, the car-
rier lifetime is high and the loss by recombination is low; therefore, this sagging is
neglected in Fig. 7.6. This is a good approximation for L, > 2(wp + wc).

Therefore, with the assumed simplified relation

d
L___ (7.25)
dx wB + wc

which applies for the point of transition from the saturation mode to the quasi-
saturation mode, see Fig. 7.6, and with j, = 0 and j = jc, the result obtained for the
collector current is based on Eq. (5.21)

Mn + [ L
c=— P gDa

(7.26)
Mp wB + wc
Using Eq. (5.23) and the Einstein relations (2.44)
. L
jo = 2qDy—PE— (727)
wB + wc

is obtained. Solved for the density of free carriers at the emitter-base junction

_Jc (w +wc)

7.28
2Dvg (7.28)

follows. Equation (7.28) inserted into Eq. (7.24) now allows the estimation of the
emitter efficiency. For a transistor with we = 50 um, for example, and wg =
10 m, a value for pr. of 2x10'® cm™3 results for a current density of 30 A/cm?.
The emitter efficiency is y = 0.96. For 10 A/cm?, a value of y = 0.99 is obtained.
The emitter efficiency depends strongly on the current density. With increasing col-
lector current, the emitter efficiency and thereby the current gain decreases. This is
observed for all power transistors.

The transport factor aT was the second factor for the current gain according to
Eq. (7.17), it can be written for L, > 2wesr [Sze81, Ben99]

2
W
ar=1-— - 7.29
T 212 ( )
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where L, represents the diffusion length in the base, which is combined with the
carrier lifetime according to Eq. (3.48). wegr is the effective width of the base, which
may be shortened compared to wg at increased voltage, see Fig. 7.8. Equation (7.29)
is usually derived for the low-injection condition, for details see [Ben99]. To attain
aT close to 1, wg must be chosen small and L, must be the maximum possible. A
high current gain requires a short base and a carrier lifetime in the base as high as
possible.

The current gain of the bipolar transistor depends on the current and the
temperature. For the current gain S, this is shown in Fig. 7.7.

For very small current, 8 is small; the current injected into the base recombines
to a large extent in the base layer. For increasing current, 8 reaches a maximum; for
further increasing current, at the condition of high injection, it decreases again. This
is attributed to the emitter efficiency, which decreases as described by Eqs. (7.24)
and (7.28). Additionally, the temperature dependency must be taken into consid-
eration. f increases with temperature for small and medium current, because the
carrier lifetime increases with temperature. For high current, the decrease of 8 with
temperature is shifted to lower currents. The rated current of a bipolar transistor is
typically in the range where 8 und « are already declining.

7.6 Base Widening, Field Redistribution,
and Second Breakdown

If the base current is reduced while the collector current remains constant, the tran-
sistor transits into the mode of quasi-saturation; in the /-V characteristic in Fig. 7.4,
this is the shift from point 1 to point 2. Now the low-doped collector layer is flooded
with plasma of free carriers only up to Awp in Fig. 7.6. Only electrons carry the
current in the region wc — Awp which is free of plasma, and because of the low
doping, a significant resistive voltage drop is created. It can be described in analogy
to Eq. (6.9) by
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_Jc(wc — Awp)
qinND

If the collector current is kept constant and the base current is decreased, then Awg

decreases as shown in Fig. 7.6. For Awg = 0, only the base wg is flooded with free

carriers; the transistor has now reached the active region. At this point, AVcg =

13.4 V results for the example of a 600 V transistor with wc = 60 pum, background

doping Np = 1 x 10" cm ™3, jc = 50 A/em?, and , = 1400 cm?/Vs.

Now the pn-junction between base and collector has become free of carriers. If
now the voltage is increased, a space charge will build up. For a moderate voltage
this is shown in Fig. 7.8 with line 1, for increased voltage line 2. The flooded zone is
pushed back further into the base by the amount that the space charge penetrates the
higher doped base layer. The base width is shortened to the effective base width wegr,
which leads to a slight increase in the current gain. In literature, this is described as
Early effect (named after its discoverer James M. Early, 1922-2004) [Ear52]. Power
transistors are usually not operated in the active region. However, they pass through
the active region at switching instants.

For a voltage in the active region close to the voltage Vcgo, the electric field is
shown in Fig. 7.8, line 2. The space charge has build up over nearly the whole layer
wc for this case.

The collector current now flows through the space charge as electron current.
The condition of a high electric field applies, and the electrons travel with the drift
velocity vg & vsar over almost the whole distance. For the electron density holds

AVCcE (7.30)

J
qVsat
The shape of line 2 in Fig. 7.8 is given only as long as the density of electrons
travelling through the n™-layer is small compared to the background doping Np.
The negatively charged electrons compensate the background doping and according
to Poisson’s equation it is

(7.31)

n —=

%E _ 9 vy —n) (7.32)
—— -1 —-n )
dx & b
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If the collector current increases by increased base current, the condition will be
reached that the density of electrons flowing through the space charge is equal to the
background doping:

J
qVsat

=Np (7.33)

For this case, dE/dx = 0 applies and an almost rectangular electric field with the
shape of line 3 in Fig. 7.8 exists. For a bipolar transistor with the background doping
Np = 1 x 10" cm™3, Eq. (7.33) is fulfilled at a current density of approximately
160 A/cm?, using vey = 107 cm/s.

If the collector current is further increased by an increased base current, then
n > Np holds, and the gradient of the electric field changes its sign, see line 4 in
Fig. 7.8 [Hwa86]. The electric field is redistributed and the field maximum shifts
from the pn-junction to the nn*-junction. A further increase in the current leads to
a further increas in field strength (line 5) and finally avalanche breakdown at the
nn*-junction will occur.

This is the onset of second breakdown. This effect was explained first by Phil
Hower [How70]. Second breakdown is destructive: holes, generated by avalanche at
the nn*-junction, are accelerated in the layer wc. The front side of the transistor is in
the active mode, the arriving holes act as an additional base current, and even more
electrons are generated by the emitter, etc. A positive-feedback loop is established.
Such a mechanism is usually destructive.

To avoid this critical condition, a safe operating area (SOA) is defined for the
transistor for the case of positively biased base — FBSOA, forward-biased SOA —
and for the case of negatively biased base — RBSOA, reverse-biased SOA. The turn-
off is a particularly critical condition in this respect. During turn-off with inductive
load, the voltage must increase first before the current can decrease. The transistor
passes through the active region of the /-V characteristic. The specification of an
RBSOA sets a limit for the voltage against which the transistor can be turned off.
Figure 7.9 shows an example.
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The turn-off process is also critical because of the following reason: the cur-
rent below an emitter finger is extracted from both edges toward the center. At
turn-off with an inductive load, a small area in the center of the emitter finger
finally remains, which carries the total current. Thus, the current density is increased
and the mechanism according to Eqgs. (7.31) to (7.33) is triggered at lower cur-
rents. Some design measures are possible to increase the SOA. The width of the
emitter fingers can be reduced and the pitch of the structure can be diminished.
Also special emitter structures were tested, which maintain the current flow at
the edge of the emitter, e.g., the ring emitter structure [Mil85]. These structures
showed an extended RBSOA and a considerably improved stability against second
breakdown.

Finally, a shallow gradient of the diffusion profile at the nn*-junction, as shown
in Fig. 7.3, is a countermeasure against the formation of a field peak at the nn*-
junction. For a slightly increasing n-doping toward the collector, the electric field
can penetrate significantly into the n-collector layer and a higher voltage can be
sustained before the conditions for avalanche breakdown are encountered. Usable
transistors in the range of 1000-1400 V could be manufactured with a diffusion
profile similar to Fig. 7.3.

7.7 Limits of the Silicon Bipolar Transistor

If the transistor is designed for higher voltage, the low-doped collector layer wc
must be widened. Since the function of the bipolar transistor is based on diffusion of
holes into this low-doped collector region, the current gain decreases with increasing
wc. The Motorola transistor in Fig. 7.4 exhibits 8 = 10 only up to a collector current
of 10 A. The high base current requires a high effort and generates significant losses
in the base drive units.

The required base current could be reduced down to acceptable values by
the introduction of double- and triple-stepped Darlington transistors [Whe76].
Darlington transistors with blocking voltages of 1200-1400V became available
with up to 100 A of controllable current per single die. With Darlington transis-
tors, high-switching frequencies are no longer possible. But the requirements for
variable speed motor drives with switching frequencies in the range of 5 kHz could
be fulfilled by Darlington transistors.

An extension to higher voltages is not possible with silicon. Meanwhile, a field-
controlled device, the IGBT, was found for the motor drive applications. IGBTs
are much easier to control and cause lower losses in the driver. Therefore, bipo-
lar power transistors have been widely taken from the market of power devices
and replaced by IGBTs. But the knowledge of the effects in bipolar transistors
is essential for a deeper understanding of the effects in more complex power
devices.
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7.8 SiC Bipolar Transistor

With SiC, a bipolar transistor with a much thinner collector layer and therefore a
drastically reduced wc is possible. Figure 6.8, which determines the necessary width
of the low-doped region, is also valid for dimensioning a SiC bipolar transistor.
According to the small wc, an acceptable current gain can be achieved even for
transistors with blocking voltages above 1000 V. To obtain a high current gain, state-
of-the-art SiC epitaxial growth and surface passivation are important. SiC bipolar
transistors can be fabricated with very low on-state voltage drop, if ohmic contacts
with low contact resistivity are formed [Lee07].

Figure 7.10 shows the measurement of a SiC “large area” bipolar transistor, fab-
ricated by TranSiC AB [Dom09]. A value for 8 of 35 was achieved for a BJT with
open base breakdown voltage Vcgo of 2.3 kV. It should be noted that the character-
istic is nearly ohmic in the saturation mode, and an “on-resistance” of 0.03 2 can
be observed, which is about 0.45 -mm? for this device with 15 mm? active area.

The SiC transistor establishes the opportunity to operate a high-voltage device
with a voltage drop clearly below 1 V at room temperature. Further, SiC has the
advantage of a possible higher doping of the region wc. Therefore, the effect of
second breakdown according to Egs. (7.31), (7.32), and (7.33) is to be expected
only at a very high current density which is outside the range of possible opera-
tion. Additionally, high operation temperatures are possible with SiC, but then a
reduced current gain and an increased on-resistance must be taken into account.
Nevertheless, the progress in SiC technology might revitalize the interest in bipolar
transistors again.
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Chapter 8
Thyristors

The thyristor was the dominating switching device in power electronics for a long
time. It was described already in 1956 [Mol56] and introduced to the market in the
early 1960s [Gen64]. The acronym SCR (Silicon Controlled Rectifier) was primar-
ily used for a thyristor in early publications and is still occasionally in use today. In
its basic structure, a thyristor can be fabricated without very fine structures and with
low-cost photolithography equipment. The thyristor is still widely used in applica-
tions with low switching frequencies, such as controlled input rectifiers which are
applied at the grid frequency of 50 or 60 Hz. A further actual application field of the
thyristor is the power range that cannot be reached with other power devices — the
range of very high blocking voltages and very high currents. For high-voltage DC
power transmission, thyristors with 8 kV blocking voltage and more than 5.6 kA
rated current have been introduced in 2008 as a single device in the size of a 6-inch
wafer [Prz09].

8.1 Structure and Mode of Function

Figure 8.1 shows the structure of a thyristor in a simplified drawing. The device con-
sists of four layers forming three pn-junctions. The p-doped anode layer is located
at the bottom, followed by the n-base, the p-base, and finally the n*-doped cathode
layer.

The three pn-junctions formed by the four alternately doped layers are marked
by diode symbols Ji, J>, and J3 in Fig. 8.1. If a voltage is applied in the forward
blocking direction, the junctions J; and J3 are biased in forward direction and the
junction J> is biased in reverse direction as long as the device is in the forward
blocking state. Thus, across J, a space charge region with a high electric field will
build up (Fig. 8.1c¢). It penetrates widely into the weakly doped n™-layer.

If a voltage is applied in reverse blocking direction of the thyristor, the junction
Jo is forward biased; J and J3 are biased in reverse direction. Because of the high
doping on both sides of the junction J3, the avalanche breakdown voltage of it is
usually relatively low (= 20V). The main part of the applied voltage is taken by
the junction Jp, the shape of the electric field is shown in Fig. 8.1d. Since the same
weakly doped n~-layer takes the electric field and since the upper and the lower
p-layers are usually fabricated simultaneously from both sides in a single diffusion

J. Lutz et al., Semiconductor Power Devices, DOI 10.1007/978-3-642-11125-9_8, 257
© Springer-Verlag Berlin Heidelberg 2011
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a b A c d

Fig. 8.1 Thyristor. (a) Symbol, (b) pn-structure, (¢) shape of the electric field in the forward
blocking mode, and (d) shape of the electric field in the reverse blocking mode

step, the blocking capability of the thyristor is nearly the same for both directions (if
the npn-transistor is shorted, see Sect. 8.4). The thyristor is a symmetrically blocking
device.

The thyristor can be divided into two partial transistors, a pnp-transistor and an
npn-transistor, with the common base circuit current gains « and o2, respectively
(Fig. 8.2).

Then we obtain for the collector current Ic; of the pnp-partial transistor
according to Eq. (7.1)

Ici = oy - Igy1 + 1o = a1 - Ia + I 8.1
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Fig. 8.2 Partition of the thyristor in two partial transistors and equivalent circuit
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where I is the diffusion leakage current from the middle weakly doped n™ -layer.
In the same way we obtain for the npn-partial transistor

Ico = ap - Igy + Iho = a2 - Ix + Ino (8.2)

with I as the diffusion leakage current in the p-base. The anode current /4 is the
sum of both partial currents /¢ and Ics:

In=Ici+Ico =0a1 - Ian+a-Ix +1po + Ino (8.3)

From the balance of currents flowing into the device and out of the device it holds
additionally that

Ik =1Is+1g (8.4)
Equation (8.4) inserted into Eq. (8.3) leads to
In=ay-Ia+az-Ia+az - I+ I +Ino (8.9
Equation (8.5) resolved for I results in an expression for the anode current

o2 'IG +Ip0 + Ino
1 — (a1 +a2)

In = (8.6)

which can be used as long as avalanche multiplication can be neglected. From
Eq. (8.6) one can see that I rises to infinity when the denominator in Eq. (8.6)
approaches zero. The current gains o1 and o are in turn dependent on the cur-
rent. For very low currents they are close to zero and they increase with current as
shown for the bipolar transistor in Fig. 7.7. The trigger condition of the thyristor is
therefore

o] +oap >1 8.7

If the triggering condition is fulfilled, the anode current has the tendency to
increase infinitely, this is valid even if Ig = 0 in Eq. (8.6). The thyristor is in the
forward conduction mode. In this mode, there is an internal positive feedback loop
that is established by the current amplification of the two partial transistors. Both
transistors are in the saturation mode, this leads to a low forward voltage drop that
is comparable to the voltage drop across a forward biased diode.

Equivalent to Eq. (8.7) is the condition 818> > 1. At low current, both « and
B grow with increasing current, see Fig. 7.7. Especially, said conditions are also
fulfilled if the small-signal current gains o’ = Alc/Alg or B/ = Alc/IAp are used
[Ger79], which are larger than « and B at low current. In nowadays fabricated power
thyristors, ap and B, are determined by the cathode emitter shorts and are zero at
low gate current, and therefore the trigger function is mainly adjusted by the cathode
shorts. For more details see Sect. 8.4.
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Fig. 8.3 Diffusion profile of a thyristor designed for 1600 V

An exemplary diffusion profile of a thyristor along the line A-B in Fig. 8.2 is
shown in Fig. 8.3. The fabrication of a thyristor starts with a weakly doped n™-
wafer. Usually, both p-layers are created simultaneously by diffusion: predeposition
with an acceptor dopant, e.g., aluminum, at both wafer surfaces and a subsequent
high-temperature drive-in step. To create the deep pn-junctions J; and J3, which
are typical for high-voltage thyristors, aluminum is a suitable dopant because of its
relatively fast diffusion in silicon. To adjust the required doping concentrations at
the n*p-junction J3 and near the anode contact, additional p-diffusions are applied.
Thus, the final doping profile in the p-layers can be approximated by superposition
of several Gauss-type profiles. The junctions J; and J> both exhibit a very shal-
low gradient of the diffusion profile at the p-side: This facilitates the fabrication
of a junction termination structure with beveled edges as shown in Figs. 4.16 and
4.17. A further structure, the edge diffusion structure, is shown in Fig. 4.22. In all
cases, the base of the pnp-transistor with thickness wg and doping concentration Np
determines the blocking capability of the thyristor in both directions.

8.2 I-V Characteristic of the Thyristor

In forward direction two branches of the I-V characteristic exist: the forward block-
ing mode and the forward conduction mode. A simplified drawing of the I-V
characteristic is shown in Fig. 8.4. In the forward blocking mode, the maximally
allowed voltage Vpryv is defined at a leakage current Ipp max. In reverse direction,
the maximal voltage Vrru is specified at a maximal allowed current /IRp max-
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Fig. 8.4 Simplified /-V characteristic of the thyristor and some important thyristor parameters

The data sheet values for Vprv, VRrm may differ considerably from the values
measured for a real device, as mentioned already for the /-V characteristic of diodes.
In reverse direction the blocking capability is limited by Vg gp). In forward direction
the blocking capability is denoted by the breakover voltage Vpo. At a voltage higher
than Vpo the device is triggered and switches to the forward conduction mode. This
mode of triggering, breakover triggering, is usually avoided in power thyristors.
Usually the thyristor is fired by the gate. At breakover triggering, especially in large-
area thyristors, the device may be locally overstressed by uncontrolled local current
concentration, and destruction is possible.

In forward conduction mode, the voltage drop Vrt is defined at a specified current
It. The branch of the -V characteristic for high current is similar to the forward
characteristic of a power diode. The middle layer is flooded with free carriers,
and similar current densities as in a power diode are possible. Again, as already
discussed for the I-V characteristic of power diodes, the data sheet value Vrmax,
the maximally allowed forward voltage drop, is higher than the real value Vt of a
device, since there is some unavoidable variation in the electrical characteristics of
devices. Therefore, the manufacturer usually specifies values with a certain safety
margin.

Dedicated parameters of the forward characteristic are

The latching current I: The minimal anode current which must flow at the
end of a 10 ps trigger pulse to safely switch the thyristor into the conduc-
tion mode and to maintain the conduction mode safely when the gate signal
returns to zero.

The holding current Iy: The minimal anode current necessary to maintain the
thyristor in conduction mode without gate current and which ensures that the
conducting thyristor will not extinguish. A decrease of current below Iy can
lead to a turn-off of the thyristor.
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Since the device is not completely flooded with carriers at the initial phase of the
turn-on process, I1. > Iy always applies. The latching current is typically twice as
large as the holding current.

8.3 Blocking Behavior of the Thyristor

Avalanche breakdown as limit for the blocking capability is already known from
the paragraphs on power diodes and transistors. For a thyristor, there is a second
limit of the blocking capability, the punch through effect: The space charge region,
which spreads across the n™-layer with increasing applied voltage, may arrive at the
adjacent layer of opposite doping.! Holes will be accelerated in the electric field and
the blocking capability is no longer given.

For simplification a triangular electric-field shape across the n™-layer (Fig. 8.1c
or d) is assumed in the following discussion. Furthermore, the penetration of the
space charge region into the p-layer of the blocking pn-junction shall be neglected.
The avalanche breakdown voltage and its dependency on the background doping
were already calculated in Sect. 3.3. It is given by Eq. (3.84) for the triangular
electric field shape. This dependency is drawn in Fig. 8.5 as line (1). It is equal to
the dependency in Fig. 3.17, lower part. Additionally, the width of the space charge
region is given by Eq. (3.58). Solving Eq. (3.58) for the voltage and neglecting the
small Vy; leads to

1 gNp
VPT = ETW% (88)
10000 -
S <
- AN MO, T
g \ b A
‘\\ //,,(1'} avalanch

/ (3) punch-throug
Fig. 8.5 Blocking capability B Lol ‘SOHT“._. i
of a thyristor: Avalanche /
breakdown voltage as a

function of Np,

punch-through voltage for

two different widths of the 1000 7
n~-layer 1.0E+13 Np [em™3] 1.0E+14

(2) ﬁunc h-through
wpg = 250pm

1Already for diodes, the term “punch through” was used, however, in a different meaning of the
word. When in diodes the space charge region extends through the entire n™-layer and penetrates
into an n*-layer, the blocking capability can further increase. See Section 5.3.
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In this equation, the voltage was set to V; = Vpr, the voltage at which the space
charge region reaches the region of opposite doping at the position w = wg. For
wp = 250 and 450 pwm, the calculated values of Vpr are drawn in Fig. 8.5 as line
(2) and (3), respectively.

The optimal design parameters for the base width wg and its doping concen-
tration Np for a thyristor with a blocking voltage somewhat above 1600 V can be
estimated by considering the intersection point of lines (1) and (2) in Fig. 8.5. If the
doping concentration is reduced below the concentration at the intersection point,
the avalanche breakdown voltage will increase, but the space charge region will
reach the opposite p-layer at a voltage lower than the avalanche breakdown voltage
and punch through will limit the blocking capability.

In the following it shall be investigated how close one can approach the limits
given by avalanche breakdown and punch through. In reverse direction, we neglect
the small voltage at J3 (which is usually shorted, see Sect. 8.4). The behavior at
the blocking junction J; is equivalent to that of a bipolar pnp-transistor in open
base configuration [Her65]. According to Eq. (7.11), the blocking capability of
this junction is lower than for a pn-diode. Avalanche breakdown sets on already
if Mpap = 1 holds:

Mp= (8.9)

Only for a1 = 0, the avalanche breakdown voltage of the pn-junction reaches the
value derived for diodes. Since M, << M, applies (see Fig. 3.15), the effect is not
as strong as in an npn-transistor. The onset of avalanche breakdown is reduced to
lower voltage, as shown in Fig. 8.5 by the dotted line, the reduction of the breakdown
voltage is most pronounced close to the intersection point of lines (1) and (2).

In forward direction the blocking junction is J». Its blocking capability is denoted
by the breakover voltage Vpo. We can use the trigger condition (8.6), set I = 0
and take into account the multiplication factors for the hole current in the pnp-
transistor and for the electrons in the npn-transistor. The breakover voltage will be
reached for

! Msc - Isc + Mplyo + Mylno
A =
1— (My- oy + My - )

(8.10)

For «; and «» in Eq. (8.10), the small signal current gains must be used.
Thebreakover voltage will be reached for Mpa; + Myaz = 1. Since My >> M,
holds, the forward breakover voltage will be very sensitive to az. Only for ap = 0
the blocking capability will be the same as in reverse direction.

Both current gains are dependent on temperature and increase with temperature
for low currents. To ensure a blocking capability of the thyristor at higher tempera-
tures, op must be reduced for low currents; since symmetrical blocking capability is
required it must be zero for low current. This can be achieved by the implementation
of emitter shorts.
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8.4 The Function of Emitter Shorts

The current gain of a transistor depends not only on current but also on temperature.
At low temperature the current gain is low; it increases with temperature (Chap. 7,
Fig. 7.7). This has the consequence that the breakdown in open-base configuration,
Eq. (7.10), will be reached at a lower voltage when the temperature is increased.
For the thyristor, the breakover voltage Vpo will decrease strongly. This behavior is
shown in Fig. 8.6 by the dotted line for a thyristor withoutemitter shorts.

Fig. 8.6 Temperature 1500
dependency of the breakover v
voltage Vpo. Dotted line:
Without emitter shorts. Full 1200 e )
line: With emitter shorts. \\ \
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© 1979 Springer 900 \\
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By the implementation of emitter shorts on the cathode side (Fig. 8.7), a shunt paral-
lel to the pn-junction between the base and the emitter of the npn-partial transistor is
created [Chu70, Ger79, Rad71]. The current coming from the pnp-transistor flowing
into the base of the npn-transistor is conducted via this shunt to the cathode contact.
The shunt resistance is determined by the lateral distances between the shunts and
the doping concentration of the p-base. If the current is high enough, the voltage

Gote i T _
i Cathode A
( LY
il
Fig. 8.7 Arrangement of ] :
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drop across the short gets sufficiently high and a perceptible current gain of the
npn-partial transistor arises.

The cathode emitter shorts determine the effective w, and thus widely the
dynamic and static characteristics of the thyristor. The dependency on the forward
blocking capability on temperature for a thyristor with emitter shorts is drawn in
Fig. 8.6 with the full line. With appropriate design of the emitter shorts, the thyris-
tor will have the same blocking capability in forward and in reverse direction even
at increased temperature.

Even if a thyristor is provided with emitter shorts, its blocking capability remains
sensitive to temperature variations because of the temperature dependency of the
current gain of the partial transistors. In most thyristors the maximal allowed oper-
ating temperature is restricted to 125°C, in some special thyristors a little bit above.
At increased temperature, thyristors show a significantly increased leakage current
compared to diodes.

8.5 Modes to Trigger a Thyristor

A thyristor can be triggered

1. By a gate current Ig. This is the most common mode to trigger a thyristor. For
technical applications, the following characteristics are given:

IGT, VoT: Minimal current and minimal voltage that must be provided by a gate
unit for secure triggering of the thyristor.

Igp, Vop: Maximal current and maximal voltage at the gate, at which a thyristor
will surely not trigger. To avoid unwanted triggering by disturbing signals, which
could occur, for example, by electromagnetic cross talk between cables and drive
units, these thyristor parameters are very important.

2. By exceeding the breakover voltage. In usual power thyristors, this trigger mode
is strictly avoided. However, special modifications of thyristor structures, e.g.
SIDACs or SIDACtors [SID97], use breakover triggering to act as protection
devices against too high voltages. They are connected in parallel to a device or
an integrated circuit for protection. They trigger at a voltage higher than Vo and
protect other parts of the circuit from overvoltage. Their voltage range is limited
to small and medium voltages in the range of some 10 V up to some 100 V.
Further, pnpn-thyristor structures are used as electrostatic discharge (ESD) pro-
tection structures in integrated circuits, where the same principle of breakover
triggering is applied.

3. By avoltage pulse with a slope dv/dt above the critical dv/dt., in forward direc-
tion. If such a voltage pulse occurs, the junction capacity of the pn-junction J>
is charged. If the slope dv/dr is high enough, the generated displacement cur-
rent may be sufficient to trigger the thyristor. dv/dr triggering is an unwanted
triggering event. For the application of a thyristor, a maximal allowed dv/dz; is
defined.
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4. By a light pulse with photons that penetrate into the space charge region across
the junction J, [Sil75, Sil76, Chk05]. If the energy of the arriving photons is
high enough, electrons transit from the valence band up to the conduction band.
The generated electron—hole pairs are separated in the electric field immediately,
the electrons flow to the anode, the holes to the cathode. The generated cur-
rent has the same effect as a current supplied by the gate. If the light power is
high enough, the triggering condition (8.7) can be fulfilled. Light triggering is
preferably used in case of series connection of thyristors. This is the case, for
example, in applications of high-voltage direct current transmission (HVDC),
where total voltages up to several 100 kV have to be controlled. The possibility
to trigger a thyristor via a glass fiber cable is of high advantage because of the
given electrical insulation with this type of signal cable.

The cathode emitter shorts (Sect. 8.4) determine widely the triggering of a thyris-
tor [Sil75]. For activating the npn-transistor, the voltage drop below the emitter to
the next emitter short V = Rp.pase - I must approach the built-in voltage Vy; of the
n*p-junction between emitter and p-base, which is in the order of 0.7 V at 300 K.
Since Vy; will decrease with temperature and R, pase Will increase due to the reduced
mobility of holes at elevated temperature, the trigger condition will be much earlier
fulfilled at a high operation temperature of 125°C.

Emitter shorts reduce the trigger sensitivity, increase the trigger current, and
increase the critical voltage slope dv/dt, [Sil75]. While the thyristor is most sensi-
tive to dv/dz.; at 125°C, it must also be ensured that the necessary trigger current
IgT at low temperature — room temperature or down to —40°C — becomes not too
high. The necessary compromise is especially difficult for a light-triggered thyristor,
where a low trigger power is required in the face of losses, e.g., in the glass fiber
cables, and still a sufficiently high dv/d#;; must be maintained [Sil76].

8.6 Trigger Front Spreading

With injection of a gate current into a thyristor only the region close to the
gate is switched into the conduction mode. The width of the conducting region
at the first instant of the turn-on phase is only of the order of some frac-
tions of millimeters. The situation immediately after triggering is illustrated in
Fig. 8.8.

The triggered region spreads over the cathode area with a velocity v, in the range
of 50 — 100 pm/ps or 50 — 100 m/s, which is very small for electronic effects. Since
there will be only a small lateral voltage drop in lateral direction, the spreading
of the initial region of high carrier density is slow. It will take a time of typically
100 — 200 ws until the front of the primary carrier plasma in a thyristor spreads
across a length of 1 cm. This slow spreading of the triggered region is a severe
limitation for some thyristor applications. It limits the allowed current slope di/d¢
for the anode current.
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Fig. 8.8 Current distribution ' - y ' L 4 i
in the thyristor immediately 0 01 0z 03 G¢ 05 06 07mmOB

after triggering. Figure taken » 1I -
from [Ger79] © 1979 I

Springer ﬁ wﬁiw wiﬁﬂ J/J/"///_:,,,/l ; I;
i D

IS

l

n

Y h

p
i.arl+

The trigger front spreading velocity is approximately proportional to the square root
of the current density:

v, ~ /] (8.11)

Furthermore, v, is reduced by emitter shorts: in the region of shorts it decreases
strongly. Emitter shorts reduce v, to approx. 30 pm/ps for a current density of 100
Alcm?. Additionally, the carrier lifetime is of influence. If the carrier lifetime is
reduced, for example, by a gold diffusion, and if, as is necessary for a fast thyristor,
strong emitter shorts are implemented, the trigger front spreading velocity v, may
be as low as 10 pm/ps equivalent to 10 m/s — a sprinter at the Olympic Games is
running faster!

Thyristors with a higher blocking capability require a larger thickness wg of the
n~-base, v, decreases with increasing wp of the thyristor. For a 4.5-kV thyristor
with a high carrier lifetime, v, will be in the range of 20 wm/j.s. The dependence v,
on wg is given by

La
wB

Vs (8.12)
where Ly is the ambipolar diffusion length. A low spreading velocity increases the
danger of overstress of the thyristor by an increased local current density in the
emitter region close to the gate contact. Therefore, measures to increase the di/dr
capability are necessary.

8.7 Follow-Up Triggering and Amplifying Gate

Thyristors for applications at line frequency are characterized by a high carrier life-
time and a high ambipolar diffusion length Ls. They are manufactured according
to the basic structure described above. Their rated current and di/ds capability are
of the order of 100 A and 150 A/us, respectively. These properties are sufficient
for applications at line frequency. For applications requiring a higher current capa-
bility, it would be possible to increase the gate area, this results in an increase of
the initially triggered region. However, this strategy requires a higher gate trigger
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current /gt and thus a higher effort for the gate drive unit. To avoid this drawback,
follow-up triggering was introduced.

First, a pilot thyristor is triggered, which in turn triggers the main thyristor. Thus,
the main part of the power necessary for triggering is not provided by the gate drive
circuit, but by the main current.

The principle of operation of a thyristor structure consisting of a pilot thyristor
and a main thyristor is illustrated in Fig. 8.9a. Between the gate and the main cathode
K, a small auxiliary cathode K’ is arranged. A gate current will trigger the thyristor
K'. Tts cathode current flows via the resistor R and generates a voltage drop at the
resistor. Thus, between K’ and K a positive voltage builds up, it generates an electric
field in the p-base and a lateral hole current to the n-emitter of the main cathode K,
which triggers the main thyristor.

In an advanced configuration the resistor R is integrated into the thyristor
(Fig. 8.9b). It is realized by the extension of the n-emitter layer and consists

Fig. 8.9 Follow-up
triggering of a thyristor. (a)
Principle, (b) lateral-field
emitter, integration of the
resistor in the n*-emitter
layer, (¢) amplifying gate
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Fig. 8.10 Gate structure of a
light-triggered thyristor, P
diameter 119 mm. \

Manufacturer Infineon

essentially of its lateral resistance in the region reaching from the pilot thyristor
to the left border of cathode contact K. This structure was introduced as lateral-field
emitter [Ger65] and allows much higher di/df slopes at turn on.

In a thyristor with amplifying gate (AG) [Gen68], shown in Fig. 8.9¢, the cathode
metal of the auxiliary thyristor K’ is connected to the p-base of the main thyristor.
After turn-on of the auxiliary thyristor, the current flows across the lateral resistance
of the p-base to the main cathode K. The total current of the cathode K’ acts as gate
current for the main thyristor K. In addition, the overlapping of the cathode contact
K’ and the p-base forms a cathode short and improves the di/dz capability.

The amplifying gate can be formed in miscellaneous geometrical shapes, for
example, stripes, or other distributed structures spreading across the area of the main
cathode. A structure of a large area thyristor is shown in Fig. 8.10. This thyristor is
designed for applications of high-voltage direct current transmission (HVDC) and
has a blocking capability of 8000 V, a rated current of 3570 A (Tcase = 60°C), and
a di/dt immunity of 300 A/ps.

The main thyristor area is triggered by a four-stage amplifying gate structure
located in the center of the device. The three inner AGs are ring shaped whereas
the fourth AG is distributed about the main cathode. This amplifying gate design
ensures triggering of the main thyristor by a wide initial trigger front.

The central structure of such a high-power thyristor can be very complex; espe-
cially protection functions can be integrated. Figure 8.11 shows details in the center
of the structure in Fig. 8.10 [Scu0O1, NieO1]. The left edge in Fig 8.11 corresponds

BOD 1.AG  2.AG metallizaton 3. AG 4. AG
\79— 14+
% \ \p/P \ p base Ras |
+
P n’
Fig. 8.11 Cross-section of n-

the central amplifying gate
structure of a modern
high-power thyristor,
consisting of four amplifying Coa n-type field stop layer

gates and several protection p*anode emitter \anode short/ p*anodeemitter /
structures. Figure from I
[Nie07] BOD 'p
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to the chip center in Fig. 8.10. The fourth AG is distributed over the main cathode
area to increase the region in which triggering of the main cathode area starts. Direct
light triggering of the thyristor is possible by irradiating the photosensitive area in
the center of the device. The typical light power to turn on the thyristor is of the
order of 40 mW.

An overvoltage protection is integrated by a breakover diode (BOD) in the center
of the structure. Its avalanche current triggers the thyristor via the AG structure
when an overvoltage is applied to the device. The voltage level Vgop at which the
overvoltage protection function is activated can be adjusted by the distance between
the central p-region with radius rgop and the concentric p-ring with an inner radius
rp (Fig. 8.11).

The shunt resistance of the weakly doped p~ region below the n*-emitter of the
innermost AG is adjusted such that the dv/d¢ capability of this AG is lower than that
of the other AGs and the main cathode area. By this way a reliable dv/dt protection
function is integrated into the thyristor, because the device is turned on safely by
the innermost AG when the anode-to-cathode voltage rises at a rate higher than the
rated maximum dv/d¢ value. The resistor Ry3 between the second and the third AGs
protects the two innermost AGs from being destroyed when the thyristor is turned
on with a high current rate di/dz.

A thyristor with a structure in Fig. 8.11 needs high effort in design and fabrica-
tion. With the integrated self-protection functions, it includes already elements that
support a reliable operation. Integration of these self-protection functions therefore
reduces the number of electronic components of the total power electronic system.

8.8 Thyristor Turn-Off and Recovery Time

Only special configurations of the thyristor can be turned off via the gate, these are
the Gate Turn-Off (GTO) thyristors which will be treated later. The usual turn-off
of a thyristor happens by zero crossing of the anode current, which is given for
applications operating in an AC circuit. In case of forward conduction, the base of
the thyristor is flooded with free carriers, similar to the internal plasma at forward
conduction of a diode. At commutation into the reverse direction, a reverse current
will occur, caused by the stored charge. This process is similar to the turn-off process
in a pin-diode. The stored charge must be removed down to a very small rest charge,
before a voltage in forward direction can be re-applied to the thyristor. The time
which is necessary for this charge removal, and which must be minimally set as
hold-off interval to avoid unwanted triggering of the thyristor, is denoted as the
recovery time #q. A thyristor is not able to withstand a forward voltage pulse with the
rated blocking voltage or the rated maximum dv/dz; value until the charge-carrier
plasma is almost completely removed from the n™-base.

Figure 8.12 shows the definition of the recovery time. The current slope dit/dt
of the anode current is determined by the external circuit. Equation (5.68) is valid
similar as in diodes. The anode current crosses zero, and a reverse current peak
occurs due to the removal of the stored charge.
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Fig. 8.12 Definition of the i A

recovery time fy of a thyristor
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In a typical thyristor first the junction J3 is depleted of charge carriers when the
current is turned off. However, the blocking capability of this junction is usually
only between 10 and 20 V, because of the relatively high doping concentration of
the p-base in the range of 10'” cm™3, and additionally it is provided with cathode
shorts. Thus, the reverse current is increasing until the junction J; is depleted of
carriers. Then, the thyristor starts to take over the reverse voltage Vr and a short
instant later the reverse recovery current reaches its maximum value.

After having reached the maximum, the reverse current decreases and a voltage
peak Vryv is generated, similar to the behavior of a diode during the turn-off period.
For thyristors, this period is less critical than for fast diodes. One reason for this
is the large width wp of the n™-layer typically used in thyristors. In most cases,
the reverse current decays slowly and a tail current is observed. During this period,
charge carriers are still stored in the region close to the junction J5.

While the thyristor is in the reverse blocking mode, the polarity of the applied
voltage changes. A voltage Vp with a defined slope dvp/dz is applied in forward
direction, the thyristor remains in the blocking mode (forward blocking mode) and
does not switch into the on-state mode, if ¢ > 7 applies (Fig. 8.12). Otherwise,
the control of the circuit is lost. The thyristor must be able to withstand the applied
forward voltage, thus the forward voltage Vp is allowed to be applied only after
a certain time interval. This minimum time interval between zero crossing of the
current iT and zero crossing of an applied forward voltage Vp is denoted as turn-off
time 7.

The recovery time of a thyristor is much higher than the switching time of a
diode. For the case of charge removal without applying a voltage VR in reverse
direction, and neglecting also Vp, one can estimate according to [Ger79]

g~ 101 (8.13)
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where 7 is the charge carrier lifetime in the n-base. However, g is specified at high
operation temperature, whereas t is typically measured at room temperature. In
modern thyristors, #; depends strongly on the cathode shorts. For turn-off with an
applied reverse voltage Vg, Eq. (8.13) can only be used for an estimation of the
upper limit value of 74 [Ger79]. If a voltage in reverse direction is applied, only
in that part of the base, in which the space charge region has build up, the stored
carriers are removed efficiently by the electric field. The recovery time 74 depends
on the application conditions:

— the forward current I7: #4 increases with increasing forward current;

— the temperature: #, increases with temperature because 7 is increasing with
temperature;

— the voltage slope dv/dt. This voltage slope must be smaller than the critical voltage
slope dv/dr.; in any case. The closer dv/dr approaches dv/dz, , the less rest charge
is allowed and the higher is #,

With a 100 A 1600 V thyristor, which is in its basic form triggered via a gate
in the center, fg is in the range of 200 s. With a high-power 8-kV thyristor, #q is
in the range of 550 ps. In large-area thyristors, a forward voltage pulse appear-
ing before 7y may turn on the thyristor somewhere in the main cathode area in an
uncontrolled way and — in the worst case — may lead to a destruction of the thyristor.
Special structures have been introduced to integrate a #4 protection function into the
thyristor [NieO7].

