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INTRODUCTION

The global power semiconductor market size, according to the published
forecasting data by manufacturers, is likely to attain 30 billion US dollars in the
year 2020. Within this segment, for those using next-generation wide bandgap
materials such as SiC and GaN, the global market may reach 3 billion US
dollars in 2020. The slow growth of the wide bandgap devices is mainly due to
issues of cost and reliability. However, the situation is expected to improve.

From the application point of view, in analogy to a human body, the micro-
processors or digital signal processors perform “thinking” and calculations to
make desirable decisions in electronic systems somehow similar to what the
human brain does. Once a decision is made, it frequently needs to be put in
work by the peripheral power train, just like human arms and legs. The power
train provides high voltage, high current static energy conversion or dynamic
motion control involving mechanical actuation to interact with the real world.
Power semiconductor devices are the building elements for the power train.
They are used to handle the high voltage and high current loads at high
temperature.

The boundary to differentiate a power semiconductor device from the semi-
conductor device group sometimes can be unclear as it can be made from the
same CMOS compatible process as well as be seamlessly integrated with other
low power semiconductor components. In general, we can look at the main
functionality of the device and its power rating in order to identify it to be a
power semiconductor device. As indicated in Fig. 1.1, the application of such a
device ranges from the linear regulator of a few hundred milliwatts to traction
and HVDC of a few hundred megawatts. Clearly, the range of applications
is very wide, and these devices vary from low-power CMOS microchips at
one end to Megawatt wafer-level large vertical configuration at the other end.
Three basic specifications are looked at to determine whether a power device
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Fig. 1.1. The various application zones of power semiconductor devices in terms of
system voltage and load current.

is suitable for a particular application, namely, the voltage rating, the current
rating, and the switching frequency (or the switching speed). Or, if the device
is to be used for linear application, i.e. non-switching, instead of the switching
speed, the small signal gain, the bandwidth, and the power rating will also be
looked at.

The desirable features of a power semiconductor device for switching appli-
cation are to have a high voltage sustaining ability with very low leakage
current; a high current rating with very low on-state resistance; a fast switch-
ing speed with minimum losses; high noise immunity and to be latch-up free.
Similarly, for the linear application, it is to have a high small signal gain with
low harmonic distortion; a wide bandwidth and good power rating. In order
to achieve all of these, research in several areas, namely, the material, the fabri-
cation processes, the device structures, integration, and packaging were looked
into. For the material, although silicon is still the mainstream material for
power semiconductor devices, wider bandgap materials such as silicon car-
bine, gallium nitride, carbon, or strained silicon germanium are getting widely
accepted to make devices with better performance. However, the limitation sits
on the availability of good quality source wafers and the high-yield fabrica-
tion processes. For the fabrication processes, special recipes were constantly
developed to meet the requirement of advanced structures. Modern power
semiconductor devices can now be categorized into several mature types,
namely, the diode, the BJT, the thyristor (and GTO), the MOSFET, the IGBT,
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and the static induction transistor. These devices, except for MOSFET, are
bipolar in nature and suitable for high current conduction. MOSFET, on the
other hand, has good switching performance and simple gate drive requirement
for medium-power products. Isolation and integration technology for devices
of lateral structure are also an important focus for power integrated circuits.
Overall, the research and development work is closely linked to fabrication
processes which can be rather costly. Industrial companies play an important
role in the development of new devices and processes.

Among all power semiconductor devices, MOSFETs and IGBTs are play-
ing major roles in applications and will continue to be the devices in high
demand for medium-high voltage applications. The silicon superjunction tech-
nology for MOSFET has increased the device voltage rating and reduced
its specific on-state resistance, thus making the device to break the unipolar
silicon limit. Recently, wide bandgap devices became a popular trend in power
semiconductor devices both in research and development, and in industrial
commercialization. These involve the growth of suitable substrates, epitaxy
buffer layers, new process recipes, and new dielectric materials and device struc-
tures. The performance merit of a power device can be rated by the following
relationship:

V2.
Performance Merit = | —Ereakdown ) (1.1)
RonN,sp

where Vpreakdown 18 the device breakdown voltage in volts and Ron sp is the
on-state specific resistance in €2 - cm?. Typically, for silicon power MOSFET,
the performance merit is around 30-50 x 10 VZ/(2 - cm?). For gallium nitride
MISHEMT, it is around 300-500 x 10° V2/(€2 - cm?). And, for SiC MOSFET,
it can be as high as 800-1000 x 10° VZ/(Q2 - cm?). Wide bandgap devices are
expected to have a sizeable market share.

SiC has always been one of the material candidates for semiconductor
devices since the invention of diodes and transistors. However, with the rapid
advancement of Si technology, it was ignored most of the time, until the break-
throughs in crystal growth and epitaxy of SiC in 1980s. The availability of
electronic grade material greatly facilitates the development of SiC devices
for power electronic applications. Today, six-inch SiC wafers with more than
50 wm and less than 1 x 10!5 cm—3 doped epi-layers are commercially available,
serving as the fundamental building block of modern SiC devices. After their
introduction into the power device market by Infineon and Cree in 2001, SiC
Schottky diodes have demonstrated their capability to significantly improve
the system efficiency and power density, and have been widely adopted in
some applications. It is fair to say that they have established their reputation
and the market share will only grow in the foreseeable future. On the other
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hand, SiC switches are still facing challenges from the prevailing Si devices,
mainly because of the cost issues and unproven reliability. Consensus is that SiC
switches will most likely penetrate the market in the high-end and high-voltage
sector first where cost is less of an issue. With the help of recent advancements
in defect and carrier lifetime control, SiC bipolar devices have started to show
excellent performance with much improved reliability for possible ultra-high-
voltage applications. Despite the bright future of SiC devices, material costs
and peripherals such as packaging and circuitry are the current bottlenecks
which will eventually determine the speed and extent of SiC device’s success.
Nevertheless, the presence of SiC devices pushes the envelope of power elec-
tronics limits to higher frequency and power density.

Unlike SiC power devices, the AlGaN/GaN heterojunction induces
two-dimensional (2D) electronic polarization charges which form a natu-
ral conduction channel. Such a conduction channel makes the AlGaN/GaN
device a default normally-on device. The immediate application will be for the
RF power amplifier where the operating point is at the normally-on state for
large signal swing. Recently, normally-off structures were developed for power
electronic applications. To enable normally-off operations, the gate structure is
modified from the simple Schottky gate to a p-GaN gate or full trenched gate
or fluorinated gate. The trade-off in making normally-off gate is on getting
a high positive threshold voltage (above 3.5V) and a good high temperature
threshold stability. Besides, the current collapse phenomenon is another impor-
tant concern in power electronic application. Multiple field plates and better
surface passivation are used to reduce the current collapse. Another option
is the usage of two-dimensional hole gas (2DHGQG) on the top layer to reduce
the surface field (RESURF) between the gate and drain in lateral direction,
allowing higher voltages to be applied.

The advent of SiC and GaN devices has added newer processing techniques
in power device technology. SiC or p-type GaN dopant activation requires
higher temperature processing compared to that in silicon technology. Atomic
layer deposition (ALD) method and plasma treatment for the introduction of
desired impurities have been extensively used in CMOS technology but they are
rarely needed in power devices as the junctions are typically deep and dielectric
thickness is large compared to what CMOS needs. However, the use of thin
dielectric to reduce the gate leakage and low energy F plasma treatment to
introduce F with shallow depth to raise threshold voltage has been adapted
for GaN devices. Hence, these advanced processing techniques have become
part of GaN-based power MISHEMT device processing. Case studies that use
these methods are included in this edition.

This book aims to introduce power semiconductor devices and fabrication
technology to readers who are interested or involved in this important field of



Introduction 5

technology. Chapter 2 provides fundamentals for junction electrostatics and
breakdown analyses. Chapter 3 focuses on p—n junction rectification aspects.
Chapters 4 and 5 are on devices of MOSFET and IGBT. Chapter 6 discusses
the new superjunction structure which breaks the unipolar silicon limit in
performance merit. Chapter 7 looks into the wide bandgap SiC power devices
and Chapter 8 is on the AlGaN/GaN heterojunction polarization and HEMT
devices. Chapters 9-11 look into the fabrication process technology and case
studies including both the superjunction and wide bandgap devices. Overall,
the book is a good reference material for both detailed theory and technology
work in the field of power semiconductor devices.
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.2

Carnrier PHysics ano Junction ELecTrosTATICS

2.1. Introduction

To understand the operating characteristics of power semiconductor devices
well it requires a good background knowledge in semiconductor physics, in
particular on carrier transport and junction electrostatics. For this chapter,
some important concepts on carrier transport physics and junction electrostat-
ics with breakdown mechanisms of silicon (Si) semiconductor are reviewed.
Materials of gallium arsenide (GaAs) and silicon carbide (SiC) are also briefly
mentioned. The aim of this chapter is not to treat the semiconductor physics
rigorously in fundamental detail. Rather, it is to highlight those properties that
are important and needed in understanding the operational characteristics of
power semiconductor devices.

2.2. Crystal Structure and Energy Bands

Silicon belongs to the group I'V element and as such it has four valence electrons
in its outermost shell. Silicon crystallizes in a diamond structure in which four
atoms are located at the corners of opposite diagonals of the cube and they
surround one atom in the center of the cube, as shown in Fig. 2.1. The central
atom has four covalent shared-pair electron bonds with the surrounding four
atoms. The unit cell lattice constant a is 5.43 A. It has eight corner atoms, six
face atoms, and four central atoms for a total of eight atoms in the unit cell.
Since there are eight silicon atoms per unit cell and the volume of the unit
cell is &, it follows that there are 5 x 10*2 atoms/cm? in the silicon lattice. It
is this structure that gives rise to the many unique properties of silicon. For
gallium arsenide, another power semiconductor material, it is a compound
semiconductor as it consists of gallium and arsenic atoms crystallizing in a
structure similar to the diamond structure called the zinc-blende structure as
shown in Fig. 2.2. In the zinc-blende structure, the central atoms are occupied

7
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Fig. 2.2. Atomic structure of GaAs.

by the gallium atoms. Thus, the gallium arsenide unit cell has four gallium
atoms and four arsenic atoms. Some physical properties of semiconductor
materials can be found in Table 2.1.

Electrons in the outermost shell are shared by many atoms, as such, the
energy of each can be grouped into various energy bands. In silicon, the valence
electrons group together to occupy a band of energy levels, called the valence
band. The next higher band of allowed energy levels, called the conduction



Table 2.1. Some physical properties of semiconductor materials.

Ge Si Si0; GaAs  af3-SiC GaN AIN Diamond

Lattice constant (A) 5.65 543 — 5.65 3.09(a) 3.19(a) 3.11(a) 3.57
15.12(c) 5.19(c) 4.98(c)

Density (g/cm3) 532 233 227 5.65 3.22 — — 3.52
Energy bandgap (eV) 0.67 1.12 ~9.0 143 24t03.26 3.49 6.2 5.45
Dielectric coefficient (g/g¢) 16.3  11.7 39 12.8 9.6to0 10 9.0 8.7 5.5
Melting point (°C) 937 1412 1700 1238 2540 — ~2200 ~4000
Saturated electron velocity (107cm/s) 0.5 1.0 2.0 2.0 2.5 1.8 2.7
Electron mobility (cm?/V -s) @300K 3900 1350 20 6000 ~800 ~1500 1100 1900
Hole mobility (cm2/V - s) @300 K 1900 450 ~0 330 ~120 ~300 — 1600
Breakdown field (107 V/em) 0.8 3.0 60 3.5 24-30 ~33 117 56
Thermal conductivity (W /cm - K) 0.6 1.5 0.014 0.81 4.5 1.5 2.0 20
Direct or indirect 1 1 — D I D D I

Note: aB-SiC denotes either 4H-SiC, 6H-SiC («), or 3C-SiC(8).
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Fig. 2.3. Semiconductor energy band structure.

band, is separated from the valence band by a forbidden energy gap, Eg, as
shown in Fig. 2.3. The conduction band is partially occupied by the free elec-
trons. The bandgaps for silicon and gallium arsenide are 1.12 eV (electron-volt)
and 1.43 eV, respectively around room temperature (7 = 300K). At room
temperature, some electrons in the valence band may acquire enough thermal
energy (above 26 meV) to traverse from the valence band to the conduction
band. For each successful transition of a valence electron to the conduction
band, a hole which is an unoccupied or empty energy level is left behind in
the valence band. This process is known as the electron—hole pair generation.
Under thermal equilibrium state, the number of electrons in the conduction
band and holes in the valence band is equal. Thermal equilibrium is defined as
the steady-state condition at a given temperature without any external excita-
tion. These electrons and holes are free to move in the crystal lattice, and they
are generally known as free electrons and holes.

One of the models described by the quantum mechanics for the energy
bands in solids is called the Kronig-Penney model and an E-k (energy—
momentum, where carrier momentum o 4k) dependence diagram can be drawn
asin Fig. 2.4 for the energy bands. The interesting concept to be described here
is the effective mass of electron. The effective mass is determined by the radius
of curvature of the E—k curve at a given energy level, i.e. the effective mass
varies with k value. When the E—k curve is concave as the shape of conduc-
tion band, the effective electron mass is positive, whereas, when it is convex as



Carrier Physics and Junction Electrostatics 11

E

EC
positive effective
“~ mass
— negative
effective mass

EV

k

Fig. 2.4. E—k diagram with different surface curvatures for conduction band and
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Fig. 2.5. The energy band diagrams in momentum space for germanium, silicon, and
gallium arsenide at 300 K (from left to right).

the shape of valence band, the effective electron mass is negative. This means
that an electron in the valence band will be accelerated by the field as if it is
a positively charged particle and mass. This forms the basic concept of hole
carrier.

Depending on the structure of the energy band, a semiconductor can be
classified as either a direct-gap or an indirect-gap semiconductor, as shown
in the E—k diagram of Fig. 2.5 (Bar-Ler, 1984). In a direct-gap semiconduc-
tor, the minimum energy of the conduction band coincides with the maximum
energy of the valence band in the momentum space, whereas, in an indirect-
gap semiconductor, the minimum energy of the conduction band does not
align at k = 0 but occurs near the zone edge. With this in mind, germanium
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and silicon materials are indirect-gap semiconductors while gallium arsenide
is a direct-gap semiconductor. As such, they have distinctly different carrier
recombination processes. In silicon, electrons make transitions to the valence
band by a change of both the momentum and energy simultaneously. This
means that other quantum particles, such as phonons which are the vibra-
tional modes of the lattice, must participate to remove or contribute the neces-
sary excess momentum. A phonon has therefore a relatively high momentum
but low energy. In GaAs, since the minimum of the conduction band aligns
with the maximum of the valence band, electrons in the conduction band
recombine with holes in the valence band by making direct transition from
the conduction band to the valence band without a change in their momen-
tum. The energy given up by the electron will be emitted as a photon, the
quantum of light. Thus, gallium arsenide is the material of choice in photonic
devices.

Another material of choice for power semiconductor devices is the silicon
carbide, SiC for its larger bandgap and higher thermal conductivity. A unique
crystal property of the SiC is on the polytypism. If we designate a SiC atom
pair in an A-plane in close packing as Aa, in the B-plane as Bb, and in the
C-plane as Cc, then we can generate a series of SiC structures by the vari-
ation of stacking along the principal crystal axis (Choyke and Pensl, 1997).
For example, by having AaBbAaCcAaBbAaCc... structure, we generate the
4H-SiC polytype. Or, for AaBbCcAaCcBb ... structure, we can generate the
6H-SiC polytype. They are hexagonally symmetric. Both 4H-SiC and 6H-SiC
polytypes are available in bulk wafer form and are useful for power semicon-
ductor device applications (Casady et al., 1998; Ramungul et al., 1996). The
4H-SiC has two equivalent sites with 8 atoms per unit cell while the 6H-SiC
has three equivalent sites with 12 atoms per unit cell. Therefore, 4H-SiC has
the possibility of two donors or two acceptors for a particular substitutional
impurity, while 6H-SiC may have three donors or three acceptors. Both struc-
tures have a hexagonal crystal structure. The 6H-SiC has a bandgap energy of
3.03 eV and lattice parameters of 3.081 A and 15.117 A while the 4H-SiC has
a bandgap of 3.26 eV and lattice parameters of 3.073 A and 10.053 A. Besides
hexagonal (H) polytypes, there are also cubic (C) and rhombohedral (R) poly-
types. More than 200 polytypes of SiC have been discovered; among them the
common types are 3C, 2H, 4H, 6H, 8H, 9R, 10H, 14H, 15R, 20H, 21H, and
24R. 3C-SiC possesses the smallest bandgap energy of about 2.4¢V and it has
the highest electron mobility of 800 cm? - V=! - s~! among all polytypes.

Recently, SiC power MOSFETs have achieved a blocking voltage of 6.1 kV
and performance figure-of-merit 70 times higher than the ideal silicon coun-
terpart. However, still the current problem faced in the SiC power MOSFET
device development is the low carrier mobility at the oxide—SiC interface. This



Carrier Physics and Junction Electrostatics 13

=
o 1000 ¢ A S AT 4 N A
a g A R R A
S A A A N R R R
1 1 [ \/ 1 1 [ B B A
(0] I I I A M I I [ T
| | | N | | [
e . | oS L
& 100 | e S cerets &
5 : o S Lo Ny
2 i ‘ & 00 o o0
%) NI RREEE NI ARE
Q NG s IR
x Lo A R
[0] Y v i Lad? AN
-— \/\ [ I R | Q,\\\\H
& 10 - . gt &
17 3 AT I N
: - o > 4
g /! A R > /i
R N A
£ A S A A R
S A R A
8 1/ . I ¢ . .
0 1E+02 1.E+03 1.E+04

Breakdown Voltage (V)

Fig. 2.6. Lines of ideal silicon and silicon carbine limits for majority carrier devices.

requires a better understanding of the interface material properties with an
incorporation of proper processes for post-oxidation anneal (Cooper et al.,
2002). Another important focus on SiC device development is that the SiC
bulk breakdown field of 5 MV/cm is close to that of the SiO, breakdown field.
Special protective layers need to be placed to avoid gate oxide breakdown,
especially at the corner of a U-MOS gate oxide. Figure 2.6 shows the ideal
silicon limit and SiC limit for majority carrier devices, such as the Schottky
diodes and MOSFETs. As it can be seen, SiC material has a much better value
of merit (the breakdown voltage divided by the on-state resistance) than that
of the silicon material.

The (aluminum) gallium nitride power device with the best properties is at
the infancy development stage. The progress is slow due to the lack of GaN
substrate wafer and due to the high cost in epi-growth. The advantage of
having the GaN transistor is its capability of sustaining power density above
10 W/mm of gate width (Eastman and Mishra, 2002), while amplifying signals
at 10 GHz. For a brief comparison, the silicon-based power transistors can
efficiently handle signals up to 3 GHz but at a lower power density. The silicon
carbide devices achieve a power density at 7 W/mm but at a lower frequency
of 3.5 GHz operations. Gallium arsenide and silicon germanium devices can
handle high-frequency operations over 10 GHz, but they cannot withstand
high power.
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Silicon is expected to continue to be the dominant material for most of
the power semiconductor devices for the next 10 years. However, materials
such as SiGe for its higher carrier mobility and tuneable bandgap, GaN for
its high piezoelectric constant and good carrier transport properties, etc. are
also used to produce power semiconductor devices, ¢.g. HEMT (High Electron
Mobility Transistor) for high performance applications. The major concern on
SiGe material is on the critical layer thickness which cannot exceed the critical
thickness for a given Ge mole fraction. In the recent times, the SiGe transistor
research is driven by the wireless applications where low operating voltage
and high power-added efficiency are needed for a frequency range between
2 GHz and 5 GHz. Hybrid-material devices, such as having SiC, SiGeC, and
GaN materials can also play another important role in device development
when both high thermal conductivity and good current carrying capability are
needed in application. The material technology brings forth the possibility of
making new SiGe BICMOS large-scale integrated circuits and high-frequency
system-on-chip solutions in future.

2.3. Carrier Concentration and Fermi Level

The electronic properties of semiconductor depend on the number of free
electrons and holes available for current conduction. It should be noted that
electron—hole pair generation at room temperature only contributes to a rela-
tively small number of free carriers for current conduction. The electron density
in the conduction band can be obtained if the density-of-state function N¢(E)
and its distribution function f.(E) are known. The density-of-state function
describes the number of states that could be occupied by electrons and is
given by

Ne(E) = 1—’5(2%)%@ — Ec)?, @.1)

where £ is the Planck’s constant (h = 6.626 x 10734 J-s), me is the effective mass
of electron which is equal to 1.18 x meq for silicon, me, is the electron mass
which is equal to 9.11 x 10731 kg, and Ec is the conduction band energy level.
The probability that an energy level E is occupied by an electron is described
by the Fermi—Dirac distribution function

1
JelE) = —p—— (22)
e T +1

where k is the Boltzmann’s constant (k = 1.3806 x 10~23J . K~1), E; is the
Fermi level which is the energy level whereby the probability of finding an elec-
tron is 50% at any temperature. This is also known as the electron occupancy
probability. For energy levels higher than 3 kT above Ef, the Fermi—Dirac
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distribution function can be approximated by the Maxwell-Boltzmann distri-
bution function .
Je(E) = B (2.3)
e kT
as the exponential term is very much larger than unity if (E—Ey) is greater than
3kT. The electron density in the conduction band can be found by integrating
the product of the density of states function and the occupancy probability

n(D) = /E fo(E) - Ne(E)E. (2.4)
C

This is shown pictorially in Fig. 2.7. Performing the integration, the electron
density in the conduction band is

3
2 kT)2 (Ec—Ey) (Ec—Ep)
n(T) =2 x % X e T = Nee T, 2.5)
where ,
2 kT2 3
Ne =2 x (”mh—zT) — 483 % 1015 x T2 (2.6)

is known as the effective density of states in the conduction band (in units of
cm~3) for silicon. At 300K, it is 2.86 x 10!° cm—3. By analogy, the density of
allowed energy states in the valence band is given by

Nu(E) = fl—f(zmh)%wv — Bz, 2.7)

f(E)N(E)
Area =n

Ecl=2 - o m L N el
E Ed I,
f
1
1
|
EV <~ 2
(1-f(E)N(E)
Area =p

N(E) 0.5 1.0fE)

Fig. 2.7. Density of states and the occupancy probability functions on energy state
diagram.
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where my, is the effective mass of hole which is equal to 0.5 x me, for silicon.
The hole occupancy probability is simply the probability that a level is not
occupied by an electron, and is given by

1
m(E) =1— fe(E) = 5D (2.8)
ek +1

Thus, the density of holes in the valence band can be obtained by integrating
the product of the density of states for holes and its occupancy probability

Ey
p(M = | fulE) - Ny(E)E. 2.9)

—00

The hole density in the valence band is

3
2 kD)2 (Eg—Ey) (Ep—Ey)
p(1) =2 x % X e T = Nye~ Rean , (2.10)
where
3
2mpkT)3
Ny =2 x FKD? g 1015 w73 @2.11)

h3

is known as the effective density of states in the valence band for silicon. At
300K, itis 1.04 x 10" cm—3. The product of the electron and hole densities is
expressed as

_(Ec—Ey) _Eg
n(Np(T) = NcNye™ & = NcNye X7, (2.12)

where (Ec—Ey) is the bandgap energy Eg. It should be noted that the bandgap
energy is a function of temperature and for silicon it can be expressed by
Eg = 1.1785—-9.025 x 107> x T — 3.05 x 10~7 x T2. At room temperature
of 293 K, the bandgap energy is 1.126 eV. Under a constant temperature, the
n(T) p(T) product in Eq. (2.12) is a constant in equilibrium and it is indepen-
dent of the Fermi-level position. In an intrinsic semiconductor, the electron
density is exactly equal to the hole density due to electron—hole pair generation.
Thus,

n(Dp(T) =np =ni. (2.13)

This is known as the mass-action law and is valid for both intrinsic (or called
pure) and extrinsic (or called doped) semiconductors under thermal equi-
librium. Extrinsic semiconductors are those semiconductors that are doped
with impurities (called dopants) to increase their free carrier concentrations.
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Table 2.2. Effective densities of states and intrinsic carrier concentrations.

Germanium (cm_3) Silicon (cm_3) Gallium arsenide (cm_3)
Nc 1.04 x 1019 2.86 x 1017 4.7 x 1017
Ny 6.0 x 1018 1.04 x 1019 7.0 x 1018
n; 2.4 x 1013 1.45 x 1010 9 x 100

Table 2.2 shows the typical values of effective densities of states and the
intrinsic carrier concentrations in germanium, silicon, and gallium arsenide.

2.3.1. Intrinsic Semiconductor

With Egs. (2.12) and (2.13), the intrinsic carrier concentration n; can be

expressed as
E
ni(T) = /NcNye™ % | (2.14)

As can be seen, the intrinsic carrier concentration is exponentially dependent
on its temperature. It is an important parameter in semiconductor device as
it determines not only the temperature performance, but also its leakage cur-
rent. The intrinsic carrier concentrations in silicon and gallium arsenide in are
1.0 x 10'°cm=3 and 1.8 x 10%cm™3, respectively at 300 K. From Eq. (2.14),
it can be seen that the larger the bandgap energy is, the smaller the intrinsic
carrier concentration will be. This is due to the fact that the electron in the
valence band of a larger bandgap semiconductor must gain a higher energy to
make the transition to the conduction band which is more difficult to occur.
Diamond, for example, with a bandgap energy of 5.6 eV is used as a semicon-
ductor material for high-temperature diode for its very low intrinsic carrier
concentration.

The Fermi level in an intrinsic semiconductor Eg can be found by equating
Eqgs. (2.5) and (2.10) and by setting £y = Ej:

1 3
Eﬁ=§(EC—EV)+Zka1n@. (2.15)

ne

In silicon, the intrinsic Fermi level lies at 0.0073 eV below the midgap as my, =
0.69 x me. This small deviation from the midgap is typically neglected in most
applications. The intrinsic carrier concentration can be found with Egs. (2.5)
and (2.10) to yield

_ (Ec—Eg) _ (Ef—Ey)
ni(T) = Nce kT = Nye kT

(2.16)
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Fig. 2.8. Intrinsic carrier concentration at various temperatures in lightly doped silicon.

Figure 2.8 shows the variation of carrier intrinsic density as a function of
temperature in lightly doped silicon. Thus, the electron and hole densities can
be rewritten as

(Ef—Eg)
I’l(T) = ni(De kT, (217)
p(TY = (e . (2.18)

These two equations are valid for both the intrinsic and extrinsic semiconduc-
tors. As it can be seen, the further the extrinsic Fermi level moves away from
its intrinsic position, the higher the concentration of electrons or holes in the
semiconductor it will have.

2.3.2. Extrinsic Semiconductor

The intrinsic carrier concentration in a semiconductor is generally too small
for any useful on-state current conduction. The concentration of electrons in
the conduction band can be increased from its intrinsic concentration to a
much higher one by impurity doping. In silicon, the introduction of group V
elements such as phosphorus, arsenic, and antimony introduces donors in the
energy levels between the intrinsic Fermi level and conduction band energy. As
a result, the Fermi level shifts upward from the intrinsic position. Assuming
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that all the donors are ionized or activated by the thermal energy, the condition
of space-charge neutrality in a uniformly doped silicon requires that

p—n+Nj =0, (2.19a)
n=p+ Ng. (2.19b)
Substituting Eq. (2.19) into Eq. (2.13),
An(ny — Ng) = n? (2.20a)
or
n2 —naNg —n? =0, (2.20b)

where n; is the electron concentration in an n-type semiconductor. Using
quadratic formula, the electron concentration is

VN3 +4n? + Ny
. (2.21)

2

npn =

Similarly, the hole concentration in the n-type semiconductor, py, is

VNG +4n? — Ny
: (2.22)

2

Pn =

Since the donor concentration is much larger than the intrinsic concentration,
i.e.nj/Ng < 1, Egs. (2.21) and (2.22) can be approximated as

2
n:
nn & Ng+ -+ ~ Ng (2.23)
Ny
i (2.24)
Pn ~ Nd. .

The location of the Fermi level, Ef,, can be found by substituting Eq. (2.23)
into Eq. (2.5) to yield

N,
Ep = Ec — kT x In =< (2.252)
Ng
for n-silicon. Similarly,
N
Ey = Ev +kT x In VV (2.25b)

a

for p-silicon to be mentioned below. Because the concentration of the electrons
is much larger than that of the holes in an n-type semiconductor, the electron
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Fig. 2.9. Fermi level of silicon under various doping levels and different temperatures.

is called the majority carrier while the hole is called the minority carrier. The
Fermi level of an n-silicon at different doping levels and temperatures can be
found in Fig. 2.9. As temperature goes up, the electron effective density of
states increases. And, this makes the Fermi level to be lower compared to that
at low temperature.

Inssilicon, the introduction of group I1I element such as boron or aluminum
introduces acceptors in the energy level between the valence band and the
intrinsic Fermi level. The equilibrium hole concentration is given by

pp = Na, (2.26)

where N, is the acceptor concentration and the equilibrium electron concen-

tration is

n?

np = Vld (2.27)

The semiconductor is of p-type. Holes are the majority carriers and electrons
are the minority carriers. In practical semiconductor devices, the doping con-
centration required for contact formation is generally very high. As such, the
Fermi level is located very close to either the conduction or valence band. Since
|Ec.v—E¢| < 3kT, the exact Fermi—Dirac distribution must be used to obtain
the correct carrier concentration. The semiconductor is said to be degenerated.
A list of extrinsic dopant materials are listed in Table 2.3 together with their
elevation energy values, i.e. Ec — E or E — Ey (Bar-Lev, 1984).

Under thermal equilibrium, the Fermi level inside a semiconductor main-
tains its energy state along the material. The energy constancy of the Fermi
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Table 2.3. List of dopant materials and the elevation energy values.

Dopant Si(eV) Ge (eV) GaAs (eV)

p-type B 0.045 0.0104
Al 0.057 0.0102
Ga 0.065 0.0108
In 0.16 0.0112
Zn 0.0307
Cd 0.0347
Si 0.0345
n-type P 0.044 0.012
As 0.049 0.0127
Sb 0.039 0.0096
S 0.0061
Se 0.0059
Te 0.0058
Ec
Ec Eri \
Eff--c-emmmeeeeeee - Efn ———:.—h—':'-.—\— ——————
Efi = mimimimimimimma e Ev \
Ev

Fig. 2.10. Fermi levels within uniformly doped and nonuniformly doped semi-
conductors.

level means that Ey is to remain as a horizontal line on the equilibrium energy
band diagram. This is true for both uniformly doped and nonuniformly doped
semiconductors, as shown in Fig. 2.10.

2.4. Carrier Transport

Under thermal equilibrium, the free carriers in silicon are in random ther-
mal motion. From statistical mechanics, the average velocity of thermal
motion for electrons in silicon at room temperature is approximately 107 cm/s.
The silicon atoms are in constant thermal vibrations which can be treated
quantum-mechanically as phonons. The mobile electrons make frequent col-
lisions with the vibrating silicon atoms. The collision of the electrons with
the phonon is known as lattice or phonon scattering. This is the predomi-
nant collision or scattering process at or above room temperature for lightly
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doped silicon. Lattice scattering increases with increasing temperature due to
increased lattice vibration. It should be noted that under thermal equilibrium,
the random motion of electrons leads to zero current in any direction.

2.4.1. Carrier Drift

The movement of electrons and holes are fundamental to the operation of the
semiconductor devices. When an external electric field is applied, the electrons
in the conduction band, which are negatively charged, gain kinetic energy and
move in the opposite direction of the applied electric field at an average velocity
called the drift velocity. From Newton’s second law of motion, the average drift
velocity between two consecutive collisions is

qTm 2

E=—punk, (2.28)

Udn = —
e

where E is the magnitude of the applied electric field, ¢ is the magnitude of
electron charge, 7, is the mean free time between collision (about 1 ps in sili-
con), m. is the effective mass of electron, and i, is called the electron mobility
and is defined as

dTm
MUn =

. (2.29)
me
Holes in the valence band, which are positively charged, also gain kinetic energy
and moves in the same direction as the applied field. The average drift velocity
for the hole is

A

Vap = UpE, (2.30)
where pip is the hole mobility and is defined as

pp = 1 (2.31)
mp

The carrier mobility describes the ease of movement of the carrier and is a
measure of the average velocity of free carriers in the presence of an applied
electric field. A higher carrier mobility means that the carrier can move better
at ease in the lattice. Thus, it is an important parameter in power semicon-
ductor devices. Due to the differences in the shapes of the conduction and
valence band minima which gives rise to different effective masses of electrons
and holes, the mobilities of the electrons and holes are different in silicon and
gallium arsenide. Table 2.4 gives the electron and hole mobilities in silicon
and gallium arsenide. In lightly doped silicon, carrier mobility decreases with
increasing temperatures. This is due to an increase in the lattice or phonon scat-
tering as temperature increases. Also, in silicon, carrier mobility decreases with
increasing doping concentrations above 1016 cm~3. This is due to an increased
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Table 2.4. Mobilities at 300 K for lightly doped Si and
GaAs semiconductors.

pn (cm?/V -s) pp (cm?/V -s)
Si 1350 450
GaAs 6000 330
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Fig. 2.11. Carrier mobilities in silicon at various doping concentrations at 300 K.

ionized impurity atom scattering. At a doping concentration of 10'? cm—3, the
electron mobility decreases to a value of about 90 cm?/V - s and the mobility of
hole decreases to a value of about 50 cm?/V - s. Figure 2.11 shows the carrier
mobilities of electron and hole as a function of doping level at 300 K.

Carrier mobility is also dependent on the magnitude of the applied electric
field. Above an electric field of 103 V/cm, the average carrier mobility decreases
inversely with electric field strength due to saturation of the free carrier veloc-
ity. At an electric field of 10® V/cm, the average electron and hole mobilities
decrease to about 10cm?/V - s. This is an important concern in the design
of high-field power semiconductor devices. Figure 2.12 shows the change of
carrier mobilities as a function of electric field. The carrier mobility is also
dependent on the carrier injection level. At high carrier injection level, the
electron and hole mobilities in silicon decrease to about 100cm?/V - s at an
injection level of 10!° cm~3 due to enhanced carrier—carrier scattering. This
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Fig. 2.13. Carrier mobilities at various injection levels in silicon at 300 K.

scattering mechanism occurs frequently in lightly doped base region of power
bipolar transistor during forward conduction, where the density of electrons
becomes approximately equal to the density of holes to preserve space-charge

neutrality. Figure 2.13 describes the variation of carrier mobilities as a function

of excess carrier injection level.
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Fig. 2.14. TEM photograph of the non-smooth interfaces between the oxide
region (surrounding) and silicon region (center), photo courtesy of A*STAR, IME,
Singapore.

Surface scattering also reduces the mobilities of electrons and holes in
silicon. In a power MOSFET, the carriers in the inversion layer is travelling in
a direction nearly perpendicular to the silicon surface under strong inversion
of the perpendicular gate electric field. As such carriers are traversed closer
to the interface. Their mobility decreases due to the increased surface scatter-
ing at the rough interface between the gate dielectric and silicon. Figure 2.14
shows the high resolution transmission electron microscopic view of the inter-
face between an oxide and silicon. Besides surface roughness scattering, carri-
ers travelling close to the interface between gate oxide and silicon also suffer
from additional scatterings due to oxide-fixed charges. Carrier mobility in the
inversion layer depends not only on the orientation of the surface crystallo-
graphic plane, but also on the direction of the current flow. This is due to the
anisotropy of the conductivity mass in silicon. Thus, the effect of different
carrier scattering mechanisms is crucial to the operating characteristics of the
power semiconductor devices.

In summary, the carrier mobility is affected by and as a function of
the device operating temperature, the background doping concentration, the
excess carrier injection level, the magnitude of field, surface scattering, the
crystallographic plane, and the orientation of current flow.
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Fig. 2.15. Silicon under drift field.

The movement of electrons in the conduction band and holes in the valence
band forms the current flow. This transport mechanism is known as carrier
drift, and the resulting current is called the drift current. Consider a piece of
silicon as shown in Fig. 2.15. The drift current due to n electrons per unit
volume is given by

In = —qAnvg, = qAny,nE, (2.32)

where A is the cross-sectional area. By analogy, the hole drift current can be
written as

I, =qAp prE. (2.33)

2.4.2. Carrier Diffusion

Carrier transport in semiconductor can also occur due to the differences in
chemical potentials. The diffusion of electrons or holes results from their move-
ment from higher concentration to lower concentration locations. Because
electrons and holes are charged particles, their motion induces a current flow
known as the diffusion current. From Fick’s first law,

dN
F=—-D—, (2.34)

dx
where F is the carrier flux, D is the diffusion constant, and N is the carrier
density function. The diffusion of electron induces electron diffusion current

d
I = qADnd—Z, (2.35)

where Dy, is the diffusion constant for electrons. Similarly, the diffusion of holes
induces hole diffusion current:
dp

Iy = —qAD, . (2.36)
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where Dy, is the diffusion constant for holes. The negative sign for the hole
diffusion current indicates that hole diffusion current flows in the direction
opposite to the gradient of hole distribution. The total electron current is the
sum of both the drift and diffusion currents:

. d
In = gA (,unnE n Dnd—”> . (2.37)
X

Similarly, the total hole current is

. dp

I, = qA (MppE — Dpd_> . (2.38)
X

Thus, current flow in silicon comprises of electron drift and diffusion currents

in the conduction band and the hole drift and diffusion currents in the valence

band.

Under thermal equilibrium conditions, the net current in a nonuniformly
doped semiconductor must be zero. Thus for n-type semiconductor, from
Eq. (2.37),

N dn
qunnE + qDp— = 0. (2.39)
dx

The electric field within the nonuniformly doped semiconductor is directly
proportional to the gradient of the intrinsic Fermi level, i.e.

. 1dE
E=-=1 (2.40)
q dx
From Eq. (2.17),

dn d (Ep—Eg) ni Er—E5 dEg
an _ a ( —__n ] 2.41
dx  dx <”‘e Y ) ¢ T 241)
since dE¢ /dx = 0. Substituting Egs. (2.40) and (2.41) into Eq. (2.39), we obtain
gunnk + gD, <—%nﬁ) — 0. (2.42)

Thus, for a nonuniformly doped semiconductor,

Dy kT

— ) (2.43)
Mn q
which is the Finstein relationship for electrons. Similarly,
D kT
i L (2.44)

Mp q
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for holes. Thus, both the electron and hole diffusion constants are related to
the carrier mobilities by the same Einstein relationship:

Dy D, kT

M“n MHp q

(2.45)

It should be noted that the Einstein relationship is also valid under non-
equilibrium conditions.

2.4.3. Resistivity

From Eq. (2.32), the conductivity oy, of a semiconductor due to electron drift
can be expressed as

On = qial, (2.46)
and from Eq. (2.33), the conductivity o, due to hole drift can also be defined as

o = qitpp. (2.47)

The overall conductivity for both electron and hole carriers’ drift within the
semiconductor is

o = q(nn + Upp). (2.48)

The resistivity of the material is defined as the reciprocal of its conductivity as

1

- - 2.49
P q(nn + ppp) (2.49)

Thus, the resistivity of a semiconductor is controlled by the concentrations of
the free electrons in the conduction band and the free holes in the valence band
as well as their mobilities of these carriers. The curves on resistivity of n-type
and p-type silicon are shown in Fig. 2.16 as a function of background doping
level.