The recovery time limits the maximal frequency range allowed in thyristor appli-
cations. With diffusion of gold 7y can be reduced and also with a higher density of
cathode shorts. Fast gold-diffused thyristors reached a z; down to 10 — 20 ws. Since
modern power devices with turn-off capability are meanwhile available, the interest
in fast thyristors has vanished. For the high-voltage range > 3 kV, the development
of fast thyristors was never successful.

8.9 The Triac

In a triac (triode AC switch) two thyristors are integrated in an anti-parallel configu-
ration in a single device. The triac was introduced early [Gen65]. Figure 8.13 shows
the structure.

For a triac, one can no longer distinguish between anode and cathode, there-
fore the notations “Main Terminal 17 and “Main Terminal 2,” MT; and MT, are
conventionally used.

The triac can be triggered via a common gate in both directions. Its /-V charac-
teristic presents in both the first and the third quadrant a conducting branch and a
blocking branch. The triac may replace two thyristors in an AC converter, but only
within some limits.

The triac is described in more detail in [Ger79]. For the application, the main
restriction is due to the fact that at zero crossing of the current the triac must block
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Fig. 8.13 Triac structure and symbol

the voltage in reverse direction. However, in conduction mode, the device is flooded
with free charge carriers. If the commutation is executed with a too high di/d¢, still a
part of the stored charge remains after zero crossing of the current. If now a voltage
with a too high dv/dr is applied, an unwanted re-triggering occurs. The device will
not transit to the blocking block mode and the possibility to control the converter
is lost.

Therefore the allowed current slopes di/d¢ and voltage slopes dv/d¢ are limited
drastically for a triac — di/df to some 10 A/us and dv/dz to the order of 100 V/pus.
This allows the use of triacs only for applications with comparatively small current
and moderate voltage. In fact, in such applications they are often used. An example
for triac application is the AC converter for controlling of a medium-power heater.

If currents higher than 50 A have to be controlled, two thyristors in anti-parallel
configuration are commonly used instead of a triac.

8.10 The Gate Turn-Off Thyristor (GTO)

To provide a thyristor with an active turn-off capability, several special measures are
necessary. The Gate Turn-Off (GTO) thyristor was introduced in the 1980s [Bec80].
In the voltage range above 1400 V it was superior to the bipolar power transistor, the
competing device at that time. But with the introduction of the IGBT (see Chap. 10)
and the capability to design the IGBT for a high voltage, the GTO thyristor was
superseded by the IGBT, since a GTO thyristor requires a high negative gate current
for turn-off and the effort for the drive unit is high. The GTO thyristor is nowadays
used in the power range that is not reached by the IGBT. Up to 6 kA 6 kV GTO
thyristors fabricated from one single 150-mm wafer are available [Nak95]. From
the GTO structure, the new device Gate Commutated Thyristor (GCT) was derived.
It exhibits an improved ruggedness and an extended safe operation area.
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Equation (8.6) was derived for the trigger condition of a thyristor and describes
the dependency of the trigger condition on the current gains of both partial transis-
tors. From this equation, also a turn-off condition can be derived. If in Eq. (8.6) the
leakage currents of the partial transistors are neglected, we obtain

—ay - Ig

“ a1 1

Ip

For turn-off, a negative gate current —/g is necessary. Similar to the current gain
B for the bipolar transistor, a turn-off gain B¢ for the turn-off process of a GTO
thyristor can be defined:

IA
Bott = —_IG (8.15)

With Eq. (8.14) it follows that for the turn-off gain

Pt = e =1 (8.16)

A high turn-off gain requires on the one hand a high current gain «» of the npn-
partial transistor, on the other hand the denominator (¢ + a2 — 1) must be small
and ideally approaches zero. In other words, the sum of the current-gain fac-
tors, o7 + a2, should be only slightly larger than 1. However, this leads to an
increased trigger current /g, an increased latching current /1, and finally to an
increased forward voltage drop V1 of the thyristor. The demand for a high cur-
rent gain is therefore in contradiction to the requirement for low conduction losses.
GTO thyristors show typically a turn-off gain S between 3 and 5. Thus, to turn
off a 3000-A GTO thyristor, for example, the drive unit must supply a current
of 1000 A.

In fact, Eq. (8.16) is of low value for the design of a GTO thyristor with high turn-
off capability. Most important is the homogeneous operation of the large number of
segments in a high-current GTO thyristor [Shi99].

Further, Eqgs. (8.14), (8.15), and (8.16) hold only if the lateral voltage drop
of the turn-off current below the emitter can be neglected [Wol66]. The obser-
vance of conditons (8.14), (8.15), and (8.16) alone is not sufficient to achieve a
gate turn-off cabability of a thyristor. The GTO is thyristor distinguished from the
conventional thyristor by its emitter structure, which consists of separated emitter
fingers (Fig. 8.14). The width b of the fingers must be small, since the charge carri-
ers below the emitter fingers must be extracted via the gate contact at turn-off. The
width b is typically between 100 and 300 pm in modern GTO thyristors. The GTO
thyristors consist of a large amount of emitter fingers. They are typically used to
control very high currents, therefore a large device area is necessary and it is usual
to fabricate a single GTO thyristor from a wafer.

Figure 8.15 shows such a GTO thyristor, fabricated from a 100-mm wafer. The
gate contact is formed as a ring located between four inner and four outer rings with
emitter fingers. The main reason for this arrangement is to ensure that the distance



8.10 The Gate Turn-Off Thyristor (GTO) 275

Fig. 8.14 Gate turn-off cathode gate
(GTO) thyristor ; ; \ n*
T\? [l I??I/W
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Fig. 8.15 Arrangement of
the emitter fingers of a 4.5 kV
GTO thyristor fabricated
from a 100 mm silicon wafer;
final device diameter 82 mm.
Figure from Infineon

of the gate contact from the most distant fingers is small enough to allow an efficient
extraction of the charge carriers and that the voltage drop in the gate metallization
is not too high.

During turn-off, the holes in the p-base are removed by the negative gate volt-
age and flow toward the gate contact. The charge carrier plasma which transports
the anode current is first removed from the edge of the emitter finger, the residue
of the plasma is located in the center of the finger (Fig. 8.16). The hole cur-
rent must flow laterally underneath the emitter finger. Before the anode current
finally is interrupted, a small region in the middle of the emitter fingers, or even
of only very few single emitter fingers, takes the total anode current. This is the
weak point of the GTO thyristor. To achieve a turn-off capability for high cur-
rent, it is essential that the resistance of the p-base below the emitter finger is not
too high.
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The maximal current /amax that can be turned off by a GTO thyristor is determined
by the breakdown voltage Vg gp) of the n*p-junction between the cathode and the
gate and by the lateral resistance R, of the p-base below an emitter finger:

Vek®D)

2, (8.17)

IAmax = ,Boff :
where

Ry~p-b (8.18)

and p is the specific resistivity of the p-base below the emitter finger. In a GTO
thyristor with fingers of a width b = 300 wm, the resistivity p below the emitter
must be four times smaller than in a conventional thyristor. This requires a suffi-
ciently high p-base doping concentration N4. Simultaneously, a sufficient blocking
voltage Vgkp) of the n*p-junction between cathode and gate is required. This
blocking voltage is given by Eq. (3.84). However, the doping concentration that
determines the breakdown voltage of the emitter-gate junction in the GTO thyristor
is the doping concentration Na of the p-base. Therefore, No must not be too high.
Typical doping concentrations are of the order of 10'7 cm ™3, resulting in breakdown
voltages Vgkgp) of about 20 — 22 V. The applied gate voltage at turn-off is usually
—15V.

Values > 4 for Bofr do not increase the turn-off capability significantly. Decisive
for the GTO design is the second term in Eq. (8.17).

With these measures the plasma can be efficiently extracted from the p-base of
the GTO thyristor. However, the plasma of charge carriers still remains in the wide
n~ -layer. Thus, additional measures are necessary to remove the charge carriers in
this region. The first GTO thyristor generation utilized a gold diffusion to adjust a
low carrier lifetime in the n™-layer. However, the gold diffusion is very difficult to
control with sufficient accuracy (see Sect. 4.9).
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Fig. 8.17 GTO thyristor with cathode gate
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An effective improvement was the implementation of shorts at the anode side.
The structure of a GTO thyristor with anode shorts is shown in Fig. 8.17. The hole
current is extracted via the gate and the injection of electrons from the n*-emitter is
stopped. The electrons in the n-base are removed via the anode shorts by the high
positive voltage at the anode side. The injection of the anode emitter is interrupted
and the charge carriers are removed effectively.

A GTO thyristor with anode shorts has no blocking capability in reverse direc-
tion. In most applications this is no disadvantage, since an inverse freewheeling
diode is connected in parallel to the GTO thyristor in the power circuit. In modern
GTO thyristors, anode shorts and charge carrier lifetime control are combined. An
implantation of proton or helium nuclei is preferably used for adjustment of the car-
rier lifetime. The region with high density of recombination centers is located close
to the p*-anode layer, since at this position their effect on the stored charge is most
effective.

Despite all these measures, the slope dv/dr of the voltage applied to a GTO thyris-
tor at turn-off must be strongly restricted. This is done by an RCD circuit, often
denoted as “snubber” (Fig. 8.18). The slope dv/dr of the increasing voltage is limited
by the capacitor C.

Figure 8.19 finally shows the turn-off process of the GTO thyristor. The negative
gate current increases up to the value Igrm, just then the anode current begins to
fall. The turn-off delay time #y is defined as the time interval between the moments
when the gate current /g crosses zero and the anode current is dropped to 90% of
starting anode current ITg. The anode current then falls steeply within the fall time
tegr. During this period, a voltage peak Vpk occurs in the waveform of the anode
voltage. The value of Vpy is determined by the parasitic inductance in the snubber
circuit and by the forward recovery voltage peak Vrry of the snubber diode D, the
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Fig. 8.18 RCD snubber
circuit for a GTO thyristor »
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Fig. 8.19 Turn-off characteristic of a GTO thyristor

last term typically dominates. Just after Vj the effect of the snubber starts. The
slope dv/dt of the voltage is then limited by the capacitor C.

In a GTO thyristor, a tail current follows after the interval fg¢. This tail current is
generated by the extraction of the stored charge in the part of the n-base close to the
anode junction. Its duration is of the order of several microseconds, and it generates
the main part of the switching losses during the turn-off phase. The implementation
of effective anode shorts and the adjustment of the charge carrier lifetime reduce the
tail current.

Even if the gate control unit is properly designed, two further factors are of
disadvantage for the application of GTO thyristors:

1. The requirement for an RCD snubber. For a high voltage >3 kV, the capacitor
is very voluminous and expensive, especially under the additional constraint of
low internal inductance.
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2. As already shown, the charge removal below the emitter fingers starts at the
finger edges. Before the anode current is decreasing, a narrow region in the center
of the finger remains which carries the total anode current. The larger the device,
the more difficult it is to achieve a homogeneous operation of all fingers, and it
may happen at the end of the turn-off period that a few of them or even a single
finger has to carry the total anode current. This is the weak point of the GTO
thyristor, because the respective finger may be destructed under such conditions.

8.11 The Gate-Commutated Thyristor (GCT)

The operation principle of the GCT [Gru96] is to work with a drive unit that has the
capability to transfer the total anode current within a very short time into the gate
unit. The GCT is turned off with a turn-off gain o = 1.

The GCT consists of the semiconductor device, a gate connection with very
low inductance realized by a printed circuit board PCB in coplanar design, and
the drive unit assembled with low-inductive capacitors and low-resistive MOSFETs
(Fig. 8.20). The drive unit must be capable to deliver the gate current in the range of
the anode current within 1 s. This is a severe challenge; especially the resistance
R and the parasitic inductance Lg in the gate drive circuit must be extremely low.
In the gate drive circuit, the differential equation holds [Lin06]:

dig .
Lg - o +Rg-ig=Vg (8.19)
The solution of this equation is
. 46 Rg
H=—11- —— 1 8.20
a0="5 (1 (1) -

Fig. 8.20 GCT with gate drive unit. The gate wiring consists of wide metal layers on thePCB and
is connected in the form of a ring to the device
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Fig. 8.21 Maximum allowed parasitic inductance Lg in the gate circuit of a 4000 A GCT. Figure
according to [Lin06]

The voltage Vi is limited by the avalanche breakdown voltage of the pn-junction
between gate and cathode. The requirement is that the gate current must increase
within a time g up to the anode current /. Thus, the maximally allowed inductance
Lg is given by

Ragilgs

ln( —g—g'IA)

The maximally allowed inductance L is shown in Fig. 8.21 as a function of the
gate resistance Rg for the conditions Vg = 20V, anode current /o = 4000 A, and
allowed g5 = 1 us. The resistance R and the parasitic inductance Lg must be kept
extremely small to allow an operation as GCT. For Rg > 5m€2, no solution exists
for the specified values of Vg, Ia, and 5.

It must be considered that Lg as well as Rg consists not only of the external
wiring. The resistance R, of the used MOSFETs, the wiring, the resistance of the
connections within the semiconductor housing, and the resistance of the gate met-
allization of the semiconductor die contribute to Rg. The MOSFETSs must have a
blocking capability slightly higher than 20 V. In this voltage range very low-resistive
MOSFETSsS are available today. In this operation mode the npn-partial transistor is
turned off abruptly. The positive feedback loop in the thyristor is interrupted. The
extraction of the charge carriers below the emitter fingers still starts at the edges of
the fingers, but the problem of narrow filaments during turn-off is solved to a great
extent. The GCT can be operated without RCD snubber.

There is no requirement for a reverse blocking capability of a GCT. Therefore,
it is possible to implement an n-doped buffer layer in front of the anode region
and to design the device with a moderate trapezoidal shape of the electric field (PT

Lo = — (8.21)
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dimensioning). With this additional buffer layer, the thickness wp of the n™-layer
can be reduced. Consequently, conduction losses and turn-off losses are diminished.
A drive unit which must supply a current as high as the current to be controlled
requires high effort without any doubt. But the power, which must be supplied by
the driver unit, is not higher than the driver power for a GTO thyristor with the
same current turn-off capability. In contrast, it is reduced. In a GCT the negative
gate current increases rapidly and the high current flows only during a short time
interval. The total charge which is extracted via the gate is even smaller than in a
GTO thyristor, since in a GTO still new carriers are injected by the emitter junction
J3 during the increase of the negative gate current in the interval fg (Fig. 8.19),
i.e. the n*-emitter replenishes part of the charge that must be extracted by the gate
driver. In a GCT, only the charge stored before turn-off must be removed. The GCT
can be operated with even half of the drive power of a GTO [Lin06].

Although only few modifications of the silicon die are made in a GCT compared
to a GTO, the CCT constitutes a significant progress. The main weaknesses of the
GTO are solved to a large extent.
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Chapter 9
MOS Transistors

9.1 Function Principle of the MOSFET

The MOSFET basic structure was investigated early [Hof63]. For the compre-
hension of the function of a MOSFET (metal oxide semiconductor field effect
transistor), the surface of the semiconductor may be examined at first. The surface
of a semiconductor is always a disturbance of the ideal lattice due to the lack of
the neighboring atom. Therefore, a thin oxide will always be built up on the surface
or other atoms and molecules are adsorbed. Thus, these surface layers are normally
electrically charged.

A p-type semiconductor may be given as an example. Assumed is a positive
charge on the surface (Fig. 9.1).

For a small positive charge we obtain

lgVs| < Ei — Ef

Fig. 9.1 Semiconductor
surface, p-type
semiconductor, positive
charge on the surface

J. Lutz et al., Semiconductor Power Devices, DOI 10.1007/978-3-642-11125-9_9, 283
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The hole-concentration/density on the surface is being reduced. The conduction
band and the valence band are bent downward. A depletion zone of the thickness /g
is built up.

An increased positive charge yields

lgVs| > E; — Ep

Conduction and valence band are bent even stronger, for a small region at the sur-
face the Fermi level is now closer to the conduction band than to the valence band.
An inversion layer of the thickness #; is being formed, in which electrons are the
majority charge carriers.

Next to this is the depletion layer with the thickness hg, which separates the
inversion layer from the p-type area.

Having a negative charge on the p-type semiconductor, an accumulation layer of
holes will be formed. The n-type semiconductor behaves similarly: With a positive
charge at the surface, the accumulation layer is formed, with a negative surface
charge a depletion zone is formed, with an increased negative charge the inversion
layer.

Next, we assume a thin oxide film on the p-type semiconductor and apply a
metallization on it. On this metal film a positive voltage is applied. Furthermore,
two n*-areas are added and bonded as source and drain region. We have the simplest
case of a lateral MOS field effect transistor shown in Fig. 9.2 [Hof63].

A positive voltage has the same effect as the positive surface charge: When there
is a sufficient positive voltage at the gate, both n-areas are connected by the inversion
layer. Due to the gate voltage Vg > V7 a current can flow between the drain and the
source.

Gate-Source Threshold Voltage V1 (n-channel-MOSFET):
The threshold voltage is the gate voltage, at which the generated electron
concentration equals the concentration of the acceptors.

It can be distinguished as

n-channel MOSFET: An n-type channel is formed in a p-area.
p-channel MOSFET: A p-type channel is formed in an n-area

On closer inspection, it has to be considered that the oxide contains positive
charges on to the boundary surface to the semiconductor. These charges are in the

F. ]
R

n*

Fig. 9.2 Lateral n-channel
MOSFET. Description: S,
source; G, gate; D, drain P
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order of 5 x 10° to 1 x 10'! cm™2. Moreover, the gate area of power MOSFETs
consists of a heavily n-doped polysilicon layer (see Figs. 9.4 and 9.5) and a poten-
tial difference already exists between gate and semiconductor due to the differing
positions of the Fermi level in the n*-doped polysilicon and in the p-type semicon-
ductor (concerning the n-channel MOSFET). Both effects function in the same way
as an external positive gate voltage and result in a reduction of the threshold voltage
Vr. In case of a low doping of the p-area and a high oxide charge of the n-channel
MOSEFET, Vr is negative, even without gate voltage a channel exists. The definition
of the threshold voltage mentioned above remains valid.
It can be distinguished as

Depletion type: V1 < 0. The device is normally on and does not block before a
negative gate source voltage Vg < Vr is applied.

Enhancement type: Vr > 0. An n-channel only develops when Vg > Vr
(normally off device).

Usually, MOSFETs of the enhancement type are used in power electronics,
because of the normally-off feature. Almost always n-channel MOSFETs are used,
being more advantageous since the mobility of the electrons is much higher than
that of the holes (see Chap. 2). Typically, the threshold voltage of modern devices is
adjusted between 2 and 4 V.

9.2 Structure of Power MOSFETsSs

The configuration shown in Fig. 9.2 will sustain little drain-source voltage. Thus, a
structure such as in Fig. 9.3, which is named DMOS (D = double diffused), is used
from 10 V upward. In front of the drain is a n™ -area, the drain extension area, which
takes over the blocking voltage.

Lateral DMOS transistors are frequently used in power ICs and in monolithic
integrated power semiconductor circuits (‘“smart power”). But they have the dis-
advantage of having a low current-load capacity, because the n™-area demands a
large part of the surface of the semiconductor. If real “power” has to be controlled,
a vertical MOSFET is realized by arranging the area for the electric field vertically

G
S D
prmmn LSS s ] e
A-%“"“ d‘I'/f//////f//////f////f//////J’ k‘ eletelelalelelel
+ +
n n

Fig. 9.3 Lateral DMOS
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Fig. 9.4 Vertical DMOS S G
transistor. The gate electrode +
is polysilicon

(Fig. 9.4). Consequently, the volume of the semiconductor is utilized and the surface
can be used for the formation of the cells.

On the surface of the semiconductor the individual cells are formed, which con-
sist of p-wells and diffused n*-source areas. A cross section of a cell can be seen
in Fig. 9.4. The p-well is connected to the source metallization, so that the parasitic
npn-transistor is shorted. In order that the short has very little resistance, the doping
is increased at this spot by an additional p*-implantation, followed by a diffusion
step. At the edges of the well is the channel, which is covered with the thin gate
oxide. Above the oxide the gate electrode is applied, usually consisting of a heavily

Fig. 9.5 Cell structure of a vertical DMOS. From [Ste92]
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Fig. 9.6 Vertical trench Saun Gate
MOSFET
s
I
iy
o
n
E———
Drain

doped n* polysilicon. At one spot, mostly in the center of the chip, the gate electrode
is conducted to the surface and there bonded by a bond wire.

Because the current has to flow through the inversion channel, many single cells
are formed to gain a larger width of the channel. An example is given in Fig. 9.5.
Here, the cells are of square form and arranged in a square pattern. The semicon-
ductor surface area is used even more effectively with a hexagonal pattern, where
the single cells are hexagonal, the so-called HEXFET structure.

The vertical DMOS (also called VDMOS) transistors are used in a wide field of
applications. Since the second half of the 1990s, with the introduction of the trench
MOS [Sod99] a further improvement has been made, in which the channel area is
vertically arranged too (Fig. 9.6). Due to this, a much smaller on-state resistance can
be gained especially in the lower voltage range <100 V.

9.3 Current—Voltage Characteristics of MOS Transistors

Figure 9.7 shows the current—voltage characteristics of the MOSFET. The device is
in the blocking state as long as a positive voltage Vp between drain and source is
given and Vg is smaller than the threshold voltage V. The blocking voltage of the
MOSFET is limited by the avalanche breakdown. Because the npn-transistor is sus-
pended by a low resistance short, the blocking voltage of the MOSFET corresponds
to the blocking voltage of the diode, which is formed by the p-well, the low doped
base region and the n*-layer.

A current carrying channel is built for Vg > V7, resulting in the given
current—voltage characteristics. Similar to the current gain of bipolar transistors a
transconductance is defined here. For low voltages Vp, the current—voltage charac-
teristics have the form of a straight line. For a defined gate voltage Vi the resistance
Rps(on) is indicated.

The transition between the ohmic region and the pinch-off region is called the
quasi saturation. This region is described by a parabolic curve.
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Fig. 9.7 Current—voltage [
characteristic of the MOSFET D quasi-
saturation
ohmic
region pinch-off-  ayalanche
region breakdown
R ="Vp
DS(en) A[D
Vg
X Gl Vo
/ Veo
blocking
characteristic

(A

In the reverse direction of the MOSFET a forward-biased diode is present. As for a
power diode, this diode forward characteristic is often approximated by a threshold
voltage Vrp and a differential resistance.

9.4 Characteristics of the MOSFET Channel

Due to the oxide layer of the gate and the gate electrode a capacitor is built above
the channel. Its area specific capacity can be described with

&0 - &r

Cox =
ox dox

©.DH

The oxide has the thickness dox (i.e. <100 nm). The relative permittivity of the
oxide is &, = 3.9 (for SiO,). Having the gate voltage Vi higher than the threshold
voltage VT an inversion channel is created, as it is shown in Fig. 9.8a. As long as
the voltage drop caused by the current in the channel can be neglected, the charge
of the inversion channel yields

Qs =Cox - (VG — V1) 9.2)

The carriers, forming this charge, are available for the current transport in the inver-
sion channel. As long as the pinch-off can be neglected in the channel, the resistance
of the channel is
B L _ L . 1

W pn - Qs W un - Cox - (Vo — V1) k- (Vg —Vr)

Rch 9.3)
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Fig. 9.8 MOSFET channel. Gate
(a) Ohmic region,

Vp << Vg — V1, (b)
pinch-off, Vp = Vg — Vr, (¢)
channel length shortening

Vb >> Vg —Vr

Source

b
space-charge
region

Gate

Gate

space-charge
region

where L is the length of the channel (for example, 2 wm, see Fig. 9.3) and W is the
entire width of it. In Fig. 9.3, W is vertical to the plane of projection and corre-
sponds to the circumference of the single cell multiplied by the number of cells (see
Fig. 9.5). Having a high cell density, a large W is achieved, and thus a low channel
resistance. W can amount to some 100 m per cm? of a chip surface in modern semi-
conductor devices. The parameters dependent on geometry can be summarized in

Wy - Cox
K= ———

7 9.4)

Equation (9.3) is valid for the ohmic region in Fig. 9.7, that is, for the area in which
the voltage drop across the channel can be neglected with regard to its influence on
Os.

As can be seen in Eq. (9.3), the channel resistance is affected by the carrier
mobility. In Sect. 2.6 it has been shown that the mobility w, only amounts to
approximately one third of w,. It is for this reason that whenever it is possible,
the n-channel MOSFET is used in power electronics.
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With increasing current a voltage drop V(y) develops across the channel. The
channel narrows, see Fig. 9.8b. Along the length of the channel y a charge Q(y) will
exist. For an element dR of the resistance Rcy, with Eq. (9.3) one obtains

d
R=— 2 ©9.5)
W pn - Q)
with
00) = Cox - (Vg — V1 = V(1)) 9.6)
In a segment dR the voltage drop is
dV=1Ip-dR 9.7
Inserting Egs. (9.6) and (9.5) into Eq. (9.7) yields
dv
IDZW'Mn‘Cox'(VG_VT_V(V))'5 9.8)
The voltage Vp drops between the boundaries y = 0 and y = L:
L Vb
[0ty =w s Cou- [ (Vo= v = v -av 9.9)
0 0
Integration leads to the following Ip(Vg, Vp) characteristic:
1o
Ip=«xk-{(Vg—Vr)-Vp — EVD (9.10)

for Vp < Vg — Vr. The characteristic corresponds to the parabolic section (quasi
saturation) in Fig. 9.7. For small Vp it verges into

Ip=«x-(Vg—Vr)-Vp 9.11)

and corresponds to the ohmic region, as already indicated in Eq. (9.3). The passing
into the pinch-off region results from Eq. (9.10) for d/p/dVp = 0. Afterward the
channel is pinched off for

Vb=Vg—Vr 9.12)
For a larger Vp, inserting Eq. (9.12) into Eq. (9.10) yields the characteristics in

the pinch-off region. In this region, the current remains almost constant even for
increased voltage Vp

K
mm=yw—wf (9.13)
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The transconductance is defined by

Alp
8fs = A_VG |VD = const 9.14)
By differentiating Eq. (9.13) we obtain
gts =k (Vg — V1) (9.15)

According to Eq. (9.13), the current Ipgy is independent of Vp. However, in real-
ity the electric field penetrates into the p-zone, when Vp is strongly increased (see
Fig. 9.8c) and the channel becomes shortened. This shortening of the channel length
involves a slight ascent of the current at high voltages.

The current—voltage characteristics (9.10) can be found in numerous textbooks.
However, comparing it with practically realized power devices, this equation is not
very satisfactory. In the derivation it was not considered that a depletion zone is
formed below the channel. This zone widens while the channel is narrowing, as
it is indicated in Fig. 9.8c. A derivation of the current—voltage characteristics in
consideration of the space charge can be found in [Gra89]. This leads to

1 C
1D=K.<(vc,—vT)-vD——<1+—D) V,%) (9.16)
2 Cox

with the area-specific capacity of the space charge region

€0 &+ q-Na
(p= |[— "2 9.17
D 3 AV (9.17)

as it has been derived for the treatment of the pn-junction with Eq. (3.109). The
voltage AVt in Eq. (9.17) corresponds to the voltage necessary to develop a space
charge region in the p-doped well with doping concentration Na:

kT Na
AVr=2-— -In|[ — (9.18)
q nj

AVt is approximately 0.81 V (resulting from a typical doping of the p-well of 1 x
10'7 em™3). Considering the space charge this way, little changes at a very small
voltages Vp. The approximation for the ohmic region in Eq. (9.11) remains the
same. However, Ipsy and g vary. Equation (9.16) is effective as long as the voltage
drop across the channel is smaller than AVr, thatis, Vp < AVT.

Apart from that, the reduced mobility in the channel has to be considered. Even
without a lateral electric field, the mobility is already reduced compared to the
values indicated in Fig. 2.12. The reason is the influence of the semiconductor sur-
face. If a voltage V(y) is formed above the channel, then a significant electric field
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develops in lateral direction. Equation (2.38) has to be consulted for the velocity of
the electrons. For the electron mobility it yields

N He0
1+60- (Ve —Vr)

Me 9.19)

In [Gra89] a suitable agreement with experiments is achieved, when the values of
600 cm?V~1s~! and 0.02 V! are used for Meo and 6.

9.5 The Ohmic Region

For the MOSFETSs ohmic resistance not only the channel resistance has to be con-
sidered. Indeed, the resistance of the low doped middle region already dominates
in devices with a blocking voltage of 50 V upward. Because this layer is grown by
epitaxy for vertical MOSFETs, the designation Rep; is commonly used. Figure 9.9
describes the structure of the MOSFET with a given path of the charge carriers
(electrons) and with different parts of the resistance

RDS(on) = RS* + Rn+ + Rch + Ra + Repi + Rs (9-20)

For MOSFETs with blocking voltages <50 V, effort is made to reduce the chan-
nel resistance. The near-surface parts are reduced by increased cell density (larger
W, see Eq. (9.1)). Most progress is achieved with the trench cell (Fig. 9.5), where
additionally the resistance R, is eliminated.

Source ate Source

el =

©

Repi[] o

n- %
n* RS”“HJ i Substrate f

Drain *© l

Fig. 9.9 Current path and resistances in a MOSFET
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Table 9.1 Resistance Rps(on) for MOSFETs with different blocking voltages. Values from [Lor99]

Vps =30V Vps = 600 V

(%) (%)
RSx Package 7 0.5
R+ Source layer 6 0.5
Rcy Channel 28 1.5
R, Accumulation layer 23 0.5
Repi n~-layer 29 96.5
Rsub Substrate 7 0.5

In Table 9.1, the shares of the particular parts of the resistance are specified for
a 30 V vertical MOSFET with planar cells together with a corresponding 600 V
MOSFET.

The resistance Rep; of the low-doped region is identical with the voltage drop
across the low-doped base region of a unipolar device, which has been given in
Chap. 6 on Schottky diodes (Eq. 3.9):

WB

R — "B
P g un-Np-A

9.21)

If the device is designed for higher voltages, wp has to be chosen larger as well
as Np smaller. Having a conventional MOSFET, the resistance can be calculated
according to the shown approach in dependence of the voltage for which the device
is designed. The lowest resistance can be obtained for a light PT design, as indicated
in Egs. (6.9), (6.10), (6.11), (6.12), (6.13), (6.14), and (6.15):

L oy2
.Bz.VBD

2
Repi,min = 0.9 (9.22)

Mn-€-A

Thus, the resistance increases more than with the square of the blocking voltage,
namely with Vgp>>. Equation (9.22) or comparable equations (see Chap. 6) are
handled as “unipolar limit” in the literature. Meanwhile, this limit has been broken
by the principle of compensation structures.

9.6 Compensation Structures in Modern MOSFETSs

The compensation principle for power MOSFETsSs has been introduced in commer-
cially available products in 1998 with the 600-V CoolMOS™ technology [Deb98].
The basic principle behind the drastic Ron-A reduction compared to conventional
power MOSFETs is the compensation of n-drift region donors by acceptors located
in p-columns (also known as superjunction). Figure 9.10 shows the structure of
a superjunction MOSFET compared to a conventional MOSFET. In the middle
layer, p-columns are arranged. Their p-doping is adjusted to the value necessary for
compensation of the n-regions. The compensating acceptors are located in lateral
proximity to the drift region donors.
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Fig. 9.10 Standard MOSFET Source
and superjunction MOSFET

n* n

Drain Drain
IEIA IEIA

The result is a low effective doping in the entire voltage-sustaining region. An
almost rectangular shape of the electric field is obtained, as can be seen in the lower
part of Fig. 9.10. For this field shape, the highest voltage can be absorbed at a given
thickness. The doping of the n-layer can be lifted in so far, as it is technologically
possible to compensate it through an equally large p-doping. In this process it has
to be considered that the area of the n-region, respectively n™-region, is decreased.

By means of the compensation principle, the coupling of the blocking voltage
and the doping is neutralized and a degree of freedom for the adjustment of the
n-doping is obtained. Since, according to Eq. (9.21), the n-doping determines the
resistance in unipolar devices, the resistance can be lowered drastically.

In case of the rectangular shape of the electric field, the avalanche breakdown can
be calculated by using the ionization integral (3.71), with the approach proposed by
Shields and Fulop with n = 7 (see the sections about the PT diode, Eq. (5.12)),
resulting in

7
wg = BS - V&, with B = C/E] = 2.1 x 1075 cm®/V’ 9.23)
Inserting Eq. (9.23) into Eq. (9.21) yields
.1
2Bs -V

_ 9.24
q-in-Np-A ( )

Repi =

The factor 2 in the numerator of Eq. (9.24) is obtained due to the simplified account
that the width of the p-columns is equal to the width of the n-zones. Only the n-areas
contribute to the conduction; hence only half of the area is available.
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Fig. 9.11 Resistance Rep; as 8,00 1 /
a function of the blocking 7.00 = © - - superjunction
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Figure 9.11 compares the relation between Rep; and the blocking voltage for the
conventional design (9.22) and for the superjunction device (9.24). Here, the doping
Na = Np = 2 x 1053e¢m™3 is chosen for the superjunction device. Furthermore,
half of the total area is assumed to carry the electron current.

The following consequences can be derived for this very simplified case:

Under blocking conditions the space charge laterally penetrates into the n- and
p-region. This is shown in Fig. 9.12. In Fig. 9.12 it is assumed that p- and n-regions
are doped equally; the p-region has the doping N4, the n-column the doping Np with
N4 = Np. Moreover, both columns shall feature the same width, which constitute
2y respectively, in Fig. 9.12. When a voltage is applied in reverse direction, the
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Fig. 9.12 Superjunction Bl i 3 i E 2y
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of the columns, (c) electric \u \'/ % I Np
v E

field in vertical direction
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space charge region penetrates only laterally into the columns. For low voltages, the
dashed line in Fig. 9.12b indicates the magnitude of the electric field along a section
in lateral direction in the region of the columns. With increasing voltage, the space
charges will eventually meet in the center of the respective columns, as shown by
the solid line in Fig. 9.12b. Now all acceptors and donors are ionized.

With further increase of the voltage the zigzag line in Fig. 9.12b is lifted. This
results in a structure similar to a corrugated iron roof. In vertical direction the
electric field as shown in 9.12c¢ is obtained.

In lateral direction, the respective p- and n-regions have to be penetrated entirely
by the field. The expansion of the electric field at the avalanche breakdown into
an n-region with the doping Np has been given in Eq. (3.85). The indicated width
w is half the breadth of an n-region y.. A doping Np = 2 x 103 cm™3 yields
yL = 11 pm. The width of the p- as well as the n-regions has to be smaller than
2'yL, otherwise breakdown occurs in lateral direction. Therefore, the doping in Eq.
(9.24) is connected to the width of the columns; a higher doping Np demands a
smaller yr.. Equation (3.85) inverted for Np and inserted in Eq. (9.24) yields
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Repi = (9.25)
Analogous considerations are leading to a similar result in [ZinO1]. Equation (9.25)
shows that the resistance can be reduced even more as shown in Fig. 9.11. This
requires a yet smaller y;.. Note that the line for the superjunction in Fig. 9.11 can
be shifted to a lower value for Rep; for an increased doping and a finer pattern.
However, to realize this in the vertical structure with a depth wg >> yp is a great
technological challenge.

A more precise consideration, also including peaks of the electric field at the
source and drain-sided border of the space charge region can be found in [Che01].
There, different arrangements of the columns are analyzed as well. Seen from the
top of a device, the considerations of Figs. 9.10 and 9.12 would result in a stripe
pattern of the p- and n-regions. However, a hexagonal arrangement would be better.

The requirement for precise lateral n- and p- dose compensation limits the n-
drift region doping. The higher the deviation in the charge balance, the more loss
in blocking capability occurs. This effect increases with higher doping Np and
smaller yr,. The process window for deviation from charge balance gets narrower
[Kon06]. Process technology finally limits the possibility to reduce R,y in this type
of compensation power MOSFETS.

For breakdown voltages below 200 V, field plate or oxide-bypassed MOSFETs
are an excellent alternative [Lia01, Sie06c¢]. The device comprises a deep trench pen-
etrating most of the n-drift region. An isolated field plate provides mobile charges
required to compensate the drift region donors under blocking conditions as shown
in Fig. 9.13. A voltage source dynamically provides electrons on the field plate and
therefore precise lateral drift region compensation is ensured under all operating
conditions.

The field plate isolation has to withstand the full source-drain blocking voltage of
the device at the trench bottom; therefore oxide layers with thickness in the micron
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Fig. 9.13 Comparison of charge compensation by superjunction and by field plates

range have to be fabricated carefully with a special focus on avoiding thinning at
the bottom trench corners and preventing generation of stress-induced defects. In
contrast to standard trench MOS structures that exhibit a linearly decreasing electric
field with a maximum at the body/drift region pn-junction, the field plate principle
leads to a more constant field distribution. While in case of superjunction devices
an almost homogeneous vertical field distribution is found, the shape of the electric
field of a field plate device shows two peaks, one at the body/drift region pn-junction
and the larger one at the bottom of the field plate trench [Che05]. The necessary drift
region length for a given breakdown voltage is reduced and the drift region doping
can be increased, leading to a significantly reduced on-state resistance.

As in case of superjunction devices, the on-state resistance is reduced below the
“silicon limit.” Depending on the feasible device geometry, either superjunction or
field plate devices are advantageous in terms of device performance. In the voltage
range between 30 and 100 V, the field plate compensation is superior to the super-
junction compensation [Che05]. Figure 9.14 depicts the drift region resistance as
a function of blocking voltage. A comparison is given between two-dimensional
simulations [Paw08] for field plate compensation structures and the “silicon
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limit ” given by Eq. (9.22). Due to the small device dimensions of the field plate
trench devices, the consequence is a larger doping density and thus a smaller drift

region resistance [PawO08]. The simulation results in Fig. 9.14 agree well with
experimental data.

9.7 Switching Properties of the MOSFET

Starting from the transition time of the charge carriers through the channel

T, = - (9.26)
with vg = unE and E = Vcy/L yields
L2
T, = o Ven (9.27)

For instance, with d = 2 um, Vecg = 1V, and pu, = 500 cmZ/Vs, we obtain the
transition time 7y & 80 ps. It corresponds to a transition frequency of

fi ~ 12.5 GHz

In practice, this is accomplishable for a power MOSFET, since parasitic capac-
itances exist, leading to time constants that determine the limiting frequency:

1

= (9.28)
21 - Ciss - Rg

Jeo

with Ciss = Cgs + Cep and Rg = Rgint + RGext
Ciss as well as the recommended gate resistance Rex can be found in the data
sheets. The internal gate resistance has to be asked for from the manufacturer.

Example: IXYS XFH 67 N10

Ciss = 4500 pF

Rext =2 2, Rint & 1 Q (assumed)
= feo = 12 MHz

Figure 9.15 shows the structure of the MOSFET in which the parasitic capacitances
are indicated. On the right, the equivalent circuit diagram of the MOSFET with its
parasitic capacitances is shown. The inverse diode and some of the resistances are
illustrated as well, only Rcy and Rep; are charted.