2.5. Bandgap Reduction

The magnitude of effective intrinsic carrier concentration in silicon varies
under the condition of heavy doping concentration. This is due to the band
structure of a heavily-doped silicon altered by (a) the formation of impurity
band as the spacing between individual impurity atoms becomes smaller and
the interaction between adjacent impurity atoms leads to a splitting of impurity
levels, (b) the conduction and valence band edges no longer exhibit a parabolic
shape which leads to the formation of band tails, and (c) the interaction between
the free carriers and impurity atoms leads to a modification of the density of
states at band edges, as shown in Fig. 2.17. The electrostatic interaction of the
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Fig. 2.16. Resistivities of n-type and p-type silicon at various doping levels at 300 K.

Ed

Z
7

7

] Energy Bandgap

E

eV

Ec

v

E

)

N(E
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minority carriers and the high concentration of the majority carriers leads to
a reduction in the thermal energy required to create an electron—hole pair.

The electrostatic potential of the screened minority carrier as a function of
distance r from the carrier, can be solved using Poisson’s equation in spherical
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coordinates (Lanyon and Tuft, 1978)
1d[,dV q
— (A=) =421 — Ny, 2.50
i (r dr) +o () = N (2.50)

where Ny is the donor concentration for n-silicon semiconductor. For doping
concentration below degenerated level, n(r) is related to the local potential,
V(r), by Boltzmann equation so that

1 d[,dvV q 4
Ay e Lad Z_N(kr_1>_ 2.51
r2dr(r dr> g ¢ @31
For low excess electron concentration, Eq. (2.51) can be simplified using expo-
nential series expansion to

1 d (,dV q .. qV
—— — | = —Ng—. 2.52
r2dr<r dr) e kT @52
The screened Coulombic potential is
V(r)=4q ¢" (2.53)
e T

where the screening radius is given by

kT
ro = 825_ (2.54)
q°Ndg

Equation (2.52) can be solved by recognizing that a Bessel’s differential equa-
tion for a real variable r with a solution of the form of Eq. (2.53) is

r d—+2r—+—V: . (2.55)

The electric field distribution for the screened Coulombic field, £(r), is

A dVv (1 1
Ery =Y _ a4 (1, 1 (2.56)
dr 4regr roors
and the unscreened field distribution Eq(r) is
q
E = 2.57
O(F) 4]TSS}’2 ( )

The bandgap reduction is the difference in electrostatic energy between the
screened and unscreened cases

AEG = %/(ﬁ:g(r) — E2(r))dr. (2.58)
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Using integration by parts, an expression for the bandgap narrowing in the
units of eV (electron-Volt) can be found as

3¢ |4*Ng
AEG = . 2.59
G 16mes | eskT ( )

Atroom temperature, bandgap narrowing in silicon in the unit of eV is given by

AEG =2.2252 x 1072 x /N4 x 10-18, (2.60)

where Ny is the donor concentration for n-type silicon. In silicon at room
temperature, bandgap narrowing becomes significant at doping concentration
above 10'8 cm™3. The mass-action law must be modified for bandgap narrow-
ing as

qAE
2 = pletr (2.61)
Atroom temperature in silicon, the effective intrinsic carrier concentration will
increase by a factor of over 70 times when the doping concentration increases
from 10" cm ™3 to 1020 cm 3. Figure 2.18 shows the effective intrinsic carrier
density and the bandgap reduction as a function of background doping level
at 300 K.

n

2.6. Carrier Recombination

Under thermal equilibrium, an electron in the valence band may acquire suffi-
cient thermal energy to make the transition to the conduction band. A hole is
left behind in the valence band after each successful electron transition. This
thermal generation process is known as the electron—hole pair generation. In
silicon, about 1.0 x 10 cm~3 electron—hole pairs are generated at room tem-
perature. At the same time, an electron may lose its energy and jump from the
conduction band to the valence band. Such process is called the recombination.
Under thermal equilibrium, the generation rate is equal to the recombination
rate for the constant free carrier concentration.

In a semiconductor, carrier generation can also be accomplished by optical
means. This requires an incident photon having an energy equal to or greater
than the bandgap energy of the semiconductor. When the energy of the imping-
ing photon is absorbed by an electron in the valence band, the electron is
excited to the conduction band and a hole is created in the valence band. Excess
carriers are generated by the impinging photons such that n(7) p(T) > niz(T).
Since for each electron generated by the impinging photon, a hole is left behind
in the valence band as such, the space charge neutrality is preserved. This is
equivalent to injecting both electrons and holes in equal amounts into the
semiconductor.
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Fig. 2.18. The effective intrinsic carrier concentration (upper) and the amount of

bandgap reduction (lower) for silicon under various doping levels at 300 K.

Or, carriers can also be injected by electrical means by forward biasing a
semiconductor junction. Usually, this is done for single type of carriers, either

to be injected into one side of the junction according to the

field direction. If the injected carrier density is less than the majority carrier

electrons or holes,

(background) density, the injection is termed as low-level injection. Or, if the

injected carrier density is greater or comparable to the majority carrier density,

then the injection is termed as high-level injection. High

level injection reduces

the carrier mobility as discussed in the preceding section.
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The semiconductor returns to its equilibrium condition as the excess carri-
ers are recombined or annihilated as a result of (a) an electron jumping directly
from the conduction into the valence band (direct recombination process), or
(b) an electron jumping from the conduction band and a hole jumping from the
valence band into recombination centers (defect energy levels) located within
the forbidden gap (indirect recombination process). The excess energy of the
electrons must be dissipated by the emission of a photon without any change
in its momentum (radiative recombination) or a phonon which involves both
a change in its energy and momentum, or by the transmission of energy to a
third particle that can be either an electron or a hole for Auger recombination,
as shown in Fig. 2.19.

In direct recombination, for example, electrons, the rate of transition is
given by
U = B(Ad)po, (2.62)

where B is the statistical recombination probability coefficient, Ad is the excess
electron density in the conduction band, and p, is the number of holes in
the valence band. From the above relationship, the minority carrier (e.g. the
electron) lifetime can be defined as

Ad 1

T = —

U :Bpo'

(2.63)

Carrier lifetime is the average time an excess carrier remains free before it
recombines with the opposite carrier. The deviation of excess carrier (e.g. elec-
tron or hole) concentration in a semiconductor is then given by

Ad = tU. (2.64)

O () ©

Ec Recombination
Centre
Photon or
Phonon
2
; ®
® ® .

Auger
Recombination

Fig. 2.19. Modes of carrier recombination processes in silicon.
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In indirect recombination, carriers can interact with recombination trap cen-
ters located within the energy bandgap according to Shockley—Read—Hall
(SRH) statistic (Hall, 1952; Schockley and Read, 1952) via (a) electron emis-
sion G¢, (b) electron capture, R, (c) hole emission, Gy, and (d) hole-capture,
Ry. If G and R. have a higher probability of occurring than Gy and Ry, the
recombination centers act more as electron centers. Otherwise, they act more
like hole centers. From another point of view, the centers act more as capture
centers if R; and Ry have a higher probability than G, and Gy. Otherwise, they
act more as generation centers. The rate of electron capture is expressed as

Re = vphonn Ny (1 — f(Ev)), (2.65)

where vy, is the carrier thermal velocity and is equal to «/3kT/m, oy is the
capture cross-section of the trap center for electron. The quantity of o can be
treated as a measure of how close the free carrier has to come to the physical
vicinity of the center to be captured. n = no, + An, Ny is the density of these
centers and f(E;) is the occupancy factor for the trap center which is expressed
by the Maxwell-Boltzmann distribution function:

1
SE) = EE - (2.66)

e kT

If the concentration of the recombination center is N¢, then the concentration
of occupied centers is Ny x f(E() which denotes the probability of occupancy of
a center by an electron. Similarly, Ny x (1 — f(E})) represents the probability of
unoccupancy, i.e. the center is ready to capture an electron. The rate of electron
emission from the center into the conduction band G, is proportional to the
number of centers occupied:

G = enNt f(EY), (2.67)

where e, is the electron emission probability. The rate of valence band
hole-capture is proportional to the number of centers occupied and the con-
centration of holes in the valence band:

Ry = vphop pNi f(EY), (2.68)

where oy, is the hole-capture cross-section of the trap center and p = p, + Ap.
The rate of hole emission from the center into the valence band is proportional
to the number of centers unoccupied

Gy = epNt(l — f(EY), (2.69)

where ep, is the hole emission probability. In the equilibrium state, the rate of
electron capture is equal to the rate of electron emission. Thus, the electron
emission probability can be calculated as

vihont Ne(1 — f(EY)) = en Ny f(EY) (2.70a)
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or
E—Ec Ei — E;
en = VthonNee T = vyponnie T

Similarly, if the rate of hole-capture is equal to the rate of hole emission in the
steady-state, then

(2.70b)

vthop PN f(Et) = epNi(1 — f(E)) (2.71a)
or o g
(Ey—Ep _
ep = vihopNve = vthopnielk—Tt. (2.71b)

Under steady-state conditions, the principle of detailed balance requires that
the rate by which electrons enter the conduction band is equal to the rate by
which electrons leave the conduction band, and

R.—G. = Ry — Gy. (2.72)

Solving for the trap occupancy factor energy level, we obtain

N Eq—Ec LN Ev—Eq¢
(of e kT 0] e kT
AEY) = T PV - (2.73)
On <n+NCe kT )+ap (p+Nve KT )
The steady-state net recombination rate, U, is equal to
U=R.—Gec=Ry—G,. (2.74)
Thus,
onopun Ni(np — n?
U= nOpVth Nt (np 1) (2.75)

E{—Ec Ev—Ey
On (n—i—Nce kT >+Gp(p+NVe kT )

where np = (no, + Ad)(po + Ad), Ad represents the deviation of excess carrier
density, either An or A p, as defined in Eq. (2.64). It can be seen from Eq. (2.75)
that the term (np — ”12) > ( gives the nonequilibrium state and it also makes
the recombination rate as a function of the carrier injection level. The minority
hole lifetime in the n-silicon can be defined as

1

=, 2.76
Tpo oovTpN; ( )

while the minority electron lifetime in p-silicon is

1

Tho = — >
onvTn Nt

2.77)
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where o}, and oy, are the capture cross-sections for the electron and hole at the
recombination center, vrp and vy, are the carrier thermal velocities for the hole
and electron with the values of 4.3 x 10° cm/s and 5.2 x 106 cm/s, respectively
at 300 K.

Then, the net steady-state recombination rate is

np—ni2

E{—Ec Ey—E(\ °
Tpo (n + Nee ’T ) + Tno (p + Nye /T )

U= (2.78)

Space-charge neutrality requires that the excess electron and hole concentra-
tions are equal. Then, the carrier lifetime can be expressed as

Ev—Eq
T

E¢—Ec
Ad Tpo <no + Nce tkT =+ Ad) =+ Tho (Po “+ NVe k
U no + po + Ad

+ Ad)

(2.79)

If we assume that both the capture probabilities and thermal velocities for elec-
trons and holes are identical, then the expression can be simplified as (Grove,
1967)

2
o cNpn—nd)

) (2.80)
n + p + 2n;jcosh (%)

where ¢ = vy, -0. Considering an n-type silicon with the energy level of recombi-
nation center at the midband, i.e. E; = Ej, it can be seen that the recombination
rate will go down with higher n and p concentrations. The recombination rate
is also lower if the trap energy level moves away from the mid-bandgap toward
either the conduction band edge or the valence band edge. It is easy to under-
stand that, for a recombination center to be in the middle of the bandgap, it
renders the highest possibility for both the electron and the hole to reach the
center. If the center moves toward one side, it will be easier for one type of
the carrier to enter and leave the center, but much harder for another type of
carrier, as the recombination process does need both types of carriers to arrive
at the center. The rate of recombination will lower in the case of the centers
away from the mid-bandgap.

Under the condition of low-level injection and the center at the
mid-bandgap, the net recombination rate U for n-silicon is found to be

U= ¢Nt(nnpn — nno Pno) (2.81)
nn + pl’l + 2n1
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or

U ~ ¢N¢(pn — Pno) (2.82)
for nn, = npo and ny, > pn + 2n. So, the minority carrier (hole) lifetime,
T = %, can be calculated as 1, = %Nt for pn — pno = Ap. For the case, it

can be seen that the minority carrier lifetime is inversely proportional to the
trap density, the thermal velocity, and the capture cross-section area.

2.6.1. Carrier Lifetime

From the environment where carrier transport occurs, the lifetime can be cate-
gorized into two types, namely the injection (minority) carrier lifetime named
SRH lifetime (Shockley and Read, 1952; Hall, 1952) and the space-charge gen-
eration lifetime (Shockley and Read, 1952; Sah et al., 1957). The former is a
measurement of carrier lifetime of minority carrier injected into or generated
within a region where the opposite type of carrier claims to be the major-
ity. The latter is related to the measurement of carrier generation within the
reverse-biased space-charge region, and it determines the p—n junction leak-
age current. Both lifetimes are affected by the energy levels of recombination
centers and their capture cross-section areas located at the silicon bandgap
(Baliga, 1977).

The minority carrier lifetime is also a function of the injection level, ranging
from below 1% of the doped background to over 100 times of that, besides other
factors already mentioned earlier. From Eq. (2.79), under low-level injection,
the injected carrier lifetime is relatively constant and is independent to An and
can be given by the expression:

Eq—EC Ey—Ey
Tpo (no + NCeT) + Tno (Po + NVeT)

L = . (2.83a)
no + Po

For a heavily doped n-type silicon, i.e. ny > po, the equation can be simpli-
fied as

Ey—Ep 2E;—Ey—Ef Ey—Ep
TLL = Tpo (1 + e fT ) + Thoe KT R Tpo <1 + e ' ) . (2.83b)

Similarly, for a heavily doped p-type silicon it can be expressed as

Ep—Et Et+Ep—2E; Eq+Ep—2E;

TLL = Tno (1 + e ’T > + Tpoe” T A Tno + Tpo€ T . (2.83c)

When the injection level increases, the minority carrier lifetime goes up quickly
provided that the recombination center is located at the upper bandgap, i.e.
closer or above the middle of the bandgap, where E; > 0.5eV. For a higher
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level injection, the component of Ad in Eq. (2.79) cannot be ignored as that in
the low-level injection condition. The lifetime varies and can be expressed by

1+Ad(fpo+fno)

L X Et—Ec Ey—Et
rpo(no+Nce kT >+rno<po+Nve kT )

TAdY = Ad . (2.84a)
1 + no+po

When the injection level goes to be extremely high, the high-level lifetime
approaches the final value of

THL = Tpo + Tno- (2.84b)

The variation of lifetime with injection level is important to the operation
of bipolar junction devices, where carriers need to have a longer high-level
injection lifetime for on-state conduction and shorter low-level lifetime for
fast switching of current tail during turn-off. This leads to the necessity of
performing lifetime control by purposely creating defect levels in silicon at the
device area where shorter carrier lifetime is needed for reducing the tail current
at switching.

In a reverse-biased p—n junction, a leakage current will normally flow along
the direction of the electric field. This is caused by the minority carriers dif-
fusing into the depletion region from the edges, or the electron—hole pair gen-
eration within the region. For the minority carriers swept out of an n-type
semiconductor, the rate of generation can be found from Eq. (2.78) by setting
p=0as p=po+nand p, = —An,

n?
~Ugp = . — (2.85)

Ei—Ec
Tpo (n + Nce™ #T ) + ThoNye T

This corresponds to a “lifetime” of

E(—Ec Ey—Eq
An o Tpo (”o + Nce #~ — Po) + ThoNve T
Tsp = — = T =
Up 77 o (2.86a)
E: — E¢ 2E; — Ef — E;
A Tpoe kT + Thoe kT

for the space-charge region, where n, ~ p,. Similarly, for a p-type semicon-
ductor, the space-charge generation lifetime can be derived as

E¢ + E; — 2F; Er — E;
Tsp & Tpol kT + Thoe KT . (2.86b)
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Note that, as the depletion layer is penetrating in the said region, i.e. n for
Eq. (2.86a) and p for Eq. (2.86b), the doping concentrations of these regions are
normally low in power devices. By setting Er = Eg for the depletion region, a
set of curve on the space-charge generation lifetime against the recombination
energy can be obtained (Sah et al., 1957). With the assumption of uniform
generation of carriers within the depletion region, it is preferred to have a large
space-charge generation lifetime in order to maintain a low leakage current.

2.6.2. Carrier Lifetime Control

The carrier injection lifetime and the space-charge generation lifetime deter-
mine the property of power semiconductor devices for both on-state and
off-state. The basic approach of providing lifetime control for bipolar devices,
especially for high-voltage and high-current applications, is to manipulate the
location of the recombination level within the energy bandgap, i.e. to create
defects intentionally during wafer fabrication by various means. In princi-
ple, having the recombination level at the middle of the bandgap will result
in a shorter low-level injection carrier lifetime for switching and for a larger
high-level injection carrier lifetime at the on-state conduction, as shown in
Figs. 2.20 and 2.21. This property is particularly needed for high-frequency
operation of the power device. Figure 2.20 shows the variations of minority car-
rier injection lifetime ratios at different injection levels, different background
doping levels, and under different lifetime control mechanisms in n silicon. In
general, the lifetime rises when the injection level is higher although at different
ratios. Note that, under lightly doped background, the platinum-controlled

100 T
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Fig. 2.20. Normalized carrier lifetime variation against the injection levels at doping
background of 1014 and 1016/cm3.
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Fig. 2.21. Minority carrier low-level lifetime as a function of recombination levels at
doping concentrations of 104 and 1016/cm3.

low-level lifetime is higher; therefore the final ratio at high injection is different
from that of the heavier-doped platinum-controlled n silicon. Figure 2.21 shows
the variations of low-level lifetime as a function of recombination energy level.
It is seen that, the low-level lifetime reaches its minimum where the recombi-
nation energy level locates around the mid-bandgap. The selectivity is more
confined at lower doping background as shown. However, by having the mid-
band recombination level, the space-charge generation lifetime will be lower,
as shown in Fig. 2.22 and this will result in a higher leakage current. The situ-
ation becomes more specific in lightly doped silicon. This is logical as that, for
the recombination center to be at the mid-bandgap, it is easier for electron—
hole pair recombination and so as for generation. It is then preferable to have
the level moving away from the mid-bandgap for high-voltage devices to min-
imize the leakage current. Hence, it is always a trade-off situation between
on-state conduction and off-state blocking when choosing the right recombi-
nation level, e.g. between midband and band edge (Baliga and Krishna, 1977,
Baliga, 1977).

In single-crystal silicon, the carrier lifetime can be as long as 1 ms, and
it can be shortened during fabrication because of the defects caused by
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Fig. 2.22. Space-charge generation lifetime as a function of recombination level at
300 K in n-type silicon.

high-temperature processing, unwanted impurity diffusion from chemicals
used in the etching and cleaning process, or from the residues in the equipment.
By proper control of the temperature gradient, not exceeding 1°C/min, and
proper passivation on silicon surface, the carrier lifetime of longer than 100us
can be preserved (Benda et al., 1999). Preservation of carrier lifetime is needed
for devices operating at low-frequency and high-current conditions. Otherwise,
a properly controlled carrier lifetime reduction is usually performed, either
globally or locally.

The optimization process starts with first finding the ratio of tyy /tr L and
3¢/ TLL, and then to maximize both ratios by selecting a proper recombination
level. By taking Egs. (2.84b) and (2.83b) for n-type silicon, the expression of
THL/TLL can be obtained

T Tpo + T
AL po T Mo (2.87)

E—Ep 2E—E—Eg *
TLL Tpo (l + e T ) + Thoe T

The ratio is also a function of doping concentration and temperature
as indicated. Figure 2.23 shows the variations where the solid lines indicate
temperature at 300 K and the dashed lines indicate the temperature at 400 K.
It is seen that, the shoulder, i.e. the flat top region, becomes narrower when
the background doping drops, and even much narrower when the temperature
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goes up. The selectivity of optimized energy level is more confined when the
shoulder region is narrow. By finding d(zqr/7LL)/dt = 0, the optimized recom-
bination level can be found for Eq. (2.87),

kT
Ei=E+ —In <’“—°) : (2.88)
2 Tpo

The optimized level is found to be a function of the electron—hole lifetime
ratio and the temperature. It is independent from the background doping level,
as Er term disappears from the derivation. For the same approach, the ratio
of space-charge generation lifetime to the low-level injection lifetime, e.g. for
n-silicon, can be expressed as

Et—Ej E{—Et
TSp Tpo€ KT+ Tpoe KT
= = PO fo ) (2.89)

E{—E¢ 2E—Et—E¢
TLL TpO (1 + e kT ) + Tho€ kT
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Fig. 2.24. Variation of space-charge generation lifetime to low-level injection lifetime
ratio at 300 K (solid line) and 400 K (dashed line) at doping level of 101%/cm3 in silicon.

The variation is plotted as shown in Fig. 2.24. As it can be seen, each curve
has a minimum value close to the mid-bandgap. When the temperature goes
up to 400 K, the ratio drops lower, and a lower ratio indicates a higher leak-
age current under space-charge depletion. To find the maximum value for
the ratio, although it occurs at both sides of the valley banks, a recombi-
nation level equal to Ec can be substituted into Eq. (2.89), with a bit of
approximation to obtain the maximum ratio. The maximum ratio can then be
expressed as

ISP o (2.90)

TLL
In Eq. (2.90), the ratio is a function of both the doping level and the temper-
ature. The equation indicates that, it is difficult to achieve both a low leakage
current at lightly doped drift region with a small low-level injection lifetime,
especially when the device temperature is high. Such a combined condition
usually occurs in high-voltage semiconductor devices. Figure 2.24 indicates the
same when the maximum ratio drops 340 times when temperature varies from
300K to 400K at a silicon doping level of 1013 /cm?3.

In practice, to diffuse metal, such as copper in germanium, gold, platinum
and iron in silicon creates the impurities defects in silicon and thus forms
additional effective recombination levels at specific locations. Gold is the most
frequently used element to create effective combination centers. It diffuses into
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silicon at a temperature range of 800-1000°C using a large thermal budget.
An alternative is to use platinum due to the nature of its recombination centers
lying away from mid-bandgap; thus the device property on leakage current can
be improved. The limitations of using metal diffusion techniques are that, first,
atoms of diffused metal may not be evenly distributed and this will depend on
the process conditions. Second, the diffusion process needs to be done prior
to device metallization (which forms the contacts). Therefore, it is not possible
to test the device after lifetime control but prior to device metallization, and
it is also not possible to alter the lifetime control by second metal diffusion
if it is not correct after the device metallization. Normally, the diffused metal
creates more than one trap energy level. For this situation, the behavior of
the recombination process is more complicated than that of the single-level
recombination process as analyzed earlier. However, due to difference in the
capture cross-section, one can identify a majority recombination center out of
others created by the metal diffusion. And, as a reasonable approximation, we
then consider only one recombination center for simplicity in analysis. Another
concern in the metal diffusion is that, when the concentration is comparable to
the majority carrier concentration, the carrier removal effect occurs. It happens
when each of the deep-lying energy levels associated with the metal atoms will
remove one majority carrier from the conduction band (if for n-silicon) or
from the valence band (if for p-silicon). A simple way of finding the majority
carrier concentration is by subtracting the metal atom density from the dopant
density, i.e. p & Np — Ny. In this case, the resistivity of silicon will go up as a
result of metal diffusion. Diffusion of metal atoms is normally used for large
devices, such as diode, thyristor, and GTO (gate turn-off thyristor), lifetime
control.

Another means of creating these levels is by high-energy particle bom-
bardment, e.g. electron, proton implantation, alpha or gamma rays irradiation
(Baliga and Su, 1977; Carlson et al., 1977; Mogro-Campero et al., 1986; Hallen
and Bakowski, 1989). The induced lattice damage and vacancies form defect
energy levels for recombination centers similar to other defect levels. Among
them, the electron irradiation is the commonly used option due to the good
control in defect density and homogeneous property throughout the silicon
area. Research shows that the annealing process made by hydrogen will give a
lower reverse leakage current but a higher on-state voltage drop compared to
that by the nitrogen (Jo ef al., 2000). Gamma irradiation is able to penetrate
deeper into silicon surface, so that post-metallization lifetime control can be
performed. This overcomes the inconvenience occurred in the metal diffusion
technique.

Proton implantation has a limited penetration depth but with the advantage
of its precise depth to lifetime control. This is due to the fact that the density
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of the trap centers is proportional to the implantation dosage but inversely
proportional to the level of proton energy. Therefore, much higher trap density
can be found at a thin layer along the surface at the end of the implantation
range (energy smaller than 1 MeV) for higher lattice damage at this localized
layer. This enables a localization of high defect concentration, leaving most of
the silicon bulk unaffected. Due to the accuracy in localization, the method is
useful for power MOSFET and IGBT parallel cells’ lifetime control. The short-
coming of this technique is that proton implantation needs to be performed
under vacuum, and it is a costly process.

Another mature and more recent development on lifetime control is by
helium implantation (Akiyama et al., 1991; Konish et al., 1996; Fang et al.,
2001). The high dose of helium implantation produce bubbles of density above
3.5 x 1020 He/cm? in silicon. Helium is not stable in the bubble form but
evaporates through the silicon layer when under thermal treatment in nitrogen.
The escape rate depends upon factors of the temperature, the He density, the
distance from the surface, and the bubble size (Griffioen et al., 1987). If the
silicon is under a high temperature treatment, e.g. 1250°C, the He bubble tends
to escape faster. And, this leaves behind the “void layer”, or called voids, which
is a localized lifetime control region. The region remains stable at a confined
range even after further thermal treatment. The void density and diameter
depend on the He density and the annealing temperature, whereas a higher
He density will give a higher void density. The usage of the He implantation
and high temperature voids layer formation enables the precise control of the
localized region, where lifetime needs to be reduced. This is different from the
proton implantation, where the carrier lifetime control is made in depth profile.
Helium implantation gives localized lifetime control in lateral direction. As
reported by Saggio et al., 1998), lifetime control by the voids layer formation
yields an on-state voltage drop of 2.1 V (at 100A / cm?) unaffected with turn-off
time of 70 ns reduced in comparison to that of 3.5V with similar turn-off time
by unlocalized lifetime control for a 600 V IGBT device at the n-drift region
near the n*-buffer.

A list of dominant levels for gold, platinum, and electron-irradiation
induced recombination centers together with their localized coverage, allowed
thermal budget, and capture cross-sections is shown in Table 2.5 (Milnes, 1973;
Baliga and Su, 1977; Saggio et al., 1998, Evwaraye and Baliga, 1977).

2.6.3. Auger Recombination

The Auger recombination process occurs when the energy of phonon released
by SRH electron—hole recombination is received by the third particle for the
subsequent carrier recombination. The process becomes obvious when there is



Table 2.5. Dominant deep energy levels for gold, platinum, electron/proton irradiation, and helium implantation induced
recombination centers with capture cross-sections in silicon.
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an extremely high-level carrier injection where high concentration of carriers
of both electrons and holes exists, or when excessive carriers are injected into
a heavily doped region. Measurement of Auger recombination was performed
by Dziewior and Schmid (1977) for highly doped and highly excited silicon,
and the Auger lifetime can be expressed as

]
n_o_ 291
AT 528 x 1031 x n2 (2.91a)

1
P _
TA = m 5 (29 1 b)
wheren and p are the concentrations of heavily doped n-type and p-typessilicon,
where Auger energy transfer is made to the electron and hole at the conduction
band and valence band, respectively. And, for very high-level injection, the
Auger lifetime is expressed as

_L_AC — 1
A T34 %1031 x (AC)?’

(2.91¢)

where AC is the injected carrier concentration for cases when it is greater than
5 x 10'7 /cm?. The graphs on Auger lifetime is shown in Fig. 2.25 for an easy
reference.

1.E-05 ¢

1.E-06

1.E-07 g

Auger Lifetime (s)

Doping Level or Injection Level (/cm3)

Fig. 2.25. Minority carrier Auger recombination lifetime as a function of the doping
level or injection level in silicon.
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The effective carrier lifetime is then calculated by combining both the SRH
lifetime and the Auger lifetime by the following expression:

1
Teff = ——— (2.92)

TSRH TA

Therefore, for high injection level, the high-level injection lifetime cannot be
a constant value as that of Eq. (2.84b) for SRH lifetime. From Eq. (2.92), the
Auger lifetime which is smaller will dominate the minority carrier effective
high-level lifetime.

2.7. Basic Equations in Semiconductor

Two important basic equations in semiconductor device physics are the carrier
continuity equation and the Poisson’s equation. The mechanisms of carrier
transport, generation, and recombination in a semiconductor material give
rise to a change in the carrier concentrations with time. The carrier continu-
ity equation is derived from the principle of conservation of carriers which
states that there must be a spatial and time continuity in the carrier concentra-
tions. Thus, carriers (i.e. electrons or holes) cannot be arbitrarily created, or
destroyed at a given time or location without mutual carrier interaction, but
they must be transported to, created, or destroyed through interactions with
carrier conservation law observed.

Consider a small incremental distance Ax in a semiconductor having unit
cross-sectional area, as shown in Fig. 2.26. The currents, both incoming to a
cross-section area and outgoing from the same area after an increment distance
Ax are indicated. The continuity of the carrier flow requires that the incoming
number of carriers entering Ax be equal to the net carrier change within the

Fig. 2.26. Carrier transport in semiconductor.
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increment plus carriers leaving the increment. The net quantity difference of
incoming and outgoing carriers of the Ax region as a function of time is

AC(x) @ B i(x+ Ax)
At g q

(2.93)

where AC is the change of the carrier number within the increment, and i is
the current. By adding A Ax into Eq. (2.93), the variation of carrier density in
terms of variation of current density can be obtained as

AC(x)  Adx)  Ailx)  Ajx)
AtAAx At gAAx  gAx

, (2.94)

where A is the cross-sectional area, d is the carrier density, and j is the current
density. This forms the basic equation of carrier continuity. It indicates that
the carrier concentration in the confined increment can vary only if the incom-
ing and outgoing current densities are different. However, the equation does
not include variations from carrier generation and recombination processes
occurring within the increment. To be more complete, carrier generation rate
G and recombination rate U are added into Eq. (2.94) to yield

A .
d®) _ o _p_BJ®)
At qAx

(2.95)
For hole carrier (in n-type silicon), the continuity equation can be written as

-2 4+G- ) (2.96)

By analogy, the electron (in p-type silicon) continuity equation is

n 1dJ -
B0, g e (2.97)
o g ox Tn

These continuity equations can be useful in determining carrier transport
actions and in deriving the on-state characteristics of semiconductor devices.

For Poisson’s equation, it states that the gradient of the electric field in
a space-charged region is directly proportional to the charge density in the
region. Thus, it provides the relationship of the space-charged region in a
semiconductor for the electric field, E, and is given by

dE_ 0
dx ~ Kseo'

(2.98)

where p is the net space-charge density, K is the dielectric constant of the
semiconductor, and g, is the permittivity of free space. By integrating the
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Poisson equation, the electric field distribution in the space-charged region can
be found as:

E= / P ax. (2.99)
Kgeo

The net space-charge in a semiconductor region is
p:q(p—l—N;_—(n—i-Na_)), (2.100)

where an ionized donor atom is positively charged and an ionized acceptor is
negatively charged. Due to the electric field in the region, free carriers, such as p
and n, are drifted away from the region. Therefore, the carrier densities can be
approximated as p & p, and n ~ n, under the equilibrium state. Substituting
the net space-charge into Eq. (2.98), we obtain

dE . q
dx K&

(Po + Na — (no + Na)). (2.101)

The above equation can then be integrated over the space-charge region to
obtain the electric field distribution and subsequently for the voltage potential
distribution. This equation is especially useful for device breakdown analysis
to be described later in this chapter.

2.8. p-n Junction Electrostatics

When the regions of n-type and of p-type silicon are neighbored to each
other, normally by junction diffusion process, electrons tend to diffuse from
the n-region to the p-region and leave behind positive fixed charge of ionized
donors NZ{ at the vicinity of the junction. Similarly, holes diffuse from the
p-region to the n-region, leaving behind negatively charged acceptor ions N .
Consequently, a space-charge region is formed at the vicinity of the junction, as
shown in Fig. 2.27. An electric field is then established within the space-charge
region by the fixed charges of both sides. This field is in such a direction that
further diffusion of electrons and holes is prevented. Therefore, the equilib-
rium condition at the junction is reached when the diffusion flux of carriers
is neutralized by the drift flux resulting from the electric field. Under thermal
equilibrium, there is no net carrier movement, except very small quantity of

SREONO
* 0% "

<—
Electric Field

Fig. 2.27. p-n diode at the equilibrium zero-bias state.
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electron—hole pairs generated within the region, and this can happen only when
the probability of occupancy at a given energy level is the same everywhere.
Consequently, the Fermi level must be the same everywhere along the p—n
junction.
The relationship between the charge distribution and the electric field in
the space-charge region is governed by Poisson’s equation:
dE q
o ——((n — p) — (Ng — Na)). (2.102)
X &s

At the n-side of the space-charge region, Poisson’s equation is

dE  gN
a= _ 9% for 0 < x < xp. (2.103)
dx &s

Similarly, at the p-side of the space-charge region, Poisson’s equation is

dE _ —qN,
dx — &

for —xp < x < 0. (2.104)

Since the electricfield is zero in the neutral regions at both edges of the depletion
layer, we have

E(xn) = E(—xp) = 0. (2.105)
Integrating Eq. (2.104) for the p-side field,
f AT / b Ny, (2.1062)
Ep(—xp) —xp s
or
Ep(x) = _Zi\] 2 (xp + ). (2.106b)

Similarly, the electric field on the n-side of the depletion layer is given by
integrating Eq. (2.103):

En(xn) R Xn
/ dE :f aNa ;. (2.107a)
En(x) X Es
or N
En(x) = — 1y — v (2.107b)

S

As can be seen, the electric field is negative which denotes that the direction of
field is at —x-direction on both sides of the depletion layer with the maximum



52 Power Microelectronics

value located at the metallurgical junction. Since the electric field is continuous
at the metallurgical junction, Ep(x = 0) = Ep(x = 0). Thus,

Naxp = Ngxp, (2.108)

which means that the negative charge on the p-side is exactly balanced by the
positive charge on the n-side. It should be noted that the semiconductor as a
whole is charge-neutral or quasi-neutral, despite the existence of the localized
positive charges at the n-side of the space-charge region and localized negative
charges at the p-side of the space-charge region.

The electric field is related to the electrostatic potential by

- d
E= __W_ (2.109)
dx
From Eq. (2.106b)
dy _ gqN,
—_— = . 2.110
dx & (¥p + 1) ( )
Integrating the above equation for the p-region,
Yp(x) X gN.
/ dlﬁ:/ 173 (v, + x)dx. 2.111)
Yp(—xp) —Xp Es
Thus,
N
Yn(x) = nga (xp + 0% + Vpo, (2.112)
S

where the electrostatic potential at x = —x;, is denoted as vpo. Similarly, for
the n-side of the depletion layer,

wn(xn) Xn N
/ dy =/ 94 (v, — x)dx. 2.113)
¥(x) X Es
Thus,
N
Yp(x) = —ngd (tn — )2 + Yo, (2.114)
S

where the electrostatic potential at x = xy is denoted as ¥, (xy) = Y¥po. Since
the electrostatic potential must also be continuous at the p—n junction interface,

¥ (0) = ¥(0) (2.115a)

or
qNa o N4 5
2 T G = Vo = Vpo = Vo (2.115b)
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for the total reverse voltage v, -applied across both regions. From Egs. (2.115b)
and (2.108), the depletion widths on the n-side and p-side of the junction can

be found as
2
Xy = M (2.116)
gN 4(Na + Ng)
and

= | —obola 2.117)
PV N (Na + No)' ‘

The total depletion width is
Xd = Xn + Xp. (2.118)

If the impurity concentration at one side of the junction is much larger than
that at the other side, the junction is termed a one-sided or abrupt junction.
The abrupt junction is a good approximation for a diffused junction having a
shallow junction depth. For a one-sided p*—n junction, the depletion width
extends mainly into the lightly doped side of the junction:

2
N N (2.119)
qN4

Under thermal equilibrium, the energy-band diagram of a p*—n junction is
shown in Fig. 2.28(a). Both the intrinsic and Fermi levels are indicated. If a
positive voltage V¢ is applied to the p-side with respect to the n-side, the poten-
tial barrier at the p*—n junction reduces to ¥, — V;, as shown in Fig. 2.28(b).
The reduced potential barrier allows majority carriers to start to diffuse across
the junction (then become the minority carriers at the other side) so that a visi-
ble current can flow through the forward-biased junction. If a negative voltage
—VR is applied to the p-side with respect to the n-side, the potential barrier is
increased to ¥, + VR, as shown in Fig. 2.28(c). The increased potential bar-
rier continues to prevent carrier transport across the junction. Consequently,
there is just a small leakage current and the junction is said to be heavily
reverse-biased. Under the reverse-bias condition, the depletion layer width
increases according to the total reverse voltage applied:

x4 = M_ (2.120)
\ qNg4

This unique property in the p—n junction provides control in the current flow
based on the voltage applied across the junction. The term for such a control is
called “current rectification”. The junction remains functional as a rectifier till
it breaks down by either high-field avalanche or Zener tunneling mechanisms.
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Fig. 2.28. Energy states of p—n junction under (a) zero, (b) positive, and (c) negative
bias.

2.9. Junction Breakdown Phenomena

For power semiconductor devices, the breakdown voltage and current-
handling capability are the two important parameters that determine the power
ratings of the devices. For the p—n junction devices, the blocking voltage is
supported entirely by its reverse-biased depletion region. As such, there exists
the high electric field within the region. It is this electric field that sweeps out
any carriers, either by diffusion from the adjoining quasi-neutral edges into
the region or by the process of space-charge generation within the region. In
silicon p—n junction, these mobile carriers are accelerated to a saturated drift
velocity of 1 x 107 cm/s within the depletion region as the magnitude of the
electric field reaches 1 x 10° V/cm. At higher electric fields, these carriers attain
sufficient kinetic energy that their collisions with the atoms in the lattice can
excite valence band electrons into the conduction band. This process of the
generation of new electron—hole pairs is known as impact ionization, as shown
schematically in Fig. 2.29. Since the electron-hole pairs created in the deple-
tion layer by the impact ionization process can also undergo acceleration by
the existing electric field, they can then participate in further impact ionization
for more electron-hole generation. Thus, impact ionization is a multiplicative
process that leads to the avalanche breakdown in a reverse-biased p—n junc-
tion. Avalanche breakdown is thus defined as the condition under which the
impact ionization process attains an infinite rate. Thus, avalanche breakdown
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Fig. 2.29. Schematic diagram showing the electron and hole carriers’ impact on ion-
ization processes within the depletion region.

forms the fundamental limit for the maximum operating voltage of the power
semiconductor devices.

The process can be characterized by the impact ionization coefficients of
the electron and the hole. The impact ionization coefficient for electrons, oy, is
defined as the number of electron—hole pairs created by an electron traversing
1 cm through the depletion layer in the opposite direction of the electric field.
It is related to the electric field by (Baliga, 1987)

~1.23x10°

an=7x10°xe £ . (2.121)

On the other hand, the impact ionization coefficient for holes, ap, is defined as
the number of electron—hole pairs created by a hole traveling 1 cm along the
direction of the electric field in the depletion region. It is related to the electric
field by

—2x100

ap=1.6x10%" ¢ . (2.122)

Both coefficients increase very rapidly with increasing electric field. Approx-
imations have been made to use only one ionization coefficient for simplic-
ity in calculation. Various curves on the ionization coefficients are shown in
Fig. 2.30 for easy reference (Fulop, 1967). Among these curves, two approxi-

mation curves are
—1.8x100

a=9x10% £ (2.123a)

for approximation made by Maserjian, and

a=18x10"% x £’ (2.123b)

for approximation made by Fulop. From Fig. 2.30, it shows that the Fulop
curve gives a better approximation for both electron and hole impact ioniza-
tion coefficients. The condition under which the impact ionization achieves an
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Fig. 2.30. Various ionization coefficients as a function of electric field.

Fig. 2.31. Field and potential distributions of a reverse-biased p—n junction.

infinite rate determines the avalanche breakdown voltage of a reverse-biased
p-n junction. Consider a p*™—n junction with a reverse-bias voltage applied
across, as shown in Fig. 2.31. As discussed in the previous section, the deple-
tion layer in the p*—n junction extends mainly into the lightly doped n-side.
Assume that an electron—-hole pair exists within the depletion region due to
space-charge generation. In the presence of the electric field established by the
localized charges, the electron will be swept toward the n-region and the hole
will be swept toward the p*-region. In traversing a distance dx within the deple-
tion region, the single hole will create apdx electron—hole pairs while the single
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electron will create apdx electron—hole pairs. The total number of electron—
hole pairs generated in the depletion region due to the original electron—hole
pair created by the space-charge generation at a distance x away from the p™—n
junction is given by

Xd

X
Mx) =1 +[ apM(x)dx+/ oanM(x)dx, (2.124)
0 X
where x4 is the depletion layer width in the lightly doped n-side of the p™—n
junction. Performing the integration, the multiplication coefficient is
ef(f(ap—ot“)dx

1—f5¢ aelo @—en)dx gy

M(x) = (2.125)

The multiplication becomes infinity when the ionization integral becomes
equal to 1:

Xd "
/ anelo @—omdx gy _ 1 (2.126)
0

For convenience, in further derivation, we use the single ionization coefficient
(Fulop, 1967). Thus, for most applications, the ionization integral can be sim-
plified to

Xd A
/ 1.8 x 107 ¥ E7dx = 1. (2.127)
0

Due to the strong dependence of the ionization coefficients on the electric
field, the avalanche integral needs only to be performed for the reverse-biased
junctions near the highest electric field region to characterize its breakdown
performance.

Equation (2.127) treats the impact ionization coefficient independent from
temperature variation. In fact, the coefficient is a function of temperature and
becomes lower due to the reduction of carrier velocity and the shorter distance
between impacts, e.g. lack of acceleration distance, at a higher temperature. It
was shown that about 50% increase in breakdown voltage at the doping level
of 10" /cm? can be obtained for temperature changes from 300 K to 500 K in
silicon, and a higher breakdown ratio in germanium (Crowell and Sze, 1966).

Another mode of breakdown, normally occurring at the p*—n™ junction,
is caused by Zener tunneling. Under extreme high-field situations, i.e. £ >
10° V/em, the covalence bond between neighboring atoms can be distorted
and even broken. The process creates free carriers when the covalence bond
disappears. This phenomenon of quick generation of electron—hole pair under
high field, without multiplication process, is called Zener breakdown. The word
“tunneling” symbolizes the direct penetration of electrons through the energy
bandgap without going through the recombination/generation centers.
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2.9.1. Abrupt pt—n Junction

Consider an abrupt p™—n junction in which the doping concentration of the
heavily doped side is much higher than the lightly doped side. In practice,
these are the devices fabricated by performing a shallow acceptor diffusion
into a lightly donor-doped substrate or epi-layer. As described in the previous
section, the depletion layer extends primarily into the lightly doped side, as
shownin Fig. 2.31. The analysis is pertained to the depletion region of the p*—n
junction (i.e. across the junction at the n-side), where it can be approximated
as a parallel-plane abrupt junction. The electric field distribution within the
depletion region in the lightly doped n-side is given by

Bey = TN . (2.128)

N

where the depletion width is approximated by x4 at the lightly doped n-region.
The electrostatic potential distribution is

2
(W - %) : (2.129)

where the electrostatic potential at the junction is referenced to zero (in actual
situation, it will be slightly larger than zero due to p™-depletion). During the
reverse-bias condition, the reverse voltage is supported entirely by the depletion
region. Thus, the reverse-biased depletion width becomes

2 2
Xg = gs(VR + ¥o) ~ 8SVR. (2.130)
gNy gNy

gNy
Es

Y(x) =

The maximum electric field occurs at the metallurgical junction and it is

given by
N 2gN 3V
Bp=— |Z9TdR 2.131)
Es

Substituting the electric field distribution from Eq. (2.128) into the ionization
integral of Eq. (2.127) for silicon, we obtain

xd N 7
/ 1.8 x 1073 (q—d(xd - x)) dx=1. (2.132)
0 Es

Performing the integration, the depletion layer width at breakdown for the
parallel-plane junction is

WaR pp = 2.604 x 1010 x N 0875, (2.133)
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To obtain the breakdown voltage, substituting the depletion layer width at
breakdown into Eq. (2.129) at x = x4, we obtain

VBr.pp = 5.238 x 105N 075, (2.134)

A multiplying coefficient of (Eg/1.1) is added to Eq. (2.134) for breakdown
voltage when dealing with semiconductor material with different bandgap
energy from that of silicon (Sze and Gibbons, 1966). The maximum electric
field at breakdown occurs at the junction (x = 0), and can be found by substi-
tuting Eq. (2.134) into Eq. (2.131) to yield

= 4023.43 x NJ12.

3 2gN4(5.2381 x 1013 x Ng0'75)
|EMAX)PP| =
&s
(2.135)

The three preceding equations give a good estimation of planar junction break-
down width, field, and voltage.

2.9.2. Linearly Graded Junction

If the doping concentration of a p—n junction changes linearly from n-type to
p-type throughout the entire length of the device, such p—n junction is called
a linearly graded junction. A symmetrical distribution of localized charges is
expected in this linearly graded p—n junction. Assuming that the rate of change
of the doping concentration with distance is given by H, the charges in the
depletion region are then given by

Q(x) =+4+gHx for0<x<W (2.136a)

at the n-side and
Q) =—gHx for—W<x<0 (2.136b)

at the p-side. Poisson’s equation for the linearly graded junction is

dE  qH
a8 _ anx (2.137)
dx &5
Integrating the above equations yields
N H
E) = — w2 _ 32y, (2.138)
2¢q

It can be seen that the electric field varies nonlinearly with distance for the
linearly graded junction, as shown in Fig. 2.32. The maximum electric field
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Fig. 2.32. Charge, field, and potential distribution of a linearly graded p—n junction.

occurs at the metallurgical junction, and is given by

n H
By = — L2 w2, (2.139)

2eg

The electrostatic potential distribution in the depletion region can be found by
integrating the electric field distribution:

2 3 3
w(x)=ﬁ<wx+1—x—>, (2.140)

& 2 3 6

where the electrostatic potential at the edge of the depletion region at the p-side
of the junction is referenced to zero, i.e. (— W) = 0. The potential distribution
is a cubic function of distance along the depletion region. During reverse-bias
condition, the reverse voltage is supported entirely by the depletion region.
Thus, the voltage at the end of the depletion region at the n-side shall be equal
to the applied reverse-bias Vr. From the above equation, the reverse-biased
depletion width can be found as

1
3esVR\ 3
W= . 2.141

( 2qH ) ( )

Substituting the electric field distribution of Eq. (2.138) into the ionization
integral from Eq. (2.127) for silicon, the following is obtained:

/ 1.85 x 1073 (—(W2 — xz)) dx = 1. (2.142)
—-w 2¢4
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Performing the integration, the depletion width at breakdown is

Wipp = 2W = 8.883 x 10° x HTS. (2.143)

To obtain the breakdown voltage, substitute the depletion width at breakdown
into Eq. (2.140)

Var.Lpp = 9.022 x 10° x HS . (2.144)

The same multiplying coefficient of (Eg/1.1) is added to Eq. (2.144) for
breakdown voltage when dealing with a semiconductor material with different
bandgap energy from that of silicon (Sze and Gibbons, 1966b). The critical
electric field at breakdown occurs at the metallurgical junction and is found
by substituting Eq. (2.143) into Eq. (2.139):

|Enax,Lppl = 1.524 x 10% x HS, (2.145)

Comparing the breakdown equation in the linearly graded p-n junction to
that of the abrupt p*—n junction, the linearly graded junction has a higher
breakdown voltage than that of the abrupt junction for the same range of
doping levels. This is because the linearly graded junction has a wider depletion
width than that of the abrupt junction for voltage blocking.

2.10. Punchthrough Phenomenon

The junction punchthrough occurs when the depletion layer boundary moves
from one junction and touches another junction as it expands. This can happen
under two possible different device environments, namely within the open-base
transistor structure (for example, the nt—p-n*) and within the lightly doped
diode structure (for example, the nt—p—p™). The former, as described earlier,
causes the breakdown, but the latter does not. Both structures are shown in
Fig. 2.33 for a more clear illustration on the different kinds of punchthrough
nature.

By looking at the open-base transistor, when the externally applied negative
voltage is increased, the depletion width extends from the n™—p junction toward
the right side with the field distribution gradient maintained. Note that, the
field gradient is a function of the background doping concentration and it shall
maintain the same as long as the doping concentration of the p-region does not
change. Once the field touches the p-n™ junction, punchthrough occurs. The
p-nT junction is not a reverse-biased junction as that of the n*—p junction,
but rather it is a forward junction. Electrons from the n™-emitter will enter the
forward-biased junction and drift (due to the presence of field) through the cen-
ter depletion width to arrive at the n™-collector to the left. In this case, the
depletion region is no longer short of free carriers, and the continuous current
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Fig. 2.33. Depletion layer punches through at open-base transistor and punchthrough
diode.

flow indicates that the punchthrough has caused the junction breakdown. For
a junction to break down, both the avalanche and punchthrough limits are to
be considered and whichever is lower will set the breakdown voltage for the
device rating. Figure 2.34 indicates both limits as a function of base doping
concentration and base length (or called punchthrough length).

For the punchthrough diode structure, both junctions are reverse-biased.
As such, no hole or electron carriers will be able to diffuse through and
drift across the depletion region even when punchthrough occurs. However,
the depletion punchthrough does alter the shape (not the gradient) of the
field distribution profile. The rule of having triangular shape of the field dis-
tribution profile ceases to be valid after the punchthrough occurs. After its
occurrence, the field profile cannot sizeably extend further to the right side
within the p*-region (because of the sudden drop of the filed profile in the
pt-region); therefore, when the external voltage increases, the field distribu-
tion profile will go upward with a fixed (or confined) base width equal to
the p~-drift width. The slope of the field profile remains the same. As the
rule of maximum avalanche field remains valid at the main junction, it is
then favorable to have a lower doping concentration (marked as p~) for the
drift region. This enables a much flattened field distribution profile and early
punchthrough before the avalanche sets in. The flattened field distribution pro-
file will eventually form a rectangle-like shape which will support about twice
the voltage for the same width of the drift region for a non-punchthrough
structure.
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Fig. 2.34. Breakdown limits on avalanche and punchthrough in silicon.

For the punchthrough diode with a finite p~-layer width as shown in
Fig. 2.33, the depletion region lies mainly in this layer and the reverse-blocking
voltage is determined by both the critical breakdown field and the width of the
p~-layer. The Poisson equation is

dE N
& 10 (2.146)
dx &
Integrating the above equation within the p~ region,
X X
. N .
/ dE =/ _9TA Gy — B, (2.147)
0 0 N
Thus,
. N R
B = —YA 4 B, (2.148)
s

where E(x = 0) = Ec which is the maximum critical field at the junction. This
distribution of the electric field is shown in Fig. 2.33 as dashed line. Note that
the magnitude of the electric field decreases linearly from the main (n*—p™)
junction to the p~—p™ junction. The potential distribution is

w W
/ dyr(x) = —/ E(x)dx. (2.149)
0 0
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Fig. 2.35. Breakdown voltage of a punchthrough diode at different drift-region doping
levels and lengths.

Performing the integration with E(x) from Eq. (2.148) yields

. N W2
V(W) = — <ECW _4 AT) , (2.150)
Es

where the negative sign indicates a negative voltage applied. By comparing
with the nT—p diode, the punchthrough diode would have a higher breakdown
voltage (close to double) for the same base width. This is because the field
profile is no longer a triangular shape as that in the abrupt junction. A set of
curves as shown in Fig. 2.35 can be derived by using Eq. (2.150). It is important
to understand the depletion punchthrough concept as it forms the foundation
in studying new high-voltage structures, such as the superjunction structure to
be discussed in a forthcoming chapter.

2.11. Junction Termination

In practical high-voltage power semiconductor devices, their breakdown
voltages are limited by the edge terminations and they can be as low as 10%
of the achievable breakdown voltages at the bulk parallel-plane junctions
(Kao and Wolley, 1967). Since dopants diffuse both vertically and laterally
from the diffusion window during the diffusion process, cylindrical junctions
are created at the sidewalls while spherical junctions are created at the sharp
corners as shown in Fig. 2.36. Normally, the lateral diffusion is less than the
vertical diffusion, e.g. 85% of the value. However, for the simplicity of analysis,
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Fig. 2.36. Cylindrical junction and spherical junction formed under the diffusion
window.

SiO2 Passivation

Fig. 2.37. Lateral junction diffusion and cylindrical depletion layer.

it is assumed that lateral diffusion has the same length as the vertical junction
depth. Electric field crowding occurs at both the cylindrical and spherical sharp
corners because the requirement for charge balance between the two sides of
the junction need to be fulfilled, and also because the charge density at one side
of the junction is more dense than the other side of the junction. As such, the
practical device breakdown voltage of the power semiconductor device is actu-
ally limited by the sharp corner breakdown rather than the planar breakdown
as described earlier (Sze and Gibbons, 1966a). Methods to alter depletion
layer curvature such as using floating field rings, field-plates, bevelled-edge
terminations, etch contour terminations, and the junction extension by ion
implantation are often employed in high-voltage power semiconductor devices
to reduce the field crowding. The presence of surface charge also has a strong
influence on the shape of depletion layer near the surface of the reverse-biased
junction.

2.11.1. Cylindrical Junction

The cylindrical junction is formed at the sidewalls of the planar diffused junc-
tion due to dopant lateral diffusion, as shown in Fig. 2.37. For a p*—n junction,
the Poisson equation in cylindrical coordinates is given by

1d(rE) _ qNg
rodr e

: (2.151)
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where E(r) is the electric field distribution along a radius r extending into the
depletion layer in the lightly doped n-region, as shown in Fig. 2.37. Using
the boundary condition that the electric field at the depletion layer edge in
the lightly doped n-region is zero, i.e. E(rq) = 0, the electric field distribution
within the cylindrical depletion region is given by

2_ .2
R N r{ —r:
By =22 (u) . (2.152)
2 r
The maximum electric field occurs at the metallurgical junction:
2_ 2
. gN rg— T
Enax.cy () = = “( J). (2.153)
Eg 7j

It should be noted that the maximum electric field in the cylindrical junction
is higher than that in the parallel-plane junction approximately by a factor of
Zr—fj. The potential distribution is found by integrating Eq. (2.152) to be

2_ 2
V(r) = qzlzj [(n . r ) +riln (%)} . (2.154)

It has been shown that as the junction depth, rj, increases, the breakdown
voltage of the cylindrical junction increases and begins to approach the higher
breakdown voltage of the parallel-plane junction. This can be intuitively
understood by looking at Fig. 2.38 for two different junction depths. As it
can be seen, there is a higher degree of electric field crowding occurring in the
shallow p™—n junction compared to that in the deeper p™—n junction. This is
because the negative charges in the p*-diffused region, at which the electric
field lines terminate, are located closer to the surface instead of being spread
out along a wider junction area as in the case of the deep p™—n junction.
Therefore, the enhanced crowding of the electric field in the shallow junction
is responsible for its lower breakdown voltage compared to that in the deep
junction.

Figure 2.39 shows the breakdown voltage at the cylindrical junction for the
lightly doped silicon if the same maximum avalanche field at the junction is set.
These curves are calculated by first finding the maximum allowable avalanche
field at the junction. With the maximum field obtained, the depletion widths of
cylindrical or spherical curvatures at various junction depths can be calculated.
By knowing the doping level, junction depth, and depletion width, the voltage
at breakdown can then be obtained. It is seen that for doping levels between
103 and 10'3/cm?, the breakdown voltage does not change much for junction
depth below 2 um.
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Fig. 2.38. Shallow junction in (a) has more crowded field lines at the cylindrical junction
than that in (b).
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Fig. 2.39. Breakdown voltage at various junction depths for cylindrical and spherical
junction at doping levels of 1013 and 10'°/cm3 in silicon.
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2.11.2. Spherical Junction

The spherical junctions are formed at the sharp corners as the junctions take
the form of a one-quarter of a spheroid with the radius equal to the distance
of the lateral diffusion. To simplify the analysis, the distance of the lateral
diffusion is again taken to be approximately equal to the junction depth. For
a pT-n junction, Poisson’s equation in spherical coordinates is

1 d(PE)  gNy
2 odr e

(2.155)

Theelectric field distribution can be found by integrating the Poisson’s equation
and using the boundary condition that the electric field is zero at the edge of
the depletion layer, i.e. E(rg) = 0:

33
By = Na (%) . (2.156)

385 r

The maximum electric field for the spherical junction occurs at the metallur-
gical junction and is given by

3 3

R N rq—r

Eniaxsp(ry) = £ ( - ) : (2.157)

7
]

The maximum electric field in the spherical junction is higher than that in the
parallel-plane junction by a factor of %(’r—j‘)z It is higher than that in the case

of cylindrical junction by a factor of %(:—j‘) The potential distribution can be
found by integrating Eq. (2.156):

> 2
_gNg | (57 T (1 1
vy = £ [( - >+rd <rj r)} (2.158)

The breakdown voltage for a spherical junction is much lower than that of the
cylindrical junction. As such, device designers strive to avoid sharp corners
by rounding them off in high-voltage power devices and integrated circuits.
Usually, the radius of curvature of the rounded corner should be several times
larger than the depletion width at breakdown to be effective. The curves on
the spherical junction breakdown can also be found in Fig. 2.39 calculated by
the above equations.

2.11.3. Floating Field Ring

To ease the field crowding situation, floating field rings are often employed
to divert the depletion charge away from the planar diffused main junction in
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Fig. 2.40. Floating field ring and the depletion charge diversion for less field crowding.

order to reduce the electric field crowding at the main junction, as shown in
Fig. 2.40. The ring has the similar effect in reducing the surface electric field
(Kao and Wolley, 1967), and is indicated in the same figure. The figure shows
the space-charge distribution, and the field is diverted from the original one
large triangle to a later two smaller triangles for a lower field magnitude. It
seems to be that the length of the ring, which is the distance separating two
field triangles, need not be very large but be large enough to have a visible field
diversion. Floating field rings are often fabricated simultaneously with the main
junction to have a similar junction depth. The distance of the ring away from
the main junction is critical in determining the effectiveness of field diversion
(Adler and Temple, 1977). At low reverse-bias, the depletion layer of the main
junction does not extend to the region which hosts the floating field rings. The
floating field ring then acquires the same potential of the lightly doped p-region,
normally zero. As the reverse-bias on the main junction increases, its depletion
layer widens and it touches the floating field ring. Once punchthrough occurs,
the floating field ring assumes the potential of the punchthrough point in the
depletion region, i.e. a field-bypassed region, to extend the depletion profile
away from the main junction. A simple analysis made by one-dimensional field
here can be used for the floating field ring voltage calculation. For a floating
field ring with a small width, its potential is related to the main junction by

N, w2 2gN, W2V, N,
Vi = 203 <WdWs _ _5) = [T dNa o (2.159)

s 2 &s ey °

where Wy is the depletion width of the main junction and W; is the spacing
between the main junction and the floating field ring. As can be seen, the
potential of the floating field ring varies in value as a function of the square
root of the applied potential of the main junction. However, this analysis may
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not be accurate for the actual two-dimensional field situation at the corner of
the diffusion window. The optimal spacing between the floating field ring and
the main junction for the single ring case is about 0.24 times of the depletion
layer width at breakdown on the lightly doped side (10'3-10'%/cm?) of the
parallel-plane junction (Adler and Temple, 1977). At this optimal spacing, the
breakdown voltage has been shown to increase by nearly a factor of 2 over
the cylindrical planar diffused junction without floating field ring. It is hoped
that at the optimized distance, the impact ionization process will occur at both
junctions, i.e. the main junction and the field ring junction, at the same time by
avalanche breakdown. Normally, for a practical reduction of field crowding,
multiple field rings are used, e.g. three to five, to have a better result for higher
breakdown voltage. By properly choosing the spacings between the rings, the
field rings can be used as a field divider to raise the breakdown voltage closer
to the bulk junction.

2.11.4. Etched Contour Termination

Another way of diverting the field contour is by etched contour, especially for
large current devices on wafer form. The moat is typically chemically etched
using either a wet isotropic etchant or a dry plasma etch process. The principle
behind this is to etch away part of the silicon at the lightly doped side near the
junction, so the depletion contour can be manipulated to be similar to that of
having a floating field ring. In Fig. 2.41, both the original depletion contour
before etching and the actual depletion contour after etching are shown. As
part of the silicon is removed, to maintain the charge balance between both
sides of the junction, the depletion boundary of the lightly doped side has
to extend to the far side, resulting in a lower field strength along the region
near the contour edge, and a less field crowding at the corner of the cylindrical
junction (Temple and Adler, 1976). For a one-dimensional view, it is a fair
approximation to assume that both areas A and B of the space-charge region

Etched
Com.:our

Active Device Area

[

Fig. 2.41. Etched contour and planar junction for junction termination.
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are equal. Area A is located much closer to the junction curvature compared to
area B. Therefore, it is clear that by diverting the charge away from the junction
curvature, both the field strength and the degree of crowding can be reduced.

Note that, the etched contour mentioned here is done at one side of the
junction to reduce field crowding at the junction curvature. The etched contour
can also be done by cutting through the junction to form a bevelled-edge-like
surface for field reduction.

2.11.5. Bevelled Edge Termination

Besides reducing the field crowding at the junction curvature to avoid junction
breakdown, it is also of concern that, for large power semiconductor devices
such as thyristor, the breakdown may also occur at the silicon surfaces, either
at the top surface or at the side surface. It is understood that the surface break-
down occurs at a field level which is substantially lower than the corresponding
value for bulk breakdown. The obvious reason can be due to the defects at
the surface caused by a process which creates localized high-field spots leading
to breakdown. As there is no more silicon beyond the surface, the bevelled
edge termination technique is used to shape the surface, so that the depletion
contours on each side of the junction can be diverted in a way to reduce the
field strength near the surface (Adler and Temple, 1978; Cornu, 1973; Cornu
et al., 1974). However, the approach does consume certain amount of silicon
and it is not suitable for junction termination of small devices.

Both positive-bevelled and negative-bevelled edges are shown in Fig. 2.42.
These bevelled edges, when carefully chosen, can be used to effectively
improve breakdown voltage of a p™—n junction. The positive-bevelled junction
[Fig. 2.42(a)], is the one in which the depletion area decreases when proceeding
from the highly doped side to the lightly doped side. The selective removal
of silicon at the lightly doped side of the depletion near the surface forces

D
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n //\\ ____P________X*/
Depletion 1 N\A ' e
Region i N I -2 A
T EPN " o)
(a) (b)

Fig. 2.42. The junction termination by (a) positive-bevelled edge and (b) negative-
bevelled edge.
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the depletion layer on the lightly doped side to expand, resulting in a signif-
icant reduction in the maximum surface electric field. For the simplicity of
one-dimensional analysis, it is assumed that the charge in area A is equal to
the charge in area B plus the charge in area C, for the charges to be balanced
at each side of the junction. Therefore, when the bevelled angle 6 is small, arca
A increases and this forces area B to increase as well. By looking at the field
lines at the surface and in the bulk, i.e. the dashed lines, it can be seen that the
depletion width is stretched because of the bevelled edge, and this in turn will
reduce the field strength along the surface, because the same voltage is seen
across the junction but for a larger junction width.

The negatively bevelled junction, as shown in Fig. 2.42(b), has a charge
relationship of area A+area B = area C—area D. However, the charge density
of area A is much lesser than area D; this makes area A usually much larger
than area D. In this case, the filed line, i.e. the dashed lines, along the surface is
usually shorter than that in the bulk. Only in the case where the bevelled angle is
reduced to be very small (below 10°), this creates a long stretch of area B along
the surface for a lower surface field. Approximately, a positive-bevelled angle
of 45° will reduce the maximum electric field to below 40% of that without
bevelled angle. For the same amount of field reduction, the negatively bevelled
angle would be around 4° (Baliga, 1987) which definitely consumes a larger
area than that of the positively bevelled edge. Figure 2.43 gives the curve of
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Fig. 2.43. Breakdown voltage variation as a function of bevelled angle (0-90° positive
bevel, 90-180° negative bevel) for base doping level between 1013-101%/cm3.
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Fig. 2.44. The etched contour with negatively bevelled edge.

breakdown voltage at different bevelled angles (CSIHPDPIC, 1996). The bev-
elled angle 6 is read as it is in the diagram when it is positively bevelled, and as
180 — 6 when it is negatively bevelled. For example, for the negatively bevelled
angle of 45° [refer to Fig. 2.42(b)], it reads 135° in Fig. 2.43.

Similar bevelled contour can be formed by chemical etching, as shown in
Fig. 2.44. Comparing this structure with Fig. 2.41, the difference between these
two is derived the etched contour sidewall. In Fig. 2.41, the etched contour
does not touch the diffused junction, and the main focus is to reduce the
field crowding at the junction curvature. There is a field appearing along the
contour-etched sidewall, but not high enough to be critical. A higher field
appears at the top surface where the junction is located compared to that at
the sidewall surface. In Fig. 2.44, when the etched contour touches the diffused
junction, the sidewall surface field is then of concern as the diffused junction
disappears from the top junction. The structure shown is a negatively bevelled
junction and it will result in a higher surface field.

The bevelled surface needs to be treated properly to remove the contamina-
tion and damage after the process of sandblasting and grinding, and to cover
the surface with passivation material.

2.11.6. Field Plate

The field plate as shown in Fig. 2.45(a) is a thin oxide layer surrounding the
junction termination with metal contact deposited on top. The field plate is
applied at the same potential as the p*-layer to create a field of similar nature
as that of the pT-layer but without a physical space-charge junction in silicon.
This oxide field diverts the depletion contour stretched away from the junction
to create a similar field reduction effect as that of using the field rings or etched
contour terminations. To be effective, the oxide layer thickness shall be thin
enough for sufficient field to occur in silicon. For high voltage devices, thin
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Fig. 2.45. Field plates with (a) homogeneous oxide thickness and (b) stacked oxide
layers.

oxide may face the problem of breakdown. In this case, stepped oxide layers,
as shown in Fig. 2.45(b), can be used to avoid the problem (Benda et al., 1999).
Since the field plate and the floating field ring have similar nature and effect in
field reduction, they can be used together to bring down the field crowding to
a minimum level.

2.11.7. Junction Termination Extension

Junction termination extension is made by ion implantation to the end of
the junction for the formation of a thin and lightly doped layer around the
perimeter of the diffusion junction, as shown in Fig. 2.46. The technique can
be applied for planar junction or at etched contour junction as shown. The
extended thin layer provides extension on depletion layer similar to that of a
field plate to reduce the field crowding at the main junction (Temple, 1983;
Temple and Tantraporn, 1986; Stengl and Gosele, 1985). Multiple junction
termination extension layers with different doping concentrations, in a tech-
nique called Variation of Lateral Doping (VLD), can be used to obtain better
results in field reduction, both at the main junction curvature and at the surface
junction. The technique is considered to be more effective and space-saving
than that of using the floating field rings.
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Fig. 2.46. Junction termination extension at (a) planar junction and (b) etched contour
junction.
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Fig. 2.47. Planar junction with SIPOS termination/passivation.

2.11.8. SIPOS (Semi-insulating Polycrystalline Silicon)
Termination

SIPOS films are chemically vapor-deposited polycrystalline silicon doped with
oxygen or nitrogen atoms. The passivation films normally are of three layers
(Matsushita et al., 1976; Stockmerier and Lilja, 1991), as shown in Fig. 2.47.
The bottom layer is oxygen-doped SIPOS film with proper control of oxygen
content for the film resistivity. This semi-insulating film serves two purposes: (a)
to screen any undesired charge on silicon surface to avoid localized breakdown,
and (b) to allow current flowing in SIPOS in order to form a linear potential
gradient at the surface to relieve field crowding near the planar junction, so that
the depletion boundary is diverted away from the junction. The film resistivity
shall be low enough to allow (a) and (b) to be effective, but not too low to
avoid high leakage current. Note that, the film resistance is also a function
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of temperature. When at high temperature, the leakage current goes higher.
The second layer of the film is nitrogen-doped SIPOS to prevent sodium ions
contamination; normally this is a very thin layer. The final layer is the SiO; or
Si3Ny passivation that helps in the protection from dielectric breakdown.

2.12. Summary

In this chapter, the fundamental concept on power semiconductor physics
and junction electrostatics including termination techniques were reviewed.
This included the carrier transport physics, junction electrostatics, and the
breakdown phenomena. It is hoped that by understanding these device physics,
it will bring a more in-depth understanding on the analyses and utilization of
power semiconductor devices. The same knowledge is also useful in working
on power microelectronic device design and analyses.
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3.1. Introduction

In Chapter 2, it has given brief description on the p-n junction as a
two-terminal semiconductor bipolar device functioning for rectification. The
junction acts as a switch which allows current to flow under forward bias
condition and blocks the current by a much higher potential barrier under
reverse bias condition. So, a simple p—n junction diode is serving as an uncon-
trollable switch. In a sense, the behavior of the semiconductor diode is preset
by the internal p—n junction, rather than by or with any combined influence
of external control signal. The diode structure can be complemented by the
field-controlled mechanism, called field-controlled diode, or similar variations
to create the ability of external control (Baliga, 1981; Thapar and Baliga, 1997).
Bear in mind that, the semiconductor diode can also be used for applications
other than current switching, ¢.g. used as a small signal attenuator with no
current switching. Or, for some applications, the diode is fabricated in the
integrated circuits serving as a capacitor under reverse bias condition. In this
case, the diode will not carry current, but serve as a voltage-controlled junc-
tion capacitor. Nevertheless, for the main applications of power semiconductor
diodes described here, the main properties remain on the switching behaviors
and power related issues, such as the current conduction, blocking and reverse
recovery.

There are various ways to form a diode structure on silicon and the varia-
tions mainly due to the process differences and the need for integration with
other devices on the same silicon die. Sometimes, the diode structure is formed
as a parasitic component integrated with another device, such as MOSFET
device has a built-in body diode. Figure 3.1 shows various diode structures
formed by different fabrication processes. Among them, Fig. 3.1(a) shows a
simple vertical p—n junction diode by diffusion process. Figure 3.1(b) is the
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Fig.3.1. Variousdiode structures: (a) vertical p—n diode, (b) vertical p—i-—n diode, (c) lat-
eral p—n diode, (d) lateral p—i-n diode, and (¢) MOSFET body diode.

vertical p—i—n diode using the similar fabrication process as in (a), but made
on the p™-n~ epi-wafer. Figure 3.1(c) gives the lateral p-n diode where the p*
layer is very shallow made for ohmic contact purpose. The lateral p—n diode
is suitable for integration. Figure 3.1(d) gives the lateral p—i—n diode using the
n-well in CMOS process as the drift region. Figure 3.1(e) is a lateral LDD
n-MOSFET structure with p-body shorted to the source (left n™ contact). The
body diode is then formed between the p-body and the drain contact (right n*
contact) with the n-well drift region in between. The body diode may conduct
during the fly-wheeling process used in power converters.

The behaviors of the junction diode device are determined by two basic
elements, namely the junction and the semiconductor doping within the device.
The junction behaves like a check-valve, which allows a certain type of carriers
to go through but not the other type of the carriers in the same direction of
flow. To describe the concept more clearly, let us take a p*—n junction as an
example. If the junction is reverse biased, then the electric field is running
from the n-side to the p*-side. Under such a condition, the junction will allow
electron carriers to move from p*-side to n-side, or equally capable for hole
carriers to move from n-side to p*-side. And at the same time, the electron
carriers are prevented to move from n-side to p*-side, nor can the hole carriers
flow from the p™-side to n-side. The concept seems to be trivial for one single
junction under steady-state, but it becomes rather important when dealing
with a multiple-junction device or under transient condition when electron and
hole carriers are mixed at different regions and a reverse-biased junction does
carry current flow. The second element affecting the behaviors is the doping
level. If an area is used for carrier emission, it then needs to have a higher
concentration of doping for a better emission efficiency to boost up the current



Bipolar Junction Diode 83

density. Otherwise, for a low emission efficiency it means not enough number
of carriers and, in term, the device has a high on-state voltage drop. If the area
serves to sustain high field, then a lower doping level drift-region shall be used
to raise the breakdown voltage. The high resistivity of a lightly doped region
at off-state may not be the same resistivity during on-state current conduction
depending on the amount of excess carriers flowing into this region. If a large
amount of excess carriers are injected into the lightly doped region, then the
injection creates an effect called the conductivity modulation for the situation
that more free carriers are now available within the region and the resistivity
of the region becomes much lower for the conduction period.

In modern power electronic circuits, the diode device plays a major role in
current rectification and energy fly-wheeling. A fast switching diode leads to a
lower switching loss and in turn a higher system efficiency. Besides the switching
speed, other desired characteristics such as low forward voltage drop, low leak-
age current, and high temperature capability are also desired. Power Schottky
barrier diodes made of metal-silicon junction are generally used for high-speed
switching applications due to its less amount of excess carrier storage compared
to the conventional diodes. However, the Schottky barrier diode has a limited
role above 100V due to its higher reverse leakage current. The pt—n~—-n™ (or
called p—i-n) diodes can be used for high-voltage switching and rectification
purpose. However, the switching speed is relatively slower for the recovery time
needed to clear up the excess carriers in the long drift region. High voltage
GaAs power diodes are now commercially available for high-speed and high
temperature switching applications for its larger bandgap compared with that
of silicon. Diodes made of SiC material are still in the laboratory development
stage and hopefully to be available soon in the market.

In this chapter, the device physics of power p*—n~—n" and Schottky barrier
diodes are reviewed and discussed. An experimental investigation on the high
temperature characteristics of a silicon p*—n~-n" diode is accompanied to
completely cover the steady-state silicon diode properties. Diodes of GaAs
and SiC are briefly described. This is followed by switching behaviors of the
junction diodes. New devices, such as the field-controlled diode, MPS (Merged
p—(i)—n and Schottky) diode and synchronous rectifier are also described at
the end of the chapter.

3.2. Basic Junction Diode Theory
3.2.1. Forward Conduction
The current flow in a p—n junction diode is determined by the diffusion and

subsequent recombination of the minority carriers injected into regions on
either side of a forward-biased junction, as shown in Fig. 3.2. The current
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Fig. 3.2. Distribution of carrier densities and current densities across a forward-biased
junction.

flow is a consequence of carrier movement following the Schockley’s diffusion
approximation (Schockley, 1949). At low-level injection, the minority-carrier
densities at the edges of the space-charge layer with the application of a forward
bias, V;, are given by

9V

np = npoe (3.1
avp
Pn = pnoe fT, (3.2)

where npo and pyo are the equilibrium minority carrier concentrations in the
p and n regions respectively, k is the Boltzmann’s constant, and 7 is the tem-
perature. Assume that both p and n sides are uniformly doped and sufficiently
long in length that all the injected minority carriers recombine before they
reach the contact. For generation in the space-charge region is too small to be
considered, the time-independent hole diffusion equation for the n-side of the
junction is

Epa() _ Apa(x) _

dx? Tp

where 1, is the hole minority-carrier lifetime, Dy, is the hole carrier diffusion
coefficient and the excess minority carrier at the n-side, A py(x), is defined as

Apn(x) = pn(x) — pno (3.4)
The general solution to Eq. (3.3) is in the form of

Dp

0, (3.3)

Apn(x) = Ae VP 4 BePrm (3.5)
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where A and B are the constants to be determined using the appropriate bound-
ary conditions. Since all injected holes are recombined before reaching the
external contact, the boundary condition at x = oo is

Pn(x = 00) = pno. (3.6)

At the edge of the depletion layer at the n-side of the junction where x = 0,
the injected minority-carrier (hole) density is given by Eq. (3.2)

qvp
pn(x = 0) = pnoe’ . (3.7)

The constant B is zero in order to satisfy the boundary condition in Eq. (3.6).
Thus, the distribution of the injected hole is found to be

qvp _x
Apn(x) = pno (e T — 1) e v, (3.8)

where

Ly =/Dp1p (3.9
is the hole diffusion length in the n region. Note that the minority carriers
decay exponentially from the initial injected density given by Eq. (3.2) to the

equilibrium concentration of pyo near the external contact. The hole diffusion
current density is

Jp(x) = —qu

D x
dpy(x)  qDppno < avp >eLP. (3.10)

= To— 1
dx Ly ¢

At the edge of the junction depletion where the minority hole carriers entering
the n region, the hole diffusion current density is

D v
Jp(0) = TpP0 (J«rf - 1) . (3.11)
Lp

Similarly, the electron distribution at the p-side of the junction is

./

avp _x
Anp(x) = npo (e T — 1> e In (3.12)
and the electron diffusion current density is

D 4 %
Jo(x) = ‘IL“ﬂ (eqka - 1) e 1, (3.13)

n

where

Lo = /Dot (3.14)



86 Power Microelectronics

is the minority electron diffusion length in the p-region, and x’ is the spatial
dimension at the p-region with x’ = 0 located at the edge of the depletion layer.
The total current density is obtained by adding the minority carrier current
density components at the junction space-charge layer edge, i.e. x = x’ = 0.
Therefore,

J=gq DanO+M e%—l =J e%—l , (3.15)
Ly Ly

where Jy is the saturation current density and is given by

Dppno , Dnnpo
= —_—+—). 3.16
Jo=4q ( L, . (3.16)

Figure 3.2 also shows the minority-carrier diffusion currents for a forward-

biased p—n junction.

3.2.2. Short-Base Diode

In a narrow-base or called short-base diode, the length of the lightly doped side
of a p*—n diode is close to or less than the minority-carrier diffusion length.
Hence, all the remaining minority carriers will be recombined at the contact.
The boundary condition of Eq. (3.6) must be modified to

Pn(x = Wn) = pno (3.17a)

or
Apa(x = Wy) =0, (3.17b)

where W, is the n-base width. Applying the new set of boundary conditions
gives

Apn(x=0) = Apy(0) = A + B, (3.18)
Wn Wn
Apn(x = Wy) = Ae » 4 Belr =0. (3.19)

Solving for constants A and B and substituting back into Eq. (3.5) yields,

Wn—x =Wn—x)
e v —¢ Ip
Apn(x) = Apn(O) — wa _wWn |- (320)

elp —e Lp
Thus, the distribution of the injected hole carrier is

: Wh—x
sinh <_Lp )

Apn(x) = Apy (O)W-

(3.21)
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The hole current density can be found as

Wh—x
D v cosh ( ~&
) = qLp Pno (e‘lkrf . 1) LP) (3.22a)
Lp sinh (va_p)
D Vi 1
M®=qme%—0———— (3.22b)
Lp tanh (VLV—;)

which is independent of x. If Wy, /L, is much less than one, the sinh() terms in
Eq. (3.21) can be replaced in approximation by their arguments, and the excess
carrier concentration becomes

Apn(x) = Apn(0) (1 - Wi> . (3.23)

n

Note that the carrier concentration becomes a linear function of position as a
consequence of negligible thermal generation—recombination in a region much
shorter than a diffusion length. In this case, the hole current density is

D v
o) = 2 ‘;’/p“o <eqka - 1). (3.24)

n

Note that the hole current density is now controlled by the width of the lightly
doped n-region rather than the diffusion length as in the long diode. Figure 3.3
gives the selected -V curves on diode forward conduction with and without
the end-region recombination and higher current is observed on the short-base
diode.