The turn-on and turn-off behavior shall be dealt with now under the condition
of an inductive load, as an inductive load is usually existent in practice. The circuit
corresponds to the one in Fig. 5.19. Figure 9.16 shows the turn-on waveform of the
MOSFET with an inductive load. The characteristic quantities for the turn-on are
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tq: Turn-on delay time
Time until Vgs reaches the threshold voltage ViGs(n)

ta ~ Rc(Cgs + Cap)

tyi: Rise time
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During this time the current increases
i ~ Rg(Cgs + Cap)
Due to the freewheeling diode above the inductive load, the reverse current peak
IrrMmis added, see Figs. 5.20 and 5.21. During this time the voltage remains
virtually unaltered.
tey: Voltage fall time

Now the freewheeling diode takes over voltage and the voltage across the
MOSFET drops. The capacitance Cgp (Miller capacitance) is being charged:

try ~ RgCop

In this phase, V remains at the value of the Miller plateau

Vo = V1 +1Ip/gss

The voltage Vpfalls to the value of the forward voltage

Von = RonID

The entire turn-on time ¢,, amounts to

fon = td + I + trv

Figure 9.17 shows the turn-off behavior for an inductive load. Characteristic
quantities of the turn-off are

ts: Storage time

In the driver the voltage signal is reset to zero or a negative value. However, the
gate has to be discharged to the value at which the gate voltage corresponds to
the value at which the on-state current Ip equals the saturation current, which
means

Ve = V1 +1Ip/gss
The capacitances Cgs and Cgp, which are in parallel to the channel, have to be
discharged (see Fig. 9.15), For the storage time holds:

ts ~ Rg(Cgs + Cap)

trv: Voltage rise time

The voltage increases to the value given by the circuit. The current remains
constant at the initial value. The gate voltage persists at the Miller plateau. The
Miller capacitance Cgp has to be discharged and, therefore
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The gate capacitance Cgs + Cgp is discharged and the current decreases. The
current becomes zero (or, more exact, it attains the value of the off-state leakage
current), when Vgg has fallen to Vr:

ti ~ Rc(Cgs + Cap)
In this phase a spike V) is added to the applied voltage. This spike consists of
— the inductive voltage, which is generated by the current slope di/dt at the

parasitic inductance Lpr, Lpr is indicated in Fig. 5.18.
- the turn-on voltage spike Vpry of the diode

+ VErRM

Consequently Vpx = ’Lpar . %
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The entire turn-off time is

toff = ts + try + 15

The switching edges of the turn-on and turn-off can be controlled by means of the
gate resistance under the conditions described. With a smaller Rg the switching time
can be reduced and, thus, the switching losses in the device may be lowered as well
(see below).

From the switching times a frequency limit can be derived:

1
Jmax PR (9:29)
Taking the data sheet values of the above-mentioned MOSFET IXYS IXFH 67 N10
and adding all switching times typically 220 — 340 ns is obtained, which corresponds
to a frequency of 3 — 4 MHz. This is considerably lower than f.,. But the example
is not unproblematic, as the switching times in the data sheets are mostly specified
for an ohmic load, which is rarely the case in practice.

9.8 Switching Losses of the MOSFET

The maximum attainable switching frequency of a power MOSFET depends on the
switching losses. The energy loss per pulse can be calculated, like for other devices,
by integrating the product v(¢)i(¢) during turn-on and turn-off. During turn-on it can
be calculated with

Eon = / vp(?) - ip(t) dt (9.30)

tO n

In practice, the energy loss per pulse is determined from oscillograms. Modern oscil-
loscopes are able to calculate the product of current and voltage and to integrate
it over the selected time. An example for an IGBT is given in Fig. 5.21. For an
estimation, Fig. 9.16 can be used from which emanates

1 1 2
Eon = 3 Vp - Up + IrRrM) - ti + 3 Vb <ID + EIRRM> - Iy (9.31)

assuming that the peak reverse current Irry caused by the diode decays linear
during the time #y.
At turn-off, the energy loss is calculated with

Eoft = f v(0) - ip(6) dr 932)

Toff
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which can be estimated according to Fig. 9.17 with

1 1
Eoff = 3 Vp-Ip -ty + 3 (Vb + Vpk) - Ip - t (9.33)
The total switching losses follow from

Pon + Poit =f + (Eoy + Eofr) (9.34)

Conduction losses and blocking losses add to the switching losses. For power
MOSFETs the off-state leakage current is in the order of few microamperes, so
that the blocking losses may be neglected. The conduction losses cannot be ignored.
Defining the duty cycle d as the ratio of the interval in which the MOSFET conducts
versus the switching period, the conduction losses can be calculated according to

Peond =d - Von - Ip =d - Ron - I} (9.35)
For the total losses one obtains
Py = Peond + Pon + Pott = d - Ron - Ip + f  (Eop + Eor) (9.36)

These losses have to be led out as heat flux through the case of the device. The
maximum allowable losses are determined by the cooling conditions, the acceptable
temperature difference, and the thermal resistance. Details are provided in Chap. 11.

For the MOSFET IXYS IXFH 67 N10 used as an example, it can be estimated
from the data sheet values of the thermal resistance that switching frequencies up
to 300 kHz can be realized. Clearly, the MOSFET, as it is a unipolar device, is the
fastest Si power semiconductor switch available.

The potential switching frequency depends, on the one hand, on the thermal
parameters and considerably on the other devices in the circuit as well. The entire
circuit has to be optimized accordingly. From Eqgs. (9.31) and (9.33) arises that the
switching losses depend on the switching times. By a reduction of the switching
times due to smaller gate resistances Rg, switching losses can be lowered. On the
other hand, the steepness of the slopes is limited in practice

— by motor windings which are not to be stressed with too high dv/dr

—even more by freewheeling diodes, which are required in inductive circuits.
Inappropriate freewheeling diodes, in the presence of increased di/dz, lead to a
snappy switching behavior, voltage spikes, and oscillations.

9.9 Safe Operating Area of the MOSFET

Between source and drain, the structure of the MOSFET contains a parasitic bipolar
npn-transistor in parallel to the MOS channel, as shown in Fig. 9.18. This parasitic
npn-transistor would lead to many problems:
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Fig. 9.18 MOSFET with its equivalent circuit, containing the parasitic npn-transistor and the
parasitic diode

— the blocking voltage would be decreased by such an open-base transistor

— when applying a voltage with a high dv/dt, a displacement current could be gener-
ated due to the charging of the depletion layer of the base—collector junction. This
current triggers the transistor

and, finally, the safe operating area of a transistor is limited by the second breakdown
effect.

Therefore, the base—emitter junction of the npn-transistor has to be shorted
by a low resistance Rs. This resistance is chosen preferably small by increas-
ing the doping in this region with an additional p*-ion implantation (p*-doping)
and by choosing the length of the n*-source region as small as possible, as the
photolithographic process allows it.

In today’s MOSFETs the parasitic transistor is effectively made inoperative.
Thus, the safe operating area is no longer limited by the second breakdown. The
safe operating area of today’s MOSFETs is rectangular, as it is shown in Fig. 9.19.
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It is only limited by the blocking voltage and the occurring losses. The SOA curves
for pulse times above 10 ws in Fig. 9.19 are limited due to the maximum power
losses, at which the junction temperature remains below 150°C.

9.10 The Inverse Diode of the MOSFET

Because of the contact between the p-well and the source metallization, a pin-type
diode structure is built by the p-well, the n~-region, and the n*-substrate, as shown
in Fig. 9.18. Consequently, for the application in a bridge topology in a voltage
source converter circuit, a freewheeling diode is intrinsically present. The character-
istic of this diode corresponds to the current—voltage characteristic of the MOSFET
in the third quadrant (see Fig. 9.7 for Vg = 0). However, the turn-off behavior of
this intrinsic diode is relatively poor, compared to optimized pin-type or Schottky
barrier diodes for the same blocking voltage. Figure 9.20 shows a snappy turn-off
event of the inverse diode in a 200 V MOSFET.

The MOSFET manufacturing technology usually leads to a high carrier lifetime.
Therefore, a high stored charge and a high peak reverse current of the diode occurs
in conventional MOSFETs. This is an impediment for many applications.

A carrier lifetime adjustment is applicable to reduce the stored charge. It has to
be carried out in a separate production step. As a first approximation, the inser-
tion of recombination centers in the n™-region does not affect the properties of
the MOSFET, because the MOSFET is a unipolar device. During the on-state of
the MOSFET, carrier recombination cannot take place. Hence, the resistance Ry
should remain unaffected. However, secondary effects have to be taken into account.
Recombination centers, which are inserted for the reduction of the carrier lifetime,
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Fig. 9.20 Switching behavior of the inverse diode of a 200 V MOSFET with high-frequency LC
oscillations
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can retroact on the effective doping. Thus, the utilization of gold is ruled out,
because gold, being an acceptor, will compensate the base doping and increase the
resistance R,y. This effect does not occur when platinum or electron irradiation is
used. With electron irradiation it has to be considered that it affects the charge in
the gate oxide. Electron irradiation reduces the threshold voltage V. By means of
adequate annealing, the threshold voltage can partially be restored.

MOSFETs with platinum diffusion or electron irradiation, which are used for the
reduction of the stored charge of the inverse diode, are known as “FREDFET” (fast
recovery diode field effect transistor). Here, the stored charge of the inverse diode
is reduced. The reverse recovery behavior is improved slightly, so that these diodes
can be used in circuits with low parasitic inductance.

Primarily, the reverse recovery behavior is problematic. Though the area of the
p-region is considerably smaller — a measure, which is also used with an MPS diode
to achieve soft recovery behavior — fundamental requirements on the MOSFET are
contradictory to what is necessary to achieve soft recovery turn-off behavior:

— To keep Roy as low as possible, the base of the MOSFET has to be designed as
thin as possible.
— To obtain an effective short-circuit Rg, the p*-doping is chosen as high as possible.

Both measures result in a snappy switching behavior of the diode, and they limit
the possibility for both the MOSFET and the diode to be optimized.

In many hard-switching applications the inverse diodes are unusable, and they are
often called parasitic diodes. By inserting a Schottky diode in series to the MOSFET
and in reverse direction to the inverse diode, they can be suspended, and an opti-
mized soft recovery diode can be connected in parallel. However, further losses
occur due to the threshold voltage of the additional junction.

An advantage for the body diode is if a part of the current in the diode mode
flows via the n*-source layer, as shown in [Zen0O]. This is more pronounced in a

Source

Gate

Fig. 9.21 Inverse diode in a
Trench MOSFET: potential
and channel formation (left),
simulated forward conduction
current distribution (right)
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Trench MOSFET [Dol04]. The effect is shown in Fig. 9.21. As already mentioned
in the discussion of the threshold voltage at the beginning of the MOSFET chapter,
a potential difference between gate and semiconductor exists due to the different
positions of the Fermi level in the heavily n*-doped polysilicon gate and in the
p-type semiconductor, which acts as a small positive gate voltage. Further, if the
current flow is in reverse direction, a potential drop builds up and the point D*
in Fig. 9.21 becomes negatively biased against the source. If Vg = 0 (= source
potential), then this leads to a positive potential of Vg compared to D*. This is of
same effect as a positive voltage between gate and p-body and an inversion channel
can be formed, respectively, and the threshold voltage is dynamically reduced, as
expressed by [Dol04]. Although the outside gate potential is set to zero, an electron-
conducting channel becomes present. In devices with high channel density, as in
Trench MOSFETs, it can become the dominant current component. Under these
bias conditions, more than 90% of the total current is confined to the channel region
[Dol04]. An example is given in Fig. 9.21.

The effect is somewhat similar to Fig. 9.8, where a positive potential at D* to
source led to the channel pinch-off, now the potential at D* is of opposite sign.

The occurrence of an electron current is of positive effect to the reverse diode
characteristic. In its on-state, significant conduction takes place at a voltage below
the conventional diode turn-on voltage at ca. 0.7 V, reducing conduction losses.
Additionally, since this current is primarily due to majority carriers, this effect will
positively impact the diode recovery behavior, since less stored charge will need to
be removed during the reverse recovery process. Only a fraction of the total current
is conducted by the pure diode part in the structure, i.e. the body—epilayer junction,
as shown in Fig. 9.21.

Therefore, only the fraction of the total current which is conducted in parallel
by the pure diode part causes an excess carrier concentration in the base region of
the pin-diode and contributes to the reverse recovery charge. The ratio between the
channel-conducted electron current part and the hole current injected by the body of
the inverse diode depends on the device structure (thickness of gate oxide, body dop-
ing). It also depends on the current density. The larger the current density, the larger
becomes the share of injected holes and the larger will be the stored charge. With
said measure, diodes of some modern Trench MOSFET: are significantly improved.
Figure 9.22 shows a strong reduction of the stored charge of a new generation of
trench MOSFETs (Device B) compared to an older design (Device A).

In applications with low blocking voltages and high currents (e.g., blocking volt-
age <100V and output current >10 A), like switched power supplies, the technique
of synchronous rectification is very common (see chapter MOS controlled diodes).
Pin-diodes or Schottky barrier diodes used as freewheeling devices are replaced
by MOSFETs, which are utilized for inverse conduction and allow a reduction of
conducting losses due to the significantly lower voltage drop across the device.

When the channel of the synchronous rectifier is open, its intrinsic diode is
bypassed. In the /-V characteristic in Fig. 9.7 this mode is given by the dotted line
in the third quadrant for Vg > Vr. In this case, the voltage drop across the device is
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Fig. 9.22 Turn-on of MOSFETs in a half-bridge configuration with reverse recovery of the respec-
tive inverse diodes. Both devices rated for 75 V and for Ip > 100 A. Device A: IRF3808S planar
technology, Device B: IRFS3207 trench technology. di/df = 800A /s

lower compared to the case of a closed channel, particularly when low currents are
applied.

Figure 9.22 shows the circuit of a buck converter, which is a typical application of
low-voltage power MOSFET. To avoid shoot-through currents, which would occur
if the low-side MOSFET gate still has an on-signal while the high-side MOSFET
turns on, the gate control scheme for the switches must contain dead times during
the current commutation, wherein both channels are closed. In the example shown in
Fig. 9.23, the low-side MOSFET must be turned off before the high-side MOSFET
is turned on. The same holds for the high-side switch. Thus, the intrinsic diode of
the synchronous rectifier is conducting during these necessary dead times.

High-Side MOSFET
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]
Gate Drive Unit

Rout
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Fig. 9.23 Basic schematic of
a buck converter with
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Fig. 9.24 Timing scheme for the buck converter as shown in Fig. 9.22

A control scheme for this type of operation is given in Fig. 9.24. During the
diode conducting time, the gate of the low-side MOSFET has the signal “on,” and
the voltage drop across the device is —Vpgs, a value below the junction voltage of
the intrinsic diode. During the dead times, the voltage drop is — VF, a value which is
in its absolute value above the junction voltage of the intrinsic diode.

Besides the effort of precise gate control, the turn-off behavior of the inverse
diode becomes again one of the main drawbacks in this kind of application. The dead
times cannot be reduced below a certain value, thus the losses related to body diode
conduction and body diode turn-off are responsible for an increasingly significant
part of the total losses with increased switching frequencies.

The losses caused by the inverse diode of the MOSFET will share a larger part of
the total losses in case of devices with low breakdown voltages. Inserting a Schottky
barrier diode in parallel to the synchronous rectifier is a way to reduce or to pre-
vent the conduction of its body diode during the dead times. While the effect of
this measure is limited by parasitic inductances of the circuit when discrete devices
are used [Pol07], it shows significant improvement of the switching behavior if the
Schottky barrier diode is integrated monolithically into the MOSFET die [She90,
Cal04, Bel05 ].

9.11 SiC Field Effect Devices

SiC unipolar devices allow a very thin drift zone and a higher doping of the base,
they attain a much lower resistance Rep; compared to Si, see Fig. 6.9. Therefore
the SIC MOSFET is a very attractive device, and research and development in SiC
MOSFETs is being done since several years.
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SiC MOSFETs are of n-channel type and have basically the similar structure
as the vertical DMOS transistor (see Fig. 9.4). However, a problem of the SiC
MOSFET is the channel conductivity, since the effective mobility of electrons in
the channel is low. This is due to a high density of electron traps in the SiC—
MOS interface, which results in the capture of channel electrons and an increased
Coulomb scattering due to these captured electrons [Ima04]. The gate oxide is typi-
cally grown in an atmosphere containing NO or N, O to reduce MOS interface state
density. Channel mobilities in the range of 5 — 10 cm?>V~!s~! are typical; a channel
mobility of 13 cm?/V s has also been reported [Ryu06]. It must be considered that
also in Si MOSFETs the channel mobility is lower than the bulk mobility due to
the influence of the surface (in the range of 500 em?V—1s~! see Eq. (9.19)), but
the effect is much worse in SiC. Channels can be designed very short and additional
effort is done to improve the channel conductivity, e.g. by an additional thin n-doped
layer. Prototypes of SiC MOSFETs reached remarkable low Rpsen, €.g. 5 mQcm?
for a 1200-V type [Miu06], but they are still far above the theoretically possible low
values for SiC (see Fig. 6.9), because of the low electron mobility in the channel.

A further challenge for the SiC MOSFET is the control of the threshold voltage
Vr [Aga06]. In particular, VT is strongly temperature dependent and decreases with
temperature. Finally, the requirements of long-term stability of the gate oxide at
high electric fields must be accomplished.

A possible alternative could be the SiC junction field effect transistor (JFET).
The structure of a JFET half cell [Mit99], which is in this configuration fabricated
by Infineon, is shown in Fig. 9.25. With Vg = 0, there is a path from source to
drain and the structure is conducting. For the blocking mode, a negative voltage
must be applied at the gate, this builds a space charge between gate and source, and
the channel is interrupted.

The [-V characteristic of a JFET is shown in Fig. 9.26. For Vg = 0V the
JFET is in the forward conducting mode. With Vg < 0, the channel is narrow-
ing, and for Vg = —20 V this sample is in the forward blocking mode. The cut-off
voltage Vo of the specific sample was at Vg = —17.5 V. To ensure reverse block-
ing of the JFET, a gate voltage smaller than the cut-off voltage must be applied;
however, the negative gate voltage is limited by the breakdown voltage Vpp(GS)
of the gate—source diode, which occurs, e.g. at —25 V. Due to tolerances in the
manufacturing process, there is a spread of the values of Vo as well as Vpp(GS),
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this spread should be small. To ensure blocking capability, the JFET needs a negative
voltage between Vo and Vp(GS).

A “normally on” device is unwanted for voltage source converter applications.
However, this can be solved by a MOSFET in series to the JFET in the cascode
mode, as shown in Fig. 9.27.

If a voltage Vg > Vr is applied at the MOSFET, it is in the conduction mode.
The normally on JFET in series is conducting and the cascode configuration is in
the conduction mode. If the MOSFET is turned off, a voltage up to its blocking
capability is built up. This voltage, which has a negative polarity to the source of
the JFET, is applied to the JFET gate. If it is lower than the pinch-off voltage of the
JFET, the JFET is turned off. The JFET is in the blocking mode. The behavior of
the cascode configuration is as that of a MOSFET and it can be operated widely as
known for MOSFET.

In the conduction mode, the Ry, of the MOSFET is in series to the Ry, of the
JFET. However, MOSFETs in the 30 V range can meanwhile be designed with
extremely low on-resistances. They are available with Ry, down to 0.1 mQcem?.
What remains is the effort of packaging an additional device.

In some applications the normally off behavior of the JFET is of no disadvantage.
These are, e.g. current source inverters. Also in the matrix converter the pure JFET
may be an applicable device.
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9.12 Outlook

The MOSFET is a unipolar device. In forward direction, a threshold voltage does not
occur. The MOSFET offers many advantages: Its control is easy and requires only
low power. The switching slopes are adjustable via gate resistances. At turn-off
no tail current exists, the MOSFET has minor switching losses, and high switch-
ing frequencies are possible. Moreover, it is short-circuit resistant and possesses a
rectangular safe operating area.

Therefore, a MOSFET will always be used in application, if possible. MOSFETs
can be paralleled without problems and the series connection is possible as well.
Even high-power applications (50 kV, some kA), which require fast switching
behavior and where costs are of minor importance, have been realized with parallel
and series connection of MOSFETs.

A disadvantage of the MOSFET, however, is the inverse diode, which has
insufficient properties.

When designed for higher blocking voltages, the resistance R,, increases
strongly. The introduction of the superjunction principle, which does not show
this correlation, represents an important development. Nowadays, superjunction
MOSFETs are available for 600 and 900 V, even 1000 V devices are possible in prin-
ciple. But the technological complexity is increasing. Consequently, applications
requiring higher voltages are still dominated by bipolar devices.

With superjunction devices in the range of 600 V, it is expected that future
generations will achieve a further reduced R, per area.

In the low-voltage range (<100 V), the trench technology leads to a reduction of
the resistance Ro,. Further development in microelectronics will make finer struc-
tures and, thus, a higher cell density possible. This will further reduce the on-state
losses. Contemporaneously, measures for the reduction of the capacitances are taken
to reduce switching losses.

Field-controlled devices made of SiC have become available. Due to the pos-
sibly very thin drift zone and the feasible higher doping of the base, they attain a
much lower resistance Rep;, see Fig. 6.9. They extend the range of unipolar field-
controlled devices above the range of 1000 V; several kilovolts are possible. Also
below 1000 V they will compete with silicon devices, because of the possibly low
Ron. SiC MOSFETs and SiC JFETs are in development; which of the devices will
be more successful in the application is an open question at the moment.
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Chapter 10
IGBTs

10.1 Mode of Function

A lot of work was spent to combine bipolar devices with their superior current
density with the possibility of voltage control as given in MOSFETSs. Early works
tried to combine thyristor-related structures with MOS gate control. However, a
transistor-based device won the race. The insulated gate bipolar transistor (IGBT)
was invented in the United States by Wheatley and Becke [Bec80]. The advan-
tage compared to the bipolar transistor and MOSFET was described by [Bal82].
About 10 years later, IGBTs were introduced in the market by manufacturers from
Japan and Europe. In a short time, IGBTs won an increasing share of applications
and they replaced the formerly used bipolar power transistors, and nowadays even
GTO-thyristors in the high-power range.

In a first rough approach, the IGBT is a MOSFET, in which the n*-layer at the
drain side is replaced by a p-layer. Figure 10.1 shows the structure of the IGBT.

The notations collector and emitter have been taken from the bipolar transistor,
anode (for collector) and cathode (for emitter) also make sense.

If at the IGBT a positive voltage between collector C and emitter E is applied,
the device is in the blocking mode. If now a voltage Vi higher than the threshold
voltage V is applied between gate and emitter, an n-channel is created; electrons
flow to the collector (Fig. 10.1). At the collector side pn-junction, a voltage in for-
ward direction is generated and holes from the p-collector layer are injected into
the lowly doped middle layer. The injected holes allow an increased charge carrier
density; the increased carrier density lowers the resistance of the middle layer and
the conductivity of the middle layer is modulated. The IGBT was first referred to as
COMFET! (conductivity modulated FET) [Rus83, Rog88], also the term IGT (insu-
lated gate transistor) [Bal83] was used. Like in a MOSFET, the turn-on and turn-off
of the IGBT happen by the creation and removal of an n-channel by applying a
gate voltage. Regarding threshold voltage and channel resistance, the same holds as
described in Chap. 9 for the MOSFET.

IMeanwhile the name COMFET is usual for the composite field effect transistor, a device which
is used in analogous circuits.

J. Lutz et al., Semiconductor Power Devices, DOI 10.1007/978-3-642-11125-9_10, 315
© Springer-Verlag Berlin Heidelberg 2011
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Fig. 10.1 IGBT in Ground tV,>V,
conduction mode e}t Vg > Vr, . Emitter Gate
electron and hole current

electrons

XXXXXXXXXXXXX{(XXXXXXXXXXX)'

+ Vc Collector

Figures 10.1 and 10.2 show a pnpn-structure as in a thyristor; however the action of
this thyristor is strictly avoided by a high-conductive emitter short Rs. Figure 10.2b
shows the equivalent circuit of the four-layer structure. With the pnp- and npn-partial
transistor, a parasitic thyristor structure is visible. The emitter of the npn partial
transistor and its base are shortened by the resistor Rg. With this, the current gain of
the npn partial transistor is eliminated at low current. But at very high current, the
npn transistor can be activated and the parasitic thyristor can be triggered into the

G
E E E
n +
[ g e \_\_ T'cru
Re G e
- npn |—l| ¢ |
" 1 MOS
n- £ 5
pnp
C
P c
R R I K
a cC b c

Fig. 10.2 IGBT (a) simplified structure, (b) equivalent circuit with parasitic npn-transistor and
resistor Rs, and (c¢) simplified equivalent circuit
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on-state mode with the internal feedback loop with the partial pnp-transistor. This
effect is denoted as latch-up: the device can no longer be controlled by the MOS
gate. Latching of the parasitic thyristor is a destructive effect for the IGBT.

For sufficiently low Rg, the npn partial transistor can be neglected and the sim-
plified equivalent circuit, as shown in Fig. 10.2c, is obtained. This is the most
important equivalent circuit for understanding the IGBT. The terminals of the
pnp-transistor are denoted with C’, E/, and B’. The collector C of the IGBT is
the emitter E' of the pnp-transistor. Concerning the physics of the IGBT, it is an
emitter.

The channel is created for a gate voltage Vg higher than the threshold voltage;
in the base terminal of the pnp-transistor the channel current Icy is flowing. For the
current Ic: at C’ then holds Ic> = Bynp - IcH, or, with the relation o = B/(B + 1)
known the from the sections on bipolar transistors

o= —P% . jey (10.1)
1= apnp

For the collector current of the IGBT holds

o 1
—P®  jeg+Icg = —— - Icn (10.2)

]C = ]C/ —|— ICH =
I — apnp I — opnp

Therefore the collector current of the IGBT is always higher than its channel cur-
rent. The saturation current of the IGBT will also be much higher than that of
the MOSFET. With the parameter of the channel conductivity, «, defined for the
MOSFET in Eq. (9.4), results for the IGBT

1 K 5
Icsat = T—a— '3 Vg — V1) (10.3)
— Qpnp 2

However, apnp must be adjusted not too high, and to meet all the different require-
ments, it should be adjusted very exactly. The current necessary for latch-up must
be shifted to such a high value which will not occur in application. To achieve this,
different measures are used in the design of the IGBT, which will be explained in
the following.

10.2 The I-V Characteristic of the IGBT

The I-V characteristic of an IGBT in forward direction is shown in Fig. 10.3. The
characteristic has some similarities to that of a MOSFET.

For a gate voltage Vg higher than the threshold voltage VT, the channel is open.
The IGBT differs from the MOSFET by the junction voltage of the additional pn-
junction at the collector side. The IGBT is operated in the saturation region, as
is usual for power devices and as it was already the case with the MOSFET and
the bipolar transistor. The operation point is on the branch of the characteristic for
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Fig. 10.3 -V characteristic 50
of a20 A/600 V IGBT <
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Ve = 15 V. At this branch for operation at a given current Ic, the generated voltage
drop Vc is read off.

Figure 10.4 compares the characteristic of an IGBT for Vg = 15V with that
of a bipolar transistor, also at a high drive level of Iy = 2.5 A. Both modules are
specified for 600 V and have a comparable area. The threshold voltage caused by the
reverse pn-junction is recognizable in the characteristics of the IGBT. At low current
densities, the bipolar transistor has the inferior voltage drop because no threshold
voltage occurs with it. However, at higher current densities, above 14 A, the forward
voltage of the IGBT is much lower than that of the bipolar transistor. The shown
IGBT is rated to a nominal current of 20 A; this current level is not reached with the
used bipolar transistor even at a high base current.
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A comparison of power devices of a higher voltage range would show the differ-
ence even more drastically. The IGBT especially can be designed also for higher
voltages; it is not restricted like the MOSFET or bipolar transistor by physical
mechanisms. This is described in the following in more detail. Meanwhile, IGBTs
have been produced for voltages up to 8 kV [Rah02]; they have been commercially
available in 2010 for voltages up to 6.5kV.

10.3 The Switching Behavior of the IGBT

The determination of the switching behavior of the IGBT is done in a circuit accord-
ing to Fig. 10.5 with inductive load. The time constant of the load T = L/R is chosen
so high that courses of voltage and current can be assumed as constant before the
switching instant.

The turn-on process of a field-controlled device was discussed already with the
MOSFET. The relation between the rise time of the current, the fall time of the
voltage, the internal capacities, and the chosen gate resistors are the same as were
discussed in the context with Fig. 9.15. The IGBT is used with a freewheeling pin-
diode in almost all applications; at the turn-on process, it additionally has to take
over the reverse current peak and the stored charge of the freewheeling diode. The
processes are shown in Fig. 5.20 and 5.21 and are described in context with Egs.
(5.82), (5.83), and (5.84). For the turn-on energy per pulse in the IGBT, it can be
given under the same simplifications:

1 1 2
Eon = 3 Vpat - Uc 4 IrrM) - i + 3 Vbat <1c + §IRRM> -ty (10.4)

A more exact determination is done with the oscilloscope, see Eq. (9.30).
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Fig. 10.5 Measurement of the IGBT switching behavior. (a) Power circuit (b) simplified output
stage of a gate drive circuit containing gate resistors Rgon and Rgoff adapted from [NicO0]
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At turn-off of the IGBT, the positive gate voltages are put on zero or a negative
value and in the first time interval, processes appear like those described with the
MOSFET in the context of Fig. 9.17. As long as the stored charge in the IGBT
is not too high, similar relations between the rise time of the voltage, the internal
capacities, and the chosen gate resistance are valid. If the gate capacity is discharged
abruptly, the channel current is interrupted. Usually a gate resistor is applied, and
Vi is reduced to the value of the Miller plateau at Vg = V1 + ggIp. While the
voltage increases, the current in the IGBT in a circuit with inductive load flows
on continuously until the voltage is higher than the applied battery voltage Viy.
During the voltage rise time, the channel current is reduced and the hole current
flowing through the p-well is increased in the same amount, carriers from the n-
base are extracted by the hole current. The hole current is increased compared to the
steady-state conduction mode. The problem of possible latch-up is most serious at
the turn-off event. The requirement that latch-up must be avoided limits the maximal
possible current which an IGBT can turn off.

The hole current leads to the removal of the charge carriers from the n-base, a
space charge is built-up, and the device takes over the applied voltage. After the
voltage has increased to Viy, the current falls steeply. With IGBTS, the slope of
the decreasing current di./df can be adjusted by the gate resistor only with limited
effect. The slope di./df causes an inductive voltage peak at the parasitic inductance,
and the forward recovery voltage peak Verm of the freewheeling diode adds to this.
The voltage peak amounts to

di,
AV = Lpy - d—; + VFrM (10.5)

If devices in the voltage range > 1700 V are used, the part of VErym can be significant.

As the main difference to the MOSFET and to the bipolar transistor, the IGBT
features a tail current at turn-off. A measurement of the turn-off of the IGBT includ-
ing the tail current is shown in Fig. 10.6. The current falls down to the value I,
and then it goes down slowly during the time interval #,;. The measurement of the
end point of the tail current is difficult since it decreases very slowly. The time of the
tail current #,) is determined by the recombination of the remaining charge carriers
in the device. With the typical high charge carrier lifetime in the NPT IGBT, #4; can
amount to several microseconds, while # is in the order of some 100 ns and #4 is in
the range of 100 ns.

During the time of the tail current, the voltage is high and the losses created in this
interval cannot be neglected. In practice, the determination of the turn-off energy
per pulse is mostly done with an oscilloscope; the product of current waveform
and voltage waveform is executed and integrated over the turn-off time interval. A
simplified estimation can be made with

1 1 1
Eoff = 3 Vbat - Ic - fry + 5 (Voat + AV) Ic - 15 + Eltail - Vibat + tail (10.6)
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Fig. 10.6 Turn-off of an NPT-IGBT (200 A/1200 V module BSM200GB 120DN2, manufacturer
Infineon). T = 125°C, Rgoff = 3.3 Q2

IGBTs are usually used in bridge configurations. The IGBT is turned off mostly with
a negative gate voltage, as in Fig. 10.6. In the blocking mode, a voltage of —15 V is
applied, sometimes also a smaller voltage of —8 V. This does not have, besides the
waveform of the gate voltage, much effect on the waveforms of current and voltage
at turn-off.

10.4 The Basic Types: PT-IGBT and NPT-IGBT

In the very first IGBT structures the n*-substrate of the MOSFET was replaced
with a p*-substrate. These structures were very sensitive to latch-up of the parasitic
thyristor. The behavior could be improved by adding a medium-doped n-layer, a
so-called n-buffer, between p*-substrate and lowly doped n~-layer. This n-buffer
must have a sufficient doping Nyy,r [Nak85]. The electric field can penetrate into the
n-buffer, a trapezoidal shape of the electric field is given. From this characteristic,
the notation punch-through IGBT or PT-IGBT was derived (In the proper mean-
ing of the word, this notation is not correct, see Sect. 5.1). The structure is shown
in Fig. 10.7.

As already mentioned, opnp must be adjusted and must not be too high. The
doping of the buffer Ny is of influence on it. In the section on the bipolar transistor,
a was composed of two terms

oa=y-ar (10.7)
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Fig. 10.7 PT-IGBT, structure
and field shape

—-E(x)

n - buffer

For the estimation of the emitter efficiency y, Eq. (7.23) can be used; for the given
case of a p-emitter it can be written as [Mil89]

1
TS (10.8)

Hp m ’ Ly

Since L, the diffusion length of holes in the n-buffer, and L,, the diffusion length of
holes in the substrate, are in the same order of magnitude, and since fi,/ 1t amounts
to 2 — 3, it is difficult to make the denominator in Eq. (10.8) significantly larger than
1, as long as the doping of the buffer NMyyr is not in the same range of magnitude
as the doping of the p*-substrate Ngyb. Any control of y will be difficult. For the
PT-IGBT, we can therefore assume y ~ 1.

Thus the adjustment of opnp in the PT-IGBT is done by the transport factor at.
According to Eq. (7.29), the width of the base layer wg and the diffusion length L;,
in the substrate are important factors for this?:

2
WB

2
2-Lg

ar=1-— (10.9)

and L, was given in Eq. (2.99):
Ly=Dp- 7 (10.10)

With a low carrier lifetime, L, o, and finally oy are reduced. For the reduction
of the carrier lifetime, the technologies for the creation of recombination centers

2Equation (10.9) is usually derived for low injection. The considerations, however, will also be
valid for high injection, qualitatively.
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as described in Chap. 4 are used. Platinum diffusion, electron irradiation, irradi-
ation with HeZ-ions or protons, or a combination of two of these processes are
used; the specific process is different for different suppliers and their special device
generations. The devices feature low turn-off losses.

The fabrication of the basic material for PT-IGBTsS is done with an epitaxy pro-
cess. n-buffer and n~-layer are deposited on a p*-substrate. This technology is well
applicable in the voltage range up to 600 V. For 1200 V devices, the epitaxial tech-
nology demands an increased effort because of the necessary thick epitaxial layer.
PT-IGBTs dominated the applications at blocking voltages up to 600 V over several
years.

As an alternative concept, the so-called NPT-IGBT (non-punch-through IGBT),
was introduced. It is based on a suggestion of Jeno Tihanyi [Tih88] and was first
realized by Siemens (today Infineon) [Mil89]. The structure is shown in Fig. 10.8.
The space charge is triangular. The device for the same blocking voltage, which
is given by the area under the line E(x), must therefore be designed with a much
thicker base width wg. For the very first types of NPT-IGBTs, additionally a rela-
tively high distance between the end of the space charge at x = w and the p-collector
layer at x = wp was chosen. Thus the effective base of the pnp-transistor at high
voltage is wg—w. A widened effective base, as expressed with Eq. (10.9), can
somewhat reduce at and therewith cppp.

The main control of oy is done via the emitter efficiency y. The p-collector
layer is lowly doped and its penetration depth is very shallow; with this the low
emitter efficiency is adjusted. In Sect. 3.4, Eq. (3.96) was derived for the emitter
efficiency; for p-emitter with pp, & np, it is written as

p2
y =1 —q.hPTP (10.11)

— -E(x)

%} p - collector e

Fig. 10.8 NPT-IGBT.
Structure and field shape C
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To achieve low y, the emitter parameter /i, must be large. For the p-emitter, it can
be expressed by Eq. (3.94)

hy = Do Du (10.12)
p p+.Ln p+._xp :

For small x,, the diffusion length L, can be replaced by the very shallow penetration
depth x; of the p-emitter. At low p* and x, < 1 for the given structure, the emitter
efficiency y will be low. High 4, means a large contribution of the emitter recom-
bination at the total recombination. Special measures to reduce the carrier lifetime
are no longer necessary.

The NPT-IGBT is therefore very robust against latch-up and it features high
short-circuit robustness [Las92]. A further advantage results from this type of con-
trol of the plasma modulation. The temperature dependency on the forward voltage
is very suitable for parallel connection. The voltage drop V¢ at a constant collec-
tor current Ic and a constant gate voltage Vg is increasing with temperature at the
typical operation current range of Ic.

The voltage drop across the lowly doped middle region was estimated for a pin-
diode by means of Eq. (5.47) as

2
Virisg = ——B (10.13)
(n + pp) - Tetf
with the effective carrier lifetime
1 1 hy-p?  hy-pi
____|_p_pL+“_pR (10.14)

Teff THL WB'P WB'D

In Eq. (10.14) the two last terms on the right-hand side stand for the contribution
of the emitter regions. Compared to pin-diodes, a different profile of the plasma
is given for the basic IGBT types (see Fig. 10.8). However, Eq. (10.13) may be
used for estimation. For a PT-IGBT structure, the lifetime 7y, dominates the effec-
tive lifetime teff. Tefr increases with increasing temperature. Depending on the used
recombination centers, Tyy, increases by a factor of 2 to 4 for a temperature increase
from 25 to 125°C. The influence of t.f dominates in Eq. (10.13) and Vg and
therewith V¢ decrease with increasing temperature.

For an NPT-IGBT the carrier lifetime tyy, in the lowly doped middle region is
adjusted as high and both terms of emitter recombination dominate in the influ-
ence on T.f. With increasing temperature, Ty, also increases, but this is of low
effect to tfr, since the emitter terms dominate and their temperature dependency
is weak. The temperature dependency on voltage across the drift region accord-
ing to Eq. (10.13) is therefore dominated by the temperature dependency on the
mobilities. The mobilities decrease strongly with increasing temperature, it holds
(o + pp)azsecy ~ 0.5(un + Up)azsec)- Varire and therewith Ve increase with
increasing temperature.
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This V¢ temperature dependency, also assigned as “positive temperature coeffi-
cient of V¢, on the one hand leads to increased conduction losses at high operation
temperature. But on the other hand, this is of advantage, if devices are connected in
parallel: if one of the devices has a lower V¢ because of production-induced scatter-
ing of V¢ and therefore takes more current, its temperature will increase. Then its
Vc increases and its current is reduced. With this a negative feedback is given, the
system of parallel-connected devices is stabilized.

The manufacturing process of the NPT-IGBT can be controlled more exactly;
the adjustment of the emitter efficiency at the collector side can be executed very
accurately with ion implantation technology. The NPT-IGBT has become the dom-
inating device in application, because of its robustness and because of the suitable
behavior at parallel connection. Meanwhile, also NPT-IGBTs for 600 V have been
developed and established in the market.

At turn-off, the NPT-IGBT has a long tail current, see Fig. 10.5. The PT-IGBT
has a shorter, but higher tail current. This will be more understandable after the
internal plasma distribution has been considered.

10.5 Plasma Distribution in the IGBT

Using the example of the NPT-IGBT, the internal distribution of the charge carriers,
the plasma distribution, shall be investigated. Figure 10.9 shows a simulation of this
shape of the plasma in the on-state mode for a 1200 V IGBT at different forward-
current densities. The lowly doped n-base of the IGBT is flooded with free carriers.
Because of neutrality, n & p holds for the bipolar device. The shape of the hole dis-
tribution is therefore almost identical to the electron distribution shown in Fig. 10.9.
The cell structures are on the left-hand side in Fig. 10.9; the vertical coordinate x
is the same as in Fig. 10.8. The right-hand side p-collector layer has a penetration
depth of less than 1 wm for the NPT-IGBT, it cannot be recognized.
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Fig. 10.10 Electron density n [1E16 cm™]
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Compared to the plasma distribution of a diode (see Fig. 5.6), the plasma distribution
is strongly reduced at the side of the cell structures for the conventional IGBT. It
corresponds to the plasma shape in a pnp-transistor; the collector of the IGBT in this
case is the emitter of the pnp-transistor, compare Fig. 10.2. In a transistor, typically
the plasma density decays from the emitter side to the collector side, see Fig. 7.6 for
comparison.