3.2.3. Junction Capacitance

When the diode junction is reverse-biased, the space-charge region behaves
like a variable capacitor with the capacitance controlled by the applied voltage.
The capacitance per square area is defined as

0 d(gNaxy)
d dvgp

C (3.252)

where, for abrupt junction

= | 2EsNaOR + o) (3.25b)
gN4(Na + Ng)
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Fig. 3.3. Calculated diode forward current conduction with and without the end-region
recombination.

where ¥ is the built-in junction potential barrier. Combine Egs. (3.25a) and
(3.25b), the junction capacitance can be calculated as

N, N,
cz/ 45 a1 (3.26)

2(Na + Ng)(VR + v0)

From the equation, it can be seen that the capacitance changes nonlinearly with
applied voltage and becomes smaller when the voltage increases. For an abrupt
pt-n junction, the doping level of N, is much greater than Ny, so Eq. (3.26)

can be simplified as
qesNg
Cr [ —m. 3.27
\ 2(VR + o) G-27)

So, a lower doping of N4 will increase the depletion width quickly and subse-
quently a lower capacitance appears. If the junction is a linearly graded junc-
tion, then Eq. (3.25b) needs to be changed to Eq. (3.28) in order to calculate
the correct amount of space-charge

1
%z(ﬁﬂﬁi@»ﬂ (3.28)

qH
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where H is the doping gradient as described previously in Chapter 2. The
junction capacitance can now be calculated as

d (LqHx? 2\ 3

d q H

c-9Q _ M — 0436 x [ 95 ) (3.29)
dv dv VR + Yo

Similar trend of lower capacitance with higher voltage is observed in Eq. (3.29)
but with different proportion with voltage compared to that of the abrupt
junction. In Eq. (3.29), the junction capacitance decreases more moderately.

SPICE, an acronym for Simulation Program with Integrated Circuit
Emphasis, is a general-purpose circuit analysis program widely used in the
simulation of electronic circuits. It was developed by the Electronic Research
Laboratory at the University of California, Berkeley in the late 1960s and was
released to the public in 1972. Over the years, SPICE has gone through many
upgrades. SPICE became very popular when MicroSim in 1984 introduced a
personal-computer (PC) version of SPICE known as PSpice (MicroSim, 1984).
In SPICE, the total capacitance of an abrupt n*—p junction diode consists of
both a junction capacitance and a storage capacitance modeled by

4

Ci(Vg) = NKT

Ve v\ 05
Tt[senkT + C_]0<1 - V) . (330)
J

In the above equation, n is the emission coefficient and it falls within the range
of 1-2. Ty is the transit time and it can be approximated by the minority electron
lifetime in the lightly doped p-region of the n*—p junction diode. Vj is the
junction potential and is given as

kT { NuN,
vj=—1n< 2 d), (3.31)

2
q n;

where Ny and N, are the donor concentration in the n™ region and acceptor
concentration in the p-region, respectively. I is the saturation current and is
given by

Dy pno Dnnpo
I =qgA | 22 4 P , 3.32
e ( Ly L ) 3

where ppo and npo are the minority hole concentration in the n region and
minority electron concentration in the p-region. D}, and D, are the diffusion
coefficients for holes in the n™ region and electrons in the p-region, respectively.
L, and L, are the diffusion lengths for holes in the n region and electrons
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in the p-region, respectively. Cj is the zero-bias junction capacitance and is
given as
&sA
Cio = > , (3.33)
265y (1 1
2V (3 + 77

where & is the permittivity of silicon.

3.3. High-Voltage pt—n——n* Diode

The p™-n~—n* diode as shown Fig. 3.4 consists of three semiconductor regions
with two high-low junctions, the p¥—n~ and n*—n~ junctions. The diode is
sometimes called the p—i—n diode or punchthrough diode for its lightly doped
base region and the easy punchthrough nature. The doping and thickness of
the n™ region are controlled to achieve the desired reverse blocking voltage as
described in Chapter 2. Due to the relatively low doping concentration of then™
region, the injected carrier concentration often exceeds the base background
concentration. As such, the high-level carrier injection occurs while the injected
hole density is much greater than the background concentration of the n™ layer.
Similar situation occurs for electron carriers as charge quasi-neutral constraint
in the n™ region requires the condition that the concentrations of the injected
holes must be equal to that of the electrons in the base region, such that

n(x) = p(x) where —d <x <d. (3.34)

It should be noted that the concentrations of the excess holes and electrons
injected from both pT™ and n™ regions can become several orders much higher
than the background concentration of n~. As such, the conductivity in this
layer changes a lot and becomes much higher than it was. This phenomenon

pt+ n- n+

Fig. 3.4. Excess carrier and electric potential distributions in a p—i—n diode.
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is known as the conductivity modulation. The conductivity modulation is the
mechanism for the reduction of the on-state voltage drop in the p™—n~-n*
diode. Such a property makes the lightly doped n™ region used for high-voltage
blocking layer now a less burden for on-state current conduction. However,
the degree of conductivity modulation is proportional to the amount of the
excess carriers in the base region. When a p—i—n diode conducts under heavy
conductivity modulation at high-current conduction, the amount of excess
storage charge is very large. This makes it difficult to quickly turn-off large
current as more time is needed to clear up the amount of excess carrier storage.
Therefore, the outcome of conductivity modulation makes the turn-off time
as a function of its on-state current.

3.3.1. Forward Conduction

For the silicon p—i—n diode, the forward conduction can be briefly divided
into four different regions, namely the tiny current recombination region, the
low-level diffusion current region, the medium to high-level injection region,
and the very high current ohmic region, as depicted in Fig. 3.5. For the first

region, the current is proportional to e27. However, it is too small, e.g. a
few orders of the reverse leakage current, to be important in diode forward
conduction. The second region represents a low-level carrier injection and

eqV/2kT
— 1g+12 [ (at medium-high level
o £ injection)
— -
3 very high level
P 1.E+09 F injection
4 3
g I
2 1.E+06 | edVkT (by diffusion at
g : low level injection)
3 !
°
s 1.E+03 |
w E_~~_— €9V/2kT (by recombination)
1E+00 P N T T T T T T NN T T T N S T T T N T T T N T T W1
0 02 04 06 08 1 1.2

Voltage (V)

Fig. 3.5. Conduction modes of p—i—n diode under different forward bias levels.
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diffusion to the lightly doped base region. This is described by Shockley’s
theory of the p—n junction (Shockley, 1949) as stated in the previous section.

The forward current is proportional to e% . The third region begins at medium
to high-level injection. The diode current is approximately determined by the
recombination process of electrons and holes in the base region, whereas there
is very little carrier injection across the heavily doped borders to p* and n™

regions. The forward current is proportional to e% as described by the Hall’s
theory (Hall, 1952). The fourth region represents the very high current region
where the carrier concentration in the base region is extremely high filled with
both electrons and holes. Diffusion process occurs at both the lightly doped
region and the heavily doped n™ and p™ regions. The diffusion current at the
heavily doped regions can no longer be ignored and shall be included as part of
the total current (Rose, 1964; Herlet, 1968). Conductivity modulation saturates
at this point and the diode behaves more like an ohmic device now.

The diode conduction behavior at low-level forward current was described
early. For the medium level of forward current, the mechanism of forward
current conduction in the pt-n~-n™ diode consists predominantly of the
recombination of holes and electrons in the n™ layer, as shown in Fig. 3.4. The
recombination of holes in the n* region and the recombination of electrons in
the p™ region are significant only at high-level of forward current conduction,
i.e. the third region. The current density in the n~ region under steady-state
condition is given by

d —_

2qd

Jo =q/ ) gy = 244¢ (3.35)
—d Ta Ta

where c(x) is the distribution of excess carrier density, ¢ is the average excess
carrier density, 7, is the amipolar carrier lifetime equal to 7,0 + Tno, and d is
half of the n™ layer width, i.e. —d to +d covering the entire n~ region. The
high-level lifetime is used here to indicate a large amount of excess carriers,
both hole and electron, diffusing into the base region for recombination process
to occur. Since the free carrier density is directly proportional to the current
density, the voltage drop in the n™ layer will then be treated independent of
the current density. The free carrier density distribution in the drift region can
be found by solving the carrier continuity equation:

d’c(x)  cx)
dx2  Dyty

0, (3.36)

where D, is the ambipolar diffusion coefficient given by

2DyD, L}

= > = 3.37
Dy + Dy Ta ( )

a
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and L, is the ambipolar diffusion length. Equation (3.36) can rewritten as

dzc(x) _ c(x)

= . 3.38
The general solution to Eq. (3.38) is
X . X
¢(x) = K| cosh <—> + K> sinh <—> . (3.39)
L, L,

The boundary condition at the n™—n~ junction can be determined by rec-
ognizing that the current transport is made entirely by electrons. Thus, the hole
current is almost zero at x = +d:

dp
- ~ 0, 3.40
Py (3.40)

x=+d

Jp(+d) = qupp(x = +d)2?(x =+d) — gD

where E(x) is the electric field in the base region. From the above equation and
the Einstein relationship, the electric field at the n™n~ (i.e. x = 4-d) junction is

. kT d
Ed) = —— L (3.41)
‘ZP(X = +d) dx x=+d
The electron current density at x = +d is given by
N dn
In(+d) = qunn(x = +d)E(x = +d) + gD, — (3.42)
dx x=-+d

Substituting Egs. (3.34) and (3.41) into Eq. (3.42), the current density at x = +d
can be obtained as

Jo- = Jo(+d) = 2gD (3.43)

" E x=-+d '
Similarly, the boundary condition at the p™—n~ junction with J,(—d) = 0
yields

dn
I = Jp(=d) = 24Dy —

. (3.44)
x=—d
The solution of Eq. (3.39) with the above boundary conditions is given by
(Herlet, 1968)

o - .
n(x) = px) = n2qLa sinh (%) - cosh (Li) ’
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where
Mo

B=1r 3.46
el (3.40)

MHp

Thus, the concentration of electrons and holes in the n™ region is proportional
to the current density J. For the condition if iy = pp, then B = 0. In this case,
n(x) and p(x) both will have a symmetrical distribution, and the boundary
values at x = +d and x = —d are equal. If p, is not exactly equal to pp,
then an asymmetrical carrier density distribution, due to the second term in
Eq. (3.45), is obtained. For example, if i, > pp, the carrier concentration is
higher at the p™—n™ junction, i.e. x = —d and lower at the n™—n~ junction, i.e.
x = +d, as depicted in Fig. 3.4.

For a fixed current density, the average value ¢ of the carrier concentra-
tion distribution is independent of the value B. This is because by integrating
Eq. (3.45), only the first symmetrical term gives a contribution to the average
value. Thus,

Tady—
2dgq -

The concentrations of electrons and holes, for c¢(x) = n(x) = p(x), in the
neutral n~ region at two junctions are (Herlet, 1968)

__d d 2 (d
—eLcotn (L) (1= Brann? (L
c(hd) = ¢ coth <La> (1 B tanh (La>> . (3.49)

Equations (3.48) and (3.49) can then be used to obtain the current density at
the edges of lightly doped n base by substituting them into Egs. (3.43) and
(3.44). The diode voltage drop comprises of contributions of the voltage drops
across the space-charge regions at both the pt—n~ and n*—n~ junctions, and
the resistive voltage drop across the middle n™ region. The resistive drop plays
an important role in voltage variation by conductivity modulation. The voltage
drop across the middle n™ layer, V,-, can be found by integrating the electric
field E,,- (x) over the n~ region,

Cc =

(3.47)

+d
V- =/ E,-(x)dx (3.50)
—d

and, the current density in the n™ region is

dn dp)

— — Up— 3.51
dx 'updx ( )

A kT
In= = q(unn(x) + ppp(x) Eq-(x) + 7 <Mn
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So, the electric field £,- (x) can be obtained from the total current density of
Eq. (3.51). Taking into account that n(x) = p(x) and dn/dx = dp/dx, the
electric field in the n™ layer is

Jo- g KT _dn

Ey-(x) = - an
q(pun + pp)n(x) gn(x) dx

(3.52)
It can be seen that the electric field comprises of an ohmic component propor-
tional to the current density and another component which depends upon the
carrier concentration distribution. Carrying out the integration in Eq. (3.50),
the voltage across the n~ layer is (Herlet, 1968)

o (d
kT | g s ST T
Vo = =

g | Jo- b+1)?
! 1 — B2 tanh? (i)
L,
x tanh~! (\/1 — B? tanh? (i) sinh <i>>
La La

d
1 + Btanh? [ —
+ Btan <L )

a

1 — Btanh? <i>
L,

where b is the ratio of jun/pp. As it indicates, the voltage drop across the n™
region is independent of its current density, e.g. J = J,- for the second region
in Fig. 3.4, as treated and it is a function of d/L, and B only. The voltage
drops across the pt—n~ and nT-n~ junctions also contribute to the diode
forward voltage drop. According to Boltzmann’s law, the injected minority
carrier densities at these junctions are:

+B-In (3.53)

9Vt

p(=d) = pnoe ¥ (3.54)
Vot
n(+d) = npoe * . (3.55)

The voltage drops are calculated as

v =y <—”(x = _‘D> _ My, (—p(x — _d)Nd'“> . (356)
0

m

kT — 4d
Vor =~ 1n (M> . (3.57)
q Nd,n—

q Pn q 2
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The total voltage drops across the two high—low junctions are

Vi 4 Vs = kq—Tln (”(XZM)”(XZ_”D). (3.58)

p

”
Combining Egs. (3.53) and (3.58), the total voltage drop across the diode can
be obtained. Equation (3.58) can be written in a form by replacing n and p

from Eqs. (3.48) and (3.49) as

v v 2T | raJnf\/l — B2tanh*(d/L,)
P = T T 2gni Ly tanh @/ L)

(3.59)

Hence, the forward current density at medium to high-level injection by the
recombination of holes and electrons in the n™ layer without end-region recom-
bination at the n™ and p™ regions is

Jh-

2gn; D, d\ 1Vttt Vo)
= L F ( ) e
Ly

- e (3.60a)

where the function of F() is

d d
£ tanh ( & —qV._
F (i) - () e (3.60b)
\/1

L
a — B2tanh* (L%)

Thus, at medium current densities when high-level injection prevails in the n™

. . . vy .
layer, the forward current density varies as a function of o7t ,comparing to that
of the low-level injection where the forward current density varies according

qv . . .
to e’ as that of a regular p—n junction diode.

At a very high current density, the current—voltage characteristics is found
to deviate from the derived exponential behavior. This is due to the signifi-
cant recombination in the n* and p* regions as well as a reduction in the
diffusion length by carrier—carrier scattering. For such a case, the forward cur-
rent density must include these recombination components in the p™ and n*
regions:

Jp = Jo- + Jpr + Jnr (3.61)

Assuming that the width of the n* and p™ regions are less than the carrier
diffusion lengths, the current densities in these regions can be derived from
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low-level injection theory since the minority-carrier density is much lower than
the high doped background levels. Thus,

an’p+n0,p+

= ( 5 1) (3.62)
Jot = W e — .
p ’

Ly p+ tanh (L -l )

n,pt

qu,nero,nJr

J ( o 1) (3.63)
+ = e kI — y .
! Ly o+ tanh (LW“+ )

p.n

where W+ and Wy,+ are the thickness for the p™ and n™ regions. For a high—
low junction, the injected carriers on either side of the junction are related by
(Sze, 1981):
ppr(x=—d)  ny-(x = —d)
Pn-(x = —d) np+(x = —d)’

where p,+ and n+ are the hole and electron concentrations on the p* side of
the junction, p,- and n,- are the hole and electron concentrations on the n™
side of the junction. Due to low-level injection level on the heavily doped sides:

pp+(—=d) = po p+. (3.65)

The injected electron concentration in the p* region is related to the voltage
across this junction:

(3.64)

qvVo+
Nyt (—d) = ng pre 7. (3.66)
Thus, Eq. (3.64) can be re-written as
4Vt aVot
n(=d)p(—=d) = po p+ngpre ¥ = ”ie,p+eT’ (3.67)

where nj, o+ is the effective intrinsic carrier concentration in the pt region.
Using the charge neutrality condition, i.e. n(x) = p(x) in the base region:

v+ — —_D\?

e (M) , (3.68)

nie’p+

Substituting Eq. (3.68) into Eq. (3.62) yields

D n = — 2
I~ gDy 0,;v>v++ (n(x d)> ' (3.69)
p Nie pt
Ly p+ tanh (Ln.p ) le,p

Similarly,

(3.70)

Jp+ &
Ly o+ tanh (LW“+

Nie.n+

qDp n+ Po.n+ <n(x = +al)>2

p.nt
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From Eq. (3.58), it indicates that the total voltage drop of both junctions
are proportional to the average carrier concentration as In(c¢). For high-level
injection, the voltage drop can now be related to In(+/J), which has a very
weakly variation, by looking at Egs. (3.69) and (3.70). For approximation,
the total voltage drop of both junctions can be assumed constant (Herlet,
1968). As for the voltage drop across the base region, Eq. (3.53) is no longer
independent of forward current as the total current J is not the same as the
base diffusion/recombination current J,_. Instead, it increases strongly with
the forward current in a ratio of approximately V o +/J. This phenomenon
of deviation from the exponential function can be seen as the saturation of
conductivity modulation, whereas the increase of carrier density in the base
region does not have dominant effect on the reduction of resistivity. We can
then treat this /-V region as ohmic. It should be noted that, the combined
effect of carrier—carrier scattering and Auger recombination also contributes
to a higher base-region voltage.

3.3.2. Reverse Blocking

As discussed in Chapter 2, the reverse blocking voltage of a p™-n~—n™ diode is
supported by the lightly doped n~ layer. As such, the width and doping level of
the n™ layer determine the maximum reverse blocking voltage of the diode. The
limited ability of silicon junction diode to block current flow in reverse direction
under elevated temperature sets its maximum operating temperature. There
are two possible mechanisms responsible for current flow under reverse bias
conditions. The first mechanism is by space-charge generation of electron—hole
pairs within the space-charge region. Under reverse bias conditions, electron—
hole pair generated within the space-charge region will be swept out of this
region by the existence of an intense electric field within this region. If the
generation process is assumed to be uniform over the space-charge region, the
space-charge generation current is given by (Sah et al., 1957)

W .
T = L% (3.71)
TSP

where Wy is the depletion layer thickness in the n™ layer. Since the depletion
width increases with reverse bias, the space-charge generation leakage current
increases with a higher reverse bias. The space-charge generation leakage cur-
rent is also a strong function of temperature due to the thermal energy available
for the generation of electron—hole pairs within the space-charge region. This
is because, in Eq. (3.71), n; increases with temperature.

The second carrier mechanism responsible for the generation of reverse
leakage current comes from electron—hole pairs generated near the depletion
edges of the reverse-biased junction. These carriers diffuse into the edges of
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the depletion region and are swept across the depletion region by the electric
field. These diffusion leakage currents are

D n?
B = 72 (372
LyNgn-
from the n™ region, and
ann-2
Jipt = —— (3.73)
L, a,pt

from the p™ region. Note that the main depletion region for the p—i—n diode
is located at pT—n~ junction. The diffusion component of the reverse leakage
current increases rapidly with temperature due to the term of ”12 dependence.
As such, the diffusion component of the reverse leakage current dominates at
temperatures above 100°C. The total leakage current is the sum of the compo-
nents in Egs. (3.71)—(3.73).

3.3.3. Temperature Effect

The temperature effect on diode current conduction is described by looking
at fabricated diode devices. The epitaxial pt—n——n™ silicon diode fabri-
cated with an n* diffusion on a lightly doped n-epitaxial layer of concentra-
tion of 1 x 10'cm™3 on top of an pT (100) substrate of concentration of
1 x 10" cm ™3, and the p™—n junction diode with similar active area fabricated
by diffusing phosphorus into the boron-doped (100) silicon substrates are mea-
sured to investigate the temperature effect (Ang, 1995). Both diode structures
are shown in Fig. 3.6. For the p—i-n structure, the high—low junction is formed

(a)

n

; ”

L

Metal
/
Ohmic contact
1

(b)

Fig. 3.6. Cross-section views of (a) the p—i-n diode and (b) p—n diode fabricated on
silicon.
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at the diffused n™/n-epitaxial layer with an n-epitaxial/p™* substrate junction.
The V-groove is made to form isolated islands for phosphorus implantation
for the n™ emitter on the top. The V-groove trenches are not needed for the
pt—n diode, however, they are made to have the similar device active region.
The p*—n junction was formed epitaxially (flat junction), while the high—low
junction was formed by diffusing an n™ layer into the lightly doped n-epitaxial
layer. For the p™—n diode, the phosphorus-diffused junction depth is 2 um and
its doping profile is selected to yield a similar breakdown voltage of 27V as
that of the pt—n~—n™ diode.

Figure 3.7 shows the diode quality factor for forward conduction under
low bias condition as a function of temperature for the epitaxial pt—n——n™
silicon diode. The diode quality factor at room temperature is defined as

qg AVp
n=-—————
kT A(In Ir)

and it has a value of about 1.13. Carrier diffusion is the predominant cur-
rent conduction mechanism for low-level injection at room temperature. The
deviation of the diode quality factor from unity reveals that a small recom-
bination current exists in addition to the predominant diffusion current. The
diode quality factor at low forward bias condition reduces to unity at higher
temperature as shown. This is because the diffusion component of the for-
ward current increases at a faster rate than the recombination component at

(3.74)
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Fig. 3.7. Measured p—i—n diode quality factor under low forward-based condition as a
function of temperature.
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high temperature. The intrinsic carrier concentration increases with temper-
ature and thus, the diffusion current increases more rapidly with tempera-
ture as it is proportional to the square of the intrinsic carrier concentration,
whereas the recombination current increases linearly with higher intrinsic car-
rier concentration. Overall, the forward current at low bias voltage increases
approximately as e~ Fat with temperature variation. A semi-logarithmic
plot of the forward current versus temperature as a function of applied bias
as shown in Fig. 3.8 can be used to explain the current conduction mecha-
nism. The figure shows that the forward current under higher biasing voltage
departs from the line and bends down at high temperature region. This phe-
nomenon can be explained by the concept of activation energy. The activa-
tion energies for the forward current at different bias voltage are tabulated in
Table 3.1.

)

o
N
aau

1.E-04 |

Forward Current (A

1.E-06 : - : : :
400 450 500 550

Temperature (K)

Fig. 3.8. Measured forward current versus temperature at various bias voltage for a
p-i—n diode.

Table 3.1. Activation energies for forward current at different bias voltage.

Forward bias voltage (V) Activation energy (eV)
0.1 1.02
0.2 0.95
0.3 0.86

0.4 0.73
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The sum of the activation energy and the applied bias (xq) are approxi-
mately in the range of 1.12-1.16 eV, which is around the bandgap energy of
silicon at 300 K. Thus, the forward conduction is controlled by the temperature
activated process. The forward current at a given temperature of 75, can be
expressed as

1( V=B 4Vrn—EGn
) n

I, ~ Irpe (3.75)

when the current at 71, i.e. It 7,, is known. The temperature dependence of the
bandgap energy in eV is given by (Sze, 1981)

4.73 x 1074772
Ec=117T— ————. 3.76
¢ T + 636 (3.76)
The high-level injection dominates the current—voltage characteristics beyond
0.7 V atroom temperature, and also at the lower voltage for higher temperature.
According to Singh and Jain (1982), the onset of high-level injection occurs
when the forward voltage at the p—n junction is higher than a threshold value

given by
2kT -
Vp="—In (”L> (3.77)

nj

where n,- is the doping concentration in the lightly doped n region. For the
pt-n~-n" diode, Vi at 300K is 0.698 V. The linear curve of onset voltage
versus temperature is shown in Fig. 3.9. For a higher temperature, a higher
n; makes Vjo to reduce for the high-level injection to occur at a lower forward
voltage.

The forward characteristics of the p™—n~-n™ diode is also influenced by the
presence of the high-low n*—n~ junction. The high-low junction forms poten-
tial barrier which reduces the number of minority carriers reaching the cath-
ode. At 300K, the nT™—n~ high—low junction for the measured diode induces
a potential barrier of (Hauser and Dunbar, 1975)

19

10
Py = kT In ("“*) ~ 0.0259 x In (ﬂ) =0.179eV (3.78)
Ny 10

to the holes injected from the p™ region. This barrier effectively reduces the
hole current component. Thus, the difference in minority carrier concentra-
tion going from the lightly doped n-epitaxial region to the n™ diffused region
results in hole accumulation in the lightly doped n layer. Under high-level
injection, i.e. when the forward voltage is much greater than the onset volt-
age, the pt—n~-n™" diode operates under deep bipolar mode where the n™
cathode injects electrons and the p* anode injects holes into the lightly doped
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Fig. 3.9. The onset voltage of p—i—n diode as a function of temperature.

n region. This leads to conductivity modulation in the lightly doped n region
and compensates the effect of high—low junction by high forward voltage.

The reverse characteristics of the pt—n~—n™ and p*—n diodes are distinc-
tively different. The pt—n~-n™ diode, it maintains a relatively stable leakage
current at constant temperature when reverse-bias voltage increases, while
the p™-n diode exhibits a more significant change in leakage current with
reverse-bias voltage. Thisis partially due to that the electrical field inpt—n~—n*
diode raises rather slowly after punchthrough compared to that in the p™n
diode when reverse-bias voltage is changed. The low field in p—i—n diode gives a
much lower leakage current compared to that of a p—n diode. Both diodes have
the leakage current increase when temperature goes higher. By analysis, the
leakage current in an epitaxial layer with a minority-carrier diffusion length
much greater than its thickness, i.e. L, <« W),-, consists of the electron and
hole leakage currents (diffusion component) are given by

Dnni2
le Jeak diff = gAT———— (3.79)
LnNa,er
and
I A Dy} (3.80)
h,leak,diff, = ¢ W Nd,n+ s .

where Dj, and D, are the diffusion coefficients of holes and electrons, Wy+
is the width of the n* region, and Ny, is the dopant concentration in the
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n* emitter region. In the above equation, n;, Dy, and Dy, are all temperature
dependent. It should be noted that Egs. (3.79) and (3.80) are valid for the pT™—n
diode as well.

The difference in the reverse characteristics of the p™—n~-n* and p*-n
diodes, besides the dependency of electric field, is also attributed to the factor
that the contribution of the generation current to the leakage current is neg-
ligible in the case of the former and is significantly higher in the case of the
latter. The space-charge generation current is given as (Kao and Wolley, 1967)

n;(Vo + V)%
O( —_—
TSP

I , (3.81)
where Vg is the junction built-in potential, Vr is the voltage by the exter-
nal reverse bias, and tgc is the space-charge generation lifetime. The equa-
tion explains that the leakage current changes with reverse voltage and the
temperature. When the temperature goes up, the intrinsic carrier density
increases and the space-charge generation lifetime reduces, both help to bring

the leakage current higher. The temperature dependence of n; can be expressed
as (Sze, 1981)

n? ~ 6.06 x 1027317 (3.82)

The space-charge generation lifetime in the lightly doped drift region of the
pt-n~—n™ diode is expected to be higher than that of the p™—n diode. There-
fore, the reverse leakage current is expected to be higher in the p*—n diode
than that of the pt—n~—n™ diode.

From the temperature dependence, the leakage current (diffusion compo-
nent) can be expressed as (Ang, 1995)

4.73x10-472
34 IR
Deak, diff X T 2e kT , (3.83)

where « is the temperature coefficient, 7%, for D, and D,. Generally, the effect
ofthe reduction in bandgap energy on the diffusion current is more pronounced
and the temperature dependence of D, or Dy, can be neglected in the approx-
imation. Thus,

_Eg
Deak, diff ¢ € 7 . (3.84)
Figure 3.10 shows a typical leakage current versus reciprocal temperature plot

for the p¥—n~-n™ diode. A straight line can be drawn through the data points
above 323 K. The slope of this plot is

AIn Lieax

=1.13eV (3.85)
A($)

Eg=—
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Fig. 3.10. Measured leakage current as a function of the reciprocal temperature for the
p-i—n diode.

which is approximately equal to the bandgap energy of the silicon at 300 K.
Thus, the reverse current increases exponentially with temperature by several
orders of magnitude as the operating temperature increases from 300K to
533 K. The measured reverse leakage current at 300 K is an order of magni-
tude higher than that predicted by the ideal Shockley equation, which assumes
that the reverse current consists of only diffusion current. Cappelletti et al.
(1985) reported a similar phenomenon for the p—n junction diodes fabri-
cated on silicon followed by an anneal at 650°C for 4 hours. From Singh
and Singh (1990), the reverse leakage current for large surface recombina-
tion velocities at the high—low junction can be higher as much as by a factor
of coth(W,,~/Lp) than that of an ideal Shockley diode. In a practical junc-
tion diode, the reverse saturation current consists of a diffusion current in the
quasi-neutral region and also a generation current in the depletion region. The
intrinsic carrier density at room temperature is low, as such, the generation
current contributes a significant portion of the reverse leakage current (Green,
1990). As the operating temperature goes higher, the intrinsic carrier con-
centration increases and the diffusion current gradually dominates at higher
temperatures.

3.4. Schottky Barrier Diode

Historically, the metal-semiconductor diode was the first practical semicon-
ductor junction device. Braun discovered the metal-semiconductor junction
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in 1874. Early stage rectifiers were fabricated simply by pressing a metallic
whisker onto a semiconductor surface, forming point-contact diodes. How-
ever, the characteristics of such point-contact rectifiers were not consistent.
Later on, Schottky barrier diodes are formed by evaporating or sputtering
metallic contact onto a semiconductor. When a metal and an n-type semicon-
ductor are intimately joined, electrons from the n-type semiconductor having
higher energy diffuse across the metal-semiconductor barrier to the metal side
until the Fermi level of the metal-semiconductor system is aligned in ther-
mal equilibrium as shown in Fig. 3.11(a). The migration of the electrons from
the semiconductor to the metal leaves behind ionized donors as fixed positive
charges creating a depletion layer similar to that of the p™—n junction. The
depletion of electrons in the vicinity of the interface produces an upward band
bending near the semiconductor surface so that a built-in potential vy is estab-
lished. This built-in potential accounts for the difference between the Fermi

Metal X, : n
Q—Pi
\lq ¥ 'q Yo E.
S
N, E
\_ E,
(a)
v E,
E ave |\ ______________
f:
m Y t Forward bias qV; )
E,
E, Reverse bias gV f

EV
(b) (c)

Fig. 3.11. (a) Schottky diode and the associated energy band diagram, (b) energy band
diagram under forward bias, and (c) under reverse bias.
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levels of the metal and semiconductor. Thus,

q¥o = ¢m — ¢s (3.86)

where ¢, and ¢ are the work functions (in eV) for the metal and semiconduc-
tor, respectively. The work function is in general defined as the work required
to bring an electron from the Fermi level of the material to the vacuum level.
The semiconductor work function ¢ and the electron affinity are related by

¢s = xs + (Ec — Efy), (3'87)

where y; is the electron affinity (= 4.05 eV) which specifies the energy required
to release an electron from the bottom of the conduction band to the vacuum
level. Ef is the fermi energy level in silicon. The built-in potential ¥ as
described in Eq. (3.86) in semiconductor is supported by a space-charge layer
with a width of x4. The depletion width x4 is given by

xg= |2V (3.88)
qNg4

where Ny is the dopant concentration in the n-type semiconductor. A potential
barrier due to the discontinuity of allowed energy states between the metal and
the n-semiconductor is formed at the interface with its barrier height given by

q¥b = ¢m — Xs = (¢m — ¢s) + (Ec — Ef). (3.89)

The barrier heights for n-type silicon depend on both the silicon doping level
and the type of metal used to form the Schottky contact. A list of barrier
heights for different metal contact is listed in Table 3.2 for lightly doped planar
substrate (Kawakami et al., 1985). The value of barrier height is calculated
from the diode saturation current as that described in Eq. (3.91).

For a brief estimation, a Schottky diode with barrier height of 0.7V, the
forward voltage drop is about 0.35V for 1 mA of forward current conduction.

3.4.1. Forward Conduction

If a positive bias V; is applied to the metal with respect to the n-type semicon-
ductor, the built-in potential is reduced to o — V¢ as shown in Fig. 3.11(b). The
reduction of the built-in potential height makes it easier for electrons in the
semiconductor to move to the metal side. This forms the forward conduction
condition. During forward bias, the predominant conduction mechanism is
governed by the thermionic emission of electrons (Crowell and Sze, 1966) and
the forward current density is given by

—4(bo—Vp) Ve

kT

Jp = A*T?e = JeFT, (3.90)
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Table 3.2. Barrier heights for different metal to n-type
silicon Schottky contact.

Metal Up(V) Metal (V)
Sc 0.30 Ni 0.63
Er 0.33 Fe 0.64
Y 0.38 w 0.65
Ti 0.48 Ta 0.66
Hf 0.49 Mo 0.67
Mn 0.49 Pd 0.70
Zr 0.51 Rh 0.73
C 0.55 Be 0.75
\% 0.55 Re 0.75
Nb 0.59 Ir 0.84
Cr 0.60 Pt 0.85
Co 0.62 B 0.95
Al 0.69 Au 0.79

where A* is the effective Richardson constant and the saturation current
density is

Jo = A* T2t (3.91)

For electric field between 10* and 10° V/cm, the effective Richardson con-
stants for electrons in silicon and gallium arsenide are 112 A cm~2K~2 and
140 A cm~2 K2, respectively. For hole in silicon, the effective Richardson con-
stantis 32 A cm~2 K2 (Crowell, 1965; Andrew and Lepselter, 1970). It should
be noted that only the majority carriers are involved in the conduction mech-
anism for metal-silicon Schottky barrier diode, as such, it is a majority carrier
device. Because of this nature, the bipolar conductivity modulation behavior
does not occur during the forward conduction in the conventional Schottky
barrier diode.

For a high-voltage Schottky barrier diode, the n-silicon layer usually con-
sists of a lightly doped n-type epitaxial layer and a heavily doped n™ emitter as
shown in Fig. 3.12 The thickness and doping of the lightly doped n-layer are
adjusted to yield the desired reverse blocking voltage. Due to the absence of
conductivity modulation in this lightly doped n-layer, the n-layer contributes to
a much higher resistive voltage during forward conduction. Using Eq. (3.90),
the total forward voltage drop of the Schottky barrier diode including the
resistive drop in the drift region is

kT . [
Vi=""ln (—f) + JiRy (3.92)
q Js
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Metal

Fig. 3.12. Schottky barrier diode with drift region and n™ emitter.

where Ry is the total specific resistance (in € cm?) contributed by the lightly
doped n-region, the nt region and the metal contacts. The lightly doped
n-region gives the major contribution and the specific resistance can be calcu-
lated by the following:
Ly
qunNg’

In an actual device, the forward voltage drop of a Schottky barrier diode rated
at a 50V reverse blocking voltage is between 0.5V and 0.6 V at a forward cur-
rent density of 120 A/ cm?. Fora comparable p—i—n junction diode, the forward
voltage drop would be in the range of 0.8-0.9 V for the same current density. It
should be noted that ordinary Schottky barrier diodes do not inject minority
carriers and the resistive voltage drop at higher forward current conduction
will be large.

Ry- (3.93)

Schottky barrier diodes can also be made with higher minority carrier bar-
rier height, e.g. greater than 0.85¢V by a shallow implantation of opposite
conductivity type of dopant, e.g. metal-n—p~—p™, to the epitaxial layer (Shan-
non, 1976; Wu, 1981), with the energy band structure is shown in Fig. 3.13.
For such kind of high barrier Schottky diode, it does inject a moderate amount
of minority carriers from n-layer into the lightly doped drift region under
high-level carrier injection condition (Elfsten and Tove, 1985). Therefore, the
conductivity modulation now occurs and the forward current-voltage char-
acteristics are significantly altered from the classical exponential relationship.
The typical forward I-V characteristics for the high-barrier Schottky diode has
three distinctive regions of operations, namely a low-level injection, a high-level
injection, and a transition region in between. The curve moves away from that
of the conventional Schottky diode and entering into the transition region at
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Fig. 3.13. High barrier Schottky diode by shallow n layer implantation and the energy
state diagram.

higher injection level. Figure 3.14 shows the forward J-V curve to explain
such a phenomenon. Note that, due to the transition region, the curve is not
a smooth monotone curve but with a corner indicating the mode of conduc-
tion switching from the low-level junction to the high-level injection. Detailed
modeling of the conduction characteristics can be found in Ng et al. (1990).

Contrarily, if the same type of dopant as the substrate but higher concen-
tration, e.g. metal-n-n~-n"™, is used for the shallow implantation, then the
barrier height will be reduced. Approximately, a reduction in barrier height of
0.1-0.2 eV can occur if an implantation dose of 1013 cm~2 is used.

3.4.2. Reverse Blocking

When a negative voltage, VR, is applied to the metal with respect to the
n-semiconductor, the built-in potential height is increased and the reverse volt-
age is supported across the depletion layer in the semiconductor, as shown in
Fig. 3.11(c). The depletion width at reverse bias is increased according to

_ [2e5Gho + VR)
=T (3.94)

The blocking voltage in a Schottky diode is about one-third of that in an abrupt
p—n junction diode. The leakage current of the Schottky diode consists of the
space-charge generation current in the depletion region, the diffusion current
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Fig. 3.14. Forward conduction curve of the high-barrier Schottky diode.

from the semiconductor neutral region, and the thermionic current across the
barrier. From Eq. (3.90), the reverse current density is

Jr = J, (e_i# ~1) =4 (3.95)

which is equal to the saturation current density. Due to 7> dependence and the
lower barrier height, the reverse current of the Schottky diode is generally larger
than that of the p¥—n~-n" diode. Even worse, under reverse-biased, the barrier
height is found to be reduced (Sze, 1981) due to image force lowering. The
amount of reduction of barrier height in eV is given by (Muller and Kamins,
1986)

q3 Em
4meg’

Aqyy = (3.96a)

where the maximum field at the silicon-metal junction is

- /w. (3.96b)

The amount of barrier height reduction (in eV) as a function of reverse bias
voltage is shown in Fig. 3.15 for silicon background doping level of 10'¢ cm—3.
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Fig. 3.15. Reductionin Schottky barrier height (¢,) as a function of reverse bias voltage
at silicon doping of 1016 ¢cm—3.

Hence, the reverse current density is modified by including the barrier height
reduction to yield
—a(¥g—Avp)

Jy = A* T2~ (3.97)
where Ay is the amount of barrier height lowering (gAY, = ¢p). As the
barrier is lower, the reverse leakage current gets higher. This makes the Schottky
barrier less effective in blocking high voltage. Figure 3.16 gives the calculated
curves for leakage current at various barrier heights and temperatures using
the equations mentioned and the Richardson constant for silicon.

For a pause, to review what has been described for the p-i-—n junction
diode and the Schottky barrier diode, some short comparisons are made here.
The forward current conduction in a metal-silicon Schottky barrier diode is
made by majority carriers, whereas in a p—i—n junction diode it is by both
majority and minority carriers. When the p—i-—n diode is switched from the
forward conduction to the reverse blocking, the switching speed is limited
by the time needed to remove the excess carriers in the n-drift region. In a
Schottky barrier diode, there is very little excess carrier storage, its switching
speed is much higher and hence limited by the external circuit elements. For this
reason, Schottky barrier diodes are ideal for high-frequency and fast-switching
applications.

The reverse saturation current in a Schottky barrier diode is much larger
than that of a p—i—n diode as additional amount of thermionic current density
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Fig. 3.16. Leakage current density as a function of temperature and barrier heights.

is added to the diffusion current and space-charge generation current. But,
the forward-voltage drop will be less in a Schottky barrier diode for a smaller
barrier height than in a p—i-—n diode for the same current density. The typical
cut-in voltage of a Pd/n™ silicon Schottky barrier diode is about 0.3V com-
pared to the silicon p—i—n diode of about 0.7 V at low forward current density.
Also, the temperature dependence of Schottky barrier diodes and p—i—n diodes
under forward bias is different.

3.5. Ohmic Contact

Ohmic contact is needed for semiconductor devices to be in good connection
with external circuits without suffering a high interface voltage drop. As stated
earlier, metal-semiconductor contact forms the Schottky potential barrier and
a junction voltage drop exists during current conduction. Thermionic emission
forms the carrier transport mechanism at the metal-semiconductor interface.
One way to make the contact more ohmic is to lower the potential barrier, by
using various kinds of metals for contact, so that the interface voltage drop
can be reduced to a negligible amount. Near ohmic contacts can be formed by
metal contacts on p-type silicon for a low barrier height. For the n-type metal
contacts, such as normally by aluminum, gold, and platinum, the potential
barrier heights remain between 0.7eV and 0.9eV and are independent from
silicon doping concentration. To raise current conduction beyond thermionic
emission, another mode of carrier transport mechanism is needed besides the
thermionic emission. Yu (1970) described that by metal contact with heavily
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Fig. 3.17. Band diagrams for different Schottky contacts with lightly doped n-type
silicon (upper) and heavily doped n-type silicon (lower).

doped n-type silicon, the carrier tunneling transport occurs from the semicon-
ductor to the metal at the interface. Figure 3.17 depicts the band diagrams of
metal-semiconductor interface at low and high n-type doping concentrations.
For the lightly doped case, the current transport is made by the thermionic
emission across the barrier height gy, as normally occurring for a Schottky
diode. For heavily doped case, the depletion layer is much thinner and the field
tunneling processes can occur by electrons travelling from the Fermi level in
the semiconductor into the metal. This current transport process is named the
field emission. A probability factor is defined as

_ gh | 2Ng
T 4\ mees

Ept (3.98)

to indicate the probability of tunneling process, where m(= 9.109x 10~3! kg) is
the electron rest mass, Ny is the n-type silicon doping and (= 6.626 x 10~34]-s)
is the Planck’s constant. If Ep¢ is much less than k7/g, the transport mechanism
is mainly dominant by the thermionic emission. Otherwise, when much greater
than kT/g, it is then dominant by the field emission. For Ep values fall in
between, the current transport is made by both mechanisms. As the n-silicon
doping changing from the lower end to the higher end, Ep¢ value increases
as shown in Fig. 3.18. The specific contact resistance can be found by the
following definition (Yu, 1970):

_av

= — 3.99
dJ V—0 ( a)

C
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Fig. 3.18. The tunneling probability as a function of n-type doping concentration.

and is found to be

k

qA*T

Wy
e kT

for thermionic emission region, or

k2

R. =
¢ qA* Jnlqyn + Ec — EpEyr

q¢/b+EC7§f _Eck—Ef
Lf T
x cosh Epr coth Ept eEprOth( kT)

kT kT

for thermionic field emission region, or
—1

—q«//b _ Ec—Ef

gA* T e*EL;/ffb B 4A*qE1%f . Epr 2Ep1‘1n<%>
kT In (o2l aqvy \\?
k sin (%) (k In (Ecq_gf»
for field emission region. (3.99b)

The specific contact resistance can be calculated by Eq. (3.99b) for three of
the emission regions. The resistance curves are shown in Fig. 3.19 for potential
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Fig. 3.19. Specific contact resistance as a function of n-type doping concentration for
metals of different barrier heights.

barriers of 0.6eV and 0.7eV. It can be seen from the curves that the contact
resistance drops significantly when the doping level increases from 10! cm=—3
to 10" cm=3. The reduction in contact resistance indicates that the interface
behaves like an ohmic contact, although the potential barrier remains exist.
Hence, it is practical to always have a thin layer of n™ implant at the metal
contact, as shown in Fig. 3.20, to reduce the contact resistance to that of close
to the ideal ohmic contact.

3.6. GaAs and SiC Power Diodes

The gallium arsenide power diode has significant advantages over the sili-
con counterpart due to the relatively higher bandgap energy of the gallium
arsenide material. It has an energy bandgap of 1.43 eV which is approximately
0.32eV larger than that of silicon. The significant advantages over silicon
diodes are in terms of losses, breakdown voltage, switching frequency, and
operating temperature range. Silicon Schottky barrier diodes have large leak-
age current and switching losses that make them impractical above 200 V.
On the other hand, GaAs Schottky barrier diodes provide a higher break-
down voltage. However, a larger bandgap in GaAs also causes a higher for-
ward voltage drop, but the impact of this disadvantage is mitigated because
GaAs has an electron mobility, that is, five times higher than that of silicon.
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Fig.3.20. A thinlayer of nT is added to form the ohmic contact for n-type silicon-metal
interface.

For 200V and above, GaAs Schottky diode is favorable compared to the sil-
icon one. GaAs Schottky barrier power diodes can be fabricated by form-
ing dual-layer metallization of titanium-based contact on n—n* substrate for
semiconductor—metal barrier and an aluminum top metal as the electrical con-
tact. GaAs Schottky barrier diode with a breakdown voltage of 250V and a
current handling capability of 10 A are commercially available (Delaney et al.,
1995) for high-frequency power rectification applications. These diodes exhibit
lower reverse-recovery time and less stored charge when compared to silicon
Schottky barrier diodes of similar ratings. In addition, the softer reverse recov-
ery and lower peak reverse current of the GaAs Schottky diodes are essen-
tial for reducing transition stresses on other switching devices, such as the
power MOSFET and IGBT, during high-speed switching. The soft recovery
of the GaAs Schottky barrier diodes is particular useful during inductive spike
snubbering.

The GaAs pT—n-n" (Ashkinazi et al., 1995) diodes can also be made. The
0.31 eV difference in bandgap energy yields three orders of magnitude smaller
in leakage current for the GaAs p™-n—n™ diodes than that of the silicon p-i-n
diodes. GaAs p™-n-n* diodes can be fabricated using a liquid phase epitaxial
technique to grow the lightly doped n layer on heavily Zn doped (up to 2 x
101 cm—3)p™ GaAs substrate. The ohmic contact (i.e. the n™ layer) on the
lightly doped n layer was formed by AuGeNi doping. The thickness of the n™
layer or ohmic contact is about 1 um. The resultant doping profile is a p™—
i-n-n" structure due to the presence of the near-fully compensated 1 region
between the p* substrate and the lightly doped n-epitaxial layer. The presence
of the near-fully compensated I layer yields a forward voltage and reverse
recovery time comparable to those of silicon power diodes. However, the reverse
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recovery time, peak reverse-recovery current, and reverse-recovery charge of
silicon diodes triple or quadruple at 200°C from their room temperature values.
In comparison, the device parameters of GaAs junction diodes remain more
stable within the high temperature range.

When high operating temperature, high-power, high-frequency and radia-
tion hardened applications are needed, SiC diode becomes a good candidate
(Singh et al., 2002). The choice of SiC among other high bandgap materials,
such as aluminum nitride (AIN), gallium nitride (GaN), boron nitride (BN),
and diamond, is because of two main reasons, namely the availability of SiC
bulk wafer and the relatively mature ability in fabrication processes. In com-
parison with GaAs, the SiC material has a higher thermal conductivity of up
to 10 times, of about double in bandgap and with similar saturation velocity as
that in GaAs. Table 3.3 list some of the basic 3C-, 4H-, and 6H-SiC properties
(Casady and Johnson, 1996).

The diode can be made as either a majority carrier device of a Schottky
diode or a bipolar carrier device of a p—n diode. For majority carrier device, the
drift (lightly doped) region is always a concern during on-state as insufficient
amount of conductivity modulation normally occurs. One way to reduce the
voltage drop in the drift region is to raise the background doping so as to reduce
the resistivity in this region, however the trade-off is that the peak electric
field at the junction will also increase when the background doping increases.
For SiC device, the critical electric field is about 10 times higher than that of
silicon. This gives the field allowance for background doping to be raised. The

Table 3.3. Some of the SiC properties.

3C-SiC 4H-SiC 6H-SiC

Bandgap (eV) @ low K 2.40 3.26 3.02

Critical E field (MV/cm) 2.12 2.2 2.5

Thermal conductivity @ 3.2 3.7 4.9
300K (Wem™ 1 K1)

Intrinsic concentration @ 1.5 x1071 5% 1077 1.6 x 1076
300K (cm™3)

Saturation speed parallel to — 2 x 107 2 x107
c-axis (cm/s)

Electron mobility 800 1000 400
(cm2 vl s_l)

Hole mobility 40 115 101
(cm2 vl sfl)

Dielectric constant 9.72 — 9.66
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empirically derived relationship on the critical electric field as a function of
background doping for 4H-SiC is (Konstantinov et al., 1997)

2.49 x 108

1 —0.25log (fg—ﬁ,,)

Epr = (3.100)

For example, a 25kV SiC punchthrough diode would require around 200 um
of drift region doped at 5 x 1013 cm™3 or less with a high-level lifetime of
larger than 20 us. If the silicon material is used for the same 25 kV diode, then
it will need a 2mm drift region with a doping level of below 10'2cm—3 and
a lifetime of at least 400 us (Johnson et al., 2001). This comparison shows
the advantage of using SiC as the diode material for high-voltage applica-
tion. However, the material properties are different from silicon, and these
lead to certain difficulties in fabrication process. Detailed descriptions on the
SiC process can be found in Casady and Johnson (1996) Singh et al. (2002),
Tucker et al. (2001) and they are summarized here. Dopants for SiC mate-
rial include nitrogen (N) for n-type doping, and aluminum (Al), boron (B),
beryllium (Be), and gallium (Ga) for p-type doping. Undoped SiC is normally
n-type due to the residual nitrogen from the material growth process. Unlike
silicon, the donor and acceptor levels are not very close to the conduction
and valance bands. For n-type, the activation energies are as large as 45 meV
for 3C-SiC, 100 meV for 4H-SiC, and 150meV for 6H-SiC. Note that, for
hexagon structures, they have two donor energy levels, namely one for the
cubic site and the other one for hexagonal site. The hexagonal site activation
energy is normally smaller than that of the cubic site. For p-type, aluminum
is the commonly used dopant and the energy level is about 200 meV for all
types of polytypes. Due to the large activation levels, SiC devices usually have
a partial thermal elevation and yield a lower concentration of free carriers
at room temperature. It is then important to know the temperature ranges
of the operation in order to determine the dopant levels to be used for SiC
devices.

Two possible approaches can be used in fabrication process to add dopants
into the SiC material. One is by the epitaxial growth process where nitrogen
and carbon are competing for the carbon sites and aluminum and silicon are
competing for silicon sites. Doping levels range from 10'* to above 10" can
be achieved by the epitaxial growth. Another technique is by high temperature
multiple ion implantations. The commonly used dopants in implantation are
aluminum (Al) and boron (B) for p-type, and nitrogen (N) and phosphorus
(P) for n-type. The reason for high temperature is to reduce the lattice damage
during the implantation and also to reduce the requirement for subsequent
annealing. Typical implantation temperatures are 500°C for N, 400°C for Al,
and 800°C for P (Johnson et al., 2001). Table 3.4 gives a sample of implantation
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Table 3.4. Multiple ion-implantations for diode p-body and n™ cathode.

Al implantation schedule N implantation for nt
for p-body Energy/Dose cathode Energy/Dose
1 MeV/2.0 x 1012 cm—2 145keV/2.2 x 1014 cm—2
600keV /2.5 x 1012 cm=2 90keV/1.4 x 1014 cm—2

360keV /2.0 x 1012 cm—2
200keV/1.4 x 1012 cm—2
90keV/8.0 x 10! cm—2

schedule for producing the p-body and n™ cathode for a 4H-SiC planar junc-
tion diode (Tucker et al., 2001).

The annealing conditions are important for reordering the crystal and for
diffusing the dopants into SiC, especially needed when the same implant area
is used for channel formation as well. The annealing temperature is normally
high to obtain good properties in electrical activation for conductivity and to
eliminate defects.

Etching of SiC can be made by high temperature molten salts, such as
NaOH-KOH for wet-etching, or by fluorinated gases of the reactive ion dry
etching process where Si + 4F — SiF4. The etch rates are usually slow,
e.g. as low as 300 A/minutes, compared to the silicon process of normally
2000 A/minute or more.

The SiO; growth on SiC varies in quality depending on both surface’s
orientation and whether the surface is silicon-facing or carbon-facing. The oxi-
dation temperature is usually around 1100°C. The hexagonal crystal structure
of 4H- and 6H-SiC causes the properties of electron mobility, saturation veloc-
ity, impact ionization coefficients, and the thermal oxidation rate anisotropic.
The quality of SiO; growth is very important in SiC devices mainly for two
reasons, namely to sustain the off-state field stress and to serve as the gate
oxide for channel formation. As mentioned earlier, the breakdown field in SiC
(2-3 x 10V /cm) is much higher than that of silicon and this approaches the
similar breakdown stress as that of SiO,. The worse situation is that, SiC has a
larger dielectric constant of 9.5-10, compared to SiO» of 3.9. Therefore, under
normal situation, the field within SiO, will be about 2.5 times higher than
that in SiC. The oxide region may have an early breakdown under high field
stress, especially at tight corners near the main junction and high temperature.
The second concern on oxide growth is on the interface property, especially
grown on the etched sidewall. Zhu et al. (2001) reported that the carrier effec-
tive mobility drops from 150 cm?/Vs to 100cm?/Vs, i.e. a 33% drop for the
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silicon horizontal channel on top of the surface versus the vertical channel by
sidewall oxide, although the mobility reduction mechanisms are not entirely
the same for SiC vertical channel. The situation gets worse in SiC when realized
that the post-oxidation hydrogen anneal does not reduce the interface state
densities and the effective mobility can drop below 25 cm?/Vs at temperature
above 475K under the current fabrication capability. Current researches aim
to improve the situation by growing high-quality oxide with low interface state
density and trap density. The oxide interface density state can be obtained
through the C—V measurement at high temperature, e.g. >600 K.

Ohmic contact is an another important aspect in SiC device fabrication.
Alloys of Al/Ti are used for p-type ohmic contact by rapid thermal annealing
with a best resistivity of below 0.01 mQ cm? obtained for 4H-SiC. For high
temperature p-type contact, instead of aluminum, boron carbide (B4C) can be
used. As for the n-type contact, it can be formed by nickel silicide (Ni;Si) or
nickel chromium (NiCr) to have a lowest resistivity of below 0.005m$2 cm?. The
contacts formed are generally stable at the temperature ranges below 400°C.

SiC diodes operating up to 8.6kV and up to 970K in temperature have
been fabricated by Singh et al., 2002; Alexandrov et al., 2001; Tucker et al.,
2001) and others (Casady and Johnson, 1996; Johnson et al., 2001). The mea-
sured forward voltage drop at 100 A/cm2 for the 8.6kV diode is 7.1 V with
a reverse leakage current below 1 ©A at 300 K. The diode also gives a faster
recovery speed and a lower reverse-recover-recovery current compared to that
of the silicon counterpart. The reverse-recovery charge is less sensitive in tem-
perature increment, about 1-2 in ratio, compared to that of the silicon diode
at temperature range of 300-450 K.

3.7. Switching Characteristics

Switching characteristics of a power silicon diode are determined by its intrinsic
properties as well as the external circuit to which it is connected. For low
voltage applications, Schottky barrier diodes are preferred over p—i—n diodes
for the fast switching speed. Turn-off times of Schottky barrier diodes are
faster than those of junction diodes since they are majority-carrier devices
with less excess carrier storage compared to the p—i—n diodes. To overcome
the shortcoming of Schottky diode large leakage current at high temperature
and high voltage, a new kind of diode, called the merged p—(i)-n/Schottky or
MPS diode (Baliga, 1987; Ang, 1989), was made suitable for high frequency
and medium voltage applications. Its switching property is comparable to that
of the Schottky barrier diode while its reverse-bias characteristic is similar to
that of the p—i—n junction diode. Such a combined device will be described in
more detail later in this chapter.
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Heat generation from conduction or switching losses is another major con-
cern for semiconductor devices. For example, a low forward on-state voltage
drop is desired for device used for high-power, low frequency switching to min-
imize the conduction loss. Germanium power diodes, with a forward on-state
voltage drop of about 0.3 V, are commercially available for high-power, low fre-
quency use. The major drawback of germanium power diodes is again the high
reverse leakage current due to its low bandgap energy of 0.67 eV at room tem-
perature. For high frequency or low duty cycle applications, e.g. above 100 kHz,
the forward and reverse recovery characteristics of a switching diode become
important and they are directly linked to the switching loss as a dominant
component in comparison with conduction loss.

3.7.1. Turn-on Transient

An overshoot voltage transient in forward conduction is observed across a
p—(i)—n diode during the turn-on process as shown in Fig. 3.21. This over-
shoot arises from the existence of the parasitic inductance and the high resis-
tive n-drift region as it is normally lightly doped. Conductivity modulation is
expected to occur in this region to bring down the forward conduction volt-
age. However, such a modulation process takes finite time to occur and to
complete as large amount of carriers of both types need to enter the region in
order to build up the conductivity. The turn-on transient then exists between
the duration of time period when the n-drift region undergoes from nil to full
conductivity modulation, and it is called the forward recovery transient (Ko,
1961; Kano and Reich, 1964). In brief, the forward recovery phenomenon of
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Fig. 3.21. Current and voltage waveforms showing the diode forward recovery
phenomenon.



Bipolar Junction Diode 123

a diode occurs in a finite duration of time taken for a diode to go from the
non-conducting state to a fully conducting state.

At quiescence state before turn-on, the junction capacitance serves to clamp
the voltage across the diode to zero voltage. When the diode junction becomes
forward biased, the injection of excess carriers commences. For a p™—n~-n*
diode, both holes from p™ emitter and electrons from n* emitter are injected
into the n-drift region by lowering of barrier potentials. The diode current is the
sum of both hole and electron currents as described earlier. Initially, the diode
resistance is dominated by the ohmic resistance of the lightly doped n-drift
region. However, as the concentration of injected excess carriers in the lightly
doped drift region increases to the point that their concentration is compa-
rable to the background, conductivity modulation begins and the associated
ohmic voltage drop decreases. When a step-like current is injected into the
diode, its forward voltage rises to a maximum value of Vg, max Which can be
many orders of magnitude larger than the steady-state forward voltage drop
Vt. The magnitude of Vi, max is dependent upon the resistivity of the n™ region
and the associated parasitic inductance at the wire-bond. As the diode current
reaches its steady-state value at the end of 7, the parasitic inductive effect
disappears. The concentration of injected excess carriers continues to increase
until it reaches its steady-state value of diode current Ir. After f.1, the voltage
across the diode decays towards its steady-state forward voltage drop deter-
mined by ohmic components of the diode. It reaches steady-state at time #;.
The diode forward recovery time #; is defined as the time it takes from the
initial turn-on point to the point for the diode to attain the normal forward
voltage drop. Thus,

ty = tr] + f2. (3.101)

It should be noted that the diode forward recovery time #g; is governed, not only
by intrinsic properties of the diode, but also by the external circuit to which
the diode is connected, as the rate of change in bulk resistance is a function of
the magnitude of the applied current. The higher the magnitude of the applied
current is, the shorter time the bulk resistance modulation process will need to
come to its steady-state.

Besides the wire bind inductance, in quantity, the total voltage drop across
the diode is comprised of the voltage drop across the junction and the bulk resis-
tance. The increase in the junction voltage is needed for the high-level injection
of excess carriers into the lightly doped n region. As the injected carrier den-
sity increases, the junction voltage increases with time toward its steady-state
value. The excess carrier distribution and junction voltage of p—(i)-n diode at
steady-state have been described earlier. At the recovery period, the conduc-
tivity of the lightly doped n-region increases for higher injected carrier density.
Therefore, the junction voltage component increases with time and the bulk
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resistive voltage reduces with time during the forward recovery period. Overall,
the diode behaves inductively by giving a voltage overshoot for large injected
current density, capacitively for small current density giving an overdamped
voltage response, and oscillatory response at intermediate current density (Ko,
1961). Using p™—n diode as an example, the change of the diode bulk resistance,
by hole carrier injection, during the forward recovery is given by:

1+ Jgerf (\/%)

t 1
R (—, Jd> ~Ry|1l——1In , (3.102)
Tp Xn- 1 + Jgqerf ( \/%) et~
where
(1+%)pn(x=0,t=00)
Jq = P ) (3.103)

Pno + Z_;”nO
Xy 1s the normalized n~ base width (base width divided by Lp), R is the base
resistance without conductivity modulation, Jq is the diode current density and
erf( ) is the error function. x = 0 refers to the position of junction. From the
equation, it is seen that the modulation is made of a function of injected current
density, the hole carrier lifetime, and the normalized base width. The expression
is used for p™—n diode where the hole injection as a minority carrier modulates
the resistivity of the n~ base (drift) region. Similar expression can be made for
nt—p diode where the electron carrier injection is dominant in the drift region.
For a p—i-n diode, the total resistance modulation is the combined effects of
both carrier injections. The forward recovery period is usually below 0.5 us as
indicated by simulation and experimental works (Liang and Gosbell, 1990).

Due to the absence of the conductivity modulation in the lightly doped n™
region of a power Schottky diode of low barrier height, there is practically very
brief forward recovery overshoot. Voltage overshoot is due primarily to the
parasitic inductance in the bond wires and the change of junction voltage in
Schottky barrier diode. For high barrier height Schottky diode, conductivity
modulation does occur at high-level carrier injection and the forward recovery
phenomenon is then noticeable.

3.7.2. Turn-off Transient

Turn-off characteristics of the p—(i)-n switching diode are of major concern in
the power electronic circuits due to its longer recovery period (a few microsec-
onds) and larger voltage and current overshoots. The bipolar device con-
tains a large amount of excess carriers during forward conduction, especially
under high-level injection. When the diode is directly applied a reverse bias
immediately from its forward bias, these carriers need to be cleared in order for
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the diode to resume its reverse blocking state. Hence, the diode still remains at
conduction state (but, current in the reverse direction) at the initial time period
when the reverse bias voltage is applied. The process of changing diode from the
full conduction state to the full blocking state is called the reverse-recovery pro-
cess. During the recovery transient, the excess carriers removal process occurs,
either via one side of the lightly doped region for n™—p or p*—n diodes, or via
both boundaries of the base region for p—i—n diode (Moll et al., 1962; Benda
and Spenke, 1967; Berz, 1979).

When the reverse bias is directly applied, the orientation of the field within
the device is then changed. As described earlier, hole carriers can travel through
areverse-biased junction from n-side to p-side, and electron carriers travel from
p-side to n-side. Reverse current is now flowing through the device till the time
that all the excess carriers are cleared from the lightly doped region. However,
it is seldom to have the reverse voltage applied directly across the diode for
recovery. Part of the reason is that the recovery will be too spiky and large
current and voltage stress is induced. Also, stray inductance normally exists
in the circuit connection. The recovery process is usually done via an external
resistor or an inductor. Two or three stages are shown in Fig. 3.22 during the
reverse recovery. At stage one, the excess carriers are swept out by the field

Resistive
turn-off

/ Inductive turn-off

'; t

Current

rr-L

Voltage

1
\ Inductive

turn-off

Fig. 3.22. Waveforms of diode under reverse recovery by inductive and resistive turn-
off, note that the definitions of turn-off time #;; are different for these two.
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and the current waveform is limited by the external component connected to
the diode. If it is connected to a resistor, then a step recovery current can be
expected as shown in dashed line. Or, if it is connected to an inductor, which
is the usual case, then a current ramp is expected, as shown in solid line. Note
that, the excess carriers are not swept out from the lightly doped base region
immediately as the current is ramping down and remains positive, i.e. positive
carrier injection remains but weaker during the initial phase of the inductive
reverse recovery. The concentration of excess carriers is dropping slowly due
to less current injection and by the recombination process in the lightly doped
base region. For the current ramp, the rate of change is determined by the
magnitude of the applied reverse bias VR and the total inductance L in the
diode and external circuit, as

dig) W

. 3.104
dt L ( )

Or, if it is for resistive step-recovery, the recovery current is —Vr /R during the
period of between #y and 7. If we define that Q(¢) is the excess charge density
(cm~2) in the lightly doped region at any time, using p™—n diode as an example
then for one-dimensional approximate,

Wn_
0 = /0 (P — pro)dr, (3.105)

where W, - is the n-drift width. From the charge control analysis, the variation
of excess charge is directly linked to continuity equation with the current flow

by the following:

don 0 i
% T =2 = jp (@), (3.106)

where A is the cross-section area. jp is the forward hole current density. For
pt—n diode, the hole current is approximately equal to the diode current. TF is
the effective forward lifetime for carriers and can be measured and expressed
as (Tien and Hu, 1988)

TF A /(11 — 1x) (2 — 1), (3.107)

where rx is the cross-point where the diode current drops to zero. Equation
(3.106) can be revised to include the current induced in junction capacitance
during the later stage, i.e. between the period of #; and f,, when the reverse
voltage builds up, as

dom | Q) dvg (1)

20+ oY 3.108
g P0G, (3.108)

where j, is approximately equal tojg, Cj is the junction capacitance per
cross-section area. For inductive recovery, the current density changes linearly
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with time, the excess charge density between the time period 7y and #| can be
calculated as

Vi — Vi
() ~ RLTF (1 _e F) + <1F - T“r) TF (3.109)

where If is the steady-state current before turn-off. Assume that the current
linearly drops within the period and the capacitive current is very small and
ignored. Figure 3.23 depicts the change of charge distribution in the lightly
doped drift region. At time #1, the hole concentration at the depletion region
edge at p™/n~ junction reaches zero. However, only a major portion of the
stored charge, said Q1 is removed from the n™ region and the leftover charge Q»
is still in the base region. The reverse-recovery current now decreases quickly
since insufficient holes carriers at the edge of the depleted p*/n~ junction. The
depletion region widens rapidly as time goes by and hence, the diode begins
to regain its ability to support a reverse voltage. Between the period of #; and
1, the reverse current varies quickly and, for inductive turn-off, this induces
a large reverse voltage across the diode. During the period, the high field and
expanded depletion region make the removal of excess charge much more
effective. The rapid transient sometimes brings the circuit into ringing state
where the circuit inductance and the junction capacitance have the exchange
of energy flow. Equation (3.108) can be used to calculate the voltage across
the diode by setting Q(f) = jq(r) x Tr (Liang and Gosbell, 1990) as Q(r) is no
longer a charge-control variable.

_ 1 dja(t) R .
() = Cj/(m 0 +<n: +1) ]d(z)> d, (3.110)

Hole carrier distribution, p(x)

n Drift Region

Fig. 3.23. Variation of hole carrier concentration in the n drift region during diode
turn-off.
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where R is the effective reverse lifetime. The ratio of tg/tR is about 3-4 for
most of the power diodes. The junction capacitance Cj is a function of the
reverse voltage during turn-off, however for simplicity in calculation, a constant
average value can be used. The overshoot voltage VR is normally higher than
the external reverse voltage, Vr. At time #;, the reverse-recovery current reduces
to zero and the diode now blocks the reverse voltage Vr. The reverse-recovery
time f,, is defined as the time period where negative current is flowing, as shown
in Fig. 3.22. Another simple way of calculating the reverse recovery time is by
relating the charge removal during the period if the reverse-recovery charge
Qqr i1s known and assume current linearity (Fig 3.22).

1
er - Jrrtrra (3111)

where J;; is the reverse peak current density. The reverse-recovery time can
be reduced by reducing the carrier lifetime in the n~ region for faster recom-
bination. The softness factor of the reverse-recovery waveform is defined as
S = ty/ta wWhere t, and #, are the time period shown in Fig. 3.24. The larger
the value of S, the softer is the reverse recovery of the diode. Normally, there
is a trade-off between the turn-off softness for less EMI/EMC interference,
and the turn-off losses. Figures 3.25 and 3.26 give several reference curves to
indicate the turn-off time and reverse-recovery charge are the functions of rate
of current change (V/L) at different steady-state current ratings for a typical
300V, 30 A power diode.

3.8. MPS (Merged p—-i—n/Schottky) Diode

As described earlier, the Schotty diode has a lower barrier height for low volt-
age on-state conduction and fast switching for majority carrier conduction.
The disadvantages of the Schottky diode are its high leakage current under
high voltage and high temperature applications, and also its limited current
carrying capability due to lack of conductivity modulation. In the p—i—n diode,

E‘-fa—> —N |<—t—>|<—tb—>. |<—t—><—tb—>.

Y

Fig. 3.24. Diode recovery currents with different levels of softness.
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Fig. 3.26. Variation of reverse-recovery charge as a function of rate of current change

at diode turn-off.
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Fig. 3.27. MPS diodes with (a) top contact and (b) trench contact structures.

the advantages are mainly the low leakage current and high current carry-
ing capability. But, the disadvantage is the slow switching speed and higher
onset voltage for conduction. It is then a natural thinking to merge these
two diodes together on the same silicon die to form a new kind of device,
called Merged p—i—n/SchottkyDiode or MPS diode (Baliga, 1987; Ang, 1989).
Figure 3.27 depicts the general structures of the MPS diode and Fig. 3.28 gives
the typical on-state J—V curves for the MPS diode and its p—i—n and Schot-
tky current components. The curve for Schottky component is drawn with the
assumption that p—i—n diode is inactive. However, in the actual MPS conduc-
tion, the p—i-—n diode is active above 0.7 V. Therefore, the MPS current is not
the sum of these two currents, but higher due to the conductivity modulation
for the entire n-drift region. As it can be seen, the MPS diode has an onset volt-
age similar to that of the Schottky diode and with a high-level current density
similar to that of the p—i-—n diode. The percentage of Schottky versus p—i—n on
the MPS surface depends on the trade-off among the on-state voltage drop,
switching time, and reverse leakage current.

3.9. Smart-Power Integrated Synchronous Rectifier

Modern power converter integrated circuits used in portable devices and fab-
ricated by the (Bi)CMOS-compatible process need to have the nature of com-
pactness in size and high conversion efficiency in order to prolong the usage
time between consecutive charging needs. Both the supply and output voltages
can be as low as one or two stages of cell-voltage, e.g. 1.2-2.4 V. A key element
used in this conversion task for low output voltages is the synchronous rectifier
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Fig. 3.28. The total current by both Schottky and p—i—n current components.

(SR), which is a very low on-state voltage rectifier, typically below 0.1 V drop
at rated current, to reduce the output rectification loss to be lower than that
of the Schottky or junction diode. An SR is formed by a MOSFET with an
inherent body diode in parallel and so driven as to perform the function of
a diode. Figure 3.29 shows the efficiency of a typical dc/dc converter system
with and without using the synchronous rectifier as a function of the system
output voltage. The difference becomes significant when the output voltage is
below 2 V.

According to the gate drive configurations, the SRs can be categorized
into three different types, namely the external-driven, the self-driven, and the
smart-power synchronous rectifiers. In the external-driven configuration, the
gate drive signal for the SR needs to be generated in synchronous with the main
power MOSFET to avoid short circuit situation. Normally, a comfortable
deadtime of more than 50 ns is placed between gate signals to the upper and
lower MOSFETs to avoid short-circuit during switching transients. Figure 3.30
shows the circuit configuration and gate drive signals. A major advantage of
such an SR is that it can be used for different dc/dc converter topologies. Also,
the MOSFET is effectively driven to operate at the low-voltage linear region
during the entire rectification period. This will keep the rectification efficiency
not being affected by the system operating conditions, such as the variations of
input/output voltage ratio and switching duty cycle. However, the tedious part
is that a properly controlled gate drive circuitry with briefly regulated power
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supply needs to be built externally. The self-driven SR uses one of the trans-
former tap as the gate drive. The advantage of having such a configuration is
its simplicity in gate drive. However, the advantage is that the gate drive volt-
age is not constant but rounded at the corner of the switching edges. Also, the
magnitude of the gate drive tends to vary with input/output voltage ratio and
switching duty cycle. The use of synchronous rectifier has long known to be a
possible solution but sometimes avoided due to its associated complexities and
potential pitfalls. To overcome this problem, a smart-power integrated syn-
chronous rectifier can be a good candidate for low-voltage switching solution
(Liang et al., 1995; Pan et al., 1999).

There are three important parameters related to the operation of a syn-
chronous rectifier, namely the product of on-state resistance and the input
capacitance, i.e. the loss factor, the reverse-recovery time of the body diode,
and the breakdown voltage. The power loss in a synchronous rectifier can be
calculated as

Ron,sp

o+ Cinsp X V& x Axf, (3.112)

2
PSR,lOSS = Irms X

where A is the device area, Ronsp is the specific on-state resistance, Cip p
is the specific gate input capacitance, I s 1s the gate voltage to turn on the
synchronous rectifier, and f is the switching frequency. The factor of duty
cycle, if necessary, can also be added into the first term of Eq. (3.112) to
identify the on-state conduction loss more appropriately. By increasing the
device area, the conduction loss is reduced whereas the gate switching loss is
increased. The minimum value of power loss can be obtained mathematically
as follows (Baliga, 1989).

PSR,loss,min =2 X Ims X VG % \/f X Ron,sp X Cin,sp- (3.113)

The product of Ron,sp and Ci, sp can be considered as the loss factor for the
synchronous rectifier. It can also be seen that, by keeping the gate voltage
lower, if still sufficiently high to keep the on-state resistance low, the total
loss can also be reduced. A lower threshold MOSFET can also provide a
lower on-state conduction resistance, but with the penalty of a high input
gate capacitance. Another way to lower the on-state resistance is to reduce the
conduction channel length to a minimum, say below 0.5 um. The shortcoming
of having a shorter channel length is its lower drain-to-source breakdown
voltage.

The body diode is a part of the power MOSFET structure, for example,
as shown in Fig. 3.1(e) for lateral structure and in Fig. 3.31 for vertical struc-
ture, where the reverse recovery of the diode can be a concern. The body
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Fig. 3.31. MOSFET body diode and the current conduction from source to drain
during deadtime.

diode enters its conduction state during the deadtime period when the lower-
MOSFET is holding back from its on-state conduction. Such a deadtime
period is needed to avoid short-circuit current spikes during switching period
if the upper p-MOSFET and the lower n-MOSFET are both switched at the
same time. The amount of deadtime to be inserted between them is dependent
on the amount of switching current, the MOSFET capacitances and the gate
drive capability. Understanding that, a minimum deadtime period will bring
the maximum benefit of using synchronous rectifier. For minimum deadtime
during high-frequency operation, this will keep the diode conduction stay at
low injection level, i.e. with less charge storage, and the reverse recovery phe-
nomenon will be less significant.

Figure 3.32 gives the schematic circuit diagram of a bipolar-MOSFET
smart-power integrated synchronous rectifier. The circuit can be viewed in
three stages, namely the voltage supply stage at the left, the diode-BJT flip-flop
stage in the middle, and the power MOSFET with body diode at the right.
The voltage supply is usually fed from the converter output which has a sta-
ble dc voltage. If this is not possible, an alternative is to have a diode (D1) to
be in series with a small capacitor to form a simple power supply, as shown
in the dashed line. A small current is flowing through resistor R2 to reach
the transistor base and diode anode. The diode and the transistor are used to
form a bi-stable flip-flop whose conduction state is determined by the exter-
nal voltage bias across anode and cathode. For example, if the anode voltage
potential is higher than that of cathode, this reduces the base current in the
transistor compared to the diode (D2) current as the base—emitter junction
is less forward biased. The transistor operating point then moves away from
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Fig. 3.32. Schematic circuit diagram of a bipolar-MOSFET synchronous rectifier.

the saturation region to have a higher collector voltage to the gate of power
MOSFET. When the collector voltage is sufficiently high, the power MOSFET
turns on to divert the main current from its body diode (D3) to the MOSFET
channel. Contrarily, if the cathode voltage potential is higher than that of the
anode, the transistor base current remains high. This makes the transistor to
stay in the saturation region and the MOSFET gate voltage is below the thresh-
old voltage. The device is at its blocking state, for both the MOSFET and the
body diode. The bi-stable flip-flop ensures that the power MOSFET can only
be turned on when the terminal voltage is at the correct state. This protection
eliminates the requirement of deadtime adoption as normally needed in the
conventional synchronous rectifier.

Figure 3.33 gives the device profile using the vertical UMOS as an exam-
ple. The p+ sinker and buried layer provide the junction isolation between
the low-power control circuit and the high-power UMOS structure. Partial
silicon-on-insulator platform can also be used, and indeed a better option,
for the needed isolation (Cai et al., 2001). The resistors R1 and R2 can be
made by surface layer polysilicon deposition or formed by well-resistor as their
resistance values are not necessary to be precise.

Figure 3.34 shows the data curves from process and device simulations on
the single device cell for the waveforms of gate voltage, synchronous rectifier
current, and the body diode current as a function of terminal bias voltage. It
can be seen that the rectification transition occurs at about the zero voltage.
The MOSFET gate voltage rises quickly and, at 0.05V terminal voltage, the
gate voltage reaches its steady-state value. Below 0.5V, the body diode current
is almost zero. The single device cell was turned off by varying the terminal
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Fig. 3.33. Device profile of the smart-power integrated synchronous rectifier.
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Fig. 3.34. Data curves on MOSFET gate voltage, synchronous rectifier current and
body diode current for the smart power integrated synchronous rectifier by process and
device simulations.

voltage from on-state conduction to reverse blocking both for the body diode
(without MOSFET connected) and for the synchronous rectifier. Figure 3.35
shows the terminal voltage and reverse-recovery current waveforms. It can be
seen that, the body diode alone has a normal reverse-recovery overshoot and
time, while the synchronous rectifier has a much less recovery phenomenon.
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o]
Cathode
M3
i Ez& Body Diode
Anode
’e)

Fig. 3.36. Schematic diagram of MOSFET-based synchronous rectifier.

The smart power integration can also be modified for CMOS-compatible
process where the bipolar transistor is removed as shown in Fig. 3.36 (Liang
et al., 2001). The description of how the synchronous rectifier works can be
made similarly in forward and reverse bias conditions. For this configuration,
the supply voltage V4. needs to match the threshold voltage of MOSFET M1.
Therefore, the threshold voltage tuning for MOSFET M1 shall be part of
the process steps. When the anode voltage is higher than the cathode voltage,
MOSFET M1 will be turned on. The gate voltage of M2 becomes lower than
its threshold voltage, and it is turned off. The voltage V, at M3 gate is then
pulled up to turn on MOSFET M3. Once MOSFET M3 is turned on, it diverts
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the forward conduction current from the body diode to the MOSFET channel
to reduce the on-state voltage drop. For the reverse bias condition, i.e. the
cathode voltage is higher than the anode voltage, MOSFET M1 is turned off,
and MOSFET M2 is turned on to pull down the voltage V, at M3 gate. In this
case, the device is at its blocking state.