Considering the rated voltage of 1200 V, the device is designed very thick with
the base width wg of 250 pm. According to Eq. (5.1) and the respective Fig. 5.5,
a base width of 110 pm would be sufficient for the condition of a triangular field
shape. However, a very wide n-base was typical for the first generations of NPT-
IGBTs.

At turn-off with inductive load, the device must first take over the voltage, while
the load current is still flowing. The development of the internal plasma at the turn-
off process is shown in Fig. 10.10.

Up to the time ¢ = 0.69 s the voltage increases up to the value of the applied
battery voltage. During the voltage increase, the charge in the left part of the base
is extracted quickly. After the battery voltage is reached, the current decays steeply
down to the value of the tail current, similar as in Fig. 10.6. The extracted part of the
base extends to approximately x = 90 wm. After t = 0.75 ws, the remaining charge
on the right-hand side of the base is removed. In Fig. 10.10, this process is no more
driven by the electric field. The applied voltage amounts to 600 V, the space charge
has extended up to 100 wm and has taken up the voltage. There is only a very low
increase in the extension of the space charge in the further process. For the removal
of the carriers in the part close to the collector, recombination is the determining
mechanism. Because of the high carrier lifetime, there is still a considerable charge
in the device even up to ¢ = 6.58 |us during all this time fj), the tail current flows.
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The voltage across the device has the value of the battery voltage during the
time interval tj. Therefore, a main part of the turn-off losses is created by the tail
current.

The PT-IGBT shows a shorter, faster decaying tail current because of its lower
width of the base layer. However, PT-IGBTs have a more hanging-down plasma dis-
tribution in the conduction mode, caused by the reduced carrier lifetime. Compared
to Fig. 10.9, the plasma density is lower at the emitter side, but higher at the collector
side. As a result, the tail current in PT-IGBTs is shorter, but higher.

At the turn-off process described before, in which first the voltage increases
before the current decays — switching with inductive load and also assigned as “hard
switching” — the turn-off losses in the PT and NPT-IGBT are similar. However, the
long tail current of the NPT-IGBT is a disadvantage in a turn-off process of the type
“soft switching”, at which at a circuit-induced zero crossing of the voltage or close-
to-zero crossing the current is turned off, and the voltage increases slowly. Only
a low share of the carriers is then removed in the first phase of the turn-off pro-
cess. During the tail current time, the voltage increases and can lead to an additional
increase in the current at the time te,;;. With this, additional losses are created.

10.6 Modern IGBTSs with Increased Charge Carrier Density

The first IGBT generations had a plasma distribution as shown in Fig. 10.9. This
distribution is expected for a bipolar pnp-transistor, compare Fig. 7.6. Therefore,
it was first supposed that the IGBT will have similar limits as a bipolar transistor:
high voltage drop V¢ in the on-state and purely suitable for a blocking voltage above
1700 V. However, the IGBT could be improved.

Figure 10.10 shows that the plasma stored at the emitter side of the IGBT is
quickly removed by the electric field while the voltage grows at the turn-off pro-
cess. The plasma distribution, which is high at the collector side, low at the emitter
side (see Fig. 10.9), leads to the effect that the main part of the charge carriers is
removed in the tail phase. At the emitter side, the density of charge carriers could
be significantly enlarged, without much increase in the turn-off losses. A higher
density of carrier plasma will lead to a reduction of the voltage drop Vg in the
base layer and consequently to a lower on-state voltage drop V. To achieve this, it
was supposed during a long time that a new device will be necessary. Research and
development activities on MOS-controlled thyristors (MCTs) and similar devices
were started. However, it was discovered that the IGBT is capable to achieve the
desired internal profile of the carrier plasma and that the new devices might not be
necessary.

10.6.1 Plasma Enhancement by High n-Emitter Efficiency

The effect of a possible increased plasma density at the emitter side was shown by
Kitagawa et al. in 1993. They designated such a device as injection enhanced insu-
lated gate bipolar transistor (IEGT) [Kit93]. Kitagawa et al. discovered the effect
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at a Trench-IGBT, designed for 4.5 kV. The device had an increased charge carrier
density at the emitter side and a surprisingly low voltage drop at forward conduction.
The principal effect can also be explained with a planar IGBT, however [Lin06].

Figure 10.11 shows a partial section of an IGBT structure. In a first simplified
investigation, the IGBT can be divided into two areas: an area of a bipolar pnp-
transistor and an area of a pin diode.

In the transistor area, the IGBT behaves as a pnp-transistor in the saturation
mode. The collector side of the IGBT corresponds to the emitter side of the pnp-
transistor, see Fig. 10.2. The density of free carriers is high at the junction J; and
decreases toward the junction J; at the junction J, it approximates to zero. For
comparison, see Chap. 7 on the bipolar transistor (Fig. 7.6) and its description. From
this, a shape of the carrier plasma as drawn in Fig. 10.9 results. In this figure, the
junction J; is located at x & 7 wm. This shape of the plasma holds if it is determined
by the bipolar transistor.

In the diode area beneath the gate, similar conditions are given in the IGBT as
in a pin diode. The electrons are supplied by the MOS channel. The MOS channel
behaves as an ideal emitter; the current at this point is pure electron current. At the
semiconductor surface between the p-wells, an accumulation layer of electrons will
build up, created by the positive voltage at the gate above this area. Holes coming
from the junction J; will not find a path here. The plasma distribution in this area will
approximate the plasma distribution of a pin diode, as it was described in Chap. 5
with Fig. 5.6 and its discussion.

The voltage drop in the diode area, which is — in first approximation — the voltage
drop V¢ of the IGBT in forward conduction, is given by

Ve = Ven + Vit + Vi (10.15)

whereby Vy, is the voltage drop across the channel, Vyiif; is the voltage drop in the
base layer, and V7 is the built-in voltage of the pn-junction J;. To make Vg low,
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the relation of diode area to pnp-transistor area should be as high as possible. This
can be achieved if the cells have a high distance. Vyyif; will decrease with increased
cell distance (cell pitch). But then the cell density of the IGBT is decreased, and
therefore also the voltage drop across the channel Vcp will increase, as explained
in Chap. 9 on the MOSFET. For the planar IGBT in Fig. 10.11, one finds a cell
distance at which the result for V¢ has a minimum.

A more detailed investigation is given by [Omu97]. The whole top-side cell struc-
ture is considered to be an n-emitter. In the area between the p-wells, beneath the
gate oxide, an accumulation layer of free electrons is built up, caused by the posi-
tive voltage at the gate. This accumulation layer is summarized with the p-wells to
an effective n-emitter. An n-emitter of high efficiency shall be created. For this, the
emitter must inject a high electron current. For the efficiency of an n-emitter, results
are in analogy to Eq. (3.95)

y=" (10.16)

Here, jj, is the electron current delivered by the channel. Equation (10.16) can be
written in a new form if j = j, + jp is used

(10.17)
To achieve a high y, it is necessary

(a) to increase the distance between the cells. In [Omu97] it is shown that the share
of j, at the total current increases with increasing cell distance.

(b) to take care that j, is only a small share of the total current density j. The hole
current j, flows across the p-well, see Fig. 10.11. If the area of the p-wells is
reduced, also jp is reduced. In the planar structure in Fig. 10.11, this happens by
reduction of the p-well area.

So it is possible to increase the density of the plasma and therewith to decrease
the voltage drop Varife if the flow of the hole current j, is reduced. The plasma
distribution close to an emitter can be strongly influenced by its efficiency. In the
example of the MOS-controlled diode (MCD), we have seen in Fig. 5.39 that the
voltage drop in the drift layer can be controlled by the emitter injection. There, in
the same way, we had an effective emitter efficiency of the p-well and the channel.
In the MCD, the combination forms a p-emitter, and the current via the n-channel is
the minority current. By injection of minority carriers from the channel, the emitter
efficiency was reduced with the aim to reduce the plasma concentration at the side
of the p-emitter. In the IGBT, the p-well, the channel, and the electron accumulation
layer form an n-emitter. The holes flowing from the p-well are the minority carriers.
Reducing the minority carrier current j, will increase the efficiency of the n-emitter;
with this, the plasma density close to the emitter is increased. More charge carriers
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Fig. 10.12 IGBT trench cell. Structure (lef?), picture of a cross section of a cell made with a raster
electron microscope (right). Figures from T. Laska, Infineon Technologies.

are available for current transport in the wide base layer, and the voltage drop V¢ is
decreasing.

This principle can be realized with planar structures and with trench structures.
The trench structure offers special advantages for this. An example is the Infineon
trench IGBT [Las00]. The trench cell is shown in Fig. 10.12. Emitter layers of
the n*-type and channels are arranged only in the middle of the cell between the
two trenches. Outside the cell, a layer without contact to the emitter is arranged.
Compare the IGBT trench cell with the MOSFET trench cell in Fig. 9.6. The mode
of action of the trenches is different for the IGBT and for the MOSFET. At the
MOSFET, a high part of the surface had to be equipped with channels, since the
channel resistance Rcp determines a main part of the total voltage drop; it is made
low by arranging many channels in parallel. In the IGBT, the channel resistance is
of minor effect to the voltage drop in the on-state. This voltage drop in the IGBT is
determined by the plasma density in the middle layer, since the IGBT is a bipolar
device. This plasma density must be high to reduce the voltage drop. Therefore, one
has to reduce j, to increase vy.

A comparison of the plasma density in the trench IGBT with the conventional
NPT-IGBT according to Fig. 10.8 is given in Fig. 10.13 [Las00b]. The emitter is on
the left-hand side of Fig. 10.13, the collector is on the right-hand side. The line for

/“\
\ —— t£ e”ch
!ren . T —_—
Ch g ———
5.0x10" ol Oy — ‘/,,,_.»—/’J
Fig. 10.13 Plasma s el
distribution in a conventional — ¥
IGBT (planar), in a trench
IGBT, and in a trench 1
fieldstop IGBT. Infineon 0.0t T T

T T
figure [Las00b] 0 20 40 60 80 100 120 140 160



10.6 Modern IGBTs with Increased Charge Carrier Density 331

“planar” is the conventional IGBT, there the plasma distribution is as expected for
a pnp-transistor with its emitter on the right-hand side. With the trench IGBT, we
get an enhanced plasma concentration at the IGBT emitter side. It approximates the
plasma distribution in a pin-diode.

In [Tak98], it was even shown that the trench IGBT voltage drop V¢ decreases
if some of the cells are not contacted. The plasma density increases in the same
amount, as the part of contacted cells is reduced, as long as the number of not con-
tacted cells is not too high. V¢ is reduced, because the effect of plasma enhancement
is much higher than an increased voltage drop across the channel.

10.6.2 The “Latch-Up Free Cell Geometry”

Essential for modern IGBTs is to avoid latch-up of the parasitic thyristor at turn-off.
This requirement must now be met under the condition of increased plasma density.
The cell must have a structure which is optimized for this requirement. Figure 10.14
shows a detail of a trench cell. The hole current will flow mainly close to the electron
current because of the condition of neutrality. Therefore, it flows close to the channel
and in its further way to the contact at the p*-region it must flow underneath the n*-
source region. The n*p-junction is biased in forward direction. If the voltage drop V},
that is generated by the hole current below the n*-layer across the length L reaches
the order of magnitude of the built-in voltage V}; of this n*p-junction, then the n*-
region will inject holes. The consequence will be latch-up of the parasitic thyristor,
the turn-off capability is lost, the control of the device is lost, and destruction of the
IGBT will follow.

Using the depictive representation in Fig. 10.14, this voltage drop V}, can be
simplified according to [Ogu04] with

L
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where p is the sheet resistivity of the p-layer below the n*-source in /(] and L is
the length of the source layer. To keep V), below the built-in voltage (=~ 0.7 V at
25°C and decreasing with temperature) even at very high current density, not only
L must be small but also p must be kept low. As one can recognize in Fig. 10.12, L
is designed very short in modern trench IGBTs. A highly doped p*-layer spreads as
far as possible in direction of the trench below the source layer. With these design
measures, destructive latch-up can be avoided even at high current density.

This design measure, termed to be a “latch-up free cell geometry” [Las03], is
realized by a highly conductive p* well adjusted on a submicron scale (Fig. 10.14)
concerning the distance of this p* well to the trench sidewall. This layer forms a
resistance Rg (see equivalent circuit Fig. 10.2b). If Rg is low enough, the parasitic
npn-bipolar transistor is effectively suppressed, and latch-up of the thyristor, con-
taining both the npn- and the pnp-bipolar transistors, will not occur. The discussed
measure is not restricted to the trench cell. The same measure is possible for a planar
structure.

We will come back on this later in Chap. 12. In devices for high block-
ing capability, a mode of operation with dynamic avalanche occurs at turn-off,
an additional hole current is generated and the current density may even be
locally increased. IGBTs with well-designed cell structures overcome even these
high-stress conditions.

10.6.3 The Effect of the “Hole Barrier”

The possibility to increase the plasma density below the emitter cells is also given by
the implementation of an additional n-doped layer. This was first shown by [Tai96]
on the example of a trench IGBT, the structure was denominated as “carrier stored
trench gate bipolar transistor” (CSTBT). The effect is explained in [Tai96] in the
following way: at the n~n*-junction a diffusion potential of approximately 0.17 V
is built up, which hinders the outflow of holes. This additional layer was designated
as a hole barrier.

This n-doped layer below the p-well acts in the same way in a planar IGBT
[Mor07, Rah06], as shown in Fig. 10.15. In the n-doped layer, the hole current
is the minority carrier current. It decreases strongly before it enters the p-well. In
Eq. (10.17), this reduces j, and increases the emitter efficiency y of the total top-side
cell structure, in which we again summarize p-well, n-channel, and n-accumulation
layer to an effective n-emitter. The consequence is an increased plasma density, as
shown in right-hand side of Fig. 10.15.

The hole barrier hinders the outflow of holes. To hold the condition of neutrality,
additional electrons are delivered by the n-channel. The density of plasma increases,
see right-hand side of Fig. 10.15.

A disadvantage of this measure is that the increased doping below the blocking
junction J» decreases the blocking capability. This must be compensated with a
slightly increased thickness of the n-base of the IGBT and this increases the forward
voltage drop. A part of the achieved advantage is lost again, but this effect can be
kept minimal [Lin06].
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Fig. 10.15 Increase of the density of free charge carriers by a hole barrier

A combination of the hole barrier with the trench structure is done in the “carrier
stored trench gate bipolar transistor” (CSTBT) of the manufacturer Mitsubishi (see
Fig. 10.16). The n-layer as a hole barrier is arranged below the p-layer within the
trench structure. Below the hole barrier, holes accumulate; to maintain neutrality,
additional electrons are delivered effectively by the channel. The density of plasma
is increased locally.

The hole barrier can be combined with the before-described measures of increas-
ing the distance between the cells and decreasing the lateral extension of the
p-layers. In a trench IGBT, this can be done very easily by debarring a part of the
cells. These cells are denominated as “plugged cells” [YamO02]. The polysilicon in
these cells, which forms the gate area, is shorted to the emitter metallization and
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Fig. 10.16 Carrier stored trench gate bipolar transistor (right-hand side) in comparison to a
conventional trench IGBT (left-hand side). Pictures from Mitsubishi Electronics
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the cell is prevented from building an n-channel. This measure additionally has the
advantage that the current Ipg, in the active area is reduced and therewith the current
at a short-circuit event is reduced.

10.6.4 Collector Side Buffer Layers

Besides the described increasing of the plasma density, every modern IGBT addi-
tionally uses the effect of a reduced width of the n-base layer by designing a
trapezoidal electric field instead of a triangular one. This is achieved with an n-layer
with increased doping in front of the p-collector layer. The denomination differs for
different manufacturers: “fieldstop”, “soft punch through”, “light punch through”,
etc., but it is more or less the same.

The plasma density for the “Trench Fieldstop” IGBT has already been shown in
Fig. 10.13. In a trench-fieldstop IGBT, the width of the n-base is shortened compared
to a trench IGBT. Figure 10.17 shows the new structure. In front of the collector
layer, the doping density is increased (n-fieldstop). The space charge is trapezoidal
if a voltage close to the specified blocking voltage is applied. This is sketched in
Fig. 10.17, left-hand side. In reality, it is only a moderate trapeze, it is closer to a
triangle and not almost rectangle, as one could conclude from Fig. 10.17.

From the viewpoint of the shape of the electric field, the fieldstop IGBT is similar
to a PT-IGBT. The base width wg is significantly reduced at the same blocking
voltage in an IGBT with collector side buffer layer compared to an NPT-IGBT. The
voltage Vs that drops across the base layer is proportional to wg? according to
Eq. (10.13). Hence the voltage drop V¢ can be reduced significantly with this design.

However, this is the only common feature with the PT-IGBT. The trench-fieldstop
IGBT is not fabricated like the PT-IGBT on a p*-substrate with an epitaxial n-layer;
it is rather fabricated from a homogeneously n-doped wafer. The fabrication of a
collector layer with exactly adjusted emitter efficiency is done similarly as with an

n" basis (substrate)

Fig. 10.17 Structure of the co"ec!:gl‘l;'litler
Infineon trench-fieldstop P
IGBT. Figure from Infineon n fieldstop
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Fig. 10.18 Turn-off of the Trench Fieldstop IGBT (FF200R12KE3 from Infineon, 200 A 1200 V
module). 7 = 125°C, Rgofr = 5

NPT-IGBT [Las00b]. apnp is adjusted by the emitter efficiency; an emitter of low
penetration depth and low doping is used. No charge carrier lifetime reduction is
done. The mode of function of the trench-fieldstop IGBT is closer to the NPT-IGBT
than to the PT-IGBT. As a result, the temperature dependency on V¢ is similar to
that of the NPT-IGBT. The desired “positive temperature coefficient” remains.

Figure 10.18 shows the turn-off behavior of the trench-fieldstop IGBT. If one
compares this figure with the turn-off behavior of the NPT-IGBT in Fig. 10.6, one
can see a significantly shortened tail current. Additionally, the fall time of the current
t is increased and dic/dt is decreased; this leads to a lower voltage peak AVc.

The shortening of the tail current happens by the effect that a lower part of the
stored plasma in the on-state remains close to the collector side at turn-off. The
removal of the stored charge is done in a big amount during the voltage rise time
try. If the applied voltage Vi is increased above the voltage of 600 V, as applied
in Fig. 10.18, the tail current is shortened further and finally it can disappear com-
pletely. Then the space charge spreads across the whole middle layer. If Viy is
increased further, a current snap-off similar to the behavior at reverse recovery of a
snappy diode will occur at the end of the fall time #5. This current snap-off can lead
to high overvoltage peaks.

10.7 IGBTs with Bidirectional Blocking Capability

For some applications of power electronics, e.g. the matrix converter, a both-side
blocking device is necessary. The IGBT structure contains a p-layer forming a pn ~-
junction at the collector side. The basic structure, as drawn in Fig. 10.1, has the
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capability to take an electric field at the bottom-side pn ~-junction as well as at
the top-side n ~p-junction. It has similarities to the structure of a thyristor which
has a blocking capability in both directions. However, the back-side pn ~-junction
has no defined junction termination. Such planar junction terminations for shal-
low pn-junctions need microstructures. The processes for the fabrication of junction
terminations are only possible at the top side of the wafers, since semiconductor
technology has been optimized for microstructures on one side of a wafer.

A possible solution is to lead the back-side pn-junction to the front side of the
wafer. This can be done by the diffusion of a deep p-layer which reaches through
the whole wafer; this technology is called “diffusion isolation” [Tai04]. A schematic
drawing of an IGBT with this deep edge diffusion is shown in Fig. 10.19. With
a deep diffusion in the area where the wafer is cut in the last production step,
the collector-side pn ~-junction is connected to the front side of the wafer. Now
it is possible to apply a junction termination for both directions. This is done in
Fig. 10.19 for the forward direction with potential rings, as known from Fig. 4.19.
The junction termination for the forward direction ends at the channel stopper. As
junction termination for the reverse direction, a field plate structure is applied (see
Fig. 10.19).

The device blocks the voltage in both directions like a thyristor. The bidirectional
blocking IGBT must be dimensioned as NPT type. A buffer layer in front of the p-
collector would reduce or even eliminate the blocking capability in reverse direction.
Therefore, a minimal thickness wp of the base layer for a triangular field shape is
required. In [NaiO4], this is given with 200 pm for a 1200 V reverse blocking IGBT;
the electric field in the volume is similar to that in Fig. 10.8.

Since a buffer layer cannot be applied, the reverse blocking IGBT cannot have
a forward voltage drop V¢ as low as other modern IGBTs. But V¢ is surely lower
than the one of a serially connected IGBT and diode.

In the intended matrix converter applications, the reverse blocking IGBT works
as freewheeling diode at some switching events; it is passively turned off like a
diode. Because of the high carrier lifetime in IGBTSs, a high reverse recovery peak
IrrM and a high reverse recovery charge occur. In one concept [Nai04], electron irra-
diation was used and a reduction of Igrry of about 10% was achieved. The shorter
carrier lifetime increases the on-state losses and a trade-off must be made.
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Fig. 10.19 Symmetrically blocking IGBT with edge diffusion. Figure from [Ara05] © 2005 EPE
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Further work is done to improve the reverse blocking IGBT. The deep diffusion
on the right-hand side of Fig. 10.19 has, however, also the consequence of lat-
eral diffusion which will be approximately spread by 0.8 x of the diffusion depth
to the side. With a wafer thickness in the range > 100 pm, this deep p-layer will
also be very wide. This leads to a loss of area for the region which takes the cur-
rent, a loss of active area, and a high share of area for the junction termination
which cannot be used for current transport. Research and development work is done
for improved structures; for example, to replace the deep diffusion zones by deep
trenches [Ara05].

10.8 Reverse Conducting IGBTs

If in a part of the collector area an n*-layer is implemented, see Fig. 10.20, a diode is
formed by this n*-layer and the p-body. There are several advantages of the mono-
lithic integration of the diode. Primarily, it is the reduction of the chip size. Thermal
calculations of the diode and the IGBT in a three-phase inverter application [Rut07]
have led to the result that a great saving of the area is possible, while the RC-IGBT
stays almost at the same size like the IGBT and the diode area can be saved.

The concept of an RC-IGBT in a productive volume was first realized with an
optimization for lamp ballast applications [GrieO3]. This application needs 600 V
blocking voltage, a current in the range of 1 A, and there is no hard commutation of
the diode. These devices could be realized successfully without optimization of the
diode.

To satisfy the requirements of hard switching applications, the reverse recovery
behavior of the integrated diode has to be optimized. For this diode, the n-doped
regions on the backside act as a cathode emitter (see Fig. 10.20), while the p-body
of the IGBT and the highly p-doped anti-latch-up region near the front side act
as an anode emitter of a freewheeling diode integrated into the chip in this way.

Gate

Emitter

anti-latch p+
body

diode
n emitter

\H""‘\.‘
Fig. 10.20 Reverse

conducting IGBT with trench p emitier
gate. Figure from [Rut07]
© 2007 IEEE Collector
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Fig. 10.21 Carrier concentration profile in a 600 V EMCON3 compared to a 600 V RC-IGBT in
diode mode. Figure from [Rut07] © 2007 IEEE

Unfortunately, such a diode with a highly doped p-emitter has a plasma distribution
as shown in Fig. 10.21. It is very high at the anode side and lower at the cathode
side. This will lead to a high reverse recovery peak and snappy reverse recovery
behavior, as discussed in detail in Chap. 5. The internal plasma distribution as it
must be for a soft recovery diode is shown for comparison in Fig. 10.21, too.

To reduce the plasma density at the cathode side, different methods have been
tested. Irradiation of He?*-ions is applied for the reverse conducting IGBT in
[Tai04b]. The reverse recovery current peak Irrym was reduced close to the value
of a commercial freewheeling diode. But irradiation technologies can have a dis-
advantage. In [Rut07], it is reported that particle irradiation causes also undesirable
trapped charges in the gate oxide and the silicon—gate oxide interface. These charges
give rise to a drop of the threshold voltage and a broader parameter distribution.
Therefore, the way used in [Rut07] is to reduce the efficiency of the anti-latch p*-
emitter by reducing the implantation dose. The advantage of this method is that there
is no effect on the V. However, a reduction of this doping dose is limited by the
overcurrent turn-off robustness (latch-up robustness). It was found that the potential
for a reduction of Qrgr by decreasing the p*-emitter dose at the same robustness as
today’s devices is between 15 and 25% [Rut07]. With platinum diffusion, Qrr was
reduced by 60 %, and the increase in V¢ of the IGBT was only 0.1 V [Rut07].

The measures to improve the IGBT and to improve the freewheeling diode con-
tradict each other in some aspects. However it is expected that reverse conducting
IGBTs will become available also for switching with inductive load, since a reduc-
tion of costs in the power electronic system is possible by saving half of the number
of power dies. These solutions might be successful in applications in which the
requirements to the diode reverse recovery are medium, e.g. for low current appli-
cations up to 1 kW, since the energy stored in the parasitic inductance is small
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Fig. 10.22 3.3 kV RC-IGBT with optimized integrated diode. Figure following [Rah08]

at low current. There is a wide field of such applications, such as inverters in air
conditioners, refrigerators, and others.

A very interesting concept for a reverse conducting IGBT rated 3300 V was
presented in [Rah08]. The requirements to the freewheeling diode are highest in
the intended high power motor drive application. The new structure is shown in
Fig. 10.22.

This structure uses the fact that there are measures which are not conflicting in
their effect on the plasma distribution as well in the IGBT as in the diode. An n-
layer below the p-well is used, as it was named as “hole barrier” in Fig. 10.15. It
decreases the injected hole current and for the effective emitter of the IGBT it acts in
an enhanced emitter efficiency. For the diode, it acts as reduced p-emitter efficiency.

On the collector side, the n*-layer acts as a kind of anode short, known from GTO
thyristors, and it will reduce the IGBT collector side emitter efficiency. Doping of
the collector side p-layer, as well as width and doping of the n*-layer, must be
carefully adjusted to fulfill the requirements for the diode and for the IGBT. For the
diode, additional local lifetime control region below the p-well is applied, as known
from the CAL diode in Chap. 5. The generation of recombination centers is executed
with masked irradiation of light ions. The reverse recovery of the diode can further
be improved by opening the channel. Injected electrons by the channel in the diode
conducting mode will reduce the p-emitter efficiency, as it is described in hand of
the MOS controlled diode (see Sect. 5.7).

Investigations in [Rah08] show that the IGBT as well as the diode could even
profit in some aspects due to the integration. For the application it is a high advan-
tage. The effective IGBT area is increased by 50% and the effective diode area even
by 200%. A potential for rating 50% higher current for IGBT in modules with the
same area is given, however only a part of it can be used in practice because of the
thermal resistance of the housing sets limits. In the typical motor drive application
conditions, in one sinus half-wave the IGBT, in the other the diode is heated up.
The absence of inactive periods can reduce the temperature ripple and will increase
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the lifetime of the module. For details, see Chap. 11. In the beginning of 2010, the
reverse conducting IGBT is still an object of research and development.

10.9 Outlook

It has been shown that with modern IGBTs the optimal, in terms of conduction
losses, thyristor-like distribution of the internal plasma can be achieved. Therefore
the IGBT applications could be extended to voltage ranges which were formerly
only possible with thyristors. IGBTs are commercially available in 2010 up to
6.5 kV blocking voltage. Development work is done on IGBTs for the voltage range
8 or 10 kV. The development of devices with new structures as IGBT followers has
been placed back or suspended, since the new structures were not necessary. The
desired advantage has been possible with the IGBT to a great extent.

However, further intensive work in research and development has to be done to
decrease the conduction and switching losses of IGBTs. In 2007, IGBTs for the
most frequently used 1200 V voltage range were introduced whose voltage drop V¢
at rated current is typically as low as 1.7 V. It is expected that a further reduction
down to less than 1.5 V will be possible in the next years. The losses in inverters for
motor control will be reduced strongly.

IGBTs with additional integrated functions, as the reverse blocking IGBT and
the reverse conducting IGBT, are expected to become commercially available.

With the progress in IGBTS, it is possible to control more and more power in a
small device area. But with this, the dissipated losses per area are also increasing.
These losses have to be extracted by the package and the challenges and require-
ments for the packaging technology are increasing. This is the subject of the next
chapter.
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Chapter 11
Packaging and Reliability of Power Devices

11.1 The Challenge of Packaging Technology

The operation of a power semiconductor device produces dissipation losses. The
order of magnitude of these losses shall be estimated in the following example:

IGBT module BSM50GB120DLC (Infineon) mounted on an air-cooled
heat sink

Operation conditions: Ic = 50 A, Vpo = 600 V, Rg = 15 ,

f = 5kHz, duty cycled = 0.5

The following parameters can be extracted from the data sheet:

Forward voltage drop: V¢ = 2.4V

Turn-on energy loss per pulse: Eyy = 6.4mWs

Turn-off energy loss per pulse: Eofr = 6.2 mWs

For details on E,;, see Fig. 5.20 and Fig. 5.22. A simplified calculation can be
done with Eq. (10.4), a more exact determination is done with the oscilloscope, see
Eq. (9.30). For details on Ey see Fig. 10.5; for simplified calculation Eq. (10.6) is
useful.

Losses created by the leakage current can usually be neglected in modern IGBT
and MOSFET applications. Therefore total power dissipated in the device is the sum
of on-state and switching losses:

PV=Pc0nd+Pon+Poff:IF‘VC'd+f’E0n+f'Eoff (11~1)

This amounts to 123 W for the given example. These losses are marginal com-
pared to the controlled power of approximately 30 kW. To calculate the efficiency
an additional freewheeling diode has to be taken into account; for most applica-
tions a half-bridge configuration of two switches in series must be considered.
Nevertheless, the efficiency of the power control circuit is in the range of 98%.

However, 123 W of power losses have to be extracted from an IGBT switch
with an area of about 1 cm? which requires a heat flux density of 123 W/cm? or
1.23 MW/m?. The heat flux density can even amount to the 2—3-fold value for an

J. Lutz et al., Semiconductor Power Devices, DOI 10.1007/978-3-642-11125-9_11, 343
© Springer-Verlag Berlin Heidelberg 2011
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Fig. 11.1 Heat flux density of different heat sources, inspired by Dr. W. Tursky, Semikron

assembly on a water-cooled heat sink and with maximum utilization of the module
capability. Figure 11.1 relates this power loss to that of other heat sources.

The heat flux density of a power semiconductor chip exceeds that of a stovetop
of a conventional kitchen stove by more than one order of magnitude and outranges
a Pentium 4 microprocessor. Therefore, a power module has to provide a high ther-
mal conductivity. Additionally, a power device package has to meet a number of
requirements:

e High reliability, i.e. a long lifetime in application and therefore a high durability
under alternating load conditions (power cycling stability)

e High electrical conductivity of the components to achieve low undesirable
(parasitic) electrical properties (parasitic resistance, capacity and inductivity)

e For power modules additional electrical insulation between switches and between
circuit and heat sink

The solution to this problem is by no means trivial and it is today one of the
most exciting challenges for engineers. Power modules are the prevalent types of
packages in power electronic applications and they will be discussed in detail in the
following chapters.

11.2 Package Types

A substantial criterion for the selection of an appropriate package type is the power
range of the semiconductor device. A survey of power ranges is given in Fig. 11.2.
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Fig. 11.2 Power range of modern semiconductor devices (2009) together with the predominant
package type

Discrete packages are prevailing in the range of small power. These packages are
soldered to a laminated “power circuit board” (PCB) for application. Since the gen-
erated power losses are relatively small, the requirements for heat dissipation are
unincisive. These packages are mostly designed without internal insulation with the
consequence that only a single switch can be integrated in one package. The most
common package of this type is the “transistor outline” (TO) package.

The discrete design has to fulfill the following functions:

— Conduction of load current and control signals
— Dissipation of heat
— Protection against environmental influences

Capsules also belong to the discrete packages. They are applied for the high-
power end of the range that is not jet reached by power modules. Capsules are not
equipped with an internal insulation. They can be cooled from two sides. A power
chip can have the size of a whole wafer in the peak performance range. Therefore,
the circular footprint of the capsule is the ideal package for circular chips. Because
of its shape, this package is also known as “hockey puk”.

A thyristor from Mitsubishi for 1.5 kA with 12 kV blocking voltage is packaged
in a capsule. Thyristors in capsules from Infineon are specified for 3 kA with 8.2 kV
and recently developed thyristors for HVDC applications are rated for 5.6 kA with
8 kV blocking voltage. The “chip” in these packages consists of a complete 6 in.
wafer with a diameter of approximately 150 mm.
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Mitsubishi offers a gate turn-off thyristor (GTO) in a capsule with a chip fabri-
cated from a single 6 in. wafer (150 mm) which is specified for 6 kA with 6 kV
blocking voltage.

In contrast to discrete packages power semiconductor modules are character-
ized by

— an insulated architecture in which the components of the electrical circuit are
dielectrically insulated from the heat dissipating mounting surface
— several single functions (phase leg circuit), often with paralleling of chips

Power semiconductor modules are dominating in the range of more than 10 A
for blocking voltages of 1200 V and above. They are characterized by the integra-
tion of multiple functions (for example, converter—inverter—brake topologies) in the
lower power range. In the high-power area, Infineon offers a module with 6.5 kV
IGBTs and the associated freewheeling diodes with a continuous maximum current
of 900 A. For 1200 V blocking voltage, Infineon produces a module specified for
3.6 kA continuous current which contains 24 IGBT chips in parallel and 12 free-
wheeling diodes in parallel. These examples show that modules have penetrated
deep into the high-power range which was formerly dominated by capsules. This
trend will continue.

11.2.1 Capsules

Figure 11.3 displays the internal construction of a capsule in a simplified schematic
view. The silicon device (e.g., a thyristor) is mounted between two metal discs in
order to homogenize the pressure and to avoid pressure peaks. Molybdenum is the
ideal material for this purpose because of its great hardness and its well-adapted
coefficient of thermal expansion. In the architecture shown in Fig. 11.3 the silicon
device is rigidly coupled to one of the molybdenum discs on the anode side and
pressed to the second molybdenum disc on the cathode side. Alignment features to

Silicon Cathode side Sheets for welded
%7 device pressure element  Seal

Molybdenum Anode pressure Ceramic
discs element housing

Fig. 11.3 Internal construction of a capsule (simplified)
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center the chip inside the package are not shown in Fig. 11.3 for clarity, neither is the
gate contact spring displayed, which is guided by a slot in the cathode compression
piece to the center of the silicon device. The package is hermetically sealed by
welding together the two metal latch rings.

A complete electrical and the thermal contact will only be established by the
application of a defined pressure to the package, which is typically in the range of
10-20 N/mm?.

The interconnection between the silicon device and the molybdenum discs can
vary for different package sizes and manufacturers. For small chip diameters up
to 5 cm, solder interfaces are feasible. But care must be taken to select a solder
material, which will show only little plastic creep under high pressure. For larger
diameters of the device alloyed interfaces are generally preferred. Also designs with-
out any rigid connection between Mo and Si are available, which allow a floating
of the power device. A progressive technology for the interconnection of silicon
and molybdenum is a diffusion sinter technique: The partners to be connected are
equipped with a noble metal plating, a silver powder is applied to the connecting sur-
faces, and a very reliable connection is established by sintering the interface layer
at a high pressure and temperatures of approximately 250°C.

Mostly conventional devices are packaged in capsules: Diodes, thyristors, GTOs,
and the GCTs derived from the GTO. The advantages of capsules are

e Compact design with good relation between device surface area and package
surface area

e Cooling of both device surfaces

e No wire bonds — wire bonds generally represent a reliability constrictive feature

e Few or no rigid interconnection between materials with different coefficients of
thermal expansion

A high reliability can be expected from the last two factors. The disadvantages
of capsules are

e No dielectric insulation — the user has to provide for insulation in the application
e Higher effort in the mounting assembly — a defined uniaxial high pressure must
be established and maintained

Due to their advantages the capsule package was also adapted as a package for
IGBTs. But IGBTsS are today produced only in a small chip size compared to thyris-
tors. The reason is the high cell density of modern IGBT chips which would result in
a yield problem caused by single-cell defects with increasing chip size. The largest
commercially available IGBT has an area of 300 mm?. Furthermore, the simplicity
of paralleling fast switching IGBTs compared to the difficulty of paralleling slow-
switching thyristors, together with the thermal disadvantage of large-area chips,
does not produce a market pressure to develop larger area IGBTs. However, for the
adaptation of the capsule package for IGBTSs, the parallel arrangement of quadratic
chips in a so-called presspack IGBT is a technological challenge.
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Fig. 11.4 Presspack IGBT: emitter pressure element (left), arrangement of the chips (right)

An example for a presspack IGBT is illustrated in Fig. 11.4. The chips are assembled
on a large molybdenum disc, each chip equipped with a collector side small Mo
square. Alignment frames are positioning the chips relative to each other. Small Mo
squares with cutouts for the gate contact area are placed on the emitter contacts. The
gate connection is implemented by springs, which are guided by another alignment
structure. The upper pressure element has to transmit a uniform pressure to each of
the chips below. To press each of the 21 paralleled IGBTs with an identical pressure
requires maintaining very tight tolerances for every part of the package.

Integrated in the upper pressure element, a printed circuit board — carrying the
gate resistors in “surface-mounted device” (SMD) technology — is installed. The
complex construction of a presspack IGBT results in a considerable increased
demand on the precise alignment of a multitude of parts and on the allowable part
tolerances compared to a semiconductor module. Whether the expectable higher
reliability in active power cycling will outperform the drawbacks in package assem-
bly and application and thus will replace other package types is yet unresolved.

11.2.2 The TO Family and Its Relatives

Discrete packages are also very common in the lower power range. Today, this field
is dominated by the “transistor outline” (TO) family. The principle design is shown
in Fig. 11.5.

The TO package family comprises an extensive set of standardized package out-
lines, the most popular representatives are the TO-220 and the TO-247 package. In
these standard packages, the power silicon chip is soldered directly to a solid copper
base, which serves as mounting surface. Therefore, the package has no inherent elec-
trical insulation. The contact leads or contacts legs are fixed by a “transfer mold”
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housing. One of the leads is directly connected to the copper base, the others are
connected to the load and control contact areas on the silicon chip by aluminum
wire bonds (Fig. 11.5).

The difference in thermal expansion between the silicon chip and the copper
base limits the reliability of this package. An improvement in this respect is the
ISOPLUS package introduced by IXYS. As illustrated in Fig. 11.6, a ceramic
substrate replaces the solid copper base, thus adapting a technology which is suc-
cessfully applied in power modules. This design exhibits a number of advantages
compared to the standard TO package:

e better adaptation of thermal expansion resulting in higher reliability

e internal insulation

e smaller parasitic capacity compared to a standard TO package mounted on a heat
sink with an external insulation polyimide foil (for details refer to Sect. 11.5).

At the first glance, the smaller thermal conductivity of the ceramic layer with
respect to copper appears as a serious drawback. However in a system, where sev-
eral discrete packages — which typically show different potentials at their copper
base — are mounted on a single heat sink, the ceramic insulation system gener-
ally is superior to the insulation of standard TOs by externally applied electrically
insulating foils.

The prevalent power device packaged in a TO housing is the MOSFET. For this
device, a drastic reduction of the electrical on-state resistance R,, has been accom-
plished in the last years. As a consequence, a fundamental weakness of this package
design is emerging: The TO package has a parasitic electrical resistance in the same
order of magnitude as the on-state resistance of a modern MOSFET device.