3.10. Summary

In this chapter, the properties and operations of power junction diodes were dis-
cussed. These included the forward conduction, reverse blocking and switch-
ing behaviors; junction capacitance; temperature dependency; ohmic contact;
Schottky barrier diode; MPS diode, and smart power synchronous rectifiers.
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4.1. Introduction

The operational principle of the metal-oxide—semiconductor field-effect tran-
sistor (MOSFET, or sometimes called MOS in short) devices originates from
the field-effect concept by Lilienfeld in the 1930s. When the industry even-
tually learned how to grow the good-quality gate dielectric with acceptable
charges, the n-MOS technology and the later CMOS technology took off in
a fast path. Today, MOS device technology, namely CMOS or BiCMOS pro-
cess, becomes prevalent and dominant in integrated circuit (IC) development.
At the same time, power MOSFET devices began to emerge and were intro-
duced in 1970s. So far, many structures for power MOSFET devices have
been proposed, such as the double-diffusion MOSFET (or DMOS), V-groove
MOSFET (or VMOS), and trenched-gate UMOS. Due to many processing
difficulties related to the gate dielectrics and the enhanced electric field at the
tip of the V-groove (Holmes and Salama, 1973), the VMOS structure is seldom
used in production. Instead, the DMOS structure is a preferred choice. For the
UMOS structure, it is seen as the preferred choice to provide a low on-state
resistance. The introduction of power MOSFET brought about the prediction
of the extinction of the bipolar power transistor. However, this prediction did
not happen immediately as cost and reliability plagued the power MOSFET.
The bipolar power transistor continued to be used in many high-voltage and
high-current applications. Only in the mid-1980s, the bipolar power transistor
finally met the most critical rival with the introduction of the insulated-gate
bipolar transistor (IGBT), which will be described in Chapter 5.

The high gate impedance is a primary feature of the power MOSFET that
greatly simplifies its gate drive circuitry. The negative temperature coefficient
of the drain current, i.e. the drain current reduces when temperature goes up,
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in power MOSFET also provides an additional advantage over their bipolar
counterparts. In a sense, the bipolar transistor is very susceptible to thermal
run-away but not the case for power MOSFET. However, the power MOSFET
suffers a higher on-state conduction loss as compared to the bipolar power
transistor of similar die sizes because of the absence of conductivity modulation
in power MOSFET. In spite of this, the trend of higher switching frequency
to increase power density in power electronic system continues, therefore, the
choice of using power MOSFET over conventional power bipolar switching
transistor is evident.

In this chapter, the operations of the power MOSFET are described. This
begins with the basic MOS physics necessary for the understanding of the
device. This is then followed by the derivation of current—voltage character-
istics. Various power MOSFET structures and their switching characteristics
are mentioned along with the presentations of experimental switching wave-
forms under different operating and load conditions. Gate driver circuits for
power MOSFET in various configurations are also discussed. Finally, more
advanced gate structures, such as the dummy-gate and folded-gate MOSFET
devices and the radio frequency (RF) MOSFET device on the partial silicon
on insulator (SOI) platform are introduced.

4.2. Basic MOS Physics

The basic MOSFET structure consists of a field-controlled channel region
upon which majority carriers flow between the drain and source. It is
thus important to understand the basic properties of the metal-oxide—
semiconductor structure that controls the conductance of the channel by the
application of a gate voltage. Figure 4.1 shows the MOS capacitor on p-type
silicon along with its energy band diagram in the thermal equilibrium state.

35ev| | | |3-10eV

/Sl licon p

Pz
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Fig. 4.1. The energy band diagram of the metal-oxide-silicon at the thermal equilib-
rium state.
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Fig. 4.2. Energy band diagram of the metal-oxide-silicon under the flat-bed state.

The Fermi level of metal is at the top of the filled band. For aluminum, it is
around 4.1 eV away from the vacuum level. For silicon, the Fermi level is a
function of the doping type and concentration. The edge of conduction band is
around 4.05 eV away from the vacuum level, so the Fermi level is calculated as
(5.17eV —Ey) away from the vacuum level (refer to Fig. 4.2). The Fermi levels
of metal and silicon are aligned to the same level by charge transfer between
them. For p-type silicon, the Fermi level of metal is higher than that of the
silicon, therefore negative charge is transferred from the metal to the silicon.
The potential difference which corresponds to the initial difference in Fermi
levels is now across the oxide and the depletion region at the silicon interface.
The depletion of mobile carriers, i.e. holes in p-type silicon, at the silicon—oxide
interface forms the space charge as that of the junction barrier. The density of
the induced charge Qj, in this region is given by the Gauss law:

Qs = —qNaxqy = —&s Es, 4.1)

where Ny is the dopant concentration, xqg is the depletion width in silicon at
thermal equilibrium, E is the electric field at the semiconductor surface, and
&g is the dielectric constant of silicon. The potential difference between metal
and silicon is distributed to the oxide voltage drop, Vox, and the semiconductor
surface potential, Ws. The symbol W (in V) is used to represent the potential
and ¢ x ¥ (in eV) is used to relate the potential in the energy band. The MOS
system has charge storage and field associated as those of a capacitor.

The application of a gate voltage Vg across the MOS capacitor estab-
lishes an additional electric field between the gate electrode and the underlying
semiconductor. This causes the system to depart from its thermal equilibrium
state (Fig. 4.1). Depending on the polarity and magnitude of the gate voltage,
the underlying silicon can accumulate different type and different amount of
charge, and the MOS system functions in several possible states, namely the
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flat-band, the accumulation, the depletion, and the inversion states. They are
described below using the p-type silicon as an example.

4.2.1. Flat-Band State

When the applied gate voltage serves to exactly compensate the difference in
metal-silicon work functions, the net electric field in the oxide and the silicon
interface is neutralized. Under such a condition, the energy-band is no longer
bending downwards at the silicon—oxide interface but becomes flat as shown
in Fig. 4.2. The gate voltage Vg is

Vg — VB = VB = Wm — Vs, 4.2)

where Vp is the substrate reference voltage, Wy and W; are the potential differ-
ence between the Fermi level and the vacuum level. As Wy is less than W for
the case of p-type silicon, the voltage Vgp to be applied at the gate is negative.

4.2.2. Accumulation State

When a greater negative gate voltage is applied, the energy-band starts to move
upwards at the interface and a positive charge region by hole accumulation is
formed near the surface as shown in Fig. 4.3. The resulting negative surface
potential induces an upward band bending at the silicon surface. When looking
at the energy-band, a larger E; — Er near the silicon surface indicates that
there is a higher hole density at the surface compared to that in the bulk.
Consequently, the surface conductivity is increased.

4.2.3. Depletion State

When a small positive voltage is applied to the gate electrode with respect
to the p-silicon substrate, the resulting positive surface potential induces the
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Fig.4.3. Energy band diagram of the metal-oxide-silicon under the accumulation state.
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Fig. 4.4. Energy band diagram of the metal-oxide-silicon under the depletion state.

energy-band bending further downwards and a negative space-charge region
is formed at the surface as shown in Fig. 4.4. A smaller E; — E; at the surface
indicates that holes are depleted from the vicinity of the oxide—silicon interface.
The space charge in the depletion region which is the only bulk charge in silicon
is given by

OB = Q4 = —qNaxq, (4.3)

where x4 is the width of the space-charge layer and is greater than the thermal
equilibrium value of x4g. Using the depletion approximation, and by setting
Vs = 0, the semiconductor surface potential can be found to be

2
_ gNAX]

W
S 2ey

4.4)
And, the potential distribution in the silicon along the depletion region is
given by

x 2
W(x) = Wg — / Ey(x)dx = Wg (1 - i) 4.5)
0 Xd

which is similar to that of an n*—p abrupt junction diode with a reference
voltage at p-substrate set to zero.

4.2.4. Inversion State

If a large positive voltage is applied to the gate electrode with respect to the
p-silicon substrate, the resulting large positive surface potential causes the
intrinsic level to bend downwards and crossover the constant silicon Fermi level
near the silicon surface. This indicates that an inversion is formed at the surface
in which the electron density is larger than the hole density. The negative charge
region at the silicon surface now consists of the inversion-layer charge, Q;,
and the depletion-layer charge, Q4, as shown in Fig. 4.5. If the inversion-layer
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Fig. 4.5. Energy band diagram of the metal-oxide-silicon moving from the depletion
state to the inversion state by increasing the gate bias.

charge is small compared to the depletion-layer charge, the surface is said to
be in weak inversion. From the energy-band diagram, E; bends slightly below
the Fermi level at weak inversion. As the surface band bending further, the
inversion-layer charge becomes greater than the depletion-layer charge. This
is the onset condition of the strong inversion. At strong inversion, by setting
Vg = 0, the space-charge-layer width will be at its maximum and is given by
(Muller and Kamins, 1986):

2e(2|¥r — s
i = [2e5(2| Wy 1|)’ (4.6)
qNa

where 2 x |Wr — ;| indicates the amount of potential (also indicated in the
energy-band by the quantity of 2 x g x |Wy — ¥;| in eV) in bending the
energy-band in strong inversion. W¢ is the Fermi level potential and W¥; is the
intrinsic level potential, both are in volts. It should be noted that all additional
induced charges will be accumulated in the inversion layer after the occur-
rence of strong inversion and the charge within the depletion layer will remain
approximately constant at the equilibrium state. Thus, the space-charge-layer
width remains at xqp,, even with further (and slow) increase of the gate voltage.
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The depletion charge Qg4 (in negative) remains constant at

0d = —gNaXdm = —v/4qNaes|¥r — V. 4.7

4.2.5. MOS Capacitance

The MOS capacitor consists of an oxide capacitance and a semiconductor
capacitance in series manner. The oxide capacitance per unit area is at a con-
stant quantity and is related to the gate dielectric thickness by

e
Cox = ==, (4.8)
dOX
where gox 18 the oxide dielectric constant and dyy is the oxide thickness. At the
same time, the semiconductor capacitance per unit area is a function of the
depletion-layer width which is a function of the gate voltage
€
Co= . 4.9)
Xd
A small positive gate voltage around Vpp is applied at the gate, x4 can be
treated approximately to be the extrinsic Debye length L. The semiconductor
capacitance can be calculated as (Muller and Kamins, 1986):
&s &s

Cs = In \/@ (4.10)
qNa

When a higher gate voltage is applied, the depletion width is widened and the

semiconductor capacitance becomes smaller. Hence, during depletion state,

the MOS capacitance is a function of the applied gate voltage. When the deple-

tion width varies in the range less than the maximum width x4, as described in

Eq. (4.6) before the onset of strong inversion, the total gate capacitance can be

calculated by putting the oxide capacitance and the semiconductor depletion
capacitance in series manner as

COX

l_l_\/zch(VG_VB_VFB_Vox) ’
esqNA

C(Vg) = (4.11)

where Vi is the voltage drop across oxide region, Vg is the substrate reference
voltage and is normally zero when connected to ground. Note that, Vg is
negative for p substrate. Equation (4.11) gives the capacitance variation with
gate voltage of the range between Vpp and that of onset of inversion state.
When the surface potential (Vg — Vg — Vox — VB) reaches 2(¥r — W), the
depletion width reaches its maximum value of x4n,. For a higher gate voltage,
the accumulation charge, which is mobile, increases and the depletion charge,
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Fig. 4.6. Variation of capacitance of a MOS capacitor with different applied gate bias.

which is fixed, is kept constant. The inversion layer becomes dominant and
the semiconductor capacitance becomes larger. The total MOS capacitance
increases to eventually approach the value of Cox. However, if the gate voltage
varies in a high-frequency manner, the accumulation charge, with carrier life-
time in microseconds, may not be able to vary quick enough to follow the gate
voltage. In this case, the depletion width may go beyond x4y, called deep deple-
tion, and the semiconductor capacitance will be kept at a low value. Figure 4.6
gives the variation of MOS capacitance with gate voltage.

The above analyses were done with the assumption that there is no charge
in the dielectric layer. Within the gate dielectric, such as the oxide, there are
always fixed charges residing within the oxide and at the interface of the oxide
near semiconductor. Oxide charge exists in the forms of fixed charge, trapped
charge, and mobile charge. The charge, depending on its polarity, creates extra
accumulation or depletion effects on the semiconductor surface. Besides the
polarity, the distribution of the oxide charge, e.g. the distance from the semicon-
ductor interface, also determines the degree of influence on the semiconductor
surface state. The closer the oxide charge to the semiconductor surface is, the
stronger the influence will be. For the modern fabrication process to form the
thermally grown gate oxide, the charge per unit area can be well controlled to
be below 10!9 cm~2. The low oxide charge provides less variation on the inter-
face state away from the above-mentioned condition. The flat band voltage,
VEB, is now modified by the existence of oxide charge to be

VEB = VFBO — M (4.12a)

COXdOX
when the oxide charge Qox can be quantized at a particular fixed location
distanced away, measured as d, from the semiconductor interface. Vgpo is the
flat band voltage without any oxide charge as in Eq. (4.2). If the charge is dis-
tributed all over in the oxide layer, then the flat band voltage can be adjusted as

1[0 (dox —
VFB = VFBO — / MP(X)dx, (4.12b)
COX dOX

0X
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where p(x) is the oxide charge density distribution with distance x away from
the semiconductor interface.

4.2.6. Threshold Voltage

The electron carriers in the inversion layer (and also the hole carriers in the
accumulation layer but not discussed here) are mobile in the p-semiconductor
under gate voltage bias. If there are nearby contacts, one at each end of the
mobile-carrier layer called drain and source contacts, it is possible to run cur-
rent through the thin layer and the semiconductor surface forms a conduction
channel. In order to create a good conduction channel between the source
and drain contacts, the semiconductor surface must be strongly inverted. The
threshold voltage Vt is defined as the gate voltage required in creating a visible
inversion in the channel region

\/4qNA8s|“I’f — ] . Qox
Cox Cox ’

(4.13)

Vr =2(1¥r — i) + VE + VB +

Equation (4.13) is valid when both drain and source contacts are con-
nected to the substrate potential, i.e. Vp — Vg = 0. The oxide charge influ-
ence becomes obvious where neutron irradiation process is applied in the
MOSFET fabrication, resulted in positive charge residue. Following the
radiation, the n-channel power MOSFET can have a negative threshold voltage
(Baliga, 1987). Figure 4.7 shows the depletion region when a drain voltage is

Fig. 4.7. Depletion and inversion layers of a MOSFET at different applied drain
voltage.
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applied. It is noticed that the depletion width near the drain area is wider than
other places under the gate. As the negative charge induced by the gate bias
is shared between the depletion and inversion layers, a wider depletion layer,
means less accumulation charge, can be formed in area near the drain. With
the reduction of accumulation charge, the onset of strong inversion occurs at
the surface potential of 2 x |Wr — ;| + Vc — Vp instead of 2 x |Wy — W;] as
stated earlier, where Vc — Vp is the voltage between the semiconductor surface
and the substrate across the channel region and it varies from drain to source.
At the drain location, Vc = Vp and at the source location, Vo = Vg. The
threshold voltage is then adjusted to be the following to include the effect on
the influence of wider depletion layer.

V2qNaesQ[¥r — Wi+ Ve — V) Qox
Cox Cox

(4.14)

Vr =2|Yp — Wi| + Vg + Ve +

The maximum depletion width is adjusted to be

2es(2]Wr — Vil + Ve — W
de:\/ 85 21Wr — Wil + Ve — V) @15)

qNa

with the influence of applied drain voltage. Consequently, the amount of the
depletion charge is also adjusted to be

Q4 = —/2qNaes2|¥s — Wi| + Ve — V) (4.16)

which is larger than that of without the drain voltage applied. These equations
indicate that the substrate voltage also plays a role in the depletion charge
formation and the threshold voltage value. For a negative substrate voltage
applied at the p-substrate, it extends the depletion region and reduces the
accumulation charge density. In a sense, the threshold voltage is seen to be
increased to a more positive value. Such effect is called the body effect or the
back-gate effect in published literature.

From the point of view of device profiles, the threshold voltage of the
MOSFET is affected by the body doping concentration, the oxide charge, the
oxide thickness, and the body bias.

4.3. Static Characteristics

Figure 4.8(a) shows the basic n-channel MOSFET structure. Typically, the
n-channel MOSFET is fabricated by diffusing or implanting phosphorus into
a p-type silicon substrate to form the drain and source. For power MOSFET,
as shown in Fig. 4.8(b), a lightly doped n-drift region is present between the n™
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Fig. 4.8. (a) Plain n-MOSFET structure and (b) power n-MOSFET structure with the
n-drift region added for higher voltage rating.

drain and the channel region to sustain a higher blocking voltage. The channel
is formed below a silicon dioxide gate dielectric with a metal, polysilicon, or
polycide gate electrode. With a small negative voltage applied to the gate elec-
trode with respect to the p-substrate, the channel is accumulated with holes. As
such, no current flows in this MOSFET. This is the cut-off region of operation.
The device can be viewed as a two back-to-back p—n junction diodes or an
open-base transistor.

With a small positive voltage applied to the gate electrode with respect to
p-substrate, a low conductivity n-channel is formed between the source and
drain. The source is defined as the region where electrons come from, and
the drain as the region where electrons go to. The device is now under sub-
threshold region of operation. For power MOSFET, this is not an important
operating characteristic as the main purpose of having the power MOSFET is
to serve as a low-resistance conduction switch. When a large positive voltage
of greater than the threshold voltage Vt is applied to the gate electrode with
respect to p-substrate, the semiconductor surface is strongly inverted. As such,
a high conductivity layer with mobile electron carriers named “n-channel” is
formed between the source and the drain. With a positive voltage applied to
the drain with respect to the source, electrons can drift from the source to the
drain through the n-channel. The magnitude of the current flow depends on
the magnitude of the applied drain-to-source voltage, Vps. At low Vpg, the
conductive n-channel is not distorted and the drain current is proportional to
the Vpg in an almost linear manner. This is called the linear region of operation.
At high Vpg, the channel near the drain pinches off (refer to Fig. 4.7) and
the drain current is kept almost constant with further increasing Vps. This is
appropriately called the saturation region of operation.
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Besides the lateral structure, the three common vertical structures are the
V-groove MOS (VMOS), doubled-diffused MOS (DMOS), and UMOS shown
in Fig. 4.9(a)—(c). The vertical structure with common substrate drain is meant
for handling large current and blocking high voltage. This feature not only
allows for more source area but also ease the electric field crowding at the
gate. The forward blocking capability is provided by the p—n junction at the
p-body and the light-doped n™ drift region. The p-body region is shorted to
the source by the source metal in order to establish a fixed p-body potential
during device operation. The body-source short also forms the antiparallel
diode (p-body to n~-drift region) for fly-wheeling current conduction during
inductive switching. For MOSFET devices of a high forward blocking voltage
would require the drift region to be not only with a lower doping concentration
but also with a larger thickness. In a sense, the on-state conduction resistance
becomes higher as contributed by the drift region and the channel voltage drop
becomes less dominant in the overall on-state voltage.

The V-groove in the VMOS structure is formed by an orientation-dependent
etch. The channel region for this structure is formed along the wall of the V-
groove which is made by an angle of 54.7° against the device surface on (100)
silicon substrate. The VMOS structure was the first commercial power struc-
ture. However, due to the many processing difficulties and crowded electric
field at the tip of the V-groove, this structure was abandoned later on. In the
DMOS structure, the n™ source and p-body are formed by a double-diffusion
process through a common mask opening defined by the edge of the polysilicon
gate. The difference in the lateral diffusion between the p-body and n™ source
regions defined the channel region. The UMOS structure has a U-shaped
groove formed for the gate region by silicon reactive ion etching similar to
the trench etching in the dynamic random access memory (DRAM) process.
The UMOS will have the highest channel density of the three structures which
allows for significant reduction in the on-resistance of the power MOSFET.

4.3.1. Linear Region Operation

Consider the n-channel MOSFET shown in Fig. 4.8(a) with a gate voltage of
greater than the threshold level and a small voltage of Vpg applied to the drain
with respect to the source. With the source shorted to the p-body (Vs = Vp),
the induced channel (inversion) charge is given as (Muller and Kamins, 1986)

01 = —Cox (VG — 2|¥¢ — ¥i| — VEB — V)
+v/2gNags 21V — W] + Ve — Vg)
~ _COX(VG - VT - (VC - VS))- (4~17)
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The approximation is made by the assumption that the depletion charge is
kept at constant at different V¢ values, i.e. the x4y, is constant. The potential
variation (ohmic voltage drop) along the (n) channel can be written as

dx dx

- = dVC x ID )
—Wun Q1 —WunCox (Vg — VT — (VCc — V8))
(4.18)

IpdR = Ip

where Ip is the drain current, W is the channel width (the dimension out of the
paper), uy is the electron mobility along the channel, and dR is the incremental
resistance along the channel. Equation (4.18) can be rewritten as

Vb

L
ID/ dx = —Wpun Qr1dVe
0 Vs

Vb
~ ~WinCon [ (Vo = Vo = (Ve = VoV, (419)
Vs
By integrating both sides, the drain current can be found as

unW 1
Ip = I}J (Cox (VG — VEB — 2|Wp — | — EVDS> VDs

2
- 3@ = Wi+ Vo) — 2wy — \Ifi|)‘~5>\/2esqNA>

WC V2
~ % ((VG — Vi) Vbs — %) . (4.20)

The approximation is made by ignoring the dependency of vertical field at
different drain voltage, i.e. by setting the threshold voltage a constant value.

For a small drain voltage applied, the above assumption can be valid and
the drain current can be further simplified to be as

w
Ip ~ Coxﬂnz((VG — V1) Vps) 4.21)

which is a linear relationship between Vps and Ip. The I-V curves plotted by
Eqgs. (4.20) and (4.21) for the linear region of operation are shown in Fig. 4.10.
A channel resistance at low Vpg can be defined from Eq. (4.21) as
_ L

~ WinCox (Vg — V1)’

Rep (4.22)

For a power MOSFET, the conduction resistance is more than just the channel
resistance as described in the above equations. The total on-state resistance
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Fig. 4.11. Distribution and location of conduction resistances along the current path.

Rys.on includes the channel resistance (Rcp), substrate resistance (Rqyp), JEFET
region resistance (RjpgT), drift-region resistance (Rq), the source diffusion
resistance (Ry+ ), and the drift-region accumulation resistance (Rqa ) as shown
in Fig. 4.11. The n-channel JFET region is formed by the depletion layers in
the drift region between the p-base diffusions. Of these resistive components,
the JFET, channel, and especially the drift-region resistance are the significant
contributions to the on-resistance in the DMOS structure. The UMOS struc-
ture does not have the JFET region and as such has a lower on-state resistance.
Since both the drift-region resistance and channel resistance are inversely pro-
portional to the carrier mobility, the on-resistance of the p-channel power
MOSFET is larger by about 2.5 times than that of the n-channel counterpart
with a similar device area, due to the difference between the electron and hole
mobilities. The on-state resistance is an important parameter as it determines
the maximum current handling capability and power dissipation of the power
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MOSFET. To minimize Rgs on, the gate voltage should be large enough for a
given drain current to maintain the operation in the linear region. However,
by increasing the gate voltage beyond the optimum value, due to surface scat-
tering effect, it has the diminishing effect on lowering the Rys on, especially for
high voltage devices (Ang, 1995).

In the linear region of operation, a gain parameter or transconductance at
low Vpg can be defined as the ratio of the change in drain current corresponding
to a change in gate voltage

dIp w
m = m = MncoxIVDS- (4.23)
The transconductance indicates the current-carrying capability of the device.
Equation (4.23) can be applied in laboratory measurement to find the effective
channel mobility at different gate voltage by knowing the oxide capacitance
and device dimensions.

4.3.2. Saturation Region Operation

As the drain-to-source voltage Vpg increases, the influence of depletion charge
variation along the channel region becomes obvious. Along the channel, the
quantity of accumulation charge becomes weaker and the depletion charge
becomes stronger when looking from the source region toward the drain region.
In the complete saturation point, at sufficiently large drain voltage, it can be
considered that the surface potential induced by gate bias is “neutralized”
near the point of full-saturation. The inversion layer will then disappear at
the point of the channel and is now seen pinched off. Further increase of the
drain-to-source voltage would not increase the drain current but just to extend
the pinched-off region longer toward source region (refer to Fig. 4.7). It is then
called that the drain current (and the MOSFET channel) is saturated. The
onset of current saturation can be calculated by setting the inversion charge of
Eq. (4.17) at drain to be equal to zero:

01 = —Cox (Vg — 2|¥¢ — ¥i| — VEB — VDs,sat)
+/2gNags2|¥r — Wi| + Vps sat) = 0. (4.24)

Solving the equation, the onset saturated drain voltage Vpg sat can be found
as

esqNa 2C2
Vbssat = VG — Vg — 2|¥r — W] + Scz 1 - \/1 + ](\’]X (VG — Vrn)
S

%

Vo — Vt. (4.25)
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Substituting the above quantity into Eq. (4.20) yields

ID,Sat = B

~ (&s4Na 2(1 ~2C3,(VG — Vi)
C%x SSqNA

UnsW (1
“LS (—Cox((VG — Vpp — 2| ¥ — ¥;))?

1.5
2 esqNa 2C2, (Vg — VrB)
— Z/2egN VG — Vep + v SO A S
3 EsqINA G FB C?,X SsqNA
— QN —ypt] . (4.26)

Equation (4.26) can be derived in approximation by neglecting the
depletion-charge variation to receive a simple expression as

1 Cox W 1 Cox W
Ib.sat = _Mns ox VG — VT)2 ~ _IJ«ns ox

2

where upg is the effective surface mobility during saturation which is lower
than that of the linear operation mode. The approximation in Eq. (4.27) is
made at the onset saturated point occurring near the knee region, i.e. Vpg ~
(Vg — V1) where the I-V curves start to bend to become flat. As it can be seen,
the drain current varies approximately as the squared of the onset saturated
drain-to-source voltage Vpgs sat at the knee points. For a fixed gate voltage, there
is very little variation in drain current beyond the onset saturation point with
further increase of the drain-to-source voltage as Eq. (4.26) is independent of
the drain voltage (if without considering the channel reduction by drain-body
depletion at high voltage). The transconductance (or called the small-signal
current gain) of the MOSFET at saturation operation can be found as

dIp _ HnsCox

w
Vg — . 4.28
e I Ve — V1) (4.28)

8ms =

4.3.3. Mobility Degradation

Carrier mobilities in the channel are influenced by several degradation factors,
namely by the surface scattering, the high-field saturation, and the substrate
bias effects. The surface scattering occurs when carriers are driven by the ver-
tical field (when gate voltage applied) toward the microscopic rough oxide—
semiconductor interface. When they hit the surface, they rebound. This forms
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the zigzag profile of traveling path and in scattering pattern, which makes the
effective carrier mobilities lower. At high gate voltage, the influence of verti-
cal field becomes obvious, and as much as 30% of reduction in drain current
may occur (Veendrick, 1992). The second factor is due to the carrier veloc-
ity saturation under high lateral field between source and drain as mentioned
in Chapter 2. The third factor is by the substrate bias effect which influences
the accumulation charge formation. For example, a negative substrate bias
on p-substrate diminishes the crowding of accumulation charge and which, in
turn, helps to raise the carrier mobility in the channel.

4.3.4. Forward Blocking

The power MOSFET structure consists of a parasitic n™(source)-p(base)—
n(drift) transistor where the p-base region is shorted to the n* source to keep
the parasitic BJT inactive. In the forward blocking mode, the drain voltage
is supported across the p-base/n-drift region junction. The p-base doping is
normally much higher than that of the n-drift region. This enables the depletion
region extends mainly in the n-drift region. The breakdown voltage can be
calculated similar to that of the p-n~—n™ punchthrough structure described in
Chapter 2. There will be still the depletion region although small in the p-base
region. For a power MOSFET, the channel length is relatively long to prevent
the p-base punchthrough at high voltage. One reason of allowing so is that the
on-state conduction loss is mainly dominated by the drift region resistance.
The channel resistance plays a relatively smaller role for device voltage rated
higher than a few hundred volts.

4.4. Switching Characteristics

The switching speed of a power MOSFET is faster than that of a power
bipolar switching transistor due to the absence of minority (excess) car-
rier storage in the device drift region. The transit-time-limited switching
speed of power MOSFET is generally less than 0.1 ns. However, in practice,
switching in power MOSFET is limited by parasitic capacitances in device
structure and inductances in the chip wire-bond and external circuit. The
switching speed is also determined by the gate driver capability in supply-
ing current to charge the device input capacitance. The input capacitance
is the sum of gate-to-source capacitance Cgs and gate-to-drain capacitance
Cgp. The capacitance Cgp is sometimes called the Miller feedback capac-
itance Crss due to the Miller effect when drain voltage varies. Besides the
input capacitance, the MOSFET also contains the output capacitance Coss
which comprises of the drain-to-gate capacitance Cpg and the drain-to-source
capacitance Cps.
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4.4.1. Turn-on Transient

To switch on a power MOSFET, a step voltage Vp from a voltage-driver
or a constant current /g from a current-driver is applied through the gate
resistance Rg to charge the gate-to-source capacitance Cgs and the
gate-to-drain capacitance Cgp (Fig. 4.12). Figure 4.13 shows the waveforms
by the current drive. As long as the gate voltage is below the threshold voltage
Vt, no visible drain current will flow in the channel. A delay time Ty, is defined
as the period taken for the gate voltage to reach the threshold level. During the
period, the input capacitance is the sum of Cgs and Cgp capacitance without
Miller effect. If it is for a voltage-driver, the gate voltage rises exponentially
according to (Clemente and Pelly, 1981; Baliga, 1987):

-t
Vgs = Vp(l — e Fc(Cas+CoD)), (4.29a)
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Fig. 4.12. MOSFET parasitic capacitances.
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And if for the current-driver, the gate voltage changes according to

t

Vgs = ———1I 4.29b
7 Cas + Cap ( )

For the voltage-driver, the delay time T, can be calculated as

Vp
To = Rg(Cgs + Cgp) In (—) (4.30a)
Vp— V1
and Vr(Cgs + CGp)

T, = -GS T ~GD/ (4.30b)

Ig

for the current-driver. When the gate-to-source voltage Vs reaches the thresh-
old level, the device begins to conduct current and operates in the saturation
region. It is so because the drain voltage is high and the gate voltage is low
at the initial turn-on point. The drain current and the gate voltage continue
to increase in proportional with the device transconductance in the following
expression

Ip = gms(Vgs — V1), (4.31)

where gns 1s the transconductance as described in Eq. (4.28). The drain voltage
may or may not fall depending on the external circuit configuration. If it is for
a resistive load, the drain voltage will start to fall when the drain current rises,
as shown in the dashed line. Otherwise, for an inductive load, the drain voltage
is more or less the same as the supply voltage as shown in the solid line. In a
sense, the device will function in the saturation mode for a longer period for
the case of inductive (constant) load-current turn-on. As such, the turn-on loss
is higher in the inductive load case compared to the resistive counterpart. For
the inductive load, when the drain current reaches the inductive load current
I1, the diode ceases to conduct and the drain voltage is now free to move. The
gate-to-source voltage can be expressed in approximate as

Vgs = V1 + I—L (4.32)
8ms

For the resistive load, the drain voltage falls earlier once the gate-to-source
voltage exceeds the threshold level. And for the inductive load, the drain voltage
starts to fall when the device carries the whole inductor current. Regardless the
timing of occurrence, when the drain voltage falls, Miller effect occurs. This will
draw additional current to charge the Miller-effect-influenced gate-to-drain
capacitance Cgp.

For the inductive load and the voltage-driver, the gate-to-source voltage
Vgs remains constant after period 77 because of the constant drain current.
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The gate current now flows into Cgp and can be expressed by

Vp—Vr— ﬁ

From Kirchhoff’s voltage law, the drain-to-source voltage is
Vps = VbG + Vas. (4.34)

For a constant Vg, the rate of change of the drain-to-source voltage during
the period of 7> is

1
Wos Vb __lo _ YoV, (4.35)
d dt Cgp B RGcCip ’ '

Equation (4.35) is also valid for the case of current-driver by setting the current
I a constant value equal to the gate drive current. The drain-to-source voltage
can be found as

Iy
IG VP - Vr— g—
Vbs =Vop — —1t=Vpp — —————1, (4.36)
Ccp RgCep

where Vpp is the supply voltage. Thus, the drain voltage decreases from the
supply voltage linearly with time during the 7, interval. Toward the end of
period, the device enters the linear operation mode, i.e. (Vgs — V1 > Vps),
the gate-to-drain capacitance Cgp becomes higher and this slows down the
Vps drop.

For the resistive load, the charging of the Cgs and the Miller capacitor Cgp
are occurring at the same time. The variation of gate voltage is calculated as

dv, 1
Gs _ G ) (4.37)
And, the variation of drain voltage can be calculated as
dav IGR
DS _ 8ms{G XL . (4.38)
dt CGD(l + gmsRL) + CGS

4.4.2. Turn-off Transient

The MOSFET can be switched off by removing the applied gate voltage
(connected to ground potential) or by applying a small negative voltage
through the gate resistance. The turn-off process, as shown in Fig. 4.14 is
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Fig. 4.14. Turn-off waveforms of a MOSFET.

essentially an opposite process as that of turn-on. The gate-to-source volt-
age decreases exponentially with time as a result of the discharging of its
gate-to-source capacitance Cgs through Rg. Thus,

Vas = Vpe FaCas . (4.39)

When it reaches the value of V1 + I /gm, the drain voltage starts to rise. The
period T, can be calculated as (Ramshow, 1993):

Vi
To = RgCgs In (—G> . (4.40)

Vr+ L
8&m

For the resistive load, after 7, period the drain current starts to fall following
the rise of drain voltage. However, for the inductive load, the drain current
remains at pre-turn-off value /1 . The freewheeling diode D remains off until
the drain-to-source voltage reaches Vpp. As the drain current is at the same
level, the gate-to-source voltage Vgs will remain at constant. The gate current
I will flow through the Miller capacitor Cgp. During this period,

I
VGs __VT+g_;

-85 4.41
Re e (4.41)

Ig =
The negative sign indicates that current is flowing out of gate. For a high-current
power MOSFET, the discharge current is quite sizable and the charge can be
recovered for partial gate drive supply. The rate of change of the drain-to-source
voltage can then be calculated.

dVps dVpc  Ig
d  dt  Cgp

(4.42)
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And, the drain-to-source voltage is

I
Vbs = VDs(on) + =1, (4.43)
Cop

where Vps(on) is the on-state voltage. The drain-to-source voltage Vps contin-
ues to increase linearly to the steady-state voltage Vpp during the 7; interval.
Now, the device enters the saturation mode of operation. The interval of T is
found as
_ (Vbbb — VDs(on)) RGCGD

T
I
-~ + VT

(4.44)

The freewheeling diode switches on once the drain voltage reaches the supply
voltage. There may be overshoot on drain voltage depending on the stray induc-
tance in the circuit. At the same time, the gate voltage is no longer clamped.
Consequently, drain current starts to fall to zero during the interval of 7. The
gate-to-source voltage reduces exponentially according to

I R S
Vgs = (—L + VT> e FGCGstCop) (4.45)
&m
with an exponential decrease in the drain current given by
I N S
IpD=gm||—+ Vr)e RcCastCep) — vr ). (4.46)
8&m

This interval ends when the gate-to-source voltage reaches the threshold volt-
age VT and the drain current is reduced to zero. The duration for this interval is

Iy
T» = Rg(Cgs + Cgp) In ( + 1) . (4.47)
gm VT
The gate-to-source voltage continues to decrease to zero. For a resistive
load, the change of drain current occurs at the same time as that of the drain
voltage. The change of gate voltage is

dVvi 1
GS _ _ G (4.48)
dt Cis + (1 + gmRL)CGp
and that of the drain voltage is
dv Ry 1
DS EmALIG (4.49)

dt ~ Cgs+(+gmR)CGD

When Vg reaches below the threshold voltage, the drain current drops to zero
and the drain voltage reaches the supply voltage.

Vpp gmlc ;
RL  Cgs+(1+gmRL)CGD

Ip = (4.50)
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During inductive switching, voltage switching spike occurs at the drain termi-
nal of the MOSFET due to either the turn-on delay of the fly-wheeling diode
or the stray inductance in the circuitry. Hence, the MOSFET device must be
selected such that it can withstand switching spikes. Or else, a resistor—capacitor
snubber bypass can be placed across the drain and the source terminals. How-
ever, the use of a snubber circuit reduces the speed of circuit operation and,
at the same time, it increases the power dissipation. Second, the in-rush cur-
rent which flows during the initial turn on of certain converters is another
consideration. This is likely to occur when the gate drive is insufficient to
maintain a fully inverted channel to carry the in-rush current. It is neces-
sary to ensure that the initial current in-rush does not cause excess power
dissipation.

4.4.3. Gate Charge

The total gate charge required in each switching is normally specified for gate
drive in order to establish a desired drain current under given circuit applica-
tions (Barkhordarian, 2002). It is normally independent of temperature vari-
ation. When a constant gate current /g is applied to the gate circuit, both the
Cgs and Cgp are charged at a constant rate and the gate voltage is rising
accordingly

dVg _ Ig
dt  Cgs+Ccp’

4.51)

At the initial period, the gate voltage keeps increasing linearly as long as both
capacitance values are constant. When the gate voltage reaches the threshold
level VT, the device enters its conduction region and its drain current starts
to increase with Vg accordingly. The increase Vg in continues linearly till the
drain current reaches the predetermined value set by the external inductive load
element. When this happens, drain current reaches the steady-state (limited
by the constant load current). The gate voltage needed to support the drain
current is

21,

Ve =V1+ | ——,
Mnscox%

(4.52)

where I, is the inductive load current which can be considered as a constant
current source. The device is operating at the saturation mode as the drain volt-
age remains the same as the supply voltage at this moment. The drain voltage
starts to fall after this point as shown earlier in Fig. 4.13. When the drain volt-
age changes, the Miller effect starts to maneuver the charging current through
the gate—drain capacitance. The gate current is now charging the capacitance
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Cgp as the gate voltage is kept constant, and the drain voltage reduces at a
rate according to gate charging current,

dvps _ _ Is (4.53)
dt Cp ’

The capacitance Cgp does not change much along the way when drain voltage
is falling as long as the transistor remains in the saturation mode. Once the
drain voltage has fallen to its on-state value, the transistor enters the linear
conduction mode, and the capacitance Cgp increases to a higher value. Because
of the higher Cgp value, the trend of drain voltage falling becomes slower.
After the drain voltage is stable, the gate current reduces to zero and gate
voltage is stable at voltage Vp.

The gate—source charge during the period 77 can be calculated as

Cas
Ogs=1Ig xT1 x —————. 4.54
Cgs + Cop (439
Similarly, the gate—drain charge during the periods 71 and 7> is
Ocp =16 x Ty x — 2 10w (4.55)
Cgs + Cgp

The total gate charge divided by the sum of both the gate—source and gate—
drain charges is the minimum charge required to bring the device to the linear
on-state conduction. In practice, a slightly larger gate charge is used to ensure
a proper turn-on. The gate charge information in association with the input
capacitance (Cgs + Cgp) can be found in the device manufacturer’s databook.
The charge information is used to find the maximum current requirement for
the needed turn-on delay time in gate drive circuit design.