Dce
" f__/\'_\

wires Copper Ceramic Copper Solder

Mould : [ ]

Fig. 11.6 ISOPLUS package with TO outline, but with insulated base
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The contact leads are a major limiting factor. Their electrical resistance can be
calculated by
)
R;=p - — 11.2
z=r-7 (11.2)
Considering a copper input lead and a copper output lead with a cross section of
0.5 mm? and a length of 5 mm each, the specific electrical resistance of copper
pcu = 1.69 2 cm yields a total resistance of 0.34 mS2. For a mean current of
50 A, the power loss

P, =Ry I’ (11.3)

dissipated in these leads amounts to approximately 0.85 W. Since the contact leads
are cooled only marginally, they are heated up by the ohmic losses to temperatures,
which can get close to the melting temperature of the solder alloy applied for the
PCB solder contact [Swa00]. This effect damages the solder contacts and reduces
the reliability.

Since the through holes for PCB mounting are standardized and since insu-
lation requirements demand to maintain minimal clearance distances between
the leads, the lead cross section cannot be increased by simply implementing
wider leads (Fig. 11.7). But it was possible to increase the cross section by
improving the shape of the leads as shown in the right schematics in Fig. 11.7
and thus enhance the current capability of the TO package by 16%. This
upgraded version of a TO-247 package is labeled as “super-247” package by the
manufacturer.

Another weakness of the TO package is the use of aluminum wire bonds.
Improvements of this weakness are attempted by the implementation of thicker
wires and/or by an increase of the number of wire bonds. In this context not only the
ohmic resistance, but also the inductive effects of the bond wires have to be taken
into account.

Figure 11.8 shows a package development, designed for “surface mounted
device” (SMD) technology. This architecture is also suitable for multilayer PCBs.
For the “super” version of this package, not only the contact leads are designed as
short as possible — allowing more area to package larger silicone devices — but also
the wire bond connections were optimized. This improvement results in a reduction
of the parasitic inductance of the package of 33% according to [Swa00].

Fig. 11.7 Reduction of the
electrical resistance of contact

leads in a TO package TO-247 Leg Enlarged Leg SUPER-247 Leg
[Swa00]
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A revolutionary solution was introduced by the US American company International
Rectifier, which completely eliminates the problematic contact leads, as well the
bond wires. This “DirectFET” package is displayed in Fig. 11.9. The emitter and
gate contacts of the silicon device are equipped with a solderable surface metalliza-
tion. A so-called drain clip is attached to the drain contact of the device by a solder
connection. This package is mounted on the PCB surface in a “flip chip” fashion,
where the SMD compatible solder connections for the gate, emitter, and drain are
established in a single reflow solder step.

Besides the low-effort mounting procedure, the advantages of this package
concept stem from the facts that virtually no limitation of the current capability
originates from contact leads and that parasitic inductance generated by bond wires
is completely eliminated. Furthermore, a double-sided cooling of the package is
possible, whereas the drain clip can dissipate significantly more heat than can be
extracted through the PCB.

Nevertheless, no complete encapsulation is provided by this package, which
leaves the sensitive silicon device unprotected against humidity and corrosive
atmosphere influence. Furthermore, the visual access to the solder interconnection

passivated die

copper ‘drain’
clip

die attach
material

)
gate source

connection copper track Sonnection
on board

Fig. 11.9 DirectFET package [Swa01]
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Fig. 11.10 Transfer mold
DIP-IPM package from
Mitsubishi

beneath the package is nearly impossible, which impedes the quality control of the
assembled PCB. The application and field experience with this new package design
will show, if this concept will prevail.

However, the combination of the “lead frame” construction with the “transfer
mold” technology, as was developed and optimized with the discrete TO pack-
ages, has led to a powerful group of descendants: the transfer mold “intelligent
power module” (IPM) packages. In these packages, the advantages of both tech-
nologies were merged with the integration of various functions in a single package.
Figure 11.10 shows an example of an IPM transfer mold package, containing a
three-phase inverter together with their driver ICs.

The internal structure of such a transfer mold IPM device as shown in Fig. 11.11
allows to comprehend the high potential of this packaging concept, which today is

FwDi IGBT s
hi hi 4
chip chip chip
Control
Power terminals:
terminals
2 power
’ supply,
U V. W, control
DC-link signals. fault
voltage signals
HVIC chip

Fig. 11.11 Internal structure of the DIP-IPM package from Mitsubishi
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dominating the field of low-power IPMs worldwide. Despite all the weaknesses of
this package design discussed before, the manufacturing process of these lead frame
packages is highly optimized and very competitive. In production, the lead frames
are connected to each other by the frame elements, forming a continuous band of
such lead frames, ideal for automated assembly. After the chip soldering and wire
bonding, the band is separated into single lead frames and subjected to a transfer
mold process, which completely encapsulates the internal structure. Now the leads
are fixed by the plastic encapsulation and the remaining supporting lead connec-
tions, which connect the ductile contact leads during the assembly, are stamped out.

Nowadays, more than 10 million of these transfer mold-type IPM packages are
produced every month, dominating the field of low-power applications in the power
semiconductor market.

11.2.3 Modules

As a result of the isolated construction, power modules provided substantial advan-
tages in application. Soon after the first insulated power module was introduced by
Semikron in 1975, this new architecture penetrated the market, even though the first
design was rather complicated with a multitude of interfaces. Figure 11.12 shows the
successor of this first power module, which today is still manufactured in large quan-
tities. Shown here is the fifth generation design with an identical package outline as
the first power module, but with an upgraded inner construction.

The thyristor chip, which is equipped with solderable metallization on the anode,
cathode, and gate contact areas, is connected to the contact leads by solder inter-
faces. The cathode connector consists of a composite material with a coefficient of

Gate connection (silver)

Cathode connection (,Trimetal”
composite material Cu-Fe/Ni-Cu)
Thyristor (silicon)
Adaptation disc
(Molybdenum)

Anode connection
(Cu)

DCB-substrate
(Cu-Al,05-Cu)

Base plate (Cu)

All interconnection layers: solder

Fig. 11.12 Architecture of a classical thyristor power module: exterior view (a), inner construction
(b), and cross section schematics showing layer sequence (c)
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thermal expansion adapted to that of silicon. The anode contact of the silicon chip
is joined to a molybdenum disc. This intermediate layer is required to accommodate
the difference in thermal expansion between silicon and copper. The molybdenum
disc is then soldered to a compact copper terminal, which conducts the current to
the anode. The copper terminal is again soldered to the copper surface of a ceramic
“direct bonded copper” (DBC) substrate that provides the electrical insulation. The
substrate is attached to the base plate by another solder layer. In summary, the con-
struction contains five solder layers. Despite the complexity of this construction,
this power module is manufactured these days in a high production quantity on an
automated assembly line.

The cross section image in Fig. 11.12 visualizes the numerous interfaces that the
heat flow has to overcome on his passage from the silicon device to the base plate
and further into the heat sink, which is not shown in the schematics. Since every
solder layer has a small risk of the formation of solder voids, the multitude of solder
interfaces represent an increased risk factor for potential sources of error.

The introduction of advanced power devices like IGBTs or MOSFETSs has
induced the development of a package concept capable of housing multiple chips
per electrical function in parallel. This architecture has emerged to the “standard” or
“classical” module design in power electronics. The example displayed in Fig. 11.13

wire bond chip

solder
copper

/ ceramics
I 1
copper
- :Q— solder
| /|/ base plate
| __—thermal paste

R R R R R RSN —— heeat sink

Fig. 11.13 Classical base plate module in schematic cross section (fop) and as half-bridge IGBT
module with two chips per switch (bottom)
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Table 11.1 Layer thickness in module designs with base plate

Standard module High-power module High-power module
Al>,O3 ceramic AIN ceramic AIN ceramic
Cu base plate, Cu base plate, AlSiC base plate,
d (mm) d (mm) d (mm)
Solder 0.05 0.05 0.05
Copper 0.3 0.3 0.3
Ceramics AL O3 0.381 AIN 0.635 AIN 1.0
0.635 1.0
Copper 0.3 0.3 0.3
Solder 0.1 0.1 0.1
0.07 0.2
Base plate  Cu 3 Cu 5 AlSiC 5
Thermal 0.05 0.04 0.04

paste

illustrates the general features of this concept: The top side contact of the silicon
device is connected via aluminum wire bonds. The molybdenum adaptation disc and
the bottom side copper terminal are completely eliminated. Trenches to form current
tracks comparable to the familiar PCB in low-power electronics structure the upper
copper layer of the DBC substrate. Several power chips are directly soldered to these
copper tracks and connected to other tracks by aluminum wire bonds. Powerful load
current terminals are soldered to the load current tracks of the substrate.

Table 11.1 lists the layer thicknesses typically implemented in standard mod-
ules displayed in Fig. 11.13. This generic construction is found in 70-80% of
all power modules produced by European manufacturers (Infineon, Semikron,
IXYS, Danfoss, Dynex) and is also common in modules produced by Asian
manufacturers.

The thickness of the ceramic layer is 0.63 mm in older generation modules; newer
generation modules with base plate have a ceramic thickness of only 0.38 mm for
improvement of thermal resistance. The substrate is attached to the base plate by a
solder interface. Differences in solder thickness between 0.07 and 0.1 mm have a
marginal impact on the thermal resistance.

For modules requiring a higher thermal conductivity or higher insulation
strength, Al,O3 ceramics are replaced by AIN ceramics. The standard thickness
of AIN is 0.63 mm, but for assemblies with extreme requirements with respect to
insulation strength, ceramics with a thickness of 1 mm are applied. The fabrication
of AIN substrates requires an additional process step compared to Al,O3 substrates,
since no oxides are available at the surface to form an oxide—oxide interface as in
the DBC production. Therefore, an oxide layer has to be generated first or other
bonding techniques have to be applied. This increases the cost for AIN substrates.
Furthermore, the coefficient of thermal expansion of AIN (and thus also the CTE of
an AIN-DBC) is smaller than that of Al,O3. This amplifies the difference in CTE
between the substrate and a copper base plate and reduces the lifetime of this inter-
face under thermal stress. For this reason, the copper base plate was replaced in some
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Fig. 11.14 Schematic cross section of a module without base plate

high-performance power modules by AISiC, a metal matrix composite material.
An AISiC plate is manufactured by first forming a matrix of SiC with a controlled
porosity and second by filling the pores with aluminum. The material parameters
are determined by the ratio of both components and can therefore be tailored to the
application.

While the implementation of AlSiC as material for the base plate has the advan-
tage of an adaptable thermal expansion, it has the disadvantage of a reduced thermal
conductivity compared to copper. This was the major reason that a module design
concept without a base plate emerged. Even for copper as base plate material the
base plate adds to the total thermal resistance in the vertical direction between the
chip and the heat sink, so that systems without base plate should be advantageous.
Figure 11.14 shows a schematic cross section of this architecture.

The applied substrates and solder materials are essentially the same as in mod-
ules with base plate. A value of 0.38 mm is the standard ceramic thickness for
Al O3 substrates, but thicknesses of 0.5 or 0.63 mm are also encountered. Especially
for substrates with increased copper thickness for high-current applications, thicker
ceramics are preferred to enhance the mechanical robustness of the substrate (e.g.,
0.4 mm Cu on both sides of a 0.5 mm Al,O3 ceramics). For AIN substrates 0.63 mm
is the standard ceramics thickness. Other ceramic materials can easily be substituted
in a module without base plate.

Modules without base plate are provided, for example, in the SKiiP-,
Mini-SKiiP-, and Semitop module families from Semikron and in the EasyPIM
series from Infineon. The packaging concept was available in several modules pro-
vided by IXYS for a long time. It is also applied in the insulated version of the
TO-247 package. Since the solder interface between a base plate and the substrate
is eliminated, only one single solder interface between the chip and the heat sink
remains in this package type.

In contrast to base plate modules, no limitation of the substrate size must be
obeyed in non base plate constructions. Therefore, complex circuits can be realized
on a single substrate. The example of a substrate from a highly integrated module
without base plate is shown in Fig. 11.15. It contains a single-phase input rectifier
and a three-phase output inverter for a medium power frequency converter. Shunt
resistors and a temperature sensor are also integrated.

The load, control, and sensor terminals in this package concept are accomplished
by identical springs. With this spring contact technology, a multitude of load and
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Fig. 11.15 Internal structure of a modern power module with input rectifier, output inverter, and
sensors (left) and housing with spring contacts (right) (MiniSKiiP by Semikron)

control contacts can be positioned at almost any location on the substrate, thus
allowing a very flexible contact technology to realize a multitude of different cir-
cuits on the same package platform. Each spring can continuously conduct 20 A;
higher currents can be attained by paralleling of springs.

Modules without base plate are not limited in footprint size. They require
minimum effort in production and also minimize the number interconnections in
complex circuits, thus reducing the number of potential sources of failure. On the
other hand, sophisticated pressure systems have to be integrated into modules with
large footprints to ensure an optimum thermal contact between the substrate and the
heat sink. The impact of the capability of this pressure system on the thermal inter-
face between the module case and the heat sink results in different thicknesses of the
thermal interface layer shown in Table 11.2. Finally, modules without base plate not
only have advantages like the improved thermal gradients inside the module, which
reduce the thermal stress and therefore increase the reliability under active thermal
cycling [Scn99]. The absence of a base plate also has some drawbacks. First, the

Table 11.2 Layer thickness in module designs without base plate

Al,O3 substrate, d (mm) AIN substrate, d (mm)
Solder 0.05 0.05
Copper 0.3 0.3
0.4
Ceramics Al O3 0.381 AIN 0.635
0.5
0.635
Copper 0.3 0.3
0.4

Thermal paste 0.02-0.08 0.02-0.04
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thermal spreading of the base plate no longer helps to reduce the temperature distri-
bution across the chip. Therefore, smaller chip sizes are preferred in non base plate
designs. The second drawback is the missing heat capacity of the base plate, which
increases the thermal impedance of the module in a range between 50 and 500 ms
for isolated overload events in this time range.

A common problem for all module designs is the interface between the module
case and the heat sink surface. Due to the geometric tolerances of the contact sur-
faces, no perfect metal-to-metal contact can be achieved. The gaps have to be filled
with a “thermal interface material” (TIM), which typically has a specific thermal
conductivity in the range of I Wm~!'K~!. Even though this conductivity is a factor
30 better than air, the conductivity is more than a factor of 100 worse than that of
most metal layers. Therefore, the thickness of the thermal grease has to be kept as
small as possible without the risk of air gaps.

The application of the optimum thermal grease thickness during the mounting
process on a heat sink is a serious quality issue for many users of power modules.
Semikron therefore delivers the SKiiP module family already mounted on the cus-
tomer heat sink with a controlled thickness of thermal grease. For modules with base
plate, the thermal resistance of the interface between module case and heat sink is
specified by a typical value in the data sheet R(c-n), which amounts to roughly
50% of the internal thermal resistance from chip to case. While this interface is dif-
ficult to establish in a controlled process, it is of greatest importance for the thermal
characteristic of the power module in application.

11.3 Physical Properties of Materials

The properties of the materials used in a package design are fundamental for the
characteristics of the module. The most important parameters are the thermal con-
ductivity and the coefficient of thermal expansion of a material, but the electrical
conductivity and the heat capacity are also of great interest. It is therefore inevitable
to know and consider the properties of the materials prior to their implementation
into a power module package.

A survey of the thermal conductivity of the most important materials in power
electronic packaging is shown in Fig. 11.16. The best of the ceramic materials used
for insulation features thermal conductivities in the range of metals. Beryllium
oxide, which exhibits the highest thermal conductivity, had been used in power
module designs in the early days of module history. Nowadays, this material is
implemented no more due to the toxicity of BeO dust and the resulting threats and
limitations in handling and disposal of this material. Second in line of the ceramic
insulators in this survey is AIN. But substrates with AIN are a couple of times more
expensive than standard Al,O3 substrates, so that this material is implemented only
when high power density requirements make it inevitable. Organic insulators like
epoxy or polyimide (Kapton®) only provide a comparable low specific thermal
conductivity.



11.3 Physical Properties of Materials 359

3.0 0.385
] I

£0%v
NIV
ISV
n
(o]

aplwijod

Fig. 11.16 Thermal conductivity of different materials frequently used in packaging technologies

Inherent to the performance of a power module in application are varying load con-
ditions, which generate temperature swings. Differences in the thermal expansion of
different materials stress the package. To minimize the stress induced by the thermal
expansion between different adjacent layers, their coefficients of thermal expansion
(CTE) should be comparable (or more precisely in the presence of thermal gradients
inside a stack of layers: the difference of the product of layer temperature and the
CTE in adjacent layers should be as small as possible).

Figure 11.17 illustrates the fact that the CTE of Si and Cu are quite different.
It is therefore very unfavorable to connect both materials directly, as is the case in
standard TO packages (Fig. 11.5). The CTE of ceramic materials is better adapted
for an interconnection with Si, especially that of AIN. However, the combination of
Cu/AIN/Cu as used in AIN DBC substrates shows an even greater mismatch in com-
bination with a solid Cu-base plate, shifting the stress to this interface. Therefore,
AlSiC is implemented in high-performance power modules as base plate material.
The ratio of the two components of this metal matrix compound allows to adjust the

apiwifjod

Fig. 11.17 Coefficient of thermal expansion (CTE) of materials frequently used in package
technologies. (*) Depending on the composition of compound
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Table 11.3 Standard layer thickness of insulators and emanating properties

Heat transfer

Standard coefficient Capacity per unit Breakdown
Material Thickness (um) (WK~! cm™2) area (pF cm™2) voltage (kV)
Al O3 381 6.3 22.8 5.7
AIN 635 28.3 12.5 12.7
SizNy 635 11.0 12.8 8.9
BeO 635 394 11.8 6.4
Epoxy 120 2.5 52.4 7.2
Polyimide 25 1.5 138.1 7.3

CTE of the material to an optimal value for AIN substrates. On the other hand, a con-
siderably reduced thermal conductivity is the consequence as shown in Fig. 11.16.
Al,O3 as the prevailing ceramic material for power (DBC) substrates is from the
thermal expansion point of view the best compromise to attach to silicon on one
side and to copper on the other.

The organic insulation materials epoxy and polyimide (Kapt0n®) have a wide
elastic deformation range, so that the coefficient of thermal expansion is not of
interest and therefore omitted in Fig. 11.17. Otherwise, these organic insulators are
characterized by a much higher breakdown voltage (refer to Appendices C and D)
and thus can be implemented in very thin layers. Table 11.3 gives a compendium
of standard material parameters and standard thicknesses, which are established in
the packaging technologies. The comparison shows that a polyimide layer has more
than 10 times smaller thickness compared to ceramic insulators for an equivalent
breakdown voltage.

Despite the small layer thickness, substrates on the bases of organic insulators
exhibit a smaller thermal conductivity than ceramic substrates [Jor09]. Additionally,
the small layer thickness provokes a high electrical capacity, which as parasitic
capacity interacts detrimental with the power circuit.

The comparison of all properties of the insulation materials delivers that AIN is
technically the best choice as insulating material for power semiconductor pack-
ages, if BeO is abandoned due to its toxic characteristics. AIN possesses the highest
thermal conductivity and it is indispensable by virtue of its high breakdown voltage
for modules with a blocking capability > 3 kV. However, AIN exhibits due to its
brittle structure an increased risk of fracture and thus inflicts a greater challenge for
the industrial production of modules.

11.4 Thermal Simulation and Thermal Equivalent Circuits

11.4.1 Transformation Between Thermo-dynamical
and Electrical Parameters

The differential equations describing the physical process of one-dimensional heat
conduction have the same form as the set of equations characterizing the one-
dimensional electrical conduction. By exchanging the corresponding parameters,
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Table 11.4 Equivalent

electrical and thermal Electrical parameter Thermal parameter

parameters Voltage V (V) Temperature difference AT (K)
Current 1 (A) Heat flux P (W)
Charge Q (C) Thermal energy O, (J)
Resistance R (£2) Thermal resistance Ry, (K/W)
Capacity C (F) Thermal capacity Cy, (J/K)

a thermal problem can therefore be transformed into an electrical problem and
vice versa. Due to the equivalence of the differential equations, all operations per-
formed for electrical networks can be transferred to thermal networks, especially
the approximation of a continuous conduction line by a set of discrete elements in
a lumped network. Since a variety of tools is available today for the simulation of
electrical networks, thermal problems can be calculated by solving the equivalent
electrical circuit.

The standard procedure is to first transform the thermal parameters into the
corresponding or analog electrical parameters. Then the corresponding equivalent
network can be solved by applying advanced electrical network simulation tools.
Finally, the results are transformed back into the thermal parameters. Table 11.4
gives a list of the fundamental corresponding parameters [Lap91].

From these fundamental parameters, other corresponding parameters can be
derived. The electrical time constant as the product of resistance and capacity, for
example, has its correspondence in the thermal time constant, defined as the product
of thermal resistance and thermal capacity.

While, at the first glance, the correspondence between electrical and thermal
parameters seems to be perfectly symmetrical, there is a difference which destroys
that perfect symmetry. This difference is the explicit appearance of the tempera-
ture in the thermal equations. To examine this difference closer, let us consider the
definition of the thermal resistance Ry, between the geometrical locations a and b:
T,— Ty AT

Py Py
In the electrical theory, Ohm’s law postulates that the ohmic resistance is constant
and therefore independent of the voltage, if the boundary condition of a constant
temperature is fulfilled. This boundary condition reflects the fact that material
properties are generally dependent on temperature. But since the temperature is
an explicit parameter in the definition of the thermal resistance, a correspondence
to Ohm’s law in the thermal theory with the boundary condition 7 = const.
is not reasonable. This means that the thermal resistance is always temperature
dependent [Scn06].

The temperature dependence of the specific thermal conductivity of silicon,
aluminum, and copper is shown in Fig. 11.18 according to [EFU99]. Following
[Poe04], the temperature characteristic of silicon can be approximated between —75
and +325°C by the expression

Riha—b) = (11.4)

A=24+4+187 x 10°. 77" Wm~'K~! (11.5)
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Fig. 11.18 Temperature dependence of the thermal conductivity of Si, SiC, Al and Cu. Data
according to [EFU99] and [Fel09], data for Si calculated by Eq. (11.5)

The thermal resistance (11.4) is constant only if A is temperature indepen-
dent. For Al and Cu and for most other materials a good approximation
between —50 and +150°C is obtained. In power electronic systems, the thermal
resistance of silicon amounts to only 2-5% of the total resistance, so that a neg-
ligence of its temperature dependence results in most cases only in a small error.
To eliminate this fundamental problem, a temperature-dependent resistance can be
simulated by using a voltage-dependent resistor in the equivalent network, which is
possible in most electrical network simulation tools.

Another general problem in thermal simulation is the interpretation of tempera-
tures. Conventional reference points are the ambient temperature T3, the heat sink
temperature T, sometimes the case temperature 7, and the so-called virtual junc-
tion temperature 7v;. Three-dimensional systems, that are not in a state of thermal
equilibrium, exhibit pronounced gradients of temperature in every layer of the sys-
tem. So a single temperature 7 or T is only a rough estimation for a real system, in
which the base plate (as the module case) and the heat sink surface are characterized
by temperature distributions.

Especially, this holds true for the junction temperature 7;. In the power device
where the power is dissipated, the greatest gradients of temperature are present.
Thus, it is expedient to postulate a virtual junction temperature 7 as a character-
istic temperature of the silicon device. This parameter is defined by the measured
voltage drop over a pn-junction for a small sense current, as was already discussed
in Sect. 3.2.

The forward voltage drop of a pn-junction at very small current depends
strongly on temperature. It is always decreasing with temperature. To use this effect
to determine the temperature, the sensing current must be small enough that a
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Fig. 11.19 Calibration of the pn-junction of a 50 A 1200 V Si-diode for use of the pn-junction as
temperature sensor. Forward voltage drop at the pn-junction of the 50 A diode measured at 50 mA.
Calculation according to Egs. (3.53) and (3.55)

temperature influence of the sense current can be neglected. Typically a current
density of 100 mA/cm? or lower is selected. Figure 11.19 shows a measurement of
the forward voltage drop at the pn-junction of a 50 A diode measured at 50 mA as
a function of temperature. After determination of this calibration function, the junc-
tion temperature of the device can be measured by applying a sense current of 50 mA
and measuring the voltage drop at an instant where the device is exposed neither to a
forward current nor to a blocking voltage. Figure 11.19 compares the measured cal-
ibration function with the calculation according to Egs. (3.53) and (3.55), resolved
for V. As ideality factor, n = 1.05 was used in Eq. (3.55) for this fast recovery diode.

Together with the calibration of this voltage drop at different ambient tempera-
tures, this method delivers a convenient technique to determine the virtual junction
temperature of a device without intrusion into the package. This technique works
well with diodes and IGBTs. The pn-junction between the gate and the cathode can
be used for this method for thyristors. For the MOSFET, the inverse diode can be
utilized for the measurement of the virtual junction temperature; in this case the
sense current is applied in reverse direction.

As pointed out before, there is no constant temperature on the surface of a real
power device in non-equilibrium condition. The edges of the silicon chip have a
lower temperature than the center of the chip, because the heat flux can propagate
not only vertically toward the heat sink, but it can also spread out away from the chip
center, which can be envisaged by the cross-sectional illustrations in Figs. 11.13
and 11.14. This phenomenon is called heat spreading. The exemplary simulation in
Fig. 11.20 illustrates the impact of a power dissipation of 200 W, homogeneously
generated in the volume of a 12.5 x 12.5 mm? IGBT chip. The calculated temper-
ature distribution reveals a center temperature, which is approximately 20°C higher
than the cooler edges of the chip.
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Fig. 11.20 Simulated temperature distribution in a silicon chip with layers according to Fig. 11.14.
Illustration from [Scn06]

An experimental validation of the simulated temperature distribution was presented
in [Ham98]. The temperature was measured using a potential separated sensor, con-
sisting of a phosphorescent powder at the end of a silica glass rod, which was
excited by a laser. The temperature dependence of the phosphorescent radiation
was used to measure the temperature at the tip of the silica glass rod. With this
potential separated sensor, the surface temperature of an IGBT chip could be mea-
sured at different locations. The measured temperatures at the center and at the
edge of the chip were related to the virtual junction temperature determined by the
voltage drop for a sense current of 100 mA (Fig. 11.21). For a high load current,
the temperature difference between center and edge was also found to be in the
range of 20°C. The results also show that the temperature 7\; is an average value
for the real temperature distribution, which is shifted toward the hotter chip center
temperature.

The reason for this shift toward the hot chip center temperature is found in the
temperature characteristic of the voltage drop across the backside pn-junction of
the IGBT (refer Fig. 10.10, junction J;) for small currents. Although the tempera-
ture coefficient of the forward voltage drop of an IGBT is positive in the range of
the nominal current, the voltage drop for small currents is only determined by the
physical properties of the pn-junction and thus exhibits a negative temperature coef-
ficient. This results in a smaller resistance of the hot chip areas and therefore implies
a greater weight of the hot areas in the averaging process by the sense current flow.
This is a desirable feature of the temperature measurement because the emphasis on
the areas of higher temperature reduces the difference to the maximum temperature
in the real chip. But it should be kept in mind that the maximum temperature can
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Fig. 11.21 Relation between the surface temperature of an IGBT and the virtual junction
temperature 7y, according to [Ham98]

still be considerably higher than the virtual junction temperature for large chips and
high load currents.

If the restrictions discussed above are obeyed, this method of measuring the vir-
tual junction temperature seems to be an ideal method, since the power chip itself
is used as a sensor and the temperature of the device can be measured down to less
than 100 s after the turn-off of a load current pulse for fast switching devices like
IGBTs. An extended investigation of the averaging effect of the sense current in
[Scn09] shows that the measured temperature value corresponds to the area-related
average value of the temperature.

However, there are two major drawbacks of this measurement technique. The
first drawback is the fact that this method cannot directly be used to determine the
chip temperature in real switching applications like a PWM operation in a frequency
inverter. There is no simple possibility of applying a defined sense current in a real
inverter operation.

The second drawback is attributed to the averaging process of this technique.
While this effect can be accounted for in the measurement of a single chip, the ambi-
guity of the measured value is growing for paralleled chips. If one of the parallel
chips has a higher thermal resistance — for example, due to a deficient solder qual-
ity — its higher temperature will only have a small impact on the average value. The
virtual junction temperature is an average parameter, which delivers no information
on the distribution of temperatures in case of parallel chips.

The measurement technique for determining the other reference point tempera-
tures ¢ and Ty is also not trivial. For the measurement of the case temperature 7,
which is a common reference point for classical modules with base plate, a drilling
has to be incorporated into the heat sink exactly in the center of the silicon device
generating the power losses as displayed in Fig. 11.22. This measurement there-
fore requires the knowledge of the exact position of the chips inside the module.
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Fig. 11.22 Definition of the case temperature 7, and the heat sink temperature 7

This drilled hole interferes with the heat flux into the heat sink. However, due to
the thermal spreading in the base plate of classical modules, this disturbance results
only in a deviation of < 5% from the undisturbed value, as was verified by thermal
simulation.

The impact of such a drilled hole for temperature sensing on a module without
base plate is much more severe because of the non-existing spreading of a base
plate. It was proposed by [HecO1] to replace the through hole in the heat sink by a
blind hole, which only reaches up to 2 mm underneath the heat sink surface. This
measurement configuration has the advantage that the thermal interface between
module and heat sink is integrated in the heat path. This method can be applied for
any type of module. The reference temperature defined by this geometry is called
heat sink temperature T (in older publications often indicated by Tp,).

In contrast to the measurement of the virtual junction temperature, the measure-
ment of the case or heat sink temperature is mostly restricted to equilibrium state
conditions. The transient response of thermocouples is in the range of 100 ms and
more, so they cannot be utilized for the measurement of fast temperature evolu-
tions in power modules, which have a typical time constant for the internal thermal
resistance of approximately 1 s.

These considerations shall illustrate that the thermal characterization of a power
electronic system is never easy — neither by simulation nor by measurement. A lot of
experience and a critical mindset are necessary to select the right model and to inter-
pret simulation results. Temperature measurements have to be carefully reviewed as
well. The thermal characterization is one of the most difficult tasks in power elec-
tronic systems and only succeeds by combining experimental skill with correctly
applied thermal simulation.
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11.4.2 One-Dimensional Equivalent Networks

In a one-dimensional equivalent network, the power dissipated in a thermal heat
source is represented by a current source. A network of resistors and capacitors
represent the thermal resistances Ry, ; and the thermal capacities Cy,; of the ana-
log thermal system. The ground potential is equivalent to the ambient temperature.
In the physically correct Cauer model, the thermal capacities are connected from
each node of the model to the ground potential. If power losses are generated in
the system, the temperature will rise in the nodes and thermal energy is stored in
the capacitors. The stored energy is proportional to the temperature difference to
the situation before the power losses were applied; therefore, this network correctly
describes the physical reality (Fig. 11.23).

In contrast to the Cauer model, the capacitors are connected in parallel to the
resistors in the Foster model. It should be noted that the values of the resistors and
capacitors are different in both networks. The equivalent Foster model has in total
the same transient behavior as the Cauer model with respect to the temperature of
the first node next to the power source. While the internal nodes in a Cauer model
can be interpreted as geometrical locations in the system, this is not possible for
internal nodes of the Foster model. The feature that pairs of Rs and Cs in a Foster
model can be exchanged without altering the transient response of the whole system
might help to remember this important fact. The exchange of pairs of Rs and Cs in
the Cauer model will on the other hand alter the transient response of the system, as

Cauer-model, physically correct

Ri Ro Rs R4
1 1 1 1
| S| | S| | S| | S|
PV = C1 = C2 ==CS ==C4

Foster-model, parameters given in data sheets

R, R, R R,
1 1 1 1
| S| | S| | S| | S|
Il Il || ||
If If If If
I:’V C‘1 C‘z C‘3 C‘4

Fig. 11.23 One-dimensional thermal equivalent networks
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the exchange of layers in a real system would do. This missing link to the system
geometry also implies that the values of the resistors and capacitors in the Foster
model cannot be calculated from material constants, as is the case for Cauer mod-
els. Finally, a Foster model can neither be divided nor can two Foster models be
connected together, while both operations are possible for Cauer models.

Those severe restrictions in the application of Foster models lead to the question,
why we use this type of model at all. The answer is that the time-dependent thermal
resistance — often referred to as the “thermal impedance” Zy, of a system — can be
expressed by a simple analytical expression. The model parameters R, and C; in this
expression can be determined from the system response to a step function in power
losses. By applying a least square fit algorithm, the parameters in the analytical
expression can be optimized until the time response matches the transient system
response, for example, measured by a heating or cooling curve.

n
t
Zih = Rn() = ZR; . [1 — exp (——_)] with 7; = R| - C! (11.6)
i=1

Ti

The values of the R] and 7; are often explicitly listed in data sheets of power
packages. They allow a fast calculation of the transient response of a package to
complex power profiles for application engineers.

The resistances and capacitors in the Cauer model can be calculated straightfor-
ward from the material parameters:

Ry =

(11.7)

> =
S o

Ch=c-p-d-A (11.8)

with layer thickness d, cross section area A, specific thermal conductivity X, specific
heat capacity c, and specific density p, (Fig. 11.24).

Heat flux

Fig. 11.24 Extraction of Ry,
and Cy, values from geometry T

and material constants of a
layer
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With these extraction rules, a Cauer model of a layer system can be derived, which
allows a complete geometrical interpretation and all geometrical operations such as
combining or dividing systems.

11.4.3 The Three-Dimensional Thermal Network

The one-dimensional Cauer model is only a rough approximation for the complex
geometry of layers in a real power module. The layers typically exhibit different
cross sections and the virtual resulting lateral heat spreading cannot be described
by a one-dimensional model (refer Sect. 11.2, especially Figs. 11.13 and 11.14).
The thermally high-conductive copper layers extend the effective heat conduc-
tion area above the layers with a high thermal resistance (ceramic, thermal paste).
These three-dimensional features can be accounted for by extending the Cauer
model to three dimensions as shown in Fig. 11.25. The nodes are arranged in a
three-dimensional lattice; each node is connected to its neighbors via resistors.

The nodes in Fig. 11.25 are located in the center of each cuboid element. The
resistors between the nodes are determined by the material parameters along the
path, so that across the interface of two adjacent layers the resistors are determined
by the material parameters of both layer materials.

Figure 11.25 also exemplifies that the number of elements is increasing fast in
the three-dimensional model. Even though this simple system contains only 2 lay-
ers with 9 nodes for layer 1 and 25 nodes for layer 2, a total number of 86 resistors
are necessary to connect the nodes. Additionally 34 capacitors have to be connected
from every node to the ground potential if the transient response of the system is
of interest. For a realistic model of a power semiconductor package, several hun-
dred of nodes with more than a thousand elements are adequate. Such complex
networks require fast network simulation tools and a suitable pre-processor to gen-
erate the input data from a given geometry. However, the simulation results reveal

Fig. 11.25 Three-dimensional model for a simple two-layer system showing the lattice of nodes
with the interconnecting resistors; diagram from [Scn06]
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the temperature evolution in layers, which are not accessible to measurement with-
out considerable interference with the system. Furthermore, the three-dimensional
simulation is the only way to calculate the impact of interference by a measure-
ment setup and allows quantifying the offset with respect to an undisturbed system.
Finally, fast transient temperature evolutions in all layers other than the silicon
device are virtually not accessible by measurement [HecO1] and only simulation
models deliver the accurate data necessary for the thermal characterization of a
power module package.

11.4.4 The Transient Thermal Resistance

A simulation of the transient thermal resistance or thermal impedance Zy, based on
a three-dimensional model is shown in Fig. 11.26. Three different power module
packages using AlN-substrates are calculated for comparison: two modules with
base plate according to Fig. 11.13 with layer dimensions as listed in Table 11.1 and
one module design without base plate according to Fig. 11.14 with layer thicknesses
as given in Table 11.2.

The thermal impedance is small for a short single pulse below 50 ms and it is
independent of the module design, because the heat is almost completely stored
in silicon chip and the substrate. For large pulse lengths, the thermal impedance
approaches the equilibrium value of the thermal impedance, which is the thermal
resistance Rg. The comparison of the different designs reveals that the thermal
resistance of the module without base plate is moderately smaller than the ther-
mal resistance of the module with a Cu base plate. This is a consequence of the
thermal resistance of the base plate in vertical direction. The thermal resistance of
the module with AlSiC base plate is considerably higher due to the inferior thermal
conductivity of AlSiC. This inferior thermal conductivity also increases the thermal
impedance in the intermediate range between 50 and 500 ms compared to the copper

[0 T T 1 7 0,25
—+— standard module with Cu base plate| /X/X——X'“'X
H —x— module with AISiC base plate X L 0’20
—a— module without base plate (SKiiP) /X ”/ =
VA 0,15 5
< A =
+7 ¢
o 010 =
il N
/;zf Z 0,05
T
— - > S —4 0,00
0,001 0,01 0,1 1 10

pulse length [s] (single pulse)

Fig. 11.26 Transient thermal resistance simulated for different module designs based on AIN
substrates. Figure from [Scn99]
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base plate modules. However, the Z, of the module without base plate features the
highest values in this interval. This is a consequence of the missing thermal capac-
ity of the base plate. Therefore, the module design without base plate possesses less
buffer capacity for single pulse overload conditions between 50 and 500 ms.

However, the single-pulse response of a system is relevant for a limited number of
applications only. A single-pulse event draws maximum advantage out of additional
thermal capacity in the system, because there is an infinite time to dissipate the heat
after the end of the pulse. The situation is different in case of repetitive pulses. Then
there is only limited advantage of the additional thermal capacity, in our case the
base plate.

The temperature evolution in a system (described by Eq. (11.6)) for an infinite
series of constant power pulses can be calculated analytically. For such a series
of constant pulses of the constant power P, during the time #,, followed by no
power for the time 7., we can calculate the stationary maximum temperature

swing:
1
n 1 —exp <—2)
Ti
ATmax, stationary = Pon Z R; -
i—1 1 —exp (_ (fon + toft))

Ti

(11.9)

If we define the duty cycle as the ratio D = foy / (fon + toff), we can discuss the
impact of the thermal capacity on the system response in more detail. For very low
duty cycles, the single-pulse characteristic as shown in Fig. 11.26 can be used as
good approximation. In real applications, this applies to welding applications or
some induction heating applications with long pauses between high-current pulses.
For motor drive applications, which are still the majority of all power electronic
applications, the IGBTs as well as the diodes are under load during one-half wave of
the output current and under no load during the next half wave. It shall be simplified
in a first approximation as a load duty cycle of 50%. Then the thermal impedance of
the three systems of Fig. 11.26 are compared as shown in Fig. 11.27. Here we see
that the system without base plate is still inferior to the system with a copper base
plate, but it is superior to the AlSiC base plate design in the whole frequency range.
Due to the much smaller thermal conductivity of AlSiC, the heat stored in the base
plate cannot be dissipated fast enough into the heat sink to give an advantage for the
50% duty cycle.

Equation (11.9) is also very useful to determine the ripple amplitude in equilib-
rium state. The difference between the maximum temperature swing defined by this
equation and the temperature value obtained by multiplying the stationary thermal
resistance with the average power dissipated P,y = Poy- D delivers half of the ampli-
tude of the temperature ripple in steady-state condition. Figure 11.28 illustrates
these dependencies.

An application example shall be given. We consider a dissipated power of Py, =
300 W in an application with an output power frequency of 5 Hz and a duty cycle
of 50%. This is, for example, a slowly rotating electric motor fed by a variable
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Fig. 11.27 Transient thermal resistance simulated for different module designs based on AIN
substrates for a duty cycle of 50%
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Fig. 11.28 Temperature ripple for a power pulse P, during the time o

speed drive with IGBTs. For the module with Cu base plate we get from Eq. (11.4)
a temperature increase ATj,y = 60K using the thermal resistance of 0.2 K/W as
follows from Figs. 11.26 and 11.27 for the stationary case. During the pulse length
of 100 ms we have to calculate

Aijax = Zthjc - Poy (1110)
with Zpje = 0.13 K/W from Fig. 11.27 and Po, = 600 W we get ATjmax = 78K.

The difference of ATjmax and AT,y is half of the temperature ripple, the temper-
ature ripple amounts to 36 K. For the module without base plate we get, using
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0.19 K/W, as result ATj,y = 57K; and with Zy,;c = 0.135K/W from Fig. 11.27
we get ATjmax = 81K, the temperature ripple amounts to 48 K. For the AlSiC base
plate results ATj,y = 69K and ATjpnax = 90K, the temperature ripple amounts to
42 K.

The Cu-base plate module has a high-thermal mismatch between Cu and AIN;
therefore, in the viewpoint of high reliability only the other systems shall be con-
sidered. In the module without base plate we have a higher temperature ripple; in
the AISiC base plate module we have a lower temperature ripple, however, at a
significant higher temperature. Maximal temperature affects reliability as well as
temperature ripple. For details on lifetime estimation refer to Sect. 11.6.

The used simplification of constant losses during 7.y, is not realistic in motor drive
applications, in fact the on-state losses have a term proportional to sin’(wr), the
switching losses are proportional to sin(w?). The result of the comparison, however,
will be similar.

11.5 Parasitic Electrical Elements in Power Modules

Every power module contains parasitic resistances and parasitic inductances caused
by internal conduction tracks, as well as parasitic capacities provoked by par-
allel conductors separated by dielectric layers. Their influence is not negligible,
especially during fast switching operation.

11.5.1 Parasitic Resistances

The significant contribution of external and internal connectors to the total voltage
drop in discrete packages was already addressed in Sect. 11.2. Figure 11.29 illus-
trates the evolution of package designs produced by International Rectifier (IR).
Table 11.5 lists the characteristic parameters of these package types.

The substitution of wire bonds by a copper strap in the transition from the
SO-8 package to the Copperstrap design reduces the parasitic resistance and the

™ ~ :
G ) - SOURCE- - -
TR e
PR S &

{b) Copperstrap {c) PowerPak (d) DirectFET™

Fig. 11.29 Optimization of discrete package architecture concerning the reduction of parasitic
resistance and induction, as well as the improvement of the thermal resistance, according to
[Zhg04]
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Table 11.5 Characteristic parameters of the package designs shown in Fig. 11.29 according to
[Zhg04]

Rin
R, junction-to-case
Electrical parasitic ~ Parasitic junction-to-PCB  (top surface)

Package type resistance (mS£2) inductance (nH) (K/W) (K/W)
SO-8 1.6 1.5 11 18
Copperstrap 1 0.8 10 15
PowerPak 0.8 0.8 3 10
DirectFET 0.15 <0.1 1 14

parasitic inductance. Since the progress in chip technology succeeded in reducing
the on-state resistance to approximately 1 mS2 for a 40 V MOSFET, this package
improvement was mandatory. The progress toward the Power-Pak housing is marked
by a substantial improvement of the thermal resistance by implementing a solid
copper base, which supplies an effective thermal path and at the same time repre-
sents the electrical drain contact. The ultimate progress was the development of the
DirectFet package, which reduces the parasitic effects and the thermal resistance to
a minimum.

The parasitic resistance in power modules is also considerable. For advanced
power modules, the manufacturers often explicitly specify the parasitic resistance
induced by the package in data sheets. Infineon indicates a value of 0.12 mS2 for the
high-performance power module FZ3600R12KE3, which is a 1200 V IGBT module
with a rated current of 3600 A. Thus, the parasitic resistance implies an additional
voltage drop of 0.43 V at the nominal current of 3600 A. The on-state voltage drop of
the IGBT has a typical value of 1.7 V. Therefore, the package provokes roughly 20%
of the total voltage drop. Other high-current modules feature comparable values.

If the 36 IGBT chips rated 100 A each in the Infineon power module would
be replaced by 75 V 100 A MOSFET chips with an on-state resistance Rps, on Of
4.9 mg2, the voltage drop of the package would be in the same range as the voltage
drop of the MOSFETs. Additionally, it is very difficult to design the current leads
for all chips completely symmetrical, i.e. to arrange the chips in a pattern that results
in an equal resistance in the lead to each chip. The smaller the on-state voltage of the
power chip, the more pronounced is the impact of unbalance in parasitic electrical
resistance.

This example shows that it is an important goal to reduce the parasitic resistance
in power modules, especially for high-current and low-voltage modules. However,
the internal parasitic inductance has an even greater impact on the performance of
the package.

11.5.2 Parasitic Inductance

Every current lead is associated with a parasitic inductance. For the estimation of
the magnitude of inductance, a rule of thumb applies for the inductance of current
tracks:
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Fig. 11.30 Parasitic
inductances in the
commutation circuit

Lpar ~ 10nH/cm (11.10)

The inductance can be reduced by parallel arrangement of the plus and minus tracks;
this technique is applied frequently in modern power modules. The module induc-
tance is typically in the range of 50 nH for classical module designs. For more
advanced packages, this value reduced to 10-20 nH. These parasitic inductances
affect the commutation circuit as shown in Fig. 11.30.

L1 and Lg represent the inductances of the DC-link capacitors and of the current
tracks to the DC link.

L, is the inductance formed by the plus terminal and the current track on the
substrate to the collector of the IGBT soldered to the substrate.

L3 is composed by the bond wires on the emitter of the IGBT and by the current
tracks on the substrate to the AC terminal.

L4 is synthesized by the current tracks from the AC terminal to the cathode
contact of the freewheeling diode soldered to the substrate.

Ls consists of the bond wires on the anode contact of the freewheeling diode and
the track to the minus terminal, including the terminal itself.

Lg represents the inductance of the load, which acts as the major current source
during commutation. This inductance, as well as the series inductance of the AC
terminal (L7), is not affecting in the commutation circuit. The effective internal par-
asitic inductances are all connected in series, so that they can be merged into a
single-module inductance Lyp:

Lom =Ly + L3+ L4 + Ls (11.11)
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The total parasitic inductance Ly, is then given by the series connection of the
module inductance with the DC-link inductances:

Lpar = Lpm + L1 + Lg (11.12)

The impact of this parasitic inductance on the dynamic properties of a power mod-
ule will be illustrated by two examples. In the first example, we will consider a
frequency converter for a three-phase motor drive. This converter is formed by three
IGBT half-bridge modules of the voltage class 1200 V with a nominal current of
800 A each.

The maximum DC-link voltage Vpc is 800 V and the parasitic inductance of
each phase leg Ly, is assumed to be 20 nH. The rate of current rise di,/d¢ shall be
5000 A/s. The voltage characteristic during commutation under these assumptions
can be calculated by Eq. (5.72):

di
V() = —Vpc — Lpar - d—; + V(D)

Evaluation of this equation delivers an over-voltage peak of 100 V. Therefore, the
maximum occurring voltage would amount to 900 V, which lies safely within the
specification limits of the power modules. Furthermore, it is a typical feature of
IGBT:s that the voltage Vi;(¢) is not exhibiting an abrupt cutoff, but rather decreases
slowly after turn-on. Since Vi:(¢) has the opposite polarity compared to the volt-
age spike generated by parasitic inductance, no voltage spike above 800 V can be
detected in an actual measurement. An example is shown in Fig. 5.21.

The second example considers half-bridge modules in an integrated starter—
generator application for a 42 V vehicle power system of an automobile. The
MOSFET power switches have rated current of 700 A each and blocking voltage
of 75 V. As before, the parasitic inductance is assumed 20 nH and the di,/d¢ shall
be 5000 A/us. Again, the over-voltage peak generated by the parasitic inductance
would be 100 V, resulting in a total maximum voltage of 142 V. In contrast to an
IGBT, the voltage decay in a MOSFET is rather abrupt after turn-on, so that it does
not assist to reduce the total over-voltage spike. The resulting 142 V spike is clearly
exceeding the maximum blocking voltage of the MOSFETs.

These examples illustrate a general feature in power electronic applications:
Systems with high currents at a low voltage are most sensitive to parasitic induc-
tance. Additionally, the problem of symmetric current paths is more severe in these
applications.

To investigate this problem further, a parallel configuration with five IGBTs and
the associated freewheeling diode with 1200 V blocking capability on a single DBC
substrate is considered (Fig. 11.31a). The positions of the load terminals are indi-
cated. A schematic circuit diagram for this design is depicted in Fig. 11.31b. The
current tracks on the substrate are represented by the inductances Lj—Lg, whereas
L1p—L15 are symbolizing the wire bond connections.

While the current path relevant for commutation from the terminals via IGBT3
contains only four parasitic series inductances, the relevant current path via IGBT1
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Fig. 11.31 (a) Realistic power circuit consisting of five parallel IGBT chips and one anti-parallel
freewheeling diode chip (b) schematic circuit diagram showing the power devices plus the parasitic
inductances formed by the current tracks

contains eight parasitic series inductances. Since the values of the parasitic induc-
tances are in the same order of magnitude for the given geometry, a factor of 2 can
be assumed between the parasitic inductance for the two IGBTs. This will result in
a pronounced dynamical unbalance in the current distribution of this circuit during
commutation. Moreover, the parasitic inductances can lead to oscillations between
the chips, which will be investigated in Chap. 13.

It is difficult to find a symmetrical arrangement for a multitude of parallel chips in
a high-current power module; the example in Fig. 11.31 is all in all one of the better
solutions. In this context, designs combining a chip connected via a geometrically
short current track with chips connected in parallel via geometrically long tracks
are especially problematic. In induction measurements, the low parasitic inductance
along the short path will dominate the result, while internally extensive differences
generate a severe dynamical imbalance.

Solutions to this problem have been proposed [Mou02], which denote a sub-
stantial progress especially for applications with high currents at low voltages.
Figure 11.32 shows an example.

The elementary cell is a half-bridge configuration of two MOSFET chips. The
function of the freewheeling diodes is adopted by the internal diode of the MOSFET
switches. The design of the elementary cell was optimized by numerical simulation
using a Fast-Henry algorithm [Kam93], which allows to calculate the dynamical
current distribution during high-frequency commutation in the three-dimensional
model, with skin effect and eddy currents taken into account. The optimized cell
design in Fig. 11.32a exhibits a parasitic inductance of 1.9 nH for a single ele-
mentary cell. By symmetrically paralleling seven of these elementary cells and by
connecting the DC-link bus bar as laminated metal sheets directly on top of the
plus and minus terminals, a parasitic inductance in the sub-nanohenry range was
achieved. This module architecture is suitable for the application in an integrated
starter—generator system as described in example 2 above.
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Fig. 11.32 Advanced MOSFET half-bridge configuration: (a) elementary cell with a simulated
parasitic induction of 1.9 nH and (b) highly symmetrical circuit design with seven elementary
cells in parallel per half-bridge [Mou02]

11.5.3 Parasitic Capacities

Insulated substrates in a power module create a capacitor, which will also influence
the dynamical characteristics of the power circuit, as illustrated in Fig. 11.33 for a
simple construction.

The copper tracks on the substrate generate two capacities Cpy and Cpx con-
nected to the ground contact, which is represented by the module case. The
series connection of Cp, and Cpg is connected in parallel to the internal junction
capacity of the diode. In more complex circuits, these capacities will also form
capacitive coupling links to other parts of the circuit. The dimension of these capac-
ities depends on the insulator material and the thickness of the insulating layer.
Characteristic parameters are shown in Table 11.3, Sect. 11.3.

Since insulation layers of epoxy and polyimide have only a marginal thermal
conductivity, but at the same time exhibit a very high breakdown voltage, layers of
these materials are rendered very thin. This results in a high capacity per unit area
and limits the applications for components with these insulation materials (i.e. IMS
substrates) for fast switching devices.
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In an insulated TO-220 package, the cathode current contact features an area of
8 mm x 12.5 mm. Assuming a ceramic insulation layer of 0.63 mm thickness with
a relative dielectric constant & = 9.8 delivers a parasitic capacity on the cathode
side Cpk according to
C]:K=<‘;‘()~<‘;‘r~é (11.13)
d
The evaluation of this equation yields a parasitic capacity of 14 pF for the given
geometry, for a thinner ceramic layer of 0.38 mm the value rises to 23 pF. If the diode
used in this example is a GaAs Schottky diode DGS10-18 A, then the (voltage-
dependent) junction capacity is specified at 100 V with C;(100 V) = 22 pF [Lin02].
This value lies in the same range as the cathode parasitic capacity of the pack-
age. Therefore, the dynamic characteristic will not be determined by the junction
capacitance alone, it will rather be modified by the external parasitic capacity.
However, as stated before, the parasitic capacity parallel to the junction capaci-
tance is determined by the series connection of Cpkx and Cpa. This diminishes the
problem, since the area of the anode side current track is generally much smaller
than the area of the cathode track. The total parasitic capacity Cpg parallel to the
junction capacity is given by
Cpk - Cpa

Cpg=——1—
Cpk + Cpa

(11.14)

If Cpy is only 1/5 of Cpk, the total parasitic capacity parallel to the junction
capacitance Cpg is only 1/6 of Cpk. This favorable condition is generally fulfilled in
packages of the TO family.

Now the example circuit is extended. In order to increase the blocking capability,
two diodes in TO packages are connected in series, while the geometry for each
single diode is still in accordance with Fig. 11.31. The equivalent schematic circuit
diagram for the extended example is depicted in Fig. 11.34. The parasitic capacity
parallel to the junction capacity Cj; of diode Dy is formed by Cpi1 in series with the
parallel connection of Cps1 and Cpg>. With two identical packages and the assump-
tions of the relation of areas discussed above, the parasitic capacity parallel to Cyj

amounts to 6/11 Cpg1 or 0.54 Cpk;.
U ™M g j |£_PK1
C_Jt
! ZS e

KL
P
Fig. 11.34 Parasitic U D 2 Z S g:dg :
=

capacities in a series ‘
connection of two TO-220 |

. . CPA2
diodes [Lin01]



380 11 Packaging and Reliability of Power Devices

The parasitic capacity parallel to Cy, of diode D, is composed by the small capa-
city Cpaz in series with the parallel connection of Cpky and Cpaj. This capacity
calculates to 0.17 Cpk; .

Therefore, the parasitic capacities form an asymmetrical dynamical voltage
divider, which generates different voltage drops over the two diodes during high-
frequency switching processes. This example illustrates that parasitic capacities can
lead to unfavorable effects, which do not become obvious at the first glance.

If TO packages without internal insulations are mounted on a common heat sink,
external insulation layers like polyimide foils have to be applied. These external
foils also establish parasitic capacities, which exhibit even higher values, according
to Table 11.3.

While the presented simple examples can be evaluated by analytical inspection,
real multi-chip packages with a variety of chips and current tracks exhibit a much
higher complexity, which makes it almost impossible to investigate by an analytical
approach.

The situation is actually even more complex, since parasitic resistances, induc-
tances, and capacitances, as well as the junction capacities of the power devices
have to be considered at the same time. Their interaction during dynamic switch-
ing processes can form resonant circuits, which can cause oscillations [GutO1]. This
will be discussed in Chap. 13. Today, software tools like the Fast-Henry algorithm
allow simulating the electrical characteristics of complex three-dimensional systems
in detail. The analysis and optimization of power modules with respect to para-
sitic effects are possible and necessary to increase the reliability of power electronic
systems.

11.6 Reliability

The reliability of power electronic devices and components has been mentioned sev-
eral times in the previous chapters. It is so important, because it is a prerequisite for
the performance in applications: Reliability is the ability of a system or component
to perform its required functions under stated conditions for a specified period of
time [SAEOQS8]. The requested lifetime of power electronics systems is seldom below
10 years and can reach up to 30 years.

11.6.1 The Demand for Increasing Reliability

Applications of power electronic devices face an increasing requirement for high
reliability for several reasons:

e Power electronics faces a continuous demand for an increase in power density —
often expressed in terms of controlled power per unit volume. This demand
results in an increasing current density in power chips and in an increasing pack-
age density in power modules, with the consequence of higher temperatures and
temperature gradients in the package.
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e New fields of applications define more severe ambient conditions for the power
packages, i.e. automotive hybrid traction systems, in which the combustion
engine cooling system, featuring cooling liquid temperatures up to 120°C,
extracts the losses of power electronic components. This requirement has led to
an extension of the operation temperature range from a maximum 7; = 150°C to
a specification limit of 175°C.

e The number of interdependent frequency inverters is continuously growing in
some areas of industrial automation. In automobile assembly, for example, sev-
eral hundred process steps are linked together in a single production line, each has
to remain functional to keep the line running. For the same operational availabil-
ity of the assembly line as for a single inverter, this results in mean time between
failure values for each inverter divided by the number of interlinked inverters,
which reduces the acceptable failure rate easily by orders of magnitude.

These general trends have been the boundary conditions for the progress of power
electronics packages in the past and will continue to do so in the future.

It is obviously impossible to test the reliability of power modules under field
conformal stress conditions, because these tests would last as long as the expected
service lifetime in the field — 10 to 30 years. Thus, manufacturers of power mod-
ules have developed a canon of accelerated test procedures during the last 30 years,
which are derived from experience and which are considered as a base line for the
product qualification to verify the expected functionality over the total field lifetime.

This historic dimension might make it more comprehensible that the general test
categories seem identical for all power module manufacturers at the first glance, but
exhibit considerable differences at a closer look. International standards are defin-
ing the general test setup, but the procedural details remain ambiguous. Therefore,
every manufacturer of power modules has established its internal test philosophy,
which is capable of defining, maintaining, and improving the internal quality level,
but which makes it difficult to compare qualification test results between different
manufacturers.

Table 11.6 collects a common set of (accelerated) qualification tests for IGBT and
MOSFET power modules and highlights some differences for two selected power
module manufacturers.

This compilation also indicates the progress of modern IGBT and MOSFET
modules compared to conventional diode and thyristor modules: By way of example
is the “high temperature reverse bias” test performed at 100% of the nominal block-
ing voltage and the power cycling requirement is increased from 10,000 to 20,000
cycles.

Before we will discuss each test in more detail, we have to add an important
definition for every test: the failure criteria. It must be emphasized that the exact
definition of failure criteria is essential for the evaluation of any test. Table 11.7
states the common failure criteria for qualification and endurance tests, as they are
specified by international standards.

The failure criteria in Table 11.7 allow a certain increase relative to specifica-
tion limits or initial measured values. Since the accelerated test conditions aim to
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Table 11.6 Reliability tests for qualification of IGBT/MOSFET modules for industrial applica-
tions with reference to conventional modules

Name Conditions Standards
HTRB High temperature MOS/IGBT: 1000 h, Tyjmax, IEC60747-9:1998
reverse bias test®  Vepmax (< 2.0kV),
0.8 X VcEmax(> 2.0kV)
Conv: 1000 h, Tj = 125°C, IEC 60747-2/6 Kap. V
VrRm = 0.9 X VRrM,
Vrm/Vom =
0.8 x VrRrm/VDRM €
HTGS High temperature 1000h, £ VGEmax, Tj = 125°C IEC60747-9:1998
(HTGB)  gate stress test”
H3TRB High humidity 1000 h, 85°C, 85% RH, IEC60749:1996
(THB) high temperature Ve = 0.8 X VcEmax; however,
reverse bias test? max. 80V, Vgg =0V
LTS Low temperature T = Tstgmin, 1000h TEC60068-2-1
storage test
HTS High temperature T = Tsgmax> 1000h IEC60068-2-2
storage test?
TST Thermal shock?® Tstgmin — Tstgmax; —40°C to IEC60749:1996
+125°C, but AT < 165K
Tstorage >1h
Tchange <30s
High power, standard: 20 cycles
High power, traction: 100 cycles
Medium power: 50 cycles
Conv.: 25 cycles®
TC Temperature External heating and cooling IEC60747-9:1998
cycling? 2 min. < feyel, < 6 min;
ATc = 80K,
Temin = 5°C
High power, standard: 2000 cycles
Medium power: 5000 cycles IEC60747-2/6 Kap. IV
Conv.: 5000 cycles®
TC Temperature Two-chamber air system, TEC60068-2-14 Test Na
cyclingb Tchange < 305
Tstgmin - Tstgmax: 100 cycles
Conv. modules: 25 cycles®
PC Power cycling? Internal heating and external IEC60747-9:1998
cooling
0.5 < Teyer < 10s; ATj = 60K
Timax = 125°C, 130,000 cycles
PC Power cyclingb Internal heating and external IEC60749-34
cooling
AT;j = 100 K, 20,000 cycles
Conv. modules: 10,000 cycles®
A\ Vibration Sinusoidal sweep: 5 g, 2 h per axis IEC60068-2-6 Test Fc
(¥, 2)
MS Mechanical shock Half-sine pulse, 30 g, three times TEC60068-2-27 Test Ea

each direction (+x, +y, +7)

@Manufacturer Infineon
bManufacturer Semikron
€Conventional devices — thyristors, diodes
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Table 11.7 Failure criteria for acceptance after endurance tests

Failure criteria IEC60747-9(2001)

Igss/IGEs +100% USL
Ipss/Ices +100% USL
Rps(on)/ VcEGsay / VE +20% IMV
VGs(th)/ VGE(th) +20% USL
— 20% LSL
Rin(i-c)/RinG-s) +20% IMV
VisoL Not below specification limit

USL, upper specification limit; LSL, lower specification limit; IMV,
initial measured value

simulate the stress applied in the total service lifetime, the specification limits are
permitted to be exceeded within certain limits. For parameters less critical for the
performance of the module, a greater increase can be allowed as shown for the leak-
age current. Other more critical parameters for the performance such as the forward
voltage drop or the thermal resistance have to remain within closer limits, because
they have a direct impact on the chip temperature.

The qualification tests in Table 11.6 can be classified into three groups. The first
three tests are chip-related qualification tests, which are also part of every chip qual-
ification. But since the chips are exposed to different substances during the module
assembly process (i.e. solder flux, cleaning solvents, and silicone soft mold), a con-
firmation of the chip reliability in the assembled module is inevitable. This set of
chip-related tests is followed by a group of seven tests related to stability of the
package in the specified operation and storage temperature range and under external
and internal temperature swings. Especially the power cycling test is important for
the lifetime of power modules in application. The last two tests are confirming the
mechanical integrity of the package.

11.6.2 High Temperature Reverse Bias Test

The high temperature reverse bias test (HTRB) — sometimes also referred to as hot
reverse test — verifies the long-term stability of the chip leakage currents.

During the HTRB test, the semiconductor chips are stressed with a reverse
voltage at or slightly below the blocking capability of the device at an ambient tem-
perature close to the operational limit. No degradation can be expected in the bulk
silicon of the devices at these temperatures, but the test is able to reveal weaknesses
or degradation effects in the field depletion structures at the device edges and in the
passivation.

The electrical field has to be expanded at the edges of a power device to reduce
the tangential field at the chip surface by a field depletion structure. This can be
achieved by a field ring structure, by a variation of lateral doping or by a suitable
geometric contour. Nevertheless, the electrical fields at the surface are in a range
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of 100-150 kV/cm. Movable ions can accumulate in these high field areas and can
generate a surface charge. The source of these ions can be contaminations during the
assembly process or residues of process agents, for example, solder flux. The high
temperature accelerates the process. The surface charge can alter the electrical field
in the device and generate additional leakage currents. It can even produce inversion
channels in device regions with low doping profiles and produce short-circuit paths
across the pn-junction.

The failure criteria limit the allowed leakage current increase after the test —
when the device is disconnected from the voltage supply and cooled down — to pre-
vent such degradation effects. Additionally, most manufacturers of semiconductor
devices also continuously monitor the leakage current during the 1000 h test and
require a stable leakage current throughout the test.

Figure 11.35 shows an example of the recorded leakage current in a high-
temperature reverse bias test. Eight devices were monitored for the test duration.
The devices are initially stable but after approximately 200 h the leakage current
starts to increase. The test was aborted after 920 h due to the massive increase
of leakage current of some devices. The test failed for these devices, because the
applied junction passivation was not capable of fulfilling the requirement.

The test conditions apply a considerably higher stress than the typical applica-
tion. The nominal DC-link voltage will be in the range of 50-67% of the specified
device blocking voltage in real systems; it will be exceeded only by temporary volt-
age peaks. Furthermore, the device will reach the maximum operational temperature
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Fig. 11.35 Recorded leakage current during a high temperature reverse bias test — an example for
a failed test
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Fig. 11.36 Recorded leakage current during a high temperature reverse bias test — the test was
passed but revealed a design flaw of the wire bond geometry

only occasionally in normal applications. Thus, the test is a highly accelerated pro-
cedure to generate stress within a test duration of 6 weeks for applications designed
for a lifetime of 20 years and more.

But even if the junction passivation is compatible with the requirements and the
assembly process, the test can reveal flaws in the package design. Figure 11.36
shows an example of a temporarily increased leakage current for a single device
after nearly 100 h of test time. After reaching its maximum, the leakage current
decreased and showed only a small increase at the end of the test. The following
investigation showed that a single wire bond of this device had a wrong geometry:
it had no loop and was directly laying on the guard ring passivation of the IGBT.
The test was repeated after the correction of the bond wire layout and the formally
observed leakage current increase was eliminated. This result confirms the relevance
of the HTRB test for the package development.

11.6.3 High Temperature Gate Stress Test

The high temperature gate stress test or high temperature gate bias test confirms the
stability of the gate leakage current. Even though the maximum allowed gate voltage
is limited to £20 V, this voltage is applied to not more than 100 nm thick gate oxide
layer in state-of-the-art IGBTs and MOSFETS. This results in an electrical field of
2 MV/cm across the gate oxide. For a stable leakage current, the gate oxide must be
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free of defects and only a low density of surface charges is tolerable. The bound-
ary condition of maximum operational temperature for the test again accelerates
the test.

Since the leakage currents are very small (< 10 nA), this test is also extremely
sensitive to surface contaminations on the chip. In test modules, where thermocou-
ples were glued to the emitter contact of an IGBT for measurement purposes, the
gate leakage was found to be considerably increased. This increase was caused by
the residues of the solvent of the glue, which remained on the chip surface between
the gate and the emitter and caused a measurable increase of the leakage current.
Therefore, the gate leakage test also ensures the cleanness during the assembly
process of a module.

11.6.4 Temperature Humidity Bias Test

The temperature humidity bias test, also known as high humidity high temperature
reverse bias test, is focusing on the impact of humidity on the long-term performance
of a power component.

Capsules are — when defect-free assembled — hermetically sealed against the
environment. This is not the case for the majority of power module packages.
Although bond wires and chips are completely embedded in silicone soft mold,
this material is highly permeable for humidity. Therefore, humidity can intrude
the package and can reach the chip surface and junction passivation. This test
aims to detect weaknesses in the chip passivation and to initiate humidity-related
degradation processes in the packaging materials.

Sometimes, proposals are made to suppress the humidity access by an addi-
tional protective layer. But two strong arguments have to be taken into account:
First, the silicone soft mold exhibits a high linear coefficient of thermal expansion
(~300 ppm/K). This yields a considerable increase in volume during temperature
swings and makes it difficult to apply a hermetically tight layer on top of the soft
mold. Moreover, if a hermetically sealing is not achievable, then an additional layer
can only reduce the diffusion rate of the humidity. However, a reduced diffusion
rate works in both ways: It increases the time for the humidity to soak in, but it will
also increase the time for the intruded humidity to be driven out. Therefore, a non-
hermitical protection layer would increase the duration for the humidity to influence
the device in operative condition. This is not desirable. If the humidity cannot be
kept from intruding the package, then it should be driven out fast when the mod-
ule is going in operational mode. For this reason, a highly penetrable embedding
compound should be preferred.

The applied electrical field during the test acts as a driving force to accumulate
ions or polar molecules at the semiconductor surface. On the other hand, the power
losses generated by the leakage current must not heat up the chip and its environment
and thus reduce the relative humidity. Therefore, standards require a limitation of the
self-heating of the chip to not more than 2°C. Consequently, the reverse voltage had
been limited to 80% of the blocking voltage for low-blocking voltage MOSFETs
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and was restricted to a maximum of 80 V for higher blocking capabilities in
the past.

A number of field experiences in the past years have shown that this test condition
is not sufficient for all application conditions. Field failures, which could clearly be
attributed to the influence of humidity, have raised a discussion about this 80 V max-
imum applied voltage. Since the leakage currents of modern semiconductor chips
are low enough to maintain within the allowed 2°C temperature increase even at
80% of the nominal blocking voltage for blocking voltages of 1200 V and more, the
restriction to 80 V seems to be outdated. It can be anticipated that restriction of the
test voltage will be abandoned in the near future, resulting in a higher reliability of
non-hermetical power modules in high-humidity application environments.

11.6.5 High Temperature and Low Temperature Storage Tests

The storage test at the maximum and minimum storage temperatures have been
implemented to verify the integrity of the plastic materials, rubber materials, organic
chip passivation materials, glues, and silicone soft molds utilized in most state-of-
the-art power module packages. These materials must maintain their characteristics
in the complete specified storage temperature range.

At this point, a remark is necessary to prevent a misunderstanding of the
term “storage temperature.” The denomination “storage temperature” has been
established in the early days of semiconductor power modules. It refers to the non-
operational temperature limits for power modules assembled in a power electronic
system. It does not refer to storage conditions of the unassembled power module, as
the denomination might suggest. The description “non-operational temperature lim-
its” would be more appropriate, but the heritage of the early days of power modules
impedes this transition.

Long-term storage at high temperatures is critical for the mechanical strength
of all thermoplastic housing materials. It is also minatory for the flame retardant
additives to the thermoplastic materials required for the resistiveness against fire
hazards. Silicone soft mold starts to degenerate at temperatures above 180°C, so
that this will be a limit for the classical module construction.

Long-term storage at low temperatures is critical for the softening agents in plas-
tic material and rubber materials; they can lose their function and can destroy the
elastic capabilities of plastic materials. The silicone soft mold compound is also
limited in the minimum storage temperature; most standard soft molds are limited
to —55°C. Below this temperature, cracks will appear in the soft mold, which will
not be cured by increasing temperatures and thus will not be able to maintain an
insulating environment for high blocking voltage devices.

The standard storage temperature limits are —40°C/+125°C and a variety
of materials are available for reliable performance in this temperature range.
Extensions of the temperature range, which are demanded by many applications
today, will make these qualification tests more challenging in the future.
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11.6.6 Temperature Cycling and Temperature Shock Test

Temperature swings are an essential stress condition for every power electronic
component in application. The temperature cycling test and the temperature shock
test are two test methods to simulate ambient temperature swings during the field
lifetime.

The test conditions are discriminated by the change rate of the externally
imprinted temperature. If the rate of temperature change is slow in the range of
10—-40°C/min, the test is called temperature cycling test. In a temperature shock
test, the ambient temperature is changed typically in less than 1 min. For power
modules, this is typically achieved by a two-chamber equipment, in which the air
is permanently heated or cooled to the maximum or minimum test temperature,
while an elevator carrying the devices under test moves between the two chambers
in a time interval below 1 min. Since the heat exchange rate is rather slow for a
gas environment, the duration for reaching an equilibrium temperature distribution
inside the module can vary from 30 min to 2 h, depending on the total thermal
capacity of the devices under test.

A more extreme version of the temperature shock test is the liquid-to-liquid ther-
mal shock test. In this test, the ambient is formed by appropriate liquids, heated
or cooled to the desired temperature limits, for example, oil at 150°C or more and
liquid nitrogen at —196°C. Such test conditions are not common for modules, but
are often performed for package elements as DBC substrates. In a liquid ambient,
the heat transfer is much faster than in a gaseous ambient, so that an equilibrium
temperature distribution can be achieved in minutes rather than hours.

Due to the wide range of heat transfer rates, the denomination of temperature
swing test is somewhat ambiguous. While Infineon refers to the two-chamber air
ambient test as temperature shock test to distinguish it from the rather slow sin-
gle chamber test with ambient temperature change rates in the range of 20°C/min,
Semikron labels the two-chamber air environment test as temperature cycling test to
discriminate it from the much faster liquid-to-liquid test. This ambiguity of denom-
ination must be kept in mind when comparing qualification requirements and test
results from different manufacturers.

A common boundary condition for all types of temperature cycling tests is the
requirement that the cycle time must be long enough, so that all parts of the assem-
bly reach the maximum or minimum temperature — which are typically the storage
temperature limits — so that the assembly is in a thermal equilibrium condition. Since
the test simulates the impact of temperature changes by external sources, for exam-
ple, the change of ambient temperatures or an increase of heat sink temperature by
other heat sources, the power modules are not actively stressed by current or volt-
age. The changes in parameters are checked by an initial and a final measurement
and have to comply with the failure criteria.

The combination of different materials with different coefficients of thermal
expansion results in high mechanical stress in the system. More so, the bimetal effect
causes a cyclic deformation of the module. Simulations of the thermo-mechanical
behavior of a power module have shown [Mik01] that if this bimetal bending is
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reduced — for example, by mounting the module on a heat sink — the stress is
reduced and the lifetime is extended. Therefore, modules should be mounted on
assembly plates during the test to simulate as close as possible the application
conditions.

The cyclic mechanical deformation generated by temperature cycles due to the
difference in coefficients of expansion of the material layers causes stress in the
functional layers themselves and in the interconnection layers. This will lead over
time to the initiation of cracks and cause growing delaminations in these lay-
ers. Scanning acoustic microscopy (SAM) is the appropriate detection method of
identifying delaminations in power semiconductor modules.

An example of the damage caused during temperature cycling with classical
34 mm base plate modules show the SAM images in Fig. 11.37. Two different sol-
der materials for the substrate-to-base plate interface were compared in this test: a
RoHS compatible SnAg(3.5) solder and the classical SnPb(37) solder. Both solder
interfaces — the interface between the substrate and the base plate and the inter-
face between chip and substrate — were investigated by choosing the appropriate
time-of-flight windows in the SAM signal for each solder type. The comparison
between the initial measurement and the SAM image after 200 temperature cycles
(—40/+125°C) in a two-chamber test equipment reveals growing delaminations in
the substrate-to-base plate solder layer for both solder versions, indicated by the
white areas (=regions of high reflection) which move inward from the corners and
short edges of the substrates. The classical eutectic SnPb solder shows more damage
along the outside short sides of the substrates, where the terminals are connected at
the topside of the substrate.

SAM image after 200 temperature

standard 34mm-modules Initial SAM image cycles (-40/+125°C)

base plate solder SnAg(3.5)

base plate-to-substrate
interface

base plate solder SnAg(3.5)
substrate-to-chip interface

base plate solder SnPb(37)

base plate-to-substrate
interface

base plate solder SnPb(37)
substrate-to-chip interface

Fig. 11.37 Scanning acoustic microscope (SAM) images of standard 34 mm modules before
and after 200 temperature cycles (—40/+ 125°C) — different delamination patterns are found for
different base plate solder materials
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The SAM images of the chip-to-substrate interface show no indications of any
fatigue in the chip solder interfaces, but it presents black areas in the regions, where
solder delaminations are found in the substrate-to-base plate solder layer. This arti-
fact is produced by a lack of acoustic energy in these regions, because most of the
signal was already reflected in the delaminations found in the substrate-to-base plate
solder layer. Since the SAM signal is injected from the base plate surface, reflections
nearer to the base plate reduce the signal propagating into deeper layers. However,
this common artifact allows conveniently evaluating how close the delamination has
come to the chip position. As clearly shown in Fig. 11.37 the delaminations have
propagated much deeper under the chip areas for the SnPb solder system as for the
SnAg solder system with a stronger unfavorable impact on the thermal resistance of
the chips.

The lifetime under temperature cycles is determined by the combinations of dif-
ferent materials (with different coefficients of thermal expansion) and the stability
of the interconnect layers. Due to the mechanical deformation, smaller packages as
the TO family are more stable than larger modules that are more complex. Since the
source for the passive temperature cycles is located outside of the module, only the
used materials and interconnection layer decide about the reliability of a package.

11.6.7 Power Cycling Test

In contrast to the temperature cycling test, the power chips are actively heated by
the losses generated in the power devices themselves in a power cycling test. This
accounts for a fundamental difference between the two tests: In a power cycling
test, the amount of losses can be affected by the chip technology and by the silicon
area implemented in the module. Therefore, any power cycling lifetime requirement
can be met just by implementing sufficient silicon area to reduce the temperature
swing generated by the chip losses. However, commercial aspects limit this option
in practical applications.

During power cycling test, the device under test is mounted on a heat sink as in
a real application. A load current is conducted by the power chips and the power
losses are heating up the chip. When the maximum target temperature in the chip is
reached, the load current is switched off and the system cools down to a minimum
temperature. The reaching of the minimum temperature completes the cycle and the
next cycle begins by starting the load current again. During each cycle, considerable
temperature gradients are generated inside the module. An exemplary temperature
evolution is shown in Fig. 11.38.

The control is executed using the heat sink temperature. When the upper limit
of Ty, is reached, the load current is turned off and the cooling is turned on. The
temperature decreases. When the lower limit of Ty, identical to the lower limit
of the junction temperature Tioy, is reached, the load current is turned on again
and the cycle is repeated. The characteristic parameter for power cycling tests, the
temperature swing ATj, is given by the temperature difference between maximal
junction temperature Thigh at the end of the heating phase and the minimal junction
temperature at the end of the cooling interval:
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Fig. 11.38 Temperature profile of a power cycling pulse resulting from a constant load current

ATjZThigh_Tlow (11.15)

In Fig. 11.38 ATj can be read as 82°C.
A further important parameter for the power cycling test is the medium tempera-

ture T1:

Thigh — Tiow

Tm = Tlow + )

(11.16)
Instead of T, also Thigh or Tlow can be used as a characteristic parameter, because
they are related by ATj. Further parameters, e.g., the duration of the cycle, are of
importance as is shown below. A long power cycle time (64 s in Fig. 11.38) usually
represents a higher stress for the devices.

The different coefficients of thermal expansion of materials during the tempera-
ture swing create mechanical stress at the interfaces. This thermal stress leads in the
long run to fatigue of materials and interconnections. Figure 11.39 shows the result
of a power cycling test with a standard module. During the test, the forward voltage
Vc of an IGBT is monitored. Additionally, it is possible to feed a defined sense cur-
rent of some milliamperes through the device after the turn-off of the load current,
which allows to determine the upper temperature Thign With the use of a calibra-
tion function (compare Fig. 11.19). The power losses Py are also measured online.
From junction temperature Thgp, heat sink temperature 7y, and Py the thermal resis-
tance is calculated using Eq. (11.4). Since the measurement of the fast changing heat
sink temperature is difficult due to the response time of the applied sensor, the thus
measured thermal resistance can deviate from the true stationery value, especially
for short cycles below 10 s. However, even then this relative value can be used to
monitor relative changes in Rjh.

In Fig. 11.39 one can recognize that the on-state voltage drop at the IGBT
remains almost constant up to a large number of cycles, and the thermal resis-
tance increases slowly after approximately 6000 cycles. This is an indication for
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Fig. 11.39 Behavior of on-state voltage drop V¢ and thermal resistance Rupjh at a power cycling
test with ATj =123 K

an increase of thermal resistance in the thermal path, mostly attributed to solder
fatigue. After more than 9000 cycles one finds a first step in the V¢ characteristic,
which is due to lift-off of bond wires. Shortly after that, the next step is observed
and finally all bond wires are lifted off, the power circuit is open and the test can no
longer be continued.

Bond wire lift-off and solder fatigue are the main failure mechanisms in standard
power modules. But from the shape shown in Fig. 11.39 it is difficult to determine
the primary failure mechanism. The failure limit of Ryjn would be reached at after
approximately 11,000 cycles. But increase of Ry results in increasing temperature
Thign and this will escalate the thermal stress for the bond wires. Therefore, solder
fatigue is a significant failure mechanism in this test; it could be even the main fail-
ure mechanism. On the other hand, bond wire lift-off leads to increased Vc, which
together with the constant current causes increasing losses and raises the upper junc-
tion temperature Thgp, resulting in more thermal stress in solder layers. Due to the
interdependency of the failure modes, power cycling tests require a careful failure
analysis.