4.4.4. High-Frequency Operation

For power amplifier application at high-frequency, the device operation is usu-
ally limited by the charging and discharging of the input capacitance which
consists of the gate-to-source capacitance Cgs and the gate-to-drain capaci-
tance Cgp,

Cin = Cgs + (1 + gmRL)CGD. (4.56)

The maximum small-signal operating frequency of the power MOSFET can
be defined as the frequency at which the input gate current becomes equal to
the output drain current. The input gate current is given by

ig = 27 fCinvg, (4.57)
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where the input gate signal voltage is vg. The small-signal drain current
can be found as the product of its transconductance and the gate signal
voltage,

iD = gmVG- (4.58)
Equating Egs. (4.57) and (4.58) to find the maximum frequency of operation:

27 fmaxCinVG = gmVG (4.59a)

or,
&m

2nCip

Thus, a large gate current is generally required to achieve this maximum oper-
ating frequency of the power MOSFET.

fmax = (459b)

4.4.5. Parasitic Body Diode

An integral p-n~—n™ diode is inherently formed by the p-body, the epitaxial
n~ drift region, and the n* drain in the power MOSFET structure as shown
in Fig. 4.11. In normal forward operations, this integral body-drain diode is
reverse biased. The body-drain diode becomes conductive when the power
MOSFET is reverse biased or it is under the inductive fly-wheeling operation
where a current flowing from source to drain. The current handling capability
of this integral body-drain diode is comparable to that of the power MOS-
FET itself. If the device functions as a synchronous rectifier, the gate can be
biased during the diode conduction to provide the MOSFET operation in the
third-quadrant where negative current conduction is utilized.

The body-drain diode must exhibit a fast reverse recovery and a low reverse
recovery charge. Since the minority carrier lifetime in the epitaxial n~ region
is generally high, the reverse recovery characteristic of the body-drain diode is
generally not suitable for fast switching applications. As such, electron irradia-
tion is used to introduce recombination centers in the n™ drift region to reduce
the minority carrier lifetime. Gold or platinum doping for deep recombination
centers can also be used for the same purpose. Unfortunately, this technique
also increases the MOSFET on-state voltage.

4.5. dv/dtLimit

The rate of drain-to-source voltage change, dv/dt, during forward blocking
state or switching states has significant influence on the device blocking and
recovery capabilities. There are many ways, normally or abnormally, to bring
the MOSFET devices into conduction state. The normal way is to apply a gate
bias to form the conduction channel. The abnormal ways are namely to raise
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the drain voltage to the avalanche level to cause breakdown conduction, or
to fluctuate the drain voltage in a fast transient manner to induce capacitive
current to bias the emitter junction of the open-base transistor. A high dv/dt
also creates failure in turn-off due to the large discharge current from the Miller
capacitor.

The dv/dt effects during blocking and switching are described here. For an
open-base transistor, the depletion layer at one of the junction sustains the
blocking voltage. In MOSFET structure, the depletion region sits at the junc-
tion between the p-base and the n-drift regions. The higher the drain voltage is,
the wider the depletion region becomes. This is the junction capacitance which
plays a major role in the voltage-transient conduction. The capacitive current
induced by the fluctuation of the drain voltage flows through the p-base to
reach the source contact, as shown in Fig. 4.15. If the current is large enough,
the emitter junction may be forward-biased. When this occurs, the open-base
transistor becomes conductive. The equation to relate the drain voltage change
to the conduction threshold can be expressed as

dvp dCy 0.7

o + vp & " R (4.60)
where Rp is the p-base region resistance and 0.7 V is the nominal voltage for
a forward p—n junction. The second voltage-transient induced turn-on occurs
during the switching from on-state to the off-state. Recall that, the Miller capac-
itance discharges during the turn-off process when the drain voltage starts to
rise from the on-state level to the supply voltage level. During the transient, the
drain to gate Miller capacitance Cpg plays a major role to bias the gate. When
drain voltage rises quickly, a large current is flowing through the capacitance.
The same current will flow through the gate resistor Rg and the gate to source
capacitance Cgs. When the gate voltage goes above the threshold level, the

\ Source
( ) —
U n+  J

n drift region

n+ substrate
[ ]
Drain

Fig. 4.15. dv/dt current flowing through p-body to forward bias p-body/n™ junction.



170 Power Microelectronics

conduction channel will then be formed. And, the device enters the conduction
state. So, the turn-off is failed.

The relationship on the change of drain voltage to the gate voltage variation
can be expressed as

dVpg Ve dVg

Cgs—. 4.61
dt RGJr GS dt ( )

Cap

To reduce the risk of turn-off failure, one can reduce the gate resistance to raise
the drain voltage dv/dt limit as indicated by the equation.

4.6. Dummy-Gated Structure

The vertical MOSFET structure is a suitable candidate for high-voltage and
high-power applications. For high-frequency operation, such as used for the
RF base station, it has an inferior frequency-response capability due to the
high parasitic feedback capacitance Css between the drain and the gate (Trivedi
etal., 1999). The drain-to-gate feedback capacitance Cyss consists of two parts,
namely the gate-substrate overlap capacitance Cox and the silicon bulk capac-
itance Cs;. The Cigs is defined as the series combination of Cox and Cs;:

Cox x Cs;j

Crss = .
™ Cox + Ci

(4.62)
The overlap capacitance Cox is a function of the gate/substrate overlap length
Loy and the oxide thickness; while the bulk depletion capacitance Cg; is related
to the bulk doping concentration, the junction area, and the applied drain
bias. As the drain voltage varies, so do the depletion charge and the depletion
capacitance.

Cox 1s almost constant for a particular structure. With the increasing drain
voltage, Cs; decreases due to the expanded depletion width at the reverse-biased
p-body junction. To get a lower Cyss, both Cox and Cg; must be minimized.
For that, the gate structure in the conventional Radio Frequency Vertical
Double-diffusion MOS (RF VDMOS) devices is normally split into two por-
tions to just cover the channel regions, as shown in Fig. 4.16. Such an approach
will reduce the feedback capacitance Cyss by a reduction of the gate-to-drain
overlap area. However, the approach also brings several disadvantages, namely
a higher silicon bulk capacitance by shallower substrate depletion; a higher
on-state resistance by removing the top accumulation layer; and a lower break-
down voltage by electric field crowding on the silicon surface at the gate-end
(Darwish and Board, 1984).

An approach made by (Xu et al., 2001) introduced a dummy-gate located
between two active gates to reduce the parasitic feedback capacitance but
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Fig. 4.16. The split-gate VDMOS structure with identified Cox and Cg;.
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Fig. 4.17. The dummy-gate VDMOS structure with low-Cyg;.

without those disadvantages caused by the split-gate approach, as shown in
Fig. 4.17. The dummy-gated approach of splitting the gate into two parts just
covering the active channel regions reduces the gate overlap capacitance. In
addition, the dummy gate is shorted to the source. This enables the formation of
depletion layer under the dummy gate to pinch off the depletion layers between
two p-body regions when the device is at its low-voltage forward blocking state.

For the same blocking voltage rating, the dummy-gate structure allows
the MOSFET to have a shorter channel and a larger gate to drain overlap
area to minimize the on-state resistance. Hence, the transconductance gain
can be improved, leading to a higher RF performance for the power device.
Experimental results showed that with the dummy-gate a 51% lower on the
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feedback capacitance, a 21% lower on the on-state resistance, a 100% increase
in output resistance, and a higher and linear transconductance are achieved
(Xu et al., 2001). Furthermore, the safe operating area (SOA) of the device,
which is limited by the turning-on of the parasitic transistor, is improved.
This allows a higher power density to be handled by the dummy-gate power
MOSFET device.

4.7. Folded Gate Structure

For low-voltage (<40 V) LDMOS for power integrated circuits, the desirable
performance is to have a low on-state resistance and a high transconductance.
To reduce the on-state resistance, copper was utilized for lower metallization
resistance (Kobori et al., 1999), and both the RESURF mechanism and NTOP
technique (Efland et al., 1996; Merchant et al., 1997, 1999) were applied to
reduce the drift region resistance. With these improvements, the channel resis-
tance becomes an increasingly important factor.

The channel resistance at low- Vg region is determined by the channel length
L, effective channel carrier mobility pefr, the gate oxide capacitance Cox per
unit area, the channel width W, and the gate voltage overdrive, (Vgs—Vin). The
channel resistance R, can be optimized by reducing the channel length L and
by increasing the effective channel electron mobility w.r. However, for a given
device technology, the minimum channel length is dictated by the amount of
channel charge needed and to avoid the premature channel punchthrough. In
process, the channel length is determined by the difference between the lateral
diffusions of the p-body and n* source. To get a short channel, the process
control window needs to be very narrow. As to the channel carrier mobility,
it is limited by surface scattering to about 500 V/cm? for n-channel silicon
MOSFET with a gate threshold voltage, Vi, of about 2V (Shenai, 1990). To
get a low on-resistance, a wider channel width is needed. However, this will
consume more chip area due to its planar nature. This leads to a higher cost
and other side parasitic effects.

The folded gate structure, as shown in Fig. 4.18, can reduce this limita-
tion. The structure, being different from the conventional LDMOS, provides
double channel density with only one extra mask added into the LDMOS pro-
cess flow. The structure is made on the corrugated substrate which leads to
an enlarged surface on substrate (Blanchard, 1983). This corrugated substrate
can be made by trenching the silicon surface before the gate formation. This
makes the gate region to be folded. By folding the gate, the channel density
is increased. Experimentally, it achieved a reduction in specific on-resistance
by 45% and at the same time an increase in transconductance by 64%
(Zhu et al., 2001).
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Fig. 4.18. The schematic structure of the folded-gate LDMOS.

4.8. Lateral Radio Frequency (RF) Power MOSFET

Power MOSFET devices are capable of operating at high frequency for narrow-
band and high-gain signal amplification at the base station and for mobile
portable platforms. For base station application, the concern is mainly on the
higher RF current gain. The aspect on integration with other circuit compo-
nents for space-saving is not a great concern. Thus, the vertical structure with
heavily doped substrate as the common drain is a preferred choice to reduce
the on-state resistance and also to lower the stray inductance without the drain
metal route. As to the application on mobile platform, such as cellular phones
and personal communication systems, the integration aspect becomes impor-
tant in order to save the space and packaging cost. Hence, lateral structure is
chosen to form devices for such an application.

The structure can be formed by the double diffused process which uti-
lizes the same mask to self-align the channel position. The channel length is
determined by the difference in lateral diffusion in p-body and source emitter,
normally between 0.25 and 0.8um for various voltage of operation. Besides
the requirement in lowering the on-state resistance under the system voltage
rating, the power MOSFET needs to have low parasitic capacitance as well.
Equation (4.59) shows that the maximum operation frequency is a function
of the input capacitance. For that, the gate—drain capacitance, Cgp, as part
of the input capacitance, can be reduced by three approaches, namely to have a
thicker gate oxide, to reduce the gate and drift-region overlap length, and to low
the doping concentrations of the drift region. The thicker gate oxide, serving
as the first approach to lower the gate—drain capacitance, will also increase the
threshold voltage and lower the transconductance gain. The second approach
on reduction in gate/drift overlap length requires a good control in process
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precision, and the third approach on reduction in drift region concentration
will bring the on-state resistance higher.

To maintain a higher transconductance gain and lower threshold voltage,
it is necessary for the gate oxide to be thinner. However, the disadvantage,
besides the high gate—drain capacitance, is also that a thinner gate oxide will
encourage the oxide breakdown near the gate/drift overlap region due to the
field crowding. Research was carried out to have an uneven gate oxide thickness,
such as the stepped gate oxide (Lin ef al., 1995) and the graded gate oxide
(Xu et al., 2000), in order to obtain a thin oxide at most of the channel region
and a thicker oxide at the gate/drift overlap region to reduce the gate—drain
capacitance and to avoid oxide breakdown.

4.8.1. Graded Gate

The graded gate structure enables a thin gate oxide in the channel region and
has the gate oxide increasing gradually at the gate/drift overlap region, as
shown in Fig. 4.19. The graded gate is formed by the oxidation process after
gate polysilicon patterning. In conventional LDMOS process, the p-body is
formed through the high-temperature drive-in process. During the drive-in
process nitrogen is normally used as the medium gas. For the graded gate
process, oxygen is used during the drive-in. This causes an oxidation on the
exposed polysilicon surface at both sides leading to a shrunken polysilicon
gate, followed by the oxidation processes at the drain and source regions. Bird
beaks are formed at both sides of the gate region and this lifts the polysilicon
gate at the edge. Hence, the thin gate oxide remains in the channel region and
a thicker oxide is formed at the gate/drift overlap region. This provides a high

Fig. 4.19. SEM photo of the graded-gate structure (Xu et al., 2000).
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transconductance and the gate—drain capacitance is reduced. The graded gate
structure provides a lower electric field at the gate—drift region. Using this
technology, the gate oxide can be made to be below 150 A in the channel region
and up to 1000 A at the gate—drift overlap region. A sufficient high breakdown
voltage can be realized by the technology to obtain a very thin gate oxide.

4.8.2. Stepped Lateral Double Diffusion

The gate-to-drain capacitance can be further reduced when the approach of
having a lower drift region doping is taken. By lowering the drift region doping,
the silicon junction near the gate—drift overlap region can be depleted more
quickly to have a lower junction capacitance. A lower doping at the gate—drift
junction region brings another advantage of relief in hot-carrier degradation
when the device is used as an amplifier with gate and drain both biased at high
voltage. The degradation is due to the local high electric field and hot-electron
injection into the gate oxide to cause the current-carrying capability to degrade
over time.

On the other hand, the drift region has a great influence on the on-state
conductivity and it is not a preferred choice to lower the doping level for the
entire drift region. In CMOS process, the Halo angle counter-implantation
is normally carried out at the gate-edge region under gate oxide spacer of
0.05 to 0.1xm in width to locally lower the drain region concentration. This
helps to reduce the field crowding at the corner region. For power MOSFET
devices, the similar technique can be used in the drift region but longer in
width, so a stepped LDD structure which has lower doping near the gate/drift
junction region and higher doping for the rest of the drift region can be created
by an additional mask. This stepped LDD approach provides the choice for
lower silicon junction capacitance Cs; without largely increasing the on-state
resistance.

4.8.3. Partial Silicon-on-Insulator Platform

The drain-to-source output capacitance Coss, which comprises of the
drain-to-substrate capacitance Cps and the drain-to-gate capacitance Cgp,
has a great influence on the performance of the RF power amplifier in terms of
the power added efficiency and the harmonic distortion. The power delivered
to the load of Ry can be expressed as (Trivedi, 1999):

V2 grzn Ry

m

= 2 p2 .
2(w?CoggRi +1)

(4.63)

Pout

The equation indicates that the output power of the LDMOS is a function
of the output capacitance, especially at a higher frequency. Figure 4.20 shows
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Fig. 4.20. RF output power as a function of the LDMOS amplifier output capacitance
at 1 GHz (diamond points) and 2 GHz (square points).

the relationship between the power output of an RF power amplifier and out-
put capacitance at different frequencies. It can be seen, by keeping the output
capacitance low, that the amplifier will have a higher power-added efficiency
with less sensitive to frequency variation. For RF power amplifier, the out-
put matching circuitry is normally added for maximum power transfer and
to reduce the harmonic contents. The concern is on distortion factor due to
the handicap situation of having a fixed output circuitry to try to match a
voltage-controlled variable MOSFET output capacitance. In large-signal oper-
ation, the output capacitance of a bulk MOSFET is a function of the drain
voltage bias fluctuation. For a drain—substrate abrupt junction, the junction
capacitance, similar to what was mentioned in Chapter 3 on a p—n junction,
can be expressed as

qesNAND
C = , 4.64
DS / 2(Na + Np) (VR + vo) (.69

where N is the dopant acceptor concentration, Np is the dopant donor con-
centration, VR is the reverse-bias voltage across the junction, and v, is the
junction barrier potential. This equation indicates that the capacitance is a
function of the drain bias voltage. Although drain/substrate junctions are usu-
ally not abrupt, the capacitance is still strongly influenced by the voltage bias.
‘When the device biasing point varies or it operates under a large voltage swing
at output, the capacitance value varies. The output matching becomes compli-
cated and difficult when the output capacitance varies in a large range.

For a bulk power LDMOS, the drain region is relatively bigger for the need
of low contact resistance and high current handling capability. Thus, the Cpg
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capacitance contributes in the large extend to the overall output capacitance.
One possible solution is that the SOl wafer can be utilized to fabricate the device
to reduce the output capacitance and also to keep it at a relatively constant
value. The approach does solve the mentioned problem electrically but raise
another concern in thermal stress due to low thermal conductivity of the oxide
buried layer, especially when it is thick, under the epilayer. Due to the nature of
high-power application, the device is expected to generate extensive amount of
heat. Simulation results show that the hot-spot temperature near the channel
region may rise from 70°C to 200°C in comparison with device fabricated on
bulk wafer. Due to the reduction in the mobility of carriers at high temperature,
the on-resistance is expected to increase and the transconductance is expected
to decrease. Another concern on SOI devices is that the source contact cannot
be grounded to the substrate via the p* sinker connectivity normally made for
the bulk RF LDMOS. Without the backside contact, additional metal route
for source contact is necessary. This makes the common lead inductance higher.
One approach can be made to remedy the situation by removing (etching) part
of the epilayer silicon and buried oxide to provide a better thermal conductivity.
However, for the substrate buried underneath the oxide, it is unsuitable for the
formation of gate channel, partially due to the high doping level and partially
due to the rough surface after removing the epilayer and buried oxide. The
channel region should remain on the SOI platform.

To keep the benefit of having low-Cpg of SOI structure and to avert the
overheating in the device, a more versatile partial SOI platform of buried oxide
layer just below the drain region is needed, as shown in Fig. 4.21. The structure
shall provide three advantages, namely to greatly lower the drain—substrate
capacitance; to raise the drain—substrate breakdown, and to reduce the thermal
stress of allowing heat-flow at the channel region to go through the normal
bulk substrate. These properties provide great advantage in high-frequency
power applications.

In Fig. 4.22, it is shown that the Cpg value in bulk structure at zero bias is
28 pf and in partial SOI structure is 10 pf (for the same gate width), a reduction
of 64.3%. In partial SOI structure, the Cpg curve is rather flat with very little
change with bias voltage. This characteristic is good for RF circuit application
for a constant Cpg output impedance matching to provide a stable output
characteristic.

4.8.4. Partial SOI Platform Formation

Technological solutions for the formation of partial SOI substrate include
wafer bonding techniques, selective epitaxy, SIMOX with localized oxygen
implantation, and uniform zone melting re-crystallization technique (Nguyen
et al., 1992; Bussmann et al., 1991; Dilhac et al., 1996). Ren et al. (2000) and
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Fig. 4.21. RF LDMOS on the partial SOI platform.

30

20 Bulk Structure

Coss (PF)

Partial SOI Structure

) 1 1 1 1
0 1 2 3 4 5

Vas (V)

Fig. 4.22. Measurement of the output capacitance of the LDMOS on the bulk silicon
wafer and the partial SOI platform.
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Liang et al. (2000) proposed the partial-SOI formation process based on direct
thermal oxidation and pinch-off principle. The process is fully compatible to
the standard CMOS process. Besides, the oxide thickness is not limited by
the normal thermal oxidation constraint (below 2 um) and it can be formed
from a few microns to tens of microns in thickness. The oxide platform can be
selectively located in any area within a silicon bulk wafer. Thus the technology
has the flexibility to place an SOI platform anywhere it may be needed, without
affecting other area of bulk silicon.

The process sequence and SEM cross-sections of the partial-SOI platform
formation are illustrated in Figs. 4.23(a)—(d) and 4.24(a) and (b), respectively,
and described here (Ren et al., 2002). The process utilizes a series of narrow
and deep trenches. Part of the trench sidewall toward the top is covered by the
nitride and the remaining lower part of the sidewall is exposed. Then, these
trenches undergo the thermal oxidation process. Due to the nitride coverage
at the top part of the sidewall, only the lower part of the trench is oxidized
to form the thick layer of buried oxide. By the oxide pinch-off formation, the
oxide thickness can be very much thicker than that of growth by the surface
oxidation. The process steps can be combined with standard device processes

Deep Si Trench
(b)

Pol
AR Oxide ’
Si Platform Si Platform

(c) (d)

Fig. 4.23. Key fabrication steps in the partial SOI technology: (a) Si oxidation, SizNy
deposition and TEOS (SiO,) deposition. RIE shallow silicon trench, thin SiO, thermal
growth, and the SizNy layer deposition. (b) Blanket RIE to remove Si3Ny and thin
SiO; at the top surface and at the bottom of the trench. Deep Si trench formed by RIE.
(c) Partial-oxide substrate formation using wet oxidation process. Oxide pinch-off in
deep trenches, and the oxide layer grown is in the lateral direction. (d) Sidewall Si3Ny
and SiO, removed. Poly Si refill and planarization.
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Fig. 4.24. SEM photo of (a) the partial SOI platform and (b) the LDMOS on the
partial SOI platform.

with one additional process of LPCVD TEOS (SiO») deposition added as the
hard mask for SizNy4 and Si etching.

By trench window patterning and etching, the initial silicon trench of
0.5-1.0 um depth is formed by reactive ion etching (RIE). The depth of the
silicon trench is constraint by the Si epilayer thickness on the topside of wafer.
A thin layer of SiOj is thermally grown on all surfaces, and then a Si3 N4 layer
is deposited. Blanket RIE is employed to remove Si3zN4 and the thin oxide
layers from all horizontal surfaces both on the top and on the bottom of the
trench. There will be a SiO,/Si3N4 spacer left along the sidewalls of the trench.
The Si3Ny4 layer on sidewall of the trench will be used as the protection mask
during thermal oxidation process. A deeper Si trench is then followed by RIE
blank etching. During etching the sidewall nitride spacer may be slightly etched
away. The depth of the new Si trench varies by the requirement of buried oxide
thickness. As stated, the key feature on trench sidewall is that the top portion
of the sidewall remains covered by the protective nitride spacers. The thermal
oxidation is utilized to form oxide at the exposed sidewalls. The oxide grows
laterally both inwards and outwards away from the trench sidewalls. Oxidation
process continues until the newly formed oxide layers pinch off, both inside the
trenches and within the surrounding silicon area. After that, the top-sidewall
Si3Ny4 and SiO; are removed by wet etching and the original silicon trenches are
restored. The trenches are filled with polysilicon followed by the planarizing
etch to obtain a flat surface.

A layer of 5.0 um, 10 Qcm, p-type doped (100) silicon epilayer on a
0.02 ©2 cm, boron-doped silicon substrate is used to go through the process. The
RF power LDMOS is formed by first having the p* sinker implant/drive-in
and partial-SOI substrate formation as described. Then, the thick field oxide
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Fig. 4.25. Measured power gain and power added efficiency versus output power at
1.0GHz.

was patterned to open the active area. A layer of 175 A gate oxide is grown
and approximately 6000 A of LPCVD polysilicon was deposited and doped to
obtain a sheet resistance of 10 2/cm?. The layer was then patterned to define
the gate. The channel was formed by double diffusions of the p-body and then™
source. Finally, contact to gate and drain are made of 1.7um layer of Al-Si-Cu
metal followed by a forming gas anneal at 420°C for 30 minutes.

Fabricated samples of conventional and P-SOI MOSFETs of the same
device dimensions were measured to show the difference in characteristics, such
as the leakage current, output capacitance, power-aided efficiency (Fig. 4.25),
and second harmonic suppression (Fig. 4.26).

4.9. Parallel and Series Operations

Paralleling the power MOSFETs can be employed to increase the current han-
dling capability for a lower Rgs(on), to ease the packaging constraints by hav-
ing a smaller die dimension, and to improve the thermal performance. When
the operating temperature increases, the Ryson) of the power MOSFET will
increase due to the reduction of its carrier mobility. Thus, an equalization
of Rgs(ony and a good thermal coupling among MOSFETs are essential for
the steady-state parallel operation. It is understood that, during linear-mode
(Vs — Vin > Vps) operation, the Rggon) increases with higher drain cur-
rent, the Ryson) Of the particular power MOSFET that carriers a higher cur-
rent will become higher, thereby reducing the disparity of Rgson) among the
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Fig. 4.26. Measured second harmonic power versus output power of power amplifier
module.

paralleled devices. However, the amount of mismatch in Rgs(on) of the paral-
leled devices is correctable only to a limited amount by thermal enforcement
and is more suitable for device having large temperature coefficient. Another
approach to equalize the current sharing is to insert a small source resistance
to each of the device to dynamically adjust the gate-to-source voltage when
the device current varies. The disadvantage is of course, the higher on-state
resistance.

During dynamic switching, the current sharing in the device saturation
region of operation is influenced by factors, such as the threshold voltage
and transconductance that have little influence on static current sharing in
the fully conducting linear region. To improve dynamic current sharing, the
source inductance should also be as equal as possible to balance the divi-
sion of the load current at high switching speed. In a sense, the layout of
the paralleled devices, including the packaging wire inductance, should be as
symmetrical and equal as possible. Another concern is on the high-frequency
parasitic ringing during transient operation when the devices pass through the
saturation region during switching (Siliconix, 1984). It is generally attributed
to the common-mode or differential-mode oscillations. The former occurs at
high-frequency high-gain devices coupled with the internal and external cir-
cuit parasitics. The latter occurs when paralleled power MOSFETs operate in
push—pull mode as an oscillator where the tuned circuit comprises of the par-
asitic inductance of the interconnecting wire and the parasitic capacitance of
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the MOSFETs (Kassakian and Lau, 1984). The frequency of oscillation can
range from 1 MHz to 300 MHz. It should be noted that the peak gate voltage
generated by such an oscillation can be sufficiently large to damage the gate
oxide. The oscillation can be prevented by minimizing the parasitic inductance
and capacitance in all interconnects. The inclusion of the series gate resistor
and ferrite-bead inductor helps to mitigate this differential oscillation through
damping. However, the gate resistors will also slow down the switching speed
of the power MOSFETs:.

Power MOSFETs can also be connected in series to increase their volt-
age ratings. They are connected in the source-follower configuration. Static
voltage sharing is aided by the drain-to-gate resistors while the dynamic volt-
age sharing is aided by the drain-to-source capacitors. The disadvantages are
that a higher gate voltage is required to ensure the proper series operation,
and additional switching loss is anticipated due to the external drain-to-source
capacitors. Generally, there is no obvious advantage in cost and circuit perfor-
mance of series operation of power MOSFETSs when a device of the required
voltage rating is available, e.g. the recently available superjunction power MOS-
FET. The power MOSFET with voltage rating of 1000V is commercially
available.

4.10. Gate Drive Circuits

To switch a power MOSFET between the blocking state and the conducting
state, its gate-to-source voltage must be varied to enable the transfer of charge
in and out of the gate. The characteristics of the gate drive circuit determine
the switching performance of the device. During on-state bias, the magnitude
of the gate voltage must be sufficiently high to yield the desired drain current.
In most the power MOSFETs, the maximum gate-to-source voltage is specified
to be 20V to avoid stressing and damaging the gate dielectric. The minimum
gate-to-source voltage required to ensure that the MOSFET remains fully-on
while carrying the desired drain current can be found from its Ip versus Vpg
transfer characteristics. Normally, the gate voltage is increased above the min-
imum required value in order to decrease Rys on for a low on-state Vpg, on for
minimum power dissipation. However, the shortcoming is that, the turn-off
delay time increases as the on-state gate voltage increases. The off-state gate
voltage must be sufficiently lower than the threshold voltage to provide ade-
quate noise immunity. However, even a gate voltage of 0 V may not provide
sufficient noise immunity for the switching of inductive loads especially when
the drain current falls rapidly. The fast transient in drain voltage may therefore
induce a voltage higher than the threshold value at gate through the Miller
capacitance Cgp coupling. In this case, a low-impedance gate drive circuit is
usually used to hold down the gate voltage and to ensure it to be below the
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threshold value during turn-off transient. Besides the gate drive resistance, the
low conductivity of the polysilicon gate also plays a part in boosting the gate
voltage. For this, it may be necessary to apply a negative bias to the gate to pre-
vent spurious turn-on of the power MOSFET. However, similarly, the negative
gate voltage prolongs the turn-on delay time of the power MOSFET during
turn-on process.

In some applications, an asymmetric gate drive circuit is required to achieve
a fast turn-on and slow turn-off or vice versa. The asymmetric gate drive can
be implemented using a diode in parallel with a resistor connected to the gate
electrode. The slow turn-on configuration is used to reduce the current surge
in the power MOSFET induced by the reverse recovery charge of the diode
clamped across an inductive load. The fast turn-off is desired to minimize the
turn-off switching losses.

A different gate drive configuration is required for the high-side config-
uration which is needed in many switching converter topologies such as the
push—pull or full-bridge switching converters. The high-side power MOSFET
can be either an n-channel or a p-channel device. Since the electron mobility
is about three times higher than that of holes, the n-channel power MOSFET
will have higher current handling capability than their p-channel counterparts
for the same die size. Thus, n-channel power MOSFET is usually cheaper than
the p-channel device for the same voltage and current ratings. However, the
gate drive voltage needs to be higher than the drain voltage if n-MOSFET
is used. This is an additional requirement as the drain voltage is normally
the highest voltage in the system. On the other hand, the gate drive for the
high-side p-channel power MOSFET is relatively simple. To switch on a high-
side p-channel power MOSFET, the gate voltage needs to be pulled down to
a few volts below the threshold voltage via a transistor. Since the cost of the
gate driver circuit is fixed, the choice would be more economical to have the
p-channel power MOSFET in low-current applications with minimum gate
drive. The usage of n-channel power MOSFET with a high-side gate drive
circuit will be more suitable when the current requirement increases above a
certain level.

Practically, bootstrapping, charge pumping, and level-shifting techniques
are used to obtain high-side gate drive signal (Murari et al., 1996). Figure 4.27
shows a simple bootstrap circuit. The bootstrap capacitor Cp is charged up by
the auxiliary supply Va during the period when the lower MOSFET is turned
on. In the lower MOSFET on-state period, the voltage at the output terminal,
Vo is close to the ground potential, and the capacitor is charged close to the
level of auxiliary supply Vpc. When the lower MOSFET turns off, the output
voltage will go up to a higher level. The bootstrap diode D is now reverse-biased
when the voltage, Vcp (with respect to the ground), is higher than the auxiliary
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Fig. 4.27. Bootstrap technique used in the gate drive circuit for NMOSFET half-bridge
configuration.

supply. The charge stored in the bootstrap capacitor is then used as the power
supply for the high-side gate drive unit. For such a bootstrap configuration, the
lower MOSFET (or together with its fly-wheeling diode) should have sufficient
period of conduction time to complete charging the bootstrap capacitor. Thus,
there may be certain limit on the duty cycle of operation.

Many commercial gate driver integrated circuits, such as the Motorola
MDCI1000A, International Rectifier IR2110, offer a simple and cost-effective
solution for driving power MOSFETs. The MDC1000A MOSFET gate driver
(shown in Fig. 4.28) has a SCR active gate turn-off (Prentice et al., 1992). A
diode provides the charging current required to switch on the MOSFET. The
turn-on time of the power MOSFET is limited by the forward recovery time
of this diode. The forward voltage of the diode clamps the SCR off as long as
the input control signal remains high. When the gate control signal is low, the
SCR turns on rapidly and discharges the gate charge of the MOSFET. The
gate-to-source voltage is less than 1V, and well below the threshold voltage
of the power MOSFET. The IR2110 (shown in Fig. 4.29) has two drivers: a
floating high-side driver and a ground-referenced driver (Giandomenico et al.,
1985, Clemente and Dubhashi, 1990). Although the IR2110 has good noise
immunity, gate undervoltage lockout limits the protection features. Power for
the floating high-side circuit is obtained through a bootstrap technique. When
the low-side switch is on, the output is low and bootstrap is charged from the
supply via a charging diode. When the high-side output is enabled, the load
voltage goes high and the charging diode blocks the bootstrap capacitor from
the supply. All the current used by the floating driver is supplied from the
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Fig. 4.29. IR2110 high- and low-side driver in bootstrap operation (source: Interna-
tional Rectifier Datasheet IR2110(-1-2)(S)PbF/IR2113(-1-2)(S)PbF 2005).

bootstrap capacitor, which must be refreshed at regular intervals so that its
voltage does not discharge below the undervoltage shutdown level. The refresh
rate depends on the amount of internal power required to operate the upper
floating power IC and the external driver energy required by the power switch.
The IR2110 gate driver can operate in most applications from frequencies in
the tens of Hz to hundreds of kHz (Bliss et al., 1992).
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InsuLatep-Gate BipoLar TransIsTOR

5.1. Introduction

MOSFET devices have been widely used since 1970s for various electronic
signal and power applications. For power switching applications, there exists
the requirement for the device to sustain a high operating voltage, e.g. a few
hundred volts. This is made possible by placing a thick and lightly doped
drift region as an extension of the MOSFET drain emitter to accommodate
the field depletion. By doing so, the penalty on the device will be having a
higher on-state conduction resistance as the MOSFET current conduction is
made of majority carrier transport, and the conductivity modulation occurred
in the drift region by the majority carriers is normally insufficient. In 1980s,
a new type of device named insulated-gate bipolar transistors (IGBT) was
invented to improve the situation. By its operational principle, the device is
a MOS-driven power bipolar device which has both types of carriers flow-
ing in the drift region to lower the conduction resistance. The device has
been known earlier by many different names such as, the insulated-gate
rectifier (IGR) (Baliga et al., 1982), insulated-gate transistor (IGT) (Chang
et al., 1983, 1984), conductivity-modulated field-effect transistor (COMFET)
(Russell et al., 1983; Goodman et al., 1983), and bipolar-mode MOSFET
(IGBT) (Nakagawa et al., 1984). For such a MOS-driven power bipolar tran-
sistor, it combines the advantages of both the MOSFET gate control and the
nature of bipolar transistor into a single device. Due to the high-impedance
characteristic of its MOSFET input gate, the driver circuitry for the IGBT
is essentially similar to that for the power MOSFET. With the key feature of
having bipolar conductivity modulation in the lightly doped drift region, it
lowers the on-state power dissipation for devices of high-voltage rating. How-
ever, the bipolar excess carriers needed for low on-state conduction voltage do
make the device turn-off speed much slower than that of the power MOSFET
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of similar current rating. The IGBT device exhibits a current tailing, e.g. in
sub-microseconds range, during turn-off which restricts the device to operate
at high switching frequency. Carrier lifetime control is then needed to improve
the situation.

The IGBT device offers a good solution to medium-range frequency (e.g.
<100kHz), high-voltage high-current switching applications. Under special
switching techniques, such as zero current switching resonant converters, the
IGBT has been shown to operate in the hundreds of kilohertz range (Rangan
et al., 1987). It has been shown theoretically and experimentally that the
p-channel IGBT can have performance characteristics comparable to those of
n-channel IGBT (Chang et al., 1984), thus allowing the use of complementary
devices in power electronics applications. Also, the IGBT device can handle
a larger current density compared to the power bipolar junction transistor
(BJT) and the power MOSFET. For example, at a breakdown voltage of 600V,
the IGBT device carries a current density at about 20 times that of the power
MOSFET and at about five times that of the power BJT. However, the pres-
ence of a diode knee voltage in its current—voltage characteristic prevents the
IGBT device to be used in applications that require a very low forward voltage
drop. Since 1990, IGBT devices of voltage ratings between 600 V and 1200 V
have been commonly used in power conversion applications. Voltage ratings
of 2500 V and above are also recently available in the market.

In power electronic circuits, it is possible to directly replace a power
MOSFET by an IGBT to improve the conduction efficiency (but be careful
on the long turn-off time). In general, an IGBT has a smaller die size than a
similarly rated power MOSFET. Since the cost of a device is partially related to
the silicon die area, the smaller die size of the IGBT makes the device a lower
cost solution compared to the power MOSFET at similar current rating. Also,
the IGBT device is ideally suited for inductive switching owing to the uniform
current distribution in the device during turn-off. However, the device has two
disadvantages in comparison to the MOSFET counterpart. First, is its slower
switching speed due to the bipolar transistor structure, and the second one is
prone to parasitic thyristor latch-up when operating at high current or high
dv/dt power switching conditions.

In this chapter, the fundamental structure of the IGBT device is described
along with its current—voltage characteristics. The device characteristics on
switching and temperature effect are also described. This is followed by the
introduction of lateral IGBT structure, integrated current sensor, and over-
current protection. Other related types of MOS-controlled bipolar devices are
generally described at the end.
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5.2. Device Structure and Current-Voltage
Characteristics

The device structure for IGBT is similar to that of a double-diffused MOSFET
(DMOS) with the exception of having the p* substrate (anode) for the IGBT
device as shown in Fig. 5.1. As such, it is a four-layer structure that resembles
that of a thyristor. Unlike the thyristor where the device latches, an IGBT is
designed to turn on without any regenerative action and the MOS-gate remains
in control. A wide-base p—n—p structure is formed at the bottom three layers
with the p* substrate as the emitter, the n~-drift layer as the base, and the
p-body of the MOSFET as the collector region. As such, the thickness and
doping density of the n™-drift layer determines the breakdown voltage of the
device. To follow the convention of the four-layer structure, the top n™ source
is named as the cathode while the p* substrate is the anode for the IGBT device
in this chapter.

Except the leakage current, there is no visible current-flow when a nega-
tive voltage is applied to the anode with respect to the cathode because the
junction between the pT-body and the n~-drift layer is reverse-biased. The
IGBT is now operating in its reverse blocking mode with the /-V curve as
shown in Fig. 5.2. Most of the depletion region is extended into the lightly
doped n~-drift layer. The reverse blocking voltage is essentially the BVcpo
of the p™ substrate/n™-drift/p-body transistor. As such, the doping and thick-
ness of the n™ layer are chosen to yield the desired blocking voltage. It should
be noted that a proper junction edge termination and passivation technique
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COARSSSSSSSN XXX Oxide
_________ CTTTTTTT ‘;olysilicon gate
AP DT paraiie 1 1| prn e
Bipol o : ristor i
tr;aosiasrtor : / thynsto E /
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""" tL----! p* anode
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Anode metal

Fig. 5.1. Device structure of an IGBT device.
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Fig. 5.2. Forward and reverse blockings (dash lines), and forward conduction -V
curves (solid lines) of an IGBT device.

must be employed to achieve the optimum reverse blocking voltage. When
a positive voltage is applied to the anode terminal, with the gate shorted to
the cathode (ground) terminal, the IGBT is operating in its forward blocking
mode since the junction between the p-body and n~-drift region is reverse-
biased. The IGBT device is said to operate in its forward conduction state if
a gate voltage of greater than the threshold voltage is applied under positive
anode-to-cathode bias condition. Similar to the MOSFET device, a conductive
channel is induced underneath the oxide gate in the p-body region. Electrons
flow from the n*-cathode to the n™-drift region while the p™ substrate injects
holes into the n™-drift layer region to form the bipolar conductivity modu-
lation in the drift region. The I~V curves for various gate voltages are shown
in Fig. 5.2. The injected hole concentration increases as the anode-to-cathode
voltage increases. Thus, the forward current of the IGBT increases similarly to
that of a p—i—n diode. The forward current starts to saturate when a significant
voltage drop develops across the MOSFET conducting channel in the p-body
region. These current—voltage characteristics are similar to those of a power
MOSFET, except for the presence of the diode knee voltage at the starting
point of current conduction.

In applications where the IGBT device is not required to block a reverse
voltage, an asymmetrical IGBT structure is formed with an n-buffer layer
placed between the p* substrate and the much lightly doped n™-drift layer as
shown in the lower part of Fig. 5.3. In the symmetrical structure as shown in
the same figure, the doping density and thickness of the n™ layer are chosen to
prevent punchthrough to the p*-anode of the IGBT. In the case of the asym-
metrical IGBT structure which is a classic punchthrough structure, the electric
field distribution changes from the triangular shape to the rectangular-alike
shape. Thus, the forward blocking capability of the asymmetrical device is
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Fig. 5.3. Symmetrical (upper) and asymmetrical (lower) IGBT device doping profiles
and the field distributions.

increased approximately by a factor of 2 more than that of the symmetrical
structure if a similar n~-drift layer thickness was used. Therefore, with a shorter
drift region length it can be used to enhance the forward conduction charac-
teristics. And, due to less amount of excess-charge storage, this asymmetrical
IGBT structure has a lower turn-off time compared to that of the symmetrical
IGBT structure.