Failure limits are defined as:

— an increase of V¢ by 5% or by 20%, varying for different suppliers, depending on
the measurement accuracy for V. Different failure limits, however, have only a
negligible impact on the lifetime. Usually, after the first significant increase of V¢
the bond wires will soon fail completely, as can also be seen in Fig. 11.39

— an increase of Ry, by 20%

— failure of one of the functions of the device, e.g., failure of blocking capabil-
ity or of the gate to emitter (gate to source) insulation capability for IGBTs and
MOSFETs
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11.6.7.1 Weibull Statistics for Power Cycling Analysis

An estimation of the lifetime of a power device as a series product is possible by
evaluating the power cycling results using a Weibull statistics. The Weibull statistics
is specially suited for the description of end-of-life phenomena. It is applicable for
failure mechanisms determined by aging mechanisms of materials. An example is
shown in Fig. 11.40. The test was executed until five of six devices under test failed.
The numbers of cycles to failure are marked. The Weibull distribution is described
by the probability density f(x, «, 8) and the accumulated probability F(x, o, 8) as

follows:
Fooa,B)=1—exp (— <%) ) (11.17)

The accumulated probability corresponds to the rate of parts, which have already
failed. For a power cycling test analysis, x is the number of cycles to failure. The
scale parameter 8 defines the range of the distribution; for x = g the rate 1/e of
the parts have survived. For F = 1, all parts have failed. The shape parameter «
characterizes the spread of the distribution. The higher the ¢, the more concentrated
are the numbers of cycles to failure of the different parts around the median of the
distribution. The derivative dF /dx = f corresponds to the probability density; it
determines the probability that the failure occurs in an interval x + dx:

e, B) = — @l oxp (— <f>a) (11.18)
p* B

1E-04 ; : , . , . 7 : 1.0

9E-05f -~ - ~Probability density 0.9

8E-05 + Accumulated probability e e s WX
7E-05f A Values e R S I X 4 2
$ SE051- g 052
E‘ 4E-05 -‘. B = 69000 ,.,., e .. .......... i 04 E
E 3E-05 -{ 50 % : 66930 focess ‘ ’:! 4 ......... 0.3 ‘_é
£ 2605 w % 157200 7 j/' v — T 902 3
1E-05 t-1-1% :47030 1 ¢ i W ~1 04 <

0 it |1 N 0.0

0 10 20 30 40 50 60 70 80 90 100
Cycles x 1000

Fig. 11.40 Weibull analysis of a set of power cycling tests on a series product
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Even though Weibull statistic on power cycling test results are based on a compar-
atively low number of devices, this statistical analysis allows to predict the survival
rate under defined application conditions for a series product. The restriction of a
limited number of failures is caused by the fact that these tests are very time consum-
ing and that it is not easy to perform the test simultaneously on groups of devices
since the test conditions will change when some of the devices fail during the test.
Therefore, the first failure of a set of devices under test is often used to define Ny.

11.6.7.2 Models for Lifetime Prediction

Since a standard technology is established for the construction of power modules
with base plate and technologies and materials are very similar even for different
suppliers, a research program for determination of lifetime for standard power mod-
ules was implemented in the early 1990s. In this project named LESIT, modules
from different suppliers from Europe and Japan have been tested; a common fea-
ture was the standard package according to Fig. 11.13 with the use of an Al,O3
ceramics according to Table 9.1, left row. Tests were executed at different AT} and
different medium temperatures Tp,; the results have been summarized in [Hel97]
and are shown in Fig. 11.41 in the form of characteristics of cycles to failure N¢
depending on ATj and for different medium temperatures Tr,.

106 L

2
S
8
o
E
"
2
o
>
1)

| WT,=60°C
®T,=80°C

—_
o
(2]

108 L

10 20 30 40 60 60 100
AT; [K]

Fig. 11.41 LESIT results

The lines in Fig. 11.41 represent a fit from [Scn02b] to the experimental data:
The expected number of cycles to failure Nf at a given temperature swing AT
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and an average temperature Tp,, the absolute medium temperature in K, can be
approximated with the equation

Nf:A-ATf‘- exp( ) (11.19)

kg - T

with kg (Boltzmann constant) = 1.380 x 10723 J/K, activation energy E, = 9.89 x
107297, and the parameters A = 302,500 K™ and o = —5.039.

Equation (11.19) consists of a Coffin—Manson law, i.e. the number of cycles to
failure (Ny) is assumed to be proportional to AT * [Hel97]. It appears as a straight
line when plotting log(N¢) over log(AT;). In addition, an Arrhenius factor containing
an exponential dependency on an activation energy is added to the Coffin—Manson
law [Hel97]. From models for solder fatigue the impact of dwell time, ramp time, or
cycle time are also known as factors influencing the lifetime. However, in the past
such models have been suggested rather for passive thermal cycling tests and not for
power cycling tests.

Using Eq. (11.19) it is possible to calculate the number of cycles to failure for
given ATj and T, according to the LESIT results. If the typical cycles in the appli-
cation are known, it is possible to calculate the expectation for the lifetime of a
module under these conditions.

Technologies for standard modules have been improved since 1997. Power
cycling results for more recent power modules of two different suppliers are shown
in Fig. 11.42. They are compared with Eq. (11.19) for the condition Tiow = 40°C,

@ 1E+07 r
% —— CIPS 08
'S 1E+06 - - - - - Lesit
2 . = Vendor 1 (2004)
v K
1E+04
1E+02 : :
40 60 80 100 120 140 160

AT, [K]

Fig. 11.42 Comparison of experimental power cycling results of state-of-the-art 2004 modules
with predictions by the extrapolated LESIT model (11.19) and new CIPS 08 model (11.20);
Tiow = 40°C
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extrapolated to higher temperature swings outside of the data in Fig. 11.41. Itis vis-
ible that the number of cycles to failure is increased by a factor of 3 to 5 in the range
of AT;> 100K compared to the prediction using Eq. (11.19).

A fundamental problem in performing power cycling tests is the difficulty in the
selection of test conditions. The target ATj is a function of the dissipated energy —
which for a given chip technology is determined by the forward current and the 7,y
duration in the test — and of the thermal resistance of the test setup. It is therefore
very difficult to repeat a test with exactly the same test conditions, but it is even more
difficult to select test parameters for different ATj values with the same current and
heating times. If these parameters have an impact on the test results, they have to be
taken into account by a lifetime model.

This was the motivation to present an extended model for the lifetime of stan-
dard power modules [Bay0S8]. Based on a large number of power cycling results of
modules, the following equation was derived:

Ne=K- AT - exp (Tﬁ—z) B3 Ps  yPs . pfs (11.20)

low

As parameter K we use the value 9.30x10'4, the other parameters B, — ¢ are
given in Table 11.8 [Bay08]. Equation (11.20), which we denote as CIPS 08 model,
contains additionally the dependence on the heat-up time #,, in seconds, the cur-
rent per bond stitch on the chip 7 in A, the voltage range of the device V in V/100
(reflecting the impact of the semiconductor die thickness), and the bond wire diam-
eter D in micrometers. The prediction by the new CIPS 08 model is also shown
in Fig. 11.42 for ton, = 15 s. The CIPS 08 model holds for standard modules with
Al;O3 substrates; it is not valid for high-power traction modules which are built
with the materials AIN and AISiC, see Table 11.1.

Equation (11.20) was a result of purely statistical analysis and is not a result
of physics-based models [Bay08]. The dependency on the cycling time 7., in Eq.
(11.20) — higher number of cycles to failure for short cycling times — may be
explained by the fact that in a short cycle time mainly the semiconductor itself is
heated up. Thermal-mechanical stress occurs mainly at the interface between semi-
conductor and bond wire, while in layers closer to the heat sink the temperature
increase is marginal and less thermal stress is applied. The dependency on current
per bond stitch on the chip 7 can be attributed to improved current distribution on
the chip with more bond stitches and presumably to a positive impact of the ther-
mal capacity of the bond stitches. The dependency on the bond wire diameter D is

Table 11.8 Parameters for

calculation of power cycling B —4.416

capability according to Eq. B2 1285

(11.20) B3 —0.463
Ba —0.716
Bs —0.761

Be —0.5
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Fig. 11.43 CIPS 08 model 9 107 &
according to Eq. (11.20) for S p
different heating times #oy, by 106 K
compared to the LESIT ‘s
model; Tiow = 40°C 2
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related to the greater mechanical stress applied to the bond stitch by thicker bond
wires. The dependency on the voltage range V is in fact a dependency on device
thickness, which increases from 600 to 1700 V. With thinner devices, the mechan-
ical stress implied on the solder interface by the Si-material will be reduced. Note
that the used devices are produced in a thin-wafer technology for 1200 V (V = 12)
and 600 V (V = 6). For devices fabricated from epitaxial wafers, e.g., PT-IGBTs or
Epi-diodes, Eq. (11.20) is not applicable.

As a consequence of the statistical approach of the CIPS 08 model, the param-
eters are not physically independent, which was pointed out and discussed by the
authors themselves [Bay08]. For low AT, for example, a short heating time will
be typical. The influence of different heating times f,, is shown in Fig. 11.43.
Figure 11.42 gives the impression that for a ATj < 60 K the new model predicts
less cycles to failure Ny than the former LESIT model. But the dependency on the
heating time shows that the lifetime Nt is higher for state-of-the-art 2008 modules,
if a short heating time o, for low ATj is assumed.

Despite the fact that data for Eq. (11.20) were only generated with modules of one
manufacturer, the equation seems also useful for lifetime calculation of modules of
other manufacturers. If lifetime calculations are of vital importance in an application
with high reliability requirements, the manufacturing company should always be
consulted.

11.6.7.3 Superimposition of Power Cycles

Additionally to the already discussed restrictions, lifetime models are derived from
the repetition of identical power cycles, but in real applications various different
cycles are superimposed.
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To calculate the lifetime under realistic application conformal conditions with
superimposed power cycles, a linear accumulation of damage is often assumed as
discussed, for example, in [Cia08]

N(AT)

O(AT) = N{(AT)

(11.21)

If the number of cycles N reaches Ny — the number of cycles to failure calculated by a
lifetime model — Q is equal to 1. For superimposition of n conditions Oy, the failure
is expected when the sum of Q,, = 1. Since this so-called Miner’s rule [Min45] is
independent of the considered lifetime model, the simple Eq. (11.21) which is only
a function of ATj can be extended using the model in Eq. (11.20):

N(AI}3 TlOW’ ton, 19 V’ D)
Nf(ATp TlOW’ ton’], V7 D)

OQ(ATj, Tiow, ton, 1, V, D) = (11.19)

An investigation with two superimposed power cycles is reported in [FerOS8].
A cycle with high ATj of 140°C is superimposed with short cycles with low
AT;. However, the cycle with high ATj was dominant for the failure under the
chosen superposition. It is generally difficult to define two superimposed power
pulses in such a way that each of them contributes with exactly 50% to the final
failure.

A different approach was reported in [Scn02b], where first conventional power
cycling tests with uniform cycles were performed at two different temperature
swings and then a test with both cycling conditions interleaved was conducted.
The test results showed that in contradiction to the assumption of linear fatigue
accumulation, the number of cycles to failure was equal to the sum of cycles for
each single test condition. The explanation for this phenomenon was that the test
conditions are initiating different failure mechanisms, which do not interact with
each other.

Before we discuss the failure mechanisms in power cycling test known today
in more detail, a deficiency common to all of the above-presented lifetime models
must be added. The models (11.19) and (11.20) are based on a purely statistical
analysis of data under different conditions. No physical relationship is attributed to
the impact of different test parameters. Currently, many research groups are work-
ing on physics-of-failure lifetime models, which promise to result in better lifetime
prediction models and give more insight into the physical mechanisms that limit the
lifetime of power modules for active power cycles.

A final remark addresses the problem of cycle counting in application con-
formal temperature evolutions known as mission profiles. A simple collection of
maximum—minimum temperature swings is very sensitive to the resolution of the
analysis. A more robust approach, which is also consistent with the strain—stress
characteristic in physics-of-failure-oriented models, is the widely accepted rainflow
counting method [Dow82]. It is less sensitive to resolution changes and evaluates
the fundamental frequencies with a higher weight.



11.6 Reliability 399

11.6.7.4 Bond Wire Lift-Off

A typical fault image after power cycling of a standard module with base plate is
shown in Fig. 11.44. All bond wires are lifted off from the IGBT chip. The bond
wire in the background was the last one to fail and the current was flowing in a
short time via an arc flash-over which caused a crater below the bond wire stitch.
The bond wire failure in the foreground shows a characteristic feature of the lift-off
failure mode. The dissection did not occur at the interface between bond wire and
chip metallization, but it emerges partially in the volume of the bond wire. Residues
of bond wire material can still be detected on the surface of the chip metallization.

Fig. 11.44 Lifted bond wires
after power cycling test with
AT;j = 100K of a standard
IGBT module. The total
failure occurred between
10,791 and 13,000 cycles

Fig. 11.45 Lift-off pattern as
a result of power cycling V-ZM/HSbelt
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Figure 11.45 shows a magnified image of the lift-off area on the chip metallization.
This example shows no adherence in the center of bond area. Improvements of
the wire bond process can enhance the quality of the adherence significantly. In
[Amr06] it was shown that an improved wire bond process in combination with a
replacement of the chip solder by a silver sinter technology can achieve a very high-
power cycling capability for power cycles up to Thigh = 200°C. In the viewpoint of
high-temperature applications, bond wires seem not to be the main limiting factor.

It was found that bond wires have a higher lifetime if they are coated with a
polyimide cover layer [CiaO1]. Additionally, optimization of the wire bond geome-
try and the wire bond material can increase the lifetime of bond wires during active
power cycles.

Special attention has to be paid to gate wire bonds on chips with a center gate
contact. For power devices with a field effect gate structure, the leakage current of
the gate is so small that is takes days to discharge the gate via the leakage current.
Therefore, a wire bond lift-off of the gate wire bond will not be noticed if the gate
is continuously switched on and the load current is controlled by an external switch.
In this case, a special functional test must be performed during the cooling phase
of each cycle to verify the gate functionality. This can be done by switching of the
gate voltage during the cooling phase. The constant current source, that supplies
the sense current during this phase, must then go into voltage limitation mode. This
technique ensures that a gate bond wire lift-off will not remain undetected.

11.6.7.5 Reconstruction of Metallization

A phenomenon observed during active power cycles with a high temperature swing
is the reconstruction of the chip metallization. This contact metallization is conven-
tionally made of a vacuum-metalized aluminum layer, which is formed in a grain
structure. Due to the difference in thermal expansion between silicon and aluminum,
this layer suffers from a considerable stress during repeated temperature swings.
While the silicon chip is only marginally expanding with increased temperature
(2-4 ppm/K), the grains of the Al metallization expand considerably (23.5 ppm/K).
Thus, the metallization layer is subjected to a compressive stress during the heating
phase of temperature cycles.

The surface reconstruction of aluminum films on silicon was first reported in the
late 1960s [Pad68] followed by detailed investigations of this degradation effect.
Comparison between temperature-cycled samples with annealed (uncycled) sam-
ples for equivalent time-at-temperature revealed that the surface reconstruction is
increased by thermal cycling by a factor 2 to 5 depending on temperature and grain
size of the aluminum film [San69]. Analysis of reconstruction phenomena at high
temperatures (above 175°C) and low temperatures (below 175°C) suggests differ-
ent fatigue mechanisms for these temperature ranges. Diffusional creep and plastic
deformation involving conservative motion of dislocations are assumed as dominant
contributions for high temperatures, while for low temperatures the only possi-
ble mechanism of mass transport is plastic deformation caused by compressional
fatigue [Phi71].
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While the former investigations were triggered by surface reconstruction
observed in integrated circuits, the same effect was found in power electronic
devices [Cia96]. The periodical compressive stress during the heating phase in
temperature cycles results in plastic deformation of grains when the elastic limits
are exceeded. According to [Cia01] this is the case for junction temperature above
110°C. The plastic deformation can lead to the extrusion of single grains. This
process leads to an increasing surface roughness of the metallization with the
macroscopic observable effect of a dull non-reflective surface appearance. In the
cooling phase of the temperature cycle, tensile stress can lead to cavitation effects at
the grain boundaries if the elastic regime is exceeded. This can explain the observed
increase in electrical resistance of the surface metallization [Lut08].

Reconstruction of the aluminum contact layer was also found in failed devices
after repetitive short-circuit operation of IGBTs [Ara08]. Recently, a similar effect
of increasing surface roughness was observed also in thick aluminum layers of
“direct bonded aluminum” (DBA) substrates after temperature cycling between —55
and 250°C. After 300 cycles the surface roughness of 300 wm thick aluminum lay-
ers on AIN substrates increased by more than a factor of 10, while a multitude of
voids were observed in a cross section. The authors attribute this effect to grain
boundary sliding [Lei09].

Figure 11.46 shows the optical image of such a metallization reconstruction after
the power cycling test. The reconstruction appears as a milky white discoloration
of the diode metallization. It is concentrated at the center of the chip. Especially
interesting is the area around the solder void, which can be seen in the X-ray image.
The reconstruction is also very pronounced in this region, corroborating that the
reconstruction is generated by the temperature swing. The maximum temperature
has its peak in the center of the die, while the thermal resistance is locally increased
in the area of the solder void. The dissymmetry of the reconstruction clearly follows
this temperature profile [Scn99].

Fig. 11.46 Optical image (left) and X-ray image (right) of a diode after active power cycling — the
reconstruction of the metallization appears as a milky non-reflecting discoloration, which is most
pronounced in the chip center and in the area of the solder void [Scn99]
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The impact of the maximum temperature during power cycling is illustrated in
Fig. 11.47. Figure 11.47a shows an IGBT metallization after 3.2 millions of power
cycles between 85 and 125°C; the figure is taken from [Cia02]. Figure 11.47b
shows an IGBT metallization after 7250 power cycles with AT = 131K and
Thigh = 171°C. Figure 11.47c¢ finally shows the metallization of a diode after 16,800
cycles at AT = 160K with Thigh = 200°C; significant grains of approximately 5
pm diameter appear on the surface leaving voids in the metallization layer.

The reconstruction effect is suppressed beneath wire bond stitches. Figure 11.48
shows a detail of the metallization at the edge of a bond stitch after wire bond lift-
off. This diode survived 44,500 cycles with ATj = 130K, Thigh = 170°C. The
high number of cycles was achieved because of single-side silver sinter technology
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Fig. 11.48 REM image of
the edge of bond stitch area
after a wire bond

lifted-off — the reconstruction
is more pronounced outside
of the stitch area. The diode
failed after approximately
44,500 cycles with

ATj = 130K and

Thigh = 170°C

[Amr06]. Other investigations have shown that a polyimide cover layer suppresses
the reconstruction effect as well [HamO1]. This is an expected phenomenon, because
any cover layer will restrict the movement of the grains out of the contact layer.
Nonetheless remains the high stress in the layer and it can be expected that the
initiation and the growth of fractures in the interface of bond stitches is driven by
the same CTE mismatch that generates the metallization reconstruction.

The reconstruction of the chip metallization reduces the density of the contact
layer and therefore increases the specific resistivity of the contact. Since the layer
thickness is typically in the range of 3—4 pm, the movement of grains sized in
the range of the layer thickness as in Fig. 11.47c can be expected to change the
conductivity of the layer considerably.

The layer resistivity can be measured according to the method of van der Pauw
[Pfu76]. For the example of the power cycled diode in Fig. 11.47c, a specific resis-
tance of 0.0456 m2 m was measured. The resistivity of an unstressed diode of the
same type was found to be 0.0321 m2 m. This is close to the literature value for
pure bulk Al of 0.0266 mS2 m; a slightly higher value can be expected because the
chip metallization has a grain structure and contains some small admixture of Si.
The observed resistivity increase of 42% during power cycling [Lut08] is a severe
change of the device characteristics. Even though only a very small increase of
Vr was detected during the power cycling tests of the devices in Figs. 11.47c and
11.48, an impact on the current distribution in the device must be expected which
will reduce the lifetime of the power device under high stress conditions.

Latest investigations on device failure under repetitive short-circuit exposure
below the critical thermal destruction level have shown that the increase in con-
tact resistance caused by reconstruction of the contact layer is the root cause of the
failure [Ara08]. It must be expected that this reconstruction also has an impact on
the surge current capability of freewheeling diodes.

11.6.7.6 Solder Fatigue

The degradation of the solder interface is a fundamental failure mode during active
power cycling. The so-called solder fatigue is caused by the formation of fractures
in the solder interface, which lead to an increase in thermal resistance and are thus
accelerating the total failure of the device. In devices with a positive temperature
coefficient of the forward voltage drop (i.e. IGBT and MOSFET), the increasing
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Fig. 11.49 Power cycling results in an IGBT phase leg in a module without base plate with ATj =
80K [Scn02b]. The temperature evolution is a strong indication of solder fatigue

temperature leads to increasing power losses and therefore expedites the degradation
in a positive feedback loop. However, the final end-of-life failure of the conventional
module design will typically be the breakdown of the wire bond contacts. If no
investigation of the solder interface is performed by scanning acoustic microscopy
(SAM) after a power cycling test, the impact of solder fatigue cannot be evaluated
and the wire bond breakdown is often mistakenly assumed to be the root cause of
failure.

Figure 11.49 shows the evolution of the forward voltage drop and the maximum
temperature reached at the end of each heating phase of the IGBTSs in the center
phase leg of a six pack module without base plate. The maximum temperature starts
to increase after 65,000 cycles and generates increasing power losses in the device
due to the positive temperature coefficient. After 85,000 cycles, the temperature
swing has already increased to ATj = 125 K and it would continue to grow fast until
the liquidus temperature of the solder is reached, if the wire bond contacts would not
have failed first. This example illustrates that only marginal lifetime can be gained
by improving the top side chip contact (i.e. the wire bonds) without improvement
of the bottom side contact (i.e. the solder layer), because the increasing temperature
amplitude would destroy any top side chip contact.

The geometry of the solder fatigue depicted in the SAM image in Fig. 11.50
follows the expected deterioration pattern. The discontinuity at the chip edges
is responsible for a stress peak at the edges and especially at the chip corners.
Therefore, the fractures start at the outside corners and edges and propagate toward
the chip center. In this case, the arrangement of the four chips in parallel generates
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Fig. 11.50 Optical image and SAM image of the IGBT module in power cycling test shown in
Fig. 11.46. The four IGBTs in parallel of the failed TOP switch (right side of the images) show the
effect of solder fatigue

a temperature distribution with the maximum temperature being located at the chip
corners close to the center of this quadruple chip assembly. Thus the degradation of
the solder layers starts at the corners pointing toward the center of the group and
moves outward.

The continuous improvement of the package thermal resistance and the enhanced
heat extraction capability of advanced cooling systems have considerably increased
the power density in modern IGBT chips. Assisted by the trend to minimized
chip thicknesses (down to 70 wm for latest generation 600 V trench chips), which
reduces the lateral thermal conductivity and thus diminishes possible heat spread-
ing effects, the lateral temperature gradient in the chip has become more and more
pronounced. Figure 11.51 illustrates this effect, where the diagonal temperature gra-
dient exceeds 40°C for a 12.5 x 12.5 mm? IGBT on a water-cooled copper heat sink
with 9°C cooling liquid temperature [Scn09].

For such pronounced lateral temperature gradients, the stress in the chip center
generated by the high temperature exceeds the stress induced by the edge discon-
tinuity and the degradation begins in the center instead of the edges and corners.
This is confirmed by the SAM image of a state-of-the-art power module after the
power cycling test in Fig. 11.52. Here the damaged region is located in the chip
center, indicated by the light areas of high reflection, while the chip edges seem
unaffected.

This observation was also reported from other authors. While some publications
attribute this phenomenon to special solder types used [Mor01], other authors have
observed this effect with lead-free and lead-rich solder systems [Her0O7]. The charac-
teristics of the solder interface layer might have a small impact on the solder fatigue
progress; however, the driving force for the deterioration of the solder interface
results from the high stress induced by the differences in thermal expansion.

This change in the failure mechanism could have a considerable impact on the
evolution of the degradation process. Fractures in solder interface increase the local
thermal resistance of the affected chip region and thus raise locally the chip tem-
perature. If the fractures start at the edges, the temperature of relatively cool chip
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Fig. 11.51 Infrared image of a 12.5 x 12.5 mm? 1200 V IGBT chip heated by a continuous
DC current of 150 A. The module was mounted on a Cu water cooler with 9°C cooling liquid
temperature. The equilibrium temperature distribution along a diagonal line through the chip center
(bottom diagram) shows a temperature gradient between center and corner of more than 40°C

regions is increasing, while the maximum temperature remains unchanged in the
chip center. The situation is different, when the fractures start at the center, which
has the highest temperature to begin with. Therefore, with fractures in the center
of the chip, the maximum chip temperature is immediately increased and it can be
expected that this positive feedback loop will accelerate the fatigue progress and
thus reduce the power module lifetime.
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Fig. 11.52 SAM images of the initial solder layer (leff) in comparison to the end-of-life image
(right) after 113,400 power cycles of the IGBT with Thigh = 150°C, ATj = 70K, heating phase
~2 s — the unstressed diode solder remains unchanged

Fig. 11.53 SAM image of
solder degradation below
active power cycled IGBTs in
a lead-free substrate solder
joint of an AISiC base plate
module

The considerable temperature gradients on the chip level also generate temper-
ature gradients in the solder layer between the substrate and the base plate. Test
results from a power cycling test at AT; = 67K and Thigh = 150°C on a mod-
ule with AISiC base plate show degradation effects in the substrate-to-base plate
interface that start below the chip position as shown in Fig. 11.53

These results illustrate the complexity of solder fatigue effects due to the interac-
tion of thermal and mechanical characteristics of the interconnection interface. The
problem of solder fatigue must be solved to exceed the limits in reliability of the
classical module design.

11.6.7.7 Power Cycling Capability of Molded TO Packages

A high power cycling capability was found for DBC-based transfer molded TO
housings, which were described in the context of Fig. 11.6 [Amr04]. The power
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Fig. 11.54 Failure analysis
of a DBC-based soft-molded
TO package after 75,000
power cycles with

AT = 105K, showing a
footprint of a detached bond
wire in the foreground (/eft)
and a heel crack in a still
attached bond wire

cycling results in Fig. 11.40 were gained in power cycling test with this package
type for AT = 105°C and Ty, = 92.5°C. The number of cycles to failure (Weibull
50% accumulated probability) is about a factor of 10 higher than predicted by the
LESIT results (Eq. (11.19)) and still significantly above the CIPS 08 model (Eq.
(11.20)). Figure 11.54 shows a picture of bond wires in a device which survived
75,000 power cycles under said conditions. On the dark area in the foreground, a
bond foot was initially attached. In the first of the still attached bond wires, a heel
crack is visible.

The stiff mold material has a similar effect as a bond wire coating; it additionally
hinders mechanically the detachment of bond wires from the chip surface. Even
though the bond wire shows signs of heavy deterioration, the electrical contact is
still maintained. In contrast to standard TO packages with copper lead frames, the
implementation of Al,O3 substrates accounts for a lower thermal mismatch between
the semiconductor material Si and the assembly layer.

The classical TO package with Cu-lead frames (Fig. 11.55) exhibit a great mis-
match in thermal expansion between copper and silicon. For large chip sizes, the

Fig. 11.55 Crack in the
silicon diode chip in a
transfer mold TO package on
a Cu-lead frame after 3800

cycles with AT; = 110K and
Ty = 95°C ZMA-IZMY Hoebelt / LW4 D4
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power cycling capability was found to be clearly inferior to packages with ceramic
substrates. In a power cycling test of standard TOs with chips of 63 mm? area, two
of six chips lost their blocking capability after only 3800 cycles with AT} = 110°C
and Ty, = 95°C. The failure analysis of these TOs revealed cracks in the silicon
device as the root cause. Figure 11.55 shows such a fracture of a silicon chip.

Even though no more failures occurred up to more than 38,000 cycles when the
test was continued with the four remaining samples, the early failures caused by
fractures in the silicon device are alarming. Presumably, the relatively large area
of the silicon devices is responsible for these early failures, because this effect
was not observed for power cycling tests of smaller chips (< 30 mm?) in the same
package type.

11.6.7.8 Comparability of Power Cycling Lifetime Curves

The general statement on the comparability of qualification test results given at
the beginning of this section holds even more for power cycling results of dif-
ferent manufacturers of power modules. The lifetime characteristics published by
different manufacturers are of limited value for the evaluation of the lifetime in
real application, because the test conditions and control strategies are mostly not
disclosed.

In addition to the selection of the load current, the cooling system, the cycle
duration, and the medium temperature — which all have an impact on the power
cycling lifetime as discussed before — as well as the reaction to degradation effects
during the test is of fundamental importance for the number of cycles to failure
during a power cycling test. Four different strategies are possible for the control of
a power cycling test, which account for degradation effects completely different:

e Cycle time control with fixed turn-on and turn-off times only. In this strategy,
the desired ATj is adjusted by selecting appropriate turn-on and turn-off times.
These times are then kept constant during the test and no other control parameters
are used to react to degradation effects. This is the most severe test condition,
because degradation effects can increase the AT; during the test and thus shorten
the lifetime to failure considerably.

e Control of the turn-off and turn-off times by a reference temperature. This is
the prevalent strategy used by European manufacturers, where either the case
temperature or the heat sink temperature is used as control parameter. This strat-
egy eliminates the impact of any changes of the cooling conditions (i.e. changes
in coolant temperature or coolant flow) from the test progress. If the case tem-
perature is used for the control, even changes in the case to heat sink thermal
resistance have no impact on the test result.

e Control strategy that maintains constant power losses. This strategy, which is
typically combined with fixed turn-on and turn-off times, keeps the power losses
generated in each heating phase constant by controlling either the current or the
gate voltage. Single bond wire failures increase the on-state voltage of a power
device during the test and thus increase the power losses. For devices with a posi-
tive temperature coefficient (i.e. IGBT or MOSFET), solder fatigue may increase
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the junction temperature and therefore will also increase the on-state voltage of
the device (see Fig. 11.49, for example). The control for constant power losses
will reduce the losses in these devices artificially and will thus lengthen the life-
time of the device. Some Japanese manufacturers use the control of the gate
voltage during power cycling.

o Control strategy to maintain a constant temperature swing A7j. In this strategy,
the control parameter is the junction temperature itself, which is measured at the
end of each heating phase. Typically, the turn-on time and the turn-off time during
the cycling test are controlled to maintain a constant temperature swing, but a
control of the current or the voltage drop by means of a gate voltage adaptation
could alternatively be applied. In this case, no degradation effect in the module
would alter the temperature swing. This is the least challenging test strategy and
it will deliver the highest lifetime.

Lifetime curves for power modules always are based on accelerated test results,
but they are of great importance for the estimation of lifetime in real applications.
Therefore, the test results are extrapolated to real conditions in the field. However,
no control strategy is implemented in real converter systems to account for degrada-
tion effects in the power module. Only a temperature sensor to monitor the heat sink
temperature is incorporated into many power electronic applications. Thus, only the
first two strategies should be applied for power cycling tests that are used as a basis
for lifetime estimation.

11.6.8 Additional Reliability Tests

A test sequence similar to the example given in Table 11.6 is mandatory for all series
products of a power module manufacturer. However, additional test sequences can
be negotiated for specific applications.

For applications in extreme environmental conditions, special tests under cor-
rosive atmospheres are recommended. Corrosive gases can interfere seriously with
the reliable function of power modules. The silicone soft mold represents almost
no protection against corrosive gases. SOy interacts with all metal surfaces except
noble metals, H,S is highly corrosive for silver and silver alloys, and Cl, together
with high humidity will produce HCI, which corrodes non-noble metals, especially
Al. The contribution of NOy is not fully understood today, but its corrosion effect
in connection with humidity is comparable to the impact of SO, and H,S. The
reliability of non-hermetically sealed modules must be verified in accelerated cor-
rosive atmosphere tests in single or mixed corrosive gas environments for these
applications.

Similar corrosion effects are connected with the impact of salt spray. This specific
stress condition is found particularly in seaside or off-shore applications, which are
typical environments for wind generator systems. The NaCl dissociates in aqueous
solution and produces HCI, which over time can penetrate the soft mold cover layer
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and dissolve the Al wire bonds. If non-hermetically sealed modules are used in
these environments, an additional protection must be implemented in the system to
prevent corrosive degradation of power modules and driver PCBs.

Additional tests can be conducted for special application conditions to verify the
suitability of power electronics modules in extreme environments.

11.6.9 Strategies for Enhanced Reliability

The standard test procedures discussed in the previous section always use new
power modules fresh from production for every reliability test. Some experts in the
field of reliability testing propose the combination of tests to increase the reliability
of power electronic components. Even though the consecutive or simultaneous
application of different stress conditions could accelerate the time to failure of a
power module, the number of possible sequences and combinations is quite high
and there is no basis of experience for such test conditions.

However, the idea was adapted in the concept of HALT/HASS testing. The
“highly accelerated lifetime test” (HALT) is actually not a test, but much more a
test philosophy that accompanies the development process. During the HALT pro-
cedure, a single device parameter is selected and it is stepwise increased even far
beyond the specification limit until the sample finally fails. Typical examples are the
stepwise increase of the insulation test voltage until failure or the stepwise increase
of the temperature swing during passive temperature cycling test. The goal of this
procedure is to increase the stress to the destruction limit. From the analysis of
the failure, small modifications can sometimes improve the robustness of a design
considerably.

In a second step, a “highly accelerated stress screening” (HASS) can be applied.
Using the failure limits resulting from the HALT procedure, which typically are
far beyond the specification limit, a HASS stress level can be defined, which is
selected higher than the specification limit but a sufficient safety margin away from
the destruction limit. For a fixed period of time 100% of a production is then sub-
jected to an accelerated stress screening test, which allows to identify weak parts in
a series production and improve the production process to enhance the product reli-
ability. In this test sequence, combined stress levels are common. A typical example
is the operation of a power module with high load currents under varying ambi-
ent temperature swings, sometimes even combined with the stress of mechanical
vibration.

The general philosophy is developed further in the recently proposed concept of
robustness validation [SAEO8]. This concept combines experimentally determined
failure limits and simulation results and compares these limits with the reliabil-
ity requirements of applications, defined in mission profiles and specifications to
increase the reliability of automotive electrical or electronic modules.

A general problem is the limited knowledge of the stress levels and the distribu-
tion of stress requirements in real applications. The implementation of the digital
driver technology in power electronic systems gives the opportunity to monitor
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and record characteristic parameters during field operation and therefore has the
potential to deliver more realistic data on the stress requirements of realistic field
applications.

11.7 Future Challenges

Power semiconductor packaging has become a key technology for the progress of
power electronic devices. There are four basic challenges to be met:

1. The current density in power devices is continuously increasing. Even today,
the package-related voltage drop in a power module accumulates to a consid-
erable percentage of the total voltage drop at nominal current. Thus, improved
architectures with a reduced electrical resistance of the load current leads are
required.

2. The increasing power density requirement of advanced power electronic appli-
cations enhances the power density per unit area. This development demands
progressive technologies to extract the heat generated in modern power module
designs.

3. The physics of silicon semiconductor devices allows maximum junction temper-
atures up to 200°C for selected applications. It can be expected that MOSFETsS,
IGBTs, and freewheeling diodes with a voltage rating of 600 V can be operated
up to a maximum junction temperature 7; = 200°C after the necessary improve-
ments of leakage current levels and of the reliability of the passivation. Wide
bandgap devices on the basis of SiC and GaN are capable of even higher oper-
ation temperatures. In consequence, the reliability under extended temperature
swings and extended maximum temperature must be ensured, especially with
respect to active power cycles. The established standard module architectures are
not capable to meet these requirements today; new materials and interconnection
technologies must be developed.

4. The parasitic inductances and capacities must be minimized or else controlled,
so that they are transformed from undesirable obstacles into functional elements
of power electronic circuits.

Finding a solution to these challenges is a task, which is intensively addressed
by research and development groups all over the world. The “center for power
electronic systems” (CPES), a consortium of five universities and several indus-
try partners in the USA, has proposed to replace the aluminum wire bonds by a
copper foil, which provides a larger effective cross section at the top side chip con-
tact [WenO1]. The interconnection between this foil and the contact metallization of
the chip is achieved by a “dimple array technique,” where only localized indenta-
tions in the foil are soldered to the chip. However, this technology has so far not
been implemented in a series production and the expected increased lifetime during
active power cycling has not yet been demonstrated.

The integration of the cooling system into the base plate has been proposed
in order to improve the heat transfer of power modules. This concept eliminates
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the need for thermal interface materials between the base plate and the heat sink,
which accounts for a considerable contribution to the total thermal resistance. The
technique of integrating the cooling system into the DBC substrate goes even fur-
ther [Scz00], because it eliminates the interface between the substrate and the base
plate as well. The substrate serves as an assembly layer for the chips and as a
heat sink while providing an electrical insulation, thus combining tree functions
in a single element. A drawback of this proposal is the comparatively small cross
section of the cooling liquid channels, which is responsible for a high pressure
drop in the cooling system. This makes the system vulnerable to pollution parti-
cles in the cooling system. Moreover, the reliability of such a high-tuned cooling
system is of crucial importance for the device operation: A transgression of the
maximum heat extraction capability would lead to the formation of a vapor layer
between the cooled surface and the liquid flow, which would result in an instan-
taneous dramatic increase in the thermal resistance of the system. The short time
constant of such a highly efficient system will result in an abrupt junction temper-
ature increase, which will damage or possibly destroy the semiconductor device.
This reliability issue is common to all highly effective cooling systems, which are
currently investigated on the basis of heat pipes or based on impingement cooling
methods.

A task of fundamental importance is the accomplishment of a sufficient power
cycling lifetime at high maximum junction temperatures 7;. A very promising
approach to reach this goal is the “low temperature joining technology” (LTJ). In
this process, which is a diffusion sintering technique, a powder of silver particles is
placed between the two surfaces to be joined. These surfaces require noble metal
surface platings. An organic protection layer inhibits the silver particles to avoid
diffusion of particles prior to the joining process. A heating process to approx-
imately 250°C during the application of a high pressure to the sinter interface
dissolves this protective coating and activates the diffusion of the silver particles.
This results in a densification of the powder layer to a rigid interconnection layer of
high reliability [Mer02].

The properties of this interconnection layer are superior to solder interfaces in all
parameters. The specific thermal conductivity of the sinter layer can be as high as
220 Wm~! K~ and is therefore almost a factor of four times higher than the thermal
conductivity of a conventional SnAg(3.5) solder layer. Together with a characteris-
tic layer thickness of < 20 wm, the sinter technology exhibits a reduced thermal
resistance between the chip and the substrate compared to solder layers of typically
50 wm thickness. The electrical conductivity is also improved due to the low specific
electrical resistance of silver.

However, the major advantage of the silver diffusion sinter interface is the
high melting temperature of the interconnection. This advantage can be illustrated
by the concept of homologous temperature. Mechanical engineers use this con-
cept to evaluate the reliability of an interconnection under mechanical stress. The
homologous temperature is the ratio of the operation temperature divided by the
melting temperature of the material in absolute temperature. Figure 11.56 dis-
plays the homologous temperature for a conventional SnAg(3.5) solder interface,
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a high-temperature AuGe(3) solder interface, and the silver diffusion interface,
assuming an operation temperature of 150°C.

Mechanical engineers consider interconnections operated below 40% of the
homologous temperature as mechanically stable, between 40 and 60% as operated
in the creep range, sensitive to mechanical strain, and above 60% as unable to bear
engineering loads. Figure 11.56 illustrates clearly that even solder interfaces with a
liquidus temperature of 363°C have a limited reliability for an operation tempera-
ture of 150°C, while the silver diffusion technology can be expected to be reliable
under mechanical stress.