5.2.1. Forward Conduction Characteristics

Forward conduction occurs when a positive bias is applied to the anode with
respect to the cathode and with a positive gate voltage greater than the applied
threshold voltage. Current flow from anode to cathode must pass through a p—n
junction formed by the p* substrate and n~-drift region, and the MOS channel.
Thus, a diode knee is present in its initial forward current—voltage characteristic
as shown in Fig. 5.2. Based on the structure, the IGBT can be represented as
the equivalent circuit shown in Fig. 5.4, which is a p—i-—n diode in series with a
MOSFET device, named as the p-i-n/MOSFET model. Or, because the IGBT
device is also a MOS-driven BJT structure, it can alternatively be modeled by
the BIT/MOSFET equivalent circuit as shown in Fig. 5.5 (Baliga, 1987).

5.21.1. p-i-nIMOSFET Model

The p—i-n/MOSFET model, as shown in Fig. 5.4, fully explains the presence
of the diode knee of the IGBT current—voltage characteristics. At low forward
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Fig. 5.5. The BIT-MOSFET equivalent device model.

biases, the current density is related to the voltage drop across the p—i—n diode
by Eq. (3.56) and repeated here under medium to high forward bias condition,

2D, n; d v
Jf,pin = —q daan(L—> e%, (Sla)
a
d d
d —a tanh —a —qV,—
F<L—) -t (z) e (5.1b)
N \/1 — B2 tanh* (L%)
tn
B = Lp (5.1c)

Kn 1’
H-p+
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where D, is the amipolar diffusion coefficient, L, is the amipolar diffusion
length, pt, and i, are the electron and hole mobilities in the drift region, and d
is half of the drift region length. Thus, the voltage drop across the p—i—n diode
can be expressed as

2kT Ji pind

Vipin=—In| ————— (5.2)
q 2gD,ni F (Lil)

For diode conduction under low bias conduction, the term 7T shall be used
instead of 2kT in Eqgs. (5.1) and (5.2), as described in Chapter 3. As the p—i-n
diode is connected in series with the MOSFET, and if the upper transistor
current is ignored, the same diode current will flow through the MOSFET, i.e.

Ip,MOSFET = I pin- (5.3)

For the MOSFET operating in its linear region, the current flowing through
the device can be expressed as a function of its drain-to-source voltage drop
asin Eq. (5.4):

nCox

w
Ip.mosFET = — (VG — V1) VDS, MOSFET (5.4)
where u, is the effective channel mobility, Vbs MosrET is the drain-to-source
voltage of the MOSFET, Vr is the channel threshold voltage, L is the channel
length, W is the channel width and Cy is the gate oxide capacitance. From this
equation, the voltage drop across the MOSFET can be expressed as

Ip,MoSFETL
unCox W(VG — V1) '

Vbs,M0s = (5.5)

Hence, the voltage drop across the IGBT is the sum of the voltage drops across
the p—i—n diode and the MOSFET potions (Baliga, 1987):

_ 2kT Ird + It L
q 2gWWq4Dani F (Li) 1tnCox W(VG — V1)’

(5.6)

where Wy is the effective drift region width contributed to the diode conduc-
tion. From the above equation, the p-i-n/MOSFET model characterizes the
IGBT current—voltage relationship and it shows a diode knee at low forward
current region. Just above the diode knee voltage, the current starts to increase
exponentially as shown in Fig. 5.2. As the anode-to-cathode voltage of the
IGBT continues to increase, the MOSFET channel eventually pinches off near
the side of n™-drift region. As such, the IGBT anode current is now limited
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by the MOSFET channel in saturation. The collector current is now saturated
and is given by
UnCox W

(Vo - V)2, (5.7)

Ic,sat =
The major shortcoming of this p—i-n/MOSFET model is the omission of
the hole current component flowing in the p-base region of the upper n—p—n
transistor.

5.21.2. BJT/MOSFET Model

In the more appropriate BIT/MOSFET model as shown in Fig. 5.5, the
MOSFET provides the base drive for the p-body/n~-drift layer/p™ substrate
BJT. The electron current component flowing through the MOSFET channel
is labeled as I in Fig. 5.5, while the hole current component injected from the
pt substrate into the transistor n~-drift region, of which, received by the upper
p*/cathode contact is labeled as Iy,. The electron and hole current components
are related by the p—n—p common-base current gain apnp as

Ih= 1 [ NP ) (5.8)
1 — apnp

Understand that, the current of IGBT is the sum of both hole current and
electron current components. Therefore,
Ie Iy

=L+ 1= = .
(I —apnp)  opNp

(5.9)

It can be seen that the MOSFET channel current is only a part of the
anode current of the IGBT. Unlike the case in p-i-n/MOSFET model,
the entire anode current is assumed to flow through the MOSFET channel. The
common-base current gain apnp of the wide-base lightly doped p—n—p transis-
tor is mainly determined by the base transport factor and can be approximately
given by

oL (5.10)

cosh (i—‘:)

where Ly is the undepleted base region of the p—n—p transistor, or essentially
the thickness of the n~-drift layer, which equal to 2d of the diode drift region
length, under on-state conduction. L, is the amipolar diffusion length at the
medium and high carrier injection level. In a typical IGBT structure, the p—n—p
transistor gain is about 0.5. The current—voltage relationship across the IGBT
in this BIT/MOSFET model is similar to Eq. (5.6) except that the current
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flowing through the MOSFET is replaced by the electron current component
(Baliga, 1987). Thus,

2kT Ird (1 —apnp)IfL
Vi=—1In

+ RENCRTY!
q 2gWWyDani F (Li) 1aCoxW(Vg — V)

It is noted that the on-state voltage drop is smaller according to the
BJT/MOSFET model as compared to that of the p—-i-n/MOSFET model
since the current flowing through the MOSFET channel is lower in the
BJT/MOSFET model by a factor of 1/(1 — apnp). Similarly, the saturated
current is also modified accordingly

1 UnCox
(I —apnp) 2L

From the above equation, the small-signal transconductance of the IGBT in
the active region of operation can be derived as

W(VG — V) (5.12)

Ic sat =

o 1 nCox
(I —apne) L

w
gm (VG — V). (5.13)

5.2.2. Output Resistance

In practice, an IGBT exhibits a finite anode output resistance due to (a) the
reduction in effective channel length with higher anode voltage, and (b) the
increase in current gain of the p—n—p transistor as its undepleted base width is
reduced. Especially, a significant reduction in anode output resistance at higher
anode voltage occurs in the symmetrical structure (Baliga, 1986). In the asym-
metrical structure, the depletion width in the n™-layer does not change much
with further increase in anode voltage because of the relatively high doping
density in the n-buffer layer. Therefore, the current gain of the p—n—p transistor
remains almost constant for all anode voltages. As such, the output resistance
is expected to be more stable for the asymmetrical IGBT structure. The lower
current gain of the p—n—p transistor in the asymmetrical IGBT structure due
to the presence of the n-buffer layer also helps to keep the output resistance
higher. For symmetrical structure, electron irradiation can be employed to
increase the anode output resistance by lowering the carrier lifetime and sub-
sequentially, the minority carrier diffusion length and the current gain of the
p—n—p transistor can be lowered.

5.3. Switching Characteristics

To switch an IGBT from its forward conduction state to the off-state, it is
necessary to reduce the gate charge to zero in order to remove the inversion
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Fig. 5.6. Waveforms during IGBT turn off, namely (from top) gate voltage, anode
current, anode voltage at resistive switching, and anode voltage at inductive switching.

channel in the p-base region, so as to cut off the flow of electrons from the
n*-cathode to the n-drift region. After MOS-channel is turned off, the excess
carriers confined in the long drift region will then slowly die down through
recombination process similar to that of an open-base transistor. A current tail
results as shown in Fig. 5.6. As such, the turn-off process occurs in two stages,
namely immediate turn-off of the MOSFET-controlled electron current and
the slow die-down of the open-base transistor (mainly) hole current.

The turn-off characteristic of an IGBT is governed not only by its internal
device properties, but also influenced by the external circuitry which the device
is connected to. When the gate voltage drops below the threshold voltage, the
anode current reduces abruptly due to the disappearance of the MOS-channel
electron current, I, as shown in Fig. 5.6. Meanwhile the anode-to-cathode
voltage rises suddenly to compensate the reduction in the load voltage by
a lower current. Therefore, the device, in particular the drift region, is now
the blocking part of the supply voltage. The sudden change in the effective
undepleted base width will bring the current gain of the p—n—p transistor to
a higher level and this will have a significant influence on the IGBT dynamic
latch-up characteristics. Dynamic latch-up phenomenon will be described later.
If the device is connected to an inductive load, then the voltage across the
IGBT device may be much higher due to the inductive effect caused by the
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sudden drop of conduction current. Now, the anode current continues to flow
through the device during carrier recombination process made by the high
concentration minority carriers stored in the n™-drift region during on-state.
Due to the relatively long minority carrier lifetime in the n~-drift region, which
is necessary to achieve a low on-state conduction voltage, the current tail nor-
mally lasts for a long time which is comparable to that of bipolar devices.
For this, similar methods of carrier lifetime control, e.g. proton irradiation
(Mogro-Campero et al., 1985) can be employed in the drift region near the
pt-anode to reduce the tail time. For the asymmetrical structure, the added
n-buffer layer does provide a suitable and quicker recombination site for minor-
ity holes near the buffer region and this structure greatly reduces the turn-off
tail time.

The magnitude of the abrupt drop in the anode current is determined by
the amount of MOSFET electron current and is related to the current gain of
the p—n—p transistor, i.e.

Alf = I, = (1 — apnp) I5. (5.14)

At the time point fg, the hole-current flow remains the same (although the
p—n—p transistor gain becomes higher at this point) as that during the on-state
conduction just before turn-off. The magnitude of the transient corrector cur-
rent is

it(to) = In(to) = Iy — Aly = apnply. (5.15)

After g, the anode current decreases exponentially at a rate determined by
the high-level minority carrier lifetime. The current waveform can be approxi-
mately expressed as

it(t) ~ In(tg)e ™ = apnplre ™. (5.16)

Usually, the turn-off time is defined as the time taken for the anode current to
decay to 10% of its on-state value, i.e.

toff = Th In(10 apnp). (5.17)

Therefore, the turn-off time increases with the p—n—p transistor current gain
and the minority carrier lifetime in the drift region.

5.4. Latch-up

The IGBT device has an inherent four-layer thyristor structure by looking
along from the p* anode to the n* cathode. Once the inherent thyristor latches
up, the device will remain in its conduction state only till shut-down of the
supply voltage. The MOS-gate control does not have any influence to interrupt
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Fig. 5.7. The parasitic thyristor in IGBT structure.

the current conduction in the latched thyristor. Figure 5.7 shows the schematic
IGBT model with the parasitic thyristor.

It is understood that, the thyristor latch-up phenomenon occurs when the
sum of the upper n—p-n transistor gain and the lower p—n—p transistor gain
approaches unity. We have so far studied the p—n—p transistor gain during the
device on-state conduction and during turn-off operations. Here, together with
n—p-n transistor gain, they will determine the operational limit of maximum
on-state current conduction and the voltage—current ranges in turn-off dynam-
ics. The latch-up phenomena can be identified in two types, namely the static
latch-up and the dynamic latch-up, according to the operational status when it
occurs. This is so because the transistor gain is not a constant value but a func-
tion of biasing conditions. During normal operations, the p-base/n™-emitter
junction in the upper n—p-n transistor is moderately forward-biased. This is
caused by the hole current passing through the p-base to arrive at the top of
cathode contact. The voltage across the junction is normally not sufficiently
large to boost up the n—p-—n transistor current gain of anpy to a high level
in order to trigger the transistor in action. In a sense, during normal IGBT
operation, the top n—p-n transistor is in the dormant state, while the bottom
transistor is in the active (conduction) state.

When the conduction current increases, both electron and the hole compo-
nents increase with a similar trend, although not the same proportion due to
the moderate variation of apnp current gain as a function of the current. The
voltage across the p-base/n™-emitter junction is approximately equal to the
voltage drop at the p-base under the n*-emitter layer, and can be expressed as

Vom+ = Rplh = Rpapnplr. (5.18)
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To activate the n—p-n transistor, the voltage across the top junction needs
to be effectively forward-biased, i.e. Vpmy > 0.7V. Therefore, the upper
limit of steady-state current before latch-up point can be calculated by using
Eq. (5.18) as

0.7 0.7
IrsL = = , (5.19)
SL=R Ly
pOPNP Pp Wil XPNP

where pp, is the resistivity of the p-base as a function of the doping concentra-
tion of the region, Lg is the n*-emitter length, W is the device width in the
paper direction, and dp, is the p-base depth under the n*-emitter. Figure 5.8
gives a detailed schematic to highlight these parameters. It is understood that
Eq. (5.19) is an approximate equation with the assumption that the whole
hole current will flow through the p-base region underneath the n*-emitter.
In reality, there is certain percentage of the hole current which does not flow
underneath the n*-emitter.

During the initial stage of turn-off process, the electron current diminishes
to zero after the MOS channel is removed. However, the hole current remains
unchanged, and still flowing through the p-base region to bias the upper junc-
tion. Then, it will be a reasonable assumption to say that the n—p—n transistor
gain remains similar at the beginning of the turn-off process. But, this shall not
be treated as an absolute assurance of safe device operation from latch-up. The
reason is, because the p—n—p transistor gain changes from its on-state value to
a higher value during the turn-off transition. Equation (5.10) indicates that the
p—n—p transistor gain is a function of the undepleted base width, Lg. During
on-state, the base width, Ly, is almost the same as the n™-drift region length
2d, and it stays at the same value for various current levels. During turn-off, the
IGBT device sustains part of the supply voltage at and after the initial stage of
the period. The high voltage depletes the drift region and shortens the effective
base width of the p—n—p transistor. Considering the change in n-drift region
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204 Power Microelectronics

width for the symmetrical IGBT device, Eq. (5.10) can now be re-written as

1

2esVpy ’
2d— /W
cosh| —+———

OPNP,DY = (5.20)

[

where Vpy is the voltage across the IGBT during the turn-oft dynamic, Ny is
the drift region doping, and & is the silicon dielectric constant. For the case
of asymmetrical structure, the undepleted base width is approximately equal
to the n-buffer width. The transient voltage across the device raises the p—n—p
transistor gain and this makes the latch-up limit lower and the device more
liable to be latched up. In a sense, when an IGBT device operates below the
latch-up current limit during steady-state does not imply that it can be turned
off successfully. The ratio of static latch-up current limit versus the dynamic
one can be derived as

1
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where Vpy is the voltage across the IGBT device at the dynamic latch-up during
turn-off. For the inductive load, the voltage overshoot during turn-off is larger
than that of the resistive load. It is then expected to have a lower dynamic
latch-up current limit. To reduce the inductive overshoot, a gate resistor can
be used to adjust the rate of MOS channel turn-off and this will vary the
rate of current change at the initial stage of turn-off, i.e. the electron current
component. This has a greater influence on the voltage overshoot and therefore
on the dynamic latch-up current limit.

Various effects were made to bring up the latch-up current limit, such as
introduction of deep p™ diffusion under the n*-emitter, adjusting the n*-
emitter length (Baliga et al., 1984), lifetime reduction in the n-base region
(Chang et al., 1983; Goodman et al., 1983), retrograde p-well and dual p-
well implantation for lateral IGBT structure (Disney and Plummer, 1993),
self-aligned trenched cathode contact (Nezar and Mok, 1993), and formation
of metal sinker to the substrate (Liang et al., 1999). Among them, the p™ sinker
layer on vertical structure, as shown in Fig. 5.9(a), is commonly used to reduce
the p-base resistance under the nt-emitter to lower the upper n—p—n transistor
gain. On SOI substrate, the trenched metal sinker, as shown in Fig. 5.9(b), is
a good candidate to raise the latch-up limit and to relieve the thermal stress
caused by the buried oxide layer.
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Fig. 5.9. (a) The pt implantation under the emitter on episubstrate and (b) the trench
metal structure on SOI substrate.

5.5. Temperature Effects

Temperature variations pose an important role in the IGBT performance. Key
features, such as the forward conduction voltage, turn-off time, and latch-up
current level are all affected (Baliga, 1987). The MOS channel region has a
positive temperature coefficient, but the bipolar junction has a negative tem-
perature coefficient. This makes the on-state voltage coefficient of an IGBT
device, Vee(on), at low-current region to be negative, e.g. more like a p—i—n diode.
And at medium current region, the conduction voltage varies less than that
of the MOSFET device as the device temperature increases. At high-current
region, the channel resistance will dominate the on-state behavior, and the
temperature coefficient on forward voltage becomes more positive.

The IGBT turn-off time is dominant by the open-base transistor tail
time made by the recombination process. When temperature goes higher, the
minority carrier lifetime is found to be higher and the recombination process
takes a longer time to complete. Higher temperature also makes the p-—n—p
transistor current gain to be higher and subsequently the hole/electron cur-
rent composition becomes higher as well. A higher percentage of hole current
compounds the lifetime effect and makes the bipolar current tail time even
longer.

High temperature creates the negative effect on the latch-up current level
as well. Basically, both transistor gains increase with temperature and so the
p-base resistance. The p-base resistance is influenced by the variations of
the intrinsic carrier concentration and the carrier mobility when temperature
varies. A higher temperature will raise the intrinsic concentration and lower
the carrier mobility. The amount of variation is a function of the background
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doping concentration. For a medium-high doping region, the increment on
the intrinsic concentration plays less dominant role compared to the effect on
reduction in carrier mobility. Overall, the p-base resistance becomes higher at
a higher temperature. All three variations make the structure more liable to be
latched up.

5.6. Series and Parallel Operations

Connecting IGBT devices in series allows high-power/high-voltage semicon-
ductor switches to be realized. In series operation, the current flowing through
each IGBT is the same but the anode-to-cathode voltage of each of the IGBTs
may be different due to inherent differences in the device parameters. Because
of the differences in both device parameters and gate drive circuits, a con-
trol for voltage balancing needed for each device to endure an equal magni-
tude of anode-to-cathode voltage in the transient and steady-state operations,
e.g. an active gate drive balancing technique for series-connected IGBTs was
reported (Gerster, 1994). For this technique, a closed-loop control is integrated
in each gate drive circuit to adjust the anode-to-cathode voltage of each of the
series-connected IGBTs to an equal value.

Paralleling of IGBT devices helps to reduce conduction losses and thermal
stress (Dapkus, 1994). It should be noted that parallel configuration to take
advantage of the lower price of smaller devices should not be attempted without
due consideration of technical and gate drive complexity. In general, all IGBTs
are operating at the linear region, i.e. at low-voltage conduction. Hence, the two
key device parameters, -V slope and starting knee voltage, decide the current
sharing under steady-state conduction. However, during transient operations,
the current balancing becomes more complicated than simply matching these
two key parameters. Other parameters, such as the gate threshold voltage, the
input and output capacitances, the stray inductance in each leg, and even the
amount of excess charge storage in the drift region become equally important
during transient operations.

When two or more IGBT devices are parallel-connected, the
anode-to-cathode voltage across each device is hard-wired to be the same
during steady state. Thus, for a given load current, one IGBT will carry a
higher or lower proportion of current than other mismatched ones if the
gate voltage is not properly adjusted. As long as the device current remains
below the maximum specified limit on the data sheet, the current imbalance
is initially not critically important. However, the device that carries more
and more current may exceed the rated junction temperature of about 150°C
if the heat sink design does not take the current imbalance into consider-
ation. One factor that can reduce current imbalance is by identifying and
matching the temperature coefficients (Baliga, 1985) of IGBT devices used in
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parallel. Experimental results (Yang and Liang, 1996) show that incremental
current variation, Al 1Gpr/AlLoaD (the change in IGBT current versus the
change of total load current) of each IGBT depends on the operating current
level. This means, an IGBT shares the least portion of current at low-current
level may eventually share the highest portion of current at the high-current
level. This makes the uncontrolled current matching more difficult. That is,
by matching the current sharing at one current level does not guarantee the
equal sharing at another current level. A good gate control is thus needed to
ensure equal current sharing at all current levels (e.g. Tabata et al., 1998) by
di/dt control and with closed-loop balancing controller (Hofer et al., 1996).

5.7. Device Operations under Soft Switching

The use of soft-switching inverters in industry has good potential since it allows
the effective utilization of faster device switching speed for higher switching
frequency at lower loss, lower dv/dt for low EMI (electromagnetic interference),
and handling of higher power density. Soft-switching operations are formed in
zero voltage or zero current conditions by adding additional components in the
circuit. Figure 5.10 shows the circuit and the current-voltage waveforms asso-
ciated with the zero-voltage (ZV) conditions. Under soft-switched conditions,
the IGBT produces a voltage spike and a current bump during switching tran-
sitions. The phenomena are mainly due to the lag of conductivity modulation
in the drift region during turn-on, and the ineffective removal of stored charge
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Fig. 5.10. IGBT device under zero-voltage switching and the voltage and current
waveforms.




208 Power Microelectronics

in the same region during turn-off. The phenomena have been observed and
analyzed as mentioned in various publications (Kurnia et al., 1992; Widjaja
etal, 1994, 1995).

During zero-voltage transition, prior to the current flow into the IGBT
anode, a negative voltage of about —1V clamped by the reverse-conducting
diode is applied across the device. The gate signal is applied prior to the current
to become forward conduction. Although technically the IGBT device has
been turn-on, there is so far no current flowing through the device. When the
in-rush current flows through the IGBT device, similar to a p—i—n diode, the
forward recovery phenomenon occurs in the lightly doped drift region. As
such, the dynamic voltage spike occurs at the initial period of the zero-voltage
switching. The spike disappears when the voltage across the n-drift region
drops to its normal steady-state value at full conductivity modulation. During
turn-off period, the anode voltage increases rather slowly due to the snubber
capacitor C in parallel. Without a strong depletion field, the excess carriers in
the transistor base region cannot be removed effectively at the initial period.
They were swept away by the increased electric field later on when the depletion
junction gradually builds up. The final outcome gives a current bump at the
tail of the current waveform. Figure 5.11 shows the experimental waveforms
of a commercial IGBT under zero-voltage soft-switching conditions.

5.7.1. Dual-Gate IGBT for ZV Soft Switching

The dual-gate bidirectional IGBT as shown in Fig. 5.12 can improve the sit-
uation by applying suitable gate signal to the second gate (Yuan, 1999). Prior
to the current flow into the IGBT for zero-voltage turn-on transition, the aux-
iliary gate is turned on for some period of time. A small portion of the diode
current will be diverted to flow through the IGBT in the reverse direction.
Thus, the hole carriers will be injected from the upper p™-emitter into the bulk
drift region for recombination with the electron carriers flowing through the
channel along the auxiliary gate. Then, the resistance of drift region will be
dramatically reduced by the existence of hole—clectron carriers prior to for-
ward conduction. The relief on the “conductivity modulation lag” reduces
the formation of forward voltage spike during turn-on transition. Figure 5.13
gives the simulation data for different dJ/dt conditions for both ordinary IGBT
(forward current density of 225 A/ cmz) and the dual-gate IGBT (for the same
forward current density and the reverse current density of 16A/cm2). The
results show that, under fast transient condition, the forward voltage spike can
be reduced by up to 60%.

Under the zero-voltage turn-off transition, the anode voltage increases
rather slowly due to the snubber capacitor across the IGBT device. By switching
on the auxiliary gate, the inversion layer is formed to short the junction J1
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1

so as to reduce the hole injection into the drift region during the turn-off
period. The accumulation of excess hole carriers can be greatly relieved. As a
result, a shorter turn-off time can be achieved. Simulation results are shown
in Fig. 5.14. When the ordinary IGBT turns off with snubber capacitor, a cur-
rent bump occurs as expected after the MOS-channel was cut off. It is found
that, without lifetime control (typ = 2.18 us), the dual-gate structure has a
better performance than that of the ordinary structure with lifetime control
(THL =0.95 /,LS).
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Fig. 5.13. Simulated forward voltage overshoots for the conventional and dual-gate
IGBTs of the same drift region.

5.8. Lateral IGBT Structure

Much interest in development is focused on the integrated power modules
using (Bi)CMOS and DMOS process technologies. The integration feature
requires the power IGBT structure to be formed in the lateral way, so that other
circuit devices can also be fabricated on the same substrate. The basic lateral
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Fig. 5.15. Lateral IGBT structure on p-substrate.

IGBT structure on p bulk substrate is shown in Fig. 5.15, which consists of
a gate channel region, p—n—p vertical bipolar transistor, and a p—n—p lateral
bipolar transistor. The majority of the anode current flows laterally through
the n-drift region in parallel with the p-substrate to arrive at the channel/
p-body region then to cathode contact. Some of the anode current flows in
the substrate and may be collected by the substrate contact or other part of
the circuit elements. The n-buffer layer next to the anode p*-emitter is placed
to raise the breakdown voltage as similar to that of the punchthrough vertical
structure. The p™ buried layer creates a low-resistance path between the p-body
and the p-substrate. This increases the current conductivity from the substrate
to the body region and thus increases the lateral current ratio.

The lateral current ratio is defined as the lateral current collected by the
cathode versus the anode current. When the IGBT is fabricated on the SOI
wafer, the lateral current ratio is then 100%. A good lateral IGBT device
is said to achieve a high lateral current ratio, proper forward and reverse
breakdown voltages, a low on-state conduction voltage, and the turn-off time
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below a few hundred nanoseconds. Liang and Hor (1995) showed the vari-
ations of parameters on drift region length, drift region doping, buffer layer
doping, and inclusion of buried layer to the influence on device performance.
On bulk wafer, the lateral current ratio can be increased by including the
buried layer and shortening the drift region length. The forward breakdown
voltage is affected by the drift region concentration as similar to that of the
vertical structure. The reverse breakdown voltage occurs at the buffer region
and affected by its concentration and length. The turn-off time is a function
of drift region concentration, drift region length, and buffer layer concen-
tration. By including a large buried layer, higher drift layer doping, shorter
drift layer length, and higher buffer layer doping will shorten the turn-off
time. However, a higher buffer layer concentration will cause a higher on-state
voltage drop. Similar to the vertical IGBT structure, lifetime control can also
be made in the n~-drift region near the n-buffer to speed up the turn-off
transient.

5.9. Integrated Current Sensor

A current sensor in power electronic circuits is usually needed in two aspects,
namely to provide the precise current information for feedback control (Chow
et al., 1992; Manduteanu, 1993; Shen et al., 1994; Liang and Hor 1995; Lang
etal., 1998), and otherwise to provide critical overcurrent information for pro-
tection purpose (Seki et al., 1994; Robb et al., 1994; Shimizu et al., 1994).
For the latter, the sensing ratio on overcurrent protection can be much coarse
compared to the former one which needs to be kept almost constant at all cur-
rent levels. In some cases, due to MOS-channel saturation at the high-current
region, the IGBT anode voltage can be used to represent the overcurrent infor-
mation for protection purpose (Luo et al., 2000). The advantage of having
an integrated current sensor on the same die is to provide the direct sensing
information with less parasitic involved in comparison to the usage of external
current sensors, not to mention that the external sensing circuits can be com-
plex and bulky. Preferably, the integrated sensor is fabricated together during
the process of IGBT fabrication.

The accurate current sensor suitable for smart power integration in the lat-
eral insulated-gate bipolar transistor (LIGBT) structure is described in this
section. The same sensor structure can also be applied for other types of
MOS-controlled bipolar structures. For MOS-bipolar devices, the electron and
hole current components need to be sensed individually in order to precisely
predict the amount of device current at all operating current levels. The ratio-
nale, in brief here, is that the electron/hole current composite ratio, i.e. electron
current versus hole current, does not keep to a constant level when the device
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current level varies. Other more stringent requirements for a constant sensing
ratio are on the temperature variations and in transient operation.

The integrated sensor should not affect the normal operation of power
devices. This requires the current taken by the sensor to be very small com-
pared to the main device current. Besides, the sensing current should be main-
tained possibly at a constant ratio with minimum variation in respect to the
main current under large load variations, e.g. during both the steady-state and
transient operations, gate voltage variations, and over the range of operating
temperature.

The basic principle in the design of a sensor is simple and it requires a
parallel current path. Using the principle of the parallel resistors shown in
Fig. 5.16, the sensor current can be made to be a small and fixed ratio to the
main current by properly controlling the resistive ratio between Ry and Ry,.
Therefore, the sensing ratio will be Is/I, = Rm/(Rs + Rm). By putting the
value of R to be much greater than that of Ry, the sensing ratio can be made
to be very small.

A sensor structure was designed (Liang et al., 1998) to enable sensing of the
electron current together with the hole current in the correct proportion. In
this structure, two additional regions and contacts are added to the standard
LIGBT structure at the cathode area. The device has the cathode split into
two contacts with one sensor contact inserted in between. The device structure
is shown in Fig. 5.17 and its peak doping levels, junction/profile depths, and
contact positions are given in Table 5.1. The anode and n-buffer layers are
not shown in the figure since the main focus is on the sensor structure in the
cathode area.

The electron current sensor layer (sensor-1 contact) and the hole current
sensor layer (sensor-2 contact) are routed and electrically connected together.
The doping concentration of the n sensor layer can be determined through
process and device simulations, such that the electron current sensing ratio is of

L

Fig. 5.16. Parallel resistive current paths.
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Fig. 5.17. Electron and hole current sensors integrated in the lateral IGBT structure
(anode and n-buffer are not shown).

Table 5.1. LIGBT (with current sensor) layer dimensions and doping profiles.

Layer Lateral Peak doping Depth (1um)
dimension concentration
(pm) (em™3)
n*t-emitter 6.0 1 x 1020 1.0
p-body 15.2 1 x 1018 5.0
pT buried 12.0 2x 1018 Between 8.0
and 12.0
n~-drift 45.0 1 x 1015 10.0
pt anode 5.0 2 x 101 2.0
n-buffer 7.0 4 x 1010 5.0
p~ substrate — 2 x 1014 40.0
p sensor 7.3 2 x 1015 1.0
n sensor 3.5 5x 1018 1.5

the same proportion as the hole sensing ratio. This criterion is a very important
and is the prerequisite to ensure the constant sensing ratio over the whole range
of current and gate voltage variations. The two cathode contacts are also routed
together. Both the cathode and the sensor contacts are grounded externally.
Referring to Fig. 5.17, it must be noted that the position and length of cathode-1
contact are important factors in ensuring sufficient potential difference within
then™ layer between cathode-1 and sensor-1 contacts. This potential difference,
typically about a few hundred millivolts, would result in some electron current
flowing into the sensor-1 contact.

The design gives a good performance in sensing ratio when the cathode
current and gate voltage are varied. However, it suffers by a large variation
in sensing ratio when the operating temperature varies. For the doping levels
in Table 5.1, the electron sensing ratio varies in a range of as large as +40%
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between 250 K and 450 K. For the hole sensing ratio, it varies in a smaller scale
of +£9%. This makes the variation on the overall sensing current to be rather
large.

Here, the physics behind the variation and the solution to remedy the prob-
lem will be described. Intuitively, the variation in sensing ratio is caused by
the variation in (parallel) resistance ratio. And, there are two main factors that
cause the resistance ratio variation with temperature, namely the modulation
of carrier mobility and the change of intrinsic carrier concentration. These
two factors jointly, but not equally, affect the semiconductor resistivity of the
conduction paths taken by the electron and hole currents. Thus, the sensor
ratio varies. These two factors have opposite temperature dependency, inter-
acting to minimize the spread of the sensor ratio variation. The hole current
sensing ratio was found to be relatively more constant as the counteracting
becomes more effective. However, the situation was not so for electron current
sensing ratio.

The carrier mobility in the cathode region is a function of doping con-
centration, types of dopants, and temperature as described in (Masetti et al.,
1983). Although the magnitude of variation is a function of the dopant con-
centration, the general trend is that the mobility drops when the temperature
increases. Therefore, the higher the temperature is, the higher the resistivity will
be. The second factor is on the intrinsic carrier concentration. When the tem-
perature rises, the intrinsic carrier concentration will go up. This phenomenon
will counteract the mobility degradation to lower the resistivity. However, this
phenomenon is less obvious in the nT-emitter/sensor region due to the high
background doping concentration. It is more obvious in the p-body/sensor
region for the reason of lower doping concentration. This explains the situation
well on why the hole current sensing ratio has less variation with temperature
compared to the electron current sensing ratio.

An innovative approach to solve this problem of sensing ratio variation was
found through analyzing the current flow pattern of electron carriers. And,
the approach of having the “flat-top” doping profile in the n*-emitter region
is introduced to minimize the difference in doping concentration between the
paths taken by the sensor and cathode currents. When looking at the distri-
bution of doping concentration along vertical cut from wafer surface to the
substrate, as shown in Fig. 5.18, the “flat-top” profile gives a constant dop-
ing concentration till certain depth and then starts to fall off. This approach
replaces the original Gaussian doping profile associated with a typical dif-
fusion process. In comparison, the profile now has a more uniform doping
concentration for the entire cathode region and a steep transition in doping
concentration at the internal junction. Therefore, the cathode current and the
sensor current would flow over a region of the same doping concentration.
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Fig. 5.18. The doping profile along the vertical cut showing the flat-top portion.

The result on applying this technique gives a significant improvement in the
variation of the electron current ratio against temperature variation as the resis-
tivity of the main current path will vary at the same manner as that of the
sensor current path. With this approach, the variation of the total sensing ratio
against temperature can be reduced to about £9% between 250 K and 450 K,
as obtained by the analysis results.

5.9.1. Fabrication Aspects

The numerical results indicate a clear need for a flat-top profile at n*-cathode
region to reduce the variation of the electron current ratio against temperature.
To create the flat-top profile, a double-implantation, single-anneal method is
needed. For both the first and second implantation, the dosage of phosphorus
impurity implanted into the silicon is similar. They differ only in the acceler-
ation energy with which the impurity ions are injected into the silicon wafer.
Adjustments should be made to produce a set of implantation energies that
will create a flat-top doping profile.
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However, after the double-implantation single-anneal process, it was
found to have the persistent dip of concentration profile at the surface of the
n*-emitter region although the rest of the region whose concentration beneath
the surface is flat. Therefore, an oxidation step was added after the annealing
and drive-in step to rectify this problem. The doping impurity (initially present
in the silicon) redistributes at the interface due to the segregation effect (Sze,
1985) to lift n™ concentration up and remove the dip near the surface. The
flat-top profile of the n*-emitter region is shown in Fig. 5.18 from the process
simulator by applying the above steps at cathode region. As to the sensor
region, by choosing a shallower doping profile, process simulation shows that
it was possible to obtain a good flat top profile using just a single-implantation
process.

Detailed fabrication process steps are described here. The process started
with p-type substrate with (100) wafer of uniform doping of 2 x 10" cm—3.
The p-type buried layer was formed by Boron implant with energy 200 keV and
dose 8 x 104 cm~2 followed by a 10 minutes post-implant anneal in nitrogen
ambient at 1000°C. Then a 5 um epitaxial-layer was grown with phosphorus
doping of 1 x 10'° cm~3. This layer basically forms the low-doped n-drift layer.
The p-body region was then formed by boron implant with energy 200 keV
and dose 7 x 10" cm~2 followed by a 300 minutes post-implant anneal/drive-
in in nitrogen ambient at 1050°C. The n-buffer region was then formed by
phosphorus implant with energy 100keV and dose 2 x 10'%cm—2 followed
by a 220 minutes post-implant anneal/drive-in in nitrogen ambient at 1050°C.
The p-anode region was then formed by boron implant with energy 50 keV
and dose 3 x 10" cm—2 followed by a 10minutes post-implant anneal in
nitrogen ambient at 1000°C. The p-sensor region was then formed by boron
implant with energy 120 keV and dose 2 x 101! cm~2 followed by a 120 minutes
post-implant anneal/drive-in in nitrogen ambient at 1000°C. Afterwards the
gate oxide is grown in dry oxygen ambient for 20 minutes at 1000°C. Finally,
a double implanted n*-emitter and shallow n-sensor regions were formed
followed by metallization and passivation. Figure 5.19 shows the simulated
process profiles which were created by the series of process steps discussed
here.

5.9.2. Performances

The wafer micrograph in Fig. 5.20 shows the fabricated lateral IGBT and the
integrated sensor contact positions. The dc performance was tested with vari-
ous anode bias, gate bias, and device temperature. A special heating platform
was set up to maintain the wafer at a predefined elevated temperature. Mea-
surements were made for the linear region (function as a power switch) as well
as the saturation region (function as an amplifier).
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Fig. 5.19. Device profile obtained by process simulation.

Fig. 5.20. The micrography of a fabricated lateral IGBT with integrated current sensor.
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Fig. 5.21. Variations of current sensing ratio against anode current at various temper-
atures (under linear operating mode, as a switch) with a constant gate bias.

5.9.2.1. DC Measurement in the Linear Operating Region
(Switch Operation)

Figure 5.21 shows the measured values of sensing ratio over a range of temper-
atures with anode current values between 250 mA and 600 mA per cell group.
The curves show that the sensor current ratio remains fairly constant with
the anode current density and has a stronger dependence on the temperature
variations. It is observed that the sensing ratio becomes less dependent on tem-
perature variation at a higher temperature. A total variation of around +5.2%
from the average sensing ratio is observed when the device is at temperature
range between 303 K and 403 K.

The gate bias sensitivity on the current sensing ratio is shown in Fig. 5.22.
The values of sensor ratio change in a peak-to-peak range from 1.96% to
2.41% (or within £1.21%) with the gate voltage. The sensing ratio changes by
+5.22% for temperature from 303 K to 403 K as seen. A similar characteristicis
observed that the temperature variation dominates the current ratio variation
and the effect becomes weaker toward the higher temperature region.

5.9.2.2. DC Measurement in the Saturation Operating Region

Similar dc tests were conducted with the device operating in the saturation
region (as an amplifier device). The device operating in saturation region con-
ducts a higher current and at a higher anode voltage compared to the linear
region. The device then has a higher loss, and therefore, a higher thermal stress.
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Fig. 5.22. Variations of current sensing ratio against gate voltage at various tempera-
tures (linear operating region, as a switch) with a constant anode current.

Furthermore, the current increases with the high temperature under the same
electrical biasing condition. When the compound current was sufficiently large,
the thyristor latch-up effect was triggered.

The measurement results for ramping anode voltage are plotted in Fig. 5.23,
while the results for ramping gate voltage measurement are plotted in Fig. 5.24.
Similar to the case of linear region, the temperature effect dominates the cur-
rent sensing ratio variation. The total sensing ratio varies within £0.85% with
respect to the anode current variation, and within £1.73% with respect to the
gate voltage variation.

5.9.2.3. Transient Response

Transient response was observed during the switching of the lateral device from
on-state to off-state. The waveforms are shown in Fig. 5.25. The turn-off time,
measured from 100% to 10% of the load current is around 20 us. The sensor
ratio tracks the transient responses quite well.

5.10. Safe Operating Area

The safe operating area (SOA) is an important aspect for operations in
steady-state conduction, blocking, and switching. The shape of SOA for an
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IGBT is similar to that of a typical power MOSFET and is shown in Fig. 5.26.
The corner shape of the safe operating area depends on device switching speed.
For different switching speeds, the forward operating area is thermally limited
and the SOA varies as shown by the boundary line A. This is the boundary