Another advantageous feature of the silver diffusion technology, which might be
overlooked at the first glance, is the absence of a liquid phase during the connec-
tion process. In a solder process, the solder interface passes through a liquid phase,
while the temperature exceeds the liquidus temperature. During this phase of the
solder process, the chip swims on a liquid film with the consequence of a series of
fundamental problems:

e The chip might shift or turn out of its desired position. Solder jigs or solder
stop layers are necessary to minimize this effect. Both countermeasures require a
considerable margin, so that the position accuracy in a solder process is limited.

e The solder layer can exhibit a wedge-shaped thickness distribution due to a varia-
tion of the surface wettability with considerable impact on the thermal resistance
and thus on the reliability of the solder interface.

e Solder voids cannot be eliminated completely in an industrial series production.

Since the silver diffusion technology does not comprise a transition through a
liquid phase, these problems well known from solder technologies are eliminated.
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In a well-controlled silver diffusion process, the chips are perfectly aligned and the
interface has a homogeneous thickness without any large-scale voids.

The diffusion sinter technology was adapted to the assembly of modern power
devices like IGBTs, MOSFETsS, and freewheeling diodes in the middle of the 1990s
[K1a96]. Further process improvements verified that the simultaneous connection
of multiple (different) power chips can be achieved in a single process step, which
makes this technology compatible with modern series production [Scn97]. Recently,
the first commercially available series power module was introduced, which con-
tains not a single solder interface [Scn08]. This module design combines the silver
diffusion technology with the pressure system technology and spring contacts.

Experimental results confirm the expected high reliability under extreme power
cycles. A power cycling test with ATj=130 K survived 30,000 cycles, which
exceeds the estimated lifetime for classical base plate modules derived from an
extrapolation of the LESIT curve (Eq. (11.19)) by more than a factor of 20 [Amr05].
This technology seems to be very promising even for maximum operation tem-
peratures up to 200°C — as was investigated in active power cycling test with
AT; = 160K [Amr06] — which allows to extend the application of power modules
to challenging environments, e.g., in the motor compartment of hybrid automobiles.

The silver diffusion sinter technology has the potential of replacing even the wire
bonds by connecting a silver foil to the top side chip contact as shown in Fig. 11.57.
This eliminates another weakness in the classical module architecture: the aluminum
wire bond. This improvement reduces the parasitic resistance and inductance of the
top side chip contact and further enhances the power cycling reliability [Amr05].

Evaluating potential improvements in progressive packaging technologies, it is
inevitable to consider the complex interdependency of single optimizations with
respect to the performance of the complete system. Especially the impact of par-
asitic influences cannot be omitted. This aspect will be addressed in more detail
in Chap. 14.

Fig. 11.57 Silver diffusion
sinter technology applied to
the bottom and top side chip
contact, eliminating the
traditional solder interface
and replacing the wire bonds
with a silver foil. Source: TU
Braunschweig
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Chapter 12
Destructive Mechanisms in Power Devices

This chapter will deal with some destructive mechanisms in power devices, and
typical failure pictures for them will be shown. Failure analysis requires a lot of
experience, especially regarding the conditions in the power circuit at failure, which
must be carefully considered. Although some of the failure pictures appear to be
similar, it is difficult to draw conclusions only from pictures. However in practice
the engineer often has the problem to find the reason for failures, and the following
sections might be helpful.

12.1 Thermal Breakdown — Failures by Excess Temperature

In Chap. 2 the intrinsic carrier density n;j was explained, it strongly depends on
the temperature as described in Eq. (2.6). In silicon, n; amounts approx. to 10'0
cm™3 at room temperature, and it is negligible compared to the background dop-
ing. However, n; increases rapidly with increasing temperature. Therefore, at very
high temperatures, the thermal generation becomes the dominant mechanism for the
creation of carriers.

With the introduction of an intrinsic temperature Ty similar to [Gha77], one can
estimate, when the rise of some critical mechanisms in a device with increasing
temperature can be expected. Tiy is that temperature, at which the density of carri-
ers nj generated by thermal generation is equal to the background doping Np. It is
drawn in Fig. 12.1 as a function of Np. Below Tjy the carrier density is only weakly
dependent on temperature. Above Tjy the carrier density increases exponentially
with temperature according to Eq. (2.6). From Fig. 12.1 we can see that for a high-
voltage device, which requires an Np in the range of 10'3 cm™3, Ty will be reached
at a much lower temperature compared to a device with a lower voltage rating, at
which, e.g. a range of 10'* cm™3 is used for Np.

However, this point of view is much too simplified. The intrinsic carrier density is
defined for thermal equilibrium, while a device in application is usually never oper-
ating in thermal equilibrium. Therefore, one must also consider in which operation
mode and by which effect an increased or locally increased temperature is reached.

For low-voltage MOSFETs operated in a short time interval in avalanche break-
down, it was found that destruction occurs if the temperature increases just below
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Fig. 12.1 Intrinsic temperature in silicon as a function of background doping

the temperature Ty, which was in the range 320°C for the used 60 V MOSFET
[Ron97]. This agrees with Fig. 12.1, if the doping Np of 4x10'> cm™3 is assumed
which is reasonable for this voltage range.

If a bipolar device is in the forward conduction mode, e.g., in a surge current
event, it is flooded with free carriers in a density in the range above 1010, even
slightly above 10'7 ¢cm™3 can occur. When the thermal generation amounts to a
carrier density in this range, it becomes the dominating mechanism. Therefore, in
such short time events, very high temperatures may occur without a failure in the
device. In the surge current mode, a Ty up to the range of 500°C is to be expected.

In the blocking mode, a space charge region builds up and carriers are removed
from the depleted zone. Their density is given by the leakage current, which is low
for most modern power devices (except for gold-diffused devices). Thermal stability
is now determined by the height of the leakage current.

Therefore the associated mechanism which leads to a high temperature must be
taken into account. For the investigation of stability, one has to consider the tem-
perature dependency of the electrical mechanism which leads to high losses and
therewith high temperature.

If the heating is caused by a high leakage current, the leakage current will further
increase in regions of high temperature. These regions will get hotter, which again
leads to more increased leakage current. Such behavior shall be termed here as a
positive feedback. 1f the high power loss density cannot be extracted by the cooling
of the device, the device will be destroyed inevitably.

If the high losses are generated by a high voltage above the breakdown voltage
VBD, which drives the device in the avalanche breakdown, losses are created and the
temperature increases. However, with increasing temperature, Vpp increases. The
region, where avalanche breakdown occurs, will move to the regions of the device
where the temperature is lower. Even if such electrical mechanisms lead to local
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filaments, the increase of temperature releases the local stress, leading to a negative
feedback effect.

However, if the temperature reaches Tin, the thermal generation will become
the dominating effect, and then the temperature increase acts as a positive feed-
back. Inhomogenities in current density, even if they are small, will be amplified
rapidly. If the temperature reaches Tjy, one has to expect current tubes or filaments,
considering a device with an area above some square millimeter.

If Pgey is the generated power density and Poy is the power density that can be
maximally be drawn out via the package and heat sink, one can express a condition
for thermal runaway [Lin08]:

anen 9Pout

12.1
aT ~ oT (12.h

If this condition is fulfilled for a stationary operation point, a fast exponential tem-
perature increase will occur. Equation (12.1) is a general form of an equation that
was used for thermal stability of bipolar transistors [How74]:

dlc
S=Run-Vc 3T (12.1a)
If the stability factor S increases > 1, any temperature disturbance will grow and
thermal runaway will occur.

Finally, the destruction of the device is always due to high temperature. Failed
devices show local regions of molten semiconductor material. If the temperature
increase occurs locally, in a very small point-like area of the device, one can find
even cracks in the crystal lattice. However, it must be distinguished by which effect
the temperature increase was generated. Some of these effects will be described
below.

As a simple example, Fig. 12.2 shows an IGBT device, which has failed due to
very high power losses. The IGBT was only stressed with forward current and the
failure was caused by a too low gate voltage V. One can recognize a comparatively
large molten area (>1 mm?) at the emitter side. It is located typically close to the
center of the device and close to the bond wires.

If overtemperature occurs in an application in which the device is switched
between the blocking mode and the conducting mode at a high frequency, the
destruction picture may be different. With increased temperature, the blocking
capability is lost first. In almost all devices with planar junction termination the
breakdown will occur at the edge. Therefore the point of destruction will be at the
edge of the device or at least a small part of the edge should be included.

12.2 Surge Current

In the application of a diode or a thyristor in a rectifier, momentary high over-current
pulses can occur. Therefore the possible surge current is determined and given in the
datasheets for rectifier diodes, fast diodes, and thyristors. During the qualification
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Fig. 12.2 IGBT-Chip
destroyed by excess
temperature

Bond wire

Bond foot

Metallization

500 ym

of a diode, a single sinus half-wave of the grid current is imposed in the forward
direction of the diode. Figure 12.3 shows the surge current measurement of a fast
1200 V diode with an area of 7x7 mm?, the waveforms of current, voltage, and
additionally the power p = v - i are pictured as a function of time.

Due to the junction voltage of the measured diode and the junction voltage of
a thyristor in the measurement equipment, the current pulse duration is not 10 ms
as it should be for a grid frequency of 50 Hz, but it is 7.5 ms. In Fig. 12.4 the I-V

v Iv] P W]
i[A]l 5 43710
400 4 43180
300 3 12650
200 2 ¢ 2120
100 1 41590

0 0] | 1060
-100 -1 \ —» | 530
-200 -2

t[ms]

Fig. 12.3 Surge current load of a fast diode. Voltage, current, and power depending on time
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Fig. 12.4 |-V characteristic
of the surge current load in L
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characteristic from the measurement in Fig. 12.3 is shown. Since a high temperature
is reached in the device, the characteristic splits into an ascending and descending
branch. In the descending branch the voltage drop is significantly lower.

For the dissipated power in Fig. 12.3 the temperature in the semiconductor is
estimated in Fig. 12.5 with a thermal simulation using the simulator SIMPLORER.
The diode is packaged as shown in Fig. 11.13, the thickness of the Al,O3 ceramic
is 0.63 mm. The heat flux is fed in the volume of the low-doped n™-layer of the
device in the form of a sinus-square function within a time of 7.5 ms and amplitude
of 3060 W, according to the measurement in Fig. 12.3. The temperature dependency

' DCB-substrate
top side Cu-layer

DCB substrate
bottom Cu-laye

Fig. 12.5 Simulation of temperatures for the surge current event in Fig. 12.3
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of thermal conductivity in silicon is considered according to Eq. (11.5), since this
will be significant for the result at the expected high temperature increase. In the
estimation in Fig. 12.5, the temperature in the n™-layer (Si-active) of the device
increases up to 382°C.

This high temperature may explain the strong difference of the forward voltage in
Fig. 12.4 in the descending branch compared to the ascending branch. The voltage
drop VF consists of Vg = V; 4+ Vst - Ir decreases at high temperature because #; is
strongly increasing with temperature. For Vyif;, the temperature dependency can be
discussed using Eq. (5.47)

"

_ (12.2)
(n + ,U«p) * Teff

Varife =

where Tt contains the carrier lifetime 7, as well as the emitter influence, see
Eq. (5.52).
To this temperature dependency contribute the following effects:

— The carrier lifetime. It increases with temperature. This leads to a decrease of the
forward voltage drop with temperature.

— The emitter recombination: For this, Auger recombination is important and at a
high current density tef will become very small. Additionally, in many modern
devices the emitter depth is smaller than the diffusion length and then the emit-
ter depth must be used in the emitter parameter. However, no strong temperature
dependency of emitter recombination is to be expected.

— The mobilities. They decrease strongly with temperature. This effect leads to an
increase of the forward voltage.

— The temperature dependency of the resistance of metallization and bond wires.
This resistance increases with temperature.

— Finally the density of thermal-generated carriers n; depends strongly on temper-
ature. If n; significantly contributes to the density of free carriers — this is in the
range of 10!7 ¢cm™3 for surge current events — then a significant decrease of the
forward voltage is to be expected. Now Eq. (12.2) is no longer valid. However,
Eq. (5.34) which was used to derive the basics of forward conduction can be
written as

WB

Jj 1
Varift = = dx 12.3
anft q/ (1n(®) + 11p(0)) p(x) (123

The density of free carriers p(x) ~ n(x) is strongly increasing and Vg is
decreasing.

The form of the I-V characteristic will therefore be very different for different
diode fabrication technologies. The behavior like Fig. 12.4 is normally observed
in some special fast diodes. Finally, the failure can be caused by the following
mechanisms:
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(a) Melting of the top side metallization. This occurs especially in bonded diodes
in power modules.

(b) Mechanical destruction, cracks in the device, caused by very high temperature
and mechanical stress resulting from thermal expansion.

(c) If finally n; is dominating, the characteristic behavior of a resistor with a neg-
ative temperature coefficient occurs [Sil73]. The forward voltage decreases
strongly. A positive feedback occurs. A filamentation of the current into tubes
with very high current density is to be expected.

In [Sil73] it is estimated that the negative temperature coefficient of the resistance
according to mechanism (c) occurs after the temperature has increased to an amount,
at which n; approximates to 0.3 72. There are some hints that there is a dependency
on the device area. Small diodes can bear a higher current density since there are
fewer possibilities for the formation of filaments. If the failure occurs according to
(c), then it will be typically close to the edge of the active area, since these are the
locations with the highest current densities.

For wire-bonded diodes in IGBT modules, as shown in Fig. 11.13, the anode
layer with a typical low junction depth is on the top. The heat dissipating volume is
close to the metallization layer and bond wires. For such diodes, failure according to
mechanism (a) is expected. In a more detailed simulation with the Sentaurustcap
device simulator [Syn07], it was found that the metallization layer and the bond
foot arrangement are of high influence to the occurring temperatures and the surge
current capability [HeiO8b]. The thicker the metallization the better is the capabil-
ity to absorb the heat especially in short times, since it acts as additional thermal
capacitance. Another important factor on the surge current capability of diodes is
the location and size of the contact area of the bond wires. A high ratio of bond foot
area to the diodes anode will increase the surge current capability.

A surge current stress below the destruction limit will not lead to irreversible
modifications in the semiconductor itself. If the surge current is increased above
the value in Fig. 12.4, the split of the characteristics will increase and higher
temperature will occur in the device. Finally destruction of the device occurs.

However, already in the simplified temperature estimation in Fig. 12.5 the tem-
perature in the chip solder layer grows up to 186°C. Such a temperature is already
close to thermal softening of solder layers. Therefore irreversible modifications in
solder layers, and also in metallization and bond wires, may occur. The surge current
capability therefore is intended for singular overload events and it is not intended
for regular operation of a power semiconductor.

The temperature in the bottom Cu-layer of the DCB substrate has only grown
up to 27°C, this is negligible. Therefore the influence of further components of the
package can be neglected at surge current conditions; hence all effects happen in the
semiconductor and in the immediately adjacent layers.

The surge current capability of a fast diode is typically at 10 — 12 times of the
rated current. The surge current capability of a diode for grid frequency operation
or of a thyristor is typically in the range of 20 times of the rated current, since these
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Fig. 12.6 Wire-bonded
diode, destroyed by surge
current

devices are manufactured with high carrier lifetime, and the forward voltage drop is
lower.

A diode which failed due to surge current is shown in Fig. 12.6. The molten
regions close to the bond feet are typical. The hottest surface spot at surge current is
beside the bond feet [Hei08b]. The failure mechanism here is according to (a). The
molten area for this case is always in the active area of the device. Such pictures
allow a clear identification as a surge current fault during analysis in the quality
department of the device manufacturer.

The failure in an application must not be during a sinus-shaped pulse. The cur-
rent pulse might be of a different shape. A general description is done by the it
value in data sheets, which holds for arbitrary current pulses. The failures are due to
exorbitant heating of the device by too high currents and the occurrence of one of
the described mechanisms.

12.3 Overvoltage — Voltage Above Blocking Capability

The blocking capability of power devices is limited by avalanche breakdown.
Avalanche breakdown occurs above the rated voltage of the device. Most power
devices can sustain some current in the avalanche breakdown mode. However, the
data sheet of the manufacturer excludes operation of the device in the avalanche
mode, if the device is not avalanche rated.

Several MOSFETs and diodes in the range up to 1000 V are avalanche rated; this
allows short-time operation in the avalanche mode. The maximum dissipated energy
in the avalanche E,y is specified in the data sheets of the manufacturers, in general
form it is given by :

Ep = / Vep - i(t)dt (12.4)
th
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where Vpp is the device breakdown voltage, i(f) the current pulse in avalanche,
and f,y is the time of the current pulse. Usually avalanche occurs at “unclamped
inductive switching,” where the MOSFET is turned off in a circuit with an inductor
L in series. The voltage now rises up to the breakdown voltage and the current
decreases with
di  Vpp —V
@ BD bat (12.5)
dr L
If i(f) decays linearly from ILny(peak) to zero during f,y, as it is the case when the
energy of an inductor is dissipated, Eq. (12.4) can be expressed as

1
Ey = E - VBD 'Iav(peak) - lay (12.6)

and the dissipated energy in this case is the stored energy in the inductor 0.5 - L -
Iz%v(peak) and additionally the energy 0.5 - Viat - Lay(peak) - fav Which is delivered by
the voltage source Vi, during f,y. Avalanche rating of low-voltage MOSFETSs can
be up to E,y = 17, such energy can only be dissipated in single events and never in
continuous mode at a high operation frequency.

The design of the MOSFETS for avalanche capability is in a way, that the break-
down occurs in the volume of the device, e.g., in a planar MOSFET at the p*-layer
in the center of the cell (Fig. 9.4) where the n™-base is narrowest. Avalanche
capability is also possible for trench MOSFETs (Fig. 9.6), for these structures an
additional design effort is necessary to avoid the location of avalanche at the trench
corners [Kin05].

The occurrence of breakdown in the volume of the device is also possible for
diodes with a beveled junction termination of positive angle (Fig. 4.17). The break-
down will occur at the edge for diodes with planar junction terminations with
floating potential rings (Fig. 4.19). Well-designed potential rings can also bear cur-
rent in the avalanche mode, even if it flows mainly at the edge. However, above
1200 V, one can only rarely find avalanche rating and if it is with more restrictive
conditions.

For avalanche capability, as second condition is that branches with negative dif-
ferential resistance (NDR) must be avoided. This will be explained more in detail in
the following.

For a higher rated blocking voltage the device must have a lower doping, see
Fig. 3.17. If avalanche occurs, the shape of the electric field is triangular or trape-
zoidal and electron—hole pairs are generated in the region with high electric field.
The generation depends exponentially on the electric field and the main part is
generated close to the pn-junction.

Holes are flowing to the anode and electrons to the cathode. Within the space
charge, we can include the generated carriers p,y and n,y in the basic equation (2.90)
according to their polarity, in one-dimensional expression as

dE ¢
dx  eo-é&r

(Np+ + pav — nay) (12.7)
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At the anode side border of the space charge, no electrons arrive and the reverse
current is carried only by holes. We neglect the small contributions of dif-
fusion current and recombination center-induced leakage current. Then at this
position holds
_ R

q - Vsat(p)
where jr denotes the reverse current and vg,(p) denotes the saturation velocity of

holes since at the given high electric field. At the cathode-side border the arriving
reverse current is pure electron current. The density of generated electrons is

Pav (12.8)

JR

=" 12.9
q - Vsar(n) ( )

Nay

with vea(n) of 1.05 x 107 cm/s at T = 300 K.

The generated free carriers influence the effective doping Negr and thereby
the shape of the electric field. The feedback is shown with device simulation in
Fig. 12.7. At the left-hand side, and at the pn-junction, it holds Neff = Np + pay.
With increasing jr the gradient of the electric field becomes more steep according
to Egs. (12.7) and (12.8) and at the pn-junction occurs an increased field peak.

At the nn*-side, Negr is lowered since Negf = Np —nay. If nyy is in the range of Np,
a part of the positively charged donors will be compensated. If we assume a high-
voltage diode with Np of 1.1x10'3 cm~3 as in Fig. 12.7a, only a current density
jrR = 19 A/cm? is necessary to compensate the background doping for this design
(a) completely. The gradient dE/dx becomes flat. In Fig. 12.7b the same conditions
are taken, but the doping Np is increased to 1.7x10'3 cm™3 for this design (b).

The voltage corresponds to the area below E(x). For design (a) the negative
voltage area is always larger than the positive voltage area that occurs at the nn*-
junction. For design (b), up to a current density of 40 A/cm? there is a larger positive
voltage area at the nn*-junction, resulting in a positive branch of the post-avalanche
characteristics.

In the simulated I-V characteristic, branches with positive and with nega-
tive differential resistance (NDR) occur at increased carrier density in avalanche,
depending on the respective design [Hei05]. Figure 12.8 shows the post-avalanche
behavior. Diode design (a) with very low background doping Np = 1.1 x 10'3 cm—3
shows NDR already at 0.1 A/cm?. Diode design (b) with increased doping shows
as consequence a lower breakdown voltage, but then follows a branch with positive
differential resistance.

For a further increased current density, a second voltage peak builds up at the
nn*-junction. Finally, at a very high avalanche current density, design (b) runs at the
same line as (a), since at this condition the blocking capability is no longer deter-
mined by the doping, but only by the free carriers and the device thickness. Design
(c) in Fig. 12.8 with thicker base has an extended branch of positive differential
resistance.

The occurrence of branches with the NDR was first explained by Egawa [Ega66].
They are in conjunction with a hammock-like field shape, as to be seen in Fig. 12.7a
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and b for high current density. This shall be called Egawa-type field. Such fields and
branches with NDR have the precondition that the electron current n,y, calculated
with Eq. (12.9), is higher than Np. This condition is fulfilled for low-voltage devices
only at very high current densities, but it may be reached at a moderate current
density in high-voltage devices with low background dopings. This is one of the
reasons why high-voltage devices are usually not avalanche rated.

At the nn*-junction, avalanche is triggered by electrons and we have to use the
multiplication factors for electrons, which are much higher than that for holes, see
Fig. 3.15. Therefore impact ionization will occur at the nn*-junction already at a
lower electric field. Impact ionization at the nn*-junction will create electron—hole
pairs, the holes are flowing to the pn-junction and will increase the avalanche at
the pn-junction. A positive feedback between impact ionization at the left and the
right side will occur. Avalanche at an nn*-junction has been described as a failure
mechanism of devices in [Ega66, How70].
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Fig. 12.8 Influence of base doping and base width to the static avalanche characteristics. (a) and
(b) with wg = 375 wm and different doping of 1.1x10'® cm™3 (a) and 1.7x10'3 cm™3 (b), (¢)
with 1.7x10'3 cm™3 and wider wg of 450 pm. Fig from [Lut09] © 2009 IEEE

In Fig. 12.7, the difference between (a) and (b) is only the increased doping in (b).
The range of positive differential resistance can be extended by a thicker base wg .
Most effective are buffer layers, in which a region of increased doping is arranged in
front of the nn*-layer. With special buffers, fields at the nn*-junction can be limited
and branches of negative differential resistance can be widely avoided. Details are
given in [Fel06].

In devices with planar junction termination, the edge usually limits the maxi-
mal possible blocking capability!. Avalanche breakdown first occurs at the edge.
Therefore current densities high enough to lead to Egawa-type fields can occur
locally at the edge. For a failure by overvoltage it is typical that the edge of the
device is included in the destroyed area. Figure 12.9 shows the failure picture of
a 1700 V diode. The device has a planar junction termination with potential rings
similar to Fig. 4.19. Three potential rings can be seen in the upper part of the figure.
The point of destruction is located between the p-anode layer and the first poten-
tial ring. This is one of the positions of the highest electric field, as it is marked in
Fig. 4.19.

The occurrence of such a failure position indicates that the failure was caused
due to voltage. However, Fig. 12.9 does not allow a clear decision, whether an over-
voltage above the rated voltage of the device was applied or the particular device
had a weak point induced in the manufacturing process. A failure picture as in
Fig. 12.9 is only then occurring, if no high current was flowing across the point of
destruction.

Exception MOSFETS. In MOSFETS the cell geometry is adjusted that the avalanche breakdown
occurs first below the cells and not at the edge, see above.
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Fig. 12.10 3.3-kV diode possibly destroyed by overvoltage

A picture of a destroyed semiconductor, in which after failure a high current was
flowing, is shown in Fig. 12.10. Part of the edge and a big part of the active area are
evaporated. If such a picture occurs, one can presume that the destruction occurred
at first at the edge and then it propagated toward the bond wires.

However, the cracks in the crystal lattice are not typical. These cracks indicate
a local hot spot in a small, point-like position. Such failure pictures can also be
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found at strong dynamic avalanche (dynamic avalanche of the third degree, see
Sect. 12.4.2). Therefore this failure picture is not unequivocal.

12.4 Dynamic Avalanche

12.4.1 Dynamic Avalanche in Bipolar Devices

During switching of all bipolar devices the increase of the voltage occurs at an
instant, at which a large part of the stored carriers, which have conducted the forward
current before, is still present in the device. This stored charge is partially removed
during the voltage increase, and it flows as hole current through the space charge
region.

Figure 12.11 shows the process in a simplified way. The pn-junction at the posi-
tion x = O represents the blocking pn-junction of a bipolar device. Between the
junction and wsc the space charge region has extended, for supporting the applied
voltage. Between wgc and the end of the lowly doped layer exists a plasma zone,
in which n & p holds. The effects at the right side shall be neglected in this first
approximation. At this position there will be either an nn*-junction of a diode, or
the collector layer of an IGBT, or the anode layer of a GTO thyristor, etc. As long
as very hard switching conditions are not applied, no space charge is build up at this
position.

Through the space charge the current flows as hole current, j = j,. The density
of holes p can be calculated from the current density at this instant:

p=—71 (12.10)
q - Vsat(p)

In this equation vsay(p) is the saturation drift velocity of holes under the condition of
high fields, it amounts in silicon to approximately 1x 107 cm/s and is close to the
saturation drift velocity of electrons vsaim). A current density j of 100 A/cm? leads
to p = 8.2 x 1013 cm™3, which is already in the order of the background doping of
a bipolar 1200 V device. The hole density p can no longer be neglected.

Holes have the same polarity as the positively charged ionized donors, hence
their density now adds to the background doping to an effective doping Ne:

Negt = Np +p (12.11)
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With the Poisson equation, Neg determines the gradient of the electric field:

dE

dx

(Np +p) (12.12)

[N

so that dE/dx is increased. With this, the field shape is steeper, Ey is increased and
the voltage, which drops across the space charge of width wgc, is increased in the
first instance. However, Eq can rise only up to the avalanche field strength E.. E,
will now be reached at an applied voltage far below the specified rated blocking volt-
age of the device and avalanche will set in. This process, which is now dominated
by free carriers, is called dynamic avalanche.

This process occurs during turn-off of diodes, GTOs, and IGBTs, for further
details, however, the specific peculiarities of the respective device and their physics
must be considered.

12.4.2 Dynamic Avalanche in Fast Diodes

In the state which is drawn in Fig. 12.11, the shape of the electric field is approx-
imately triangular, since no space charge can penetrate into the plasma layer. For
a triangular field we can use the relation (3.84) between the avalanche breakdown
voltage Vpp and doping:

b _ L (8
BD—2 B

where for the ionization rates the proposal of Shields and Fulop is used with
B=2.1x10"3c¢m®V’ and n = 7 at room temperature [Shi59, Ful67]. The deriva-
tion of this equation can be found in Chap. 3, Egs. (3.75) to (3.84). This equation
can be used since dynamic avalanche in this case is governed by holes.

If now Egs. (12.10) and (12.11) are inserted in Eq. (12.13), we obtain a relation
between the onset of dynamic avalanche and the current density in the space charge
region, as shown in Fig. 12.12. For the background doping Np the typical values
for a 1700 V device and for a 3300 V device are used, Np = 4.3 x 10'3 and
1.7 x 1013 ecm™3, respectively.

From Fig. 12.12 one can recognize that for a device with high static block-
ing capability the avalanche onset voltage decreases strongly. In a 3.3 kV diode,
dynamic avalanche sets in already at a reverse current density of 30 A/cm?”. For a
reverse current density of 200 A/cm? the limit for the onset of dynamic avalanche
has decreased down to 1050 V, and it is not much above the limit of a 1700 V device.
There are only small differences between the two diodes voltage ratings, because the
second term in Eq. (12.11) representing the free charge carriers is dominating.

=
Bl

&

. <_‘1'Neff)_ (12.13)

Dynamic Avalanche of the First Degree

Close to the onset of dynamic avalanche, failures have been detected and assumed to
be an unavoidable phenomenon of semiconductor physics [Por94]. Even a “silicon
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limit” at a power density V-I/A = 250kW/cm?® was sometimes assumed [Sit02].
The line for 250 kW/cm? shown in Fig. 12.12 is close to the calculations with Eq.
(12.13), the onset of dynamic avalanche at the pn-junction.

However, Schlangenotto [Sco89b] published another point of view. Moderate
dynamic avalanche, dynamic avalanche of the first degree, should not be critical.
Dynamic avalanche generates electrons in the space charge which counteracts the
positive charge of holes and then holds

Nett = Np + p — nay (12.14)

The increased hole density is partially compensated and this mechanism should
be self-stabilizing. This was confirmed by diode designs bearing a significant
amount of dynamic avalanche current [Lut97]. For 3.3 kV diodes Nagasu et al.
[Nag98] and Domeij et al. [Dom99] reported measurements with 1.7 times higher
voltages than the alleged limit. These results are also shown in Fig. 12.12.

The power loss density gives an estimation of the avalanche intensity, but it gives
no physical explanation of a failure limit, since the high-power density occurs only
during some 10 ns, while the dissipated energy is low and the temperature increase,
if it is a one-time effect, is negligible.

However, for this to hold true it is a precondition that the device has no weak
points in its design. In [Nag98] and [Tom96] it was shown that the edge of the
active area is of great importance. In diodes with the common planar field limiting
structures, the anode area is smaller than the cathode area. At the edge of the anode,
additional current contributions from the n*-region are occurring during forward
conduction, as shown schematically in Fig. 12.13. The current density at the edge of
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increased current density at
the edge of the active area.
INIENEN] Ln*

Reprinted from [Lut03] with
permission from Elsevier

cathode metal

Fig. 12.14 Resistive layer
for reduction of the current
density at the edge of the
anode. Reprinted from
[Lut03] with permission from
Elsevier

the anode is increasing and in device simulation one can observe a current filament
already at the beginning of turn-off period. The implementation of a resistive zone
at the edge, as shown in Fig. 12.14, is reducing this weak point. The p-layer is
extended by a length R below the passivation layer. The anode side p-layers are
only moderately doped in soft recovery diodes, therefore the region R acts as a pre-
resistor for a current at the edge of the p-layer and the current density at the edge
will be reduced. Such a structure at the edge was called “HiRC” structure (high
reverse recovery capability) in [Mor00].

Dynamic Avalanche of the Second Degree

With an increasing current density, dynamic avalanche leads to filamentation of the
current due to space charge effects as reported by Oetjen et al. [Oet00]. Figure 12.15
shows a static simulation of the electric field distribution and /-V characteristic of
a ptnp* structure. This figure represents the process of Fig. 12.11; however, for an
increased current density. The plasma layer of Fig. 12.11 is replaced by a p*-layer
which injects holes. Figure 12.15a displays the electric field at the current densities
500 and 1500 A/cm?. The field has reached the avalanche field strength level at
the pn-junction, in this figure at x = 8 wm. The field shape for j = 500 A/cm?
is approximately triangular. Avalanche generates electron-hole pairs in the region
with high field strength. However, the generation is not local, since it happens within
some length in the x-direction which is necessary for carrier acceleration. The holes
are flowing to the left-hand side; the electrons are flowing to the right-hand side.
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Fig. 12.15 Illustration for dynamic avalanche at an increased current density. Field shape
(left-hand side), I-V characteristic (right-hand side). Reprinted from [Lut03] with permission from
Elsevier

Close to the pn-junction — region a — the hole density is increased by the holes
generated by avalanche. At the pn-junction holds

dE

- =§(ND +p+[7av) (12.15)

With this, dE/dx at the pn-junction has become very high. This is drawn for
j = 1500 A/cm?. Further away from the pn-junction, in region b, the electrons
nyy generated by dynamic avalanche are flowing to the right-hand side. There are
also some generated holes p,y, but their density is decreasing with distance to the
pn-junction. It can be summarized for region b:

dE

e =g<ND +p+pav_”av) (12.16)

In region b a partial compensation of generated electrons and the flowing holes
occurs, p,y is decreasing to the right-hand side, while ny, is increasing. Hence, the
gradient of the electric field dE/dx becomes flat. At the border to the plasma layer
E = 0 must hold. Therefore in region c the gradient dE/dx must increase again. The
field in regions a to ¢ will form a typical bowed shape.

The voltage correlates to the area under E(X) which is slightly lower for the
higher current density (see Fig. 12.15b). The I~V characteristic has a region of
weakly negative differential resistance. Such a characteristic splits a homogenously
distributed current to areas with lower current density and in filaments with high
current density. The type of characteristic in Fig. 12.15b is described as S shaped in
[Wak95], which can lead to the formation of stable current filaments.

Device simulation of such events shows a current density of 1000-2000 A/cm?>
in the filaments. Nevertheless, there are counteracting mechanisms, and destruction
should be avoidable for the following reasons:
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— The differential resistance is weakly negative, so that a further increase of cur-
rent increases the voltage again. Therefore, the current density in the filaments is
limited.

— The temperature inside the filament will increase leading to a reduction of impact
ionization in the area of the filament, this counteracts the filamentation.

— The high local current density in a filament quickly removes the stored carri-
ers locally from the plasma layer, counteracting the driving force for dynamic
avalanche.

Therefore a state of rising, expiring, jumping, or moving filaments is to be
expected, but a diode should still be capable to withstand this effect. Moving and
jumping filaments are to be seen in two-dimensional device simulations [NieO5,
Hei06]. It must be mentioned that two-dimensional simulations are limited, because
filaments have a three-dimensional effect. However, such simulations are enor-
mously time consuming and have not been possible up to now. In real devices,
the edge of the active area is a strong inhomogenity, and it triggers the first fil-
aments [Hei07]. For such a geometry including the edge of the active area, a
two-dimensional simulation is capable of showing the main effects.

Most simulations in this field have been done under isothermal conditions that
means without consideration of any temperature increase in filaments. However, the
avalanche coefficients are strongly temperature dependent. The first temperature-
dependent simulations of such problems showed an influence of temperature,
filaments building up, and decreasing at different speeds, compared to isothermal
simulations. However, the qualitative behavior was similar [Hei07].

Dynamic Avalanche of the Third Degree

Further increase of the stress by dynamic avalanche leads to the situation that a field
at the nn*-junction occurs while there is still dynamic avalanche at the pn-junction.
The effects are shown in Fig. 12.16 in a simplified way. There is still remaining
plasma, and the electric field between the plasma, and the pn-junction is bowed
as in dynamic avalanche of the second degree. Between the plasma and the nn*-
junction a second electric field builds up, whose peak is at the nn*-junction and
whose gradient is inverted compared to the left space charge zone.
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This inverted gradient of the electric field can only occur, if the density of free
electrons is so high that it overcompensates the positively charged donors of the
background doping:

dE
'— =2 4 ny —Np) (12.17)
dx e

If nyy is increasing, the absolute value of dE/dx will increase, and finally impact
ionization sets on at the nn*-junction also. This is usually initiated locally in a region
where a high current density filament at the pn-junction has formed. A double-sided
dynamic avalanche is given at this position.

Figure 12.17 shows results of a simulation of a diode under such conditions
[HeiO8]. In Fig. 12.17a the current density is shown, between y = 3600 and 4400 um
a wide filament at the pn-junction has formed, at the nn*-junction occurs a narrow
high-current filament at y = 4000 pwm. In Fig. 12.17b the electric field is shown for
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the same instant. At the nn*-junction a second electric field appears with a high field
peak at y = 4000 pm.

This hammock-shaped electric field has already occurred as an Egawa-type
field [Ega66] in Sect. 12.3. There are also similarities to the field at the
nn*-junction at second breakdown in bipolar transistors. Applying Wachutka’s
model for the destruction limit of GTO thyristors [Wac91] to fast recovery
diodes using the boundary conditions in [Ben67] leads to the conclusion, that
dynamic impact ionization at the pn-junction should be stable, whereas impact
ionization at the nn*-junction is highly unstable. It is sufficient, that the ion-
ization integral fowa(E(x))dx (see Eq. (3.67)) reaches a value of 0.3 to get
to an instability mode. The current density in a filament will increase with
a time constant in the range of some nanosecond [DomO3]. Impact ioniza-
tion at the nn'-junction is triggered by electrons and will occur at lower
electric field strength because of the higher ionization rates of electrons. The
rapid increase of the local current density is assumed here to be the cause of
destruction.

In recent work, it has been shown by numerical simulation that the plasma-layer
expands to the nn*-junction in the vicinity of a cathode-side filament. This behav-
ior differs from anode side filaments and results from the velocity saturation of
the electrons and holes in the high-field region [Bab09]. The reduced depletion
layer in the vicinity of the filament inhibits the lateral movement of the filament
and, therefore, leads to strong local heating. This generates a destructive thermal
filament.

The assumption that an Egawa-type field above a certain limit of 100 kV/cm at
the nn*-junction (Fig. 12.16, right-hand side) leads to the destruction of the diode
could explain an experimentally found destruction limit. Figure 12.18 shows the
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Fig. 12.18 Failure of a 3.3 kV diode under extremely strong dynamic avalanche conditions.
Reprinted from [Lut03] with permission from Elsevier
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Fig. 12.19 Failure picture of
a diode destroyed by dynamic
avalanche of the third degree

failure of a 3.3 kV-rated diode under the condition of very fast commutation di/dz.
The reverse recovery current peak Irrm of 360 A represents a reverse current den-
sity of 400 A/cm”. The voltage across the diode is rising very fast, since in this
experimental setup an additional capacitor of 22 nF was built-in between the gate
and emitter of every switching IGBT. Already 200 ns after /rry the voltage has
climbed up to 2000 V. The diode is destroyed shortly after the voltage peak.

If the employed IGBT withstands the short-circuit stress, which occurs after the
destruction of the diode, and if it turns off the current successfully one can find
a characteristic failure picture as shown in Fig. 12.19. At one point of the active
area a small molten channel is found. In the case of dynamic avalanche of the third
degree, cracks in angles of 60° were observed. The failure picture corresponds to
the destruction of a 111-oriented silicon wafer by a point-shaped stress. This is a
hint for a current filament of very high current density and very high temperature in
a small area.

Such a failure limit was reproduced for devices of the same type of different pro-
duction lots. Figure 12.20 shows the measurement results (black dots). The x-axis in
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Fig. 12.21 3.3 kV diode with strong dynamic avalanche and SSCM mode [Rah04] © 2004 IEEE

Fig. 12.20 corresponds to the current density at reverse recovery current peak IrrM,
which can be adjusted by variation of di/d¢. The y-axis shows the value of the volt-
age peak Vpi (see Fig. 12.18) which occurred before failure. It can be recognized
that there is a limit for the voltage and this limit depends only weakly on the current
density in the measured interval.

A device simulation with AVANT Medici resulted in the strait line shown
in Fig. 12.20. As condition for failure it was taken that a second electric field
builds up at the nn*-junction and that a failure occurs if this field grows up to
100 kV/cm.

The simulation predicts that an Egawa-type field occurs at higher voltages if the
width of the n™-layer of the diode is increased (dotted line in Fig. 12.20). This was
confirmed by an experiment for a diode with a 50 pm thicker middle layer. However,
the experiments yield that the limits of failure are lower than the simulated limits
in tendency. Nevertheless, Fig. 12.20 shows that with the selection of the necessary
thickness, the ruggedness can be adjusted.

More recent results showed that freewheeling diodes even up to the range of
3300 V could achieve a very high capability to withstand dynamic avalanche
[Rah04]. Figure 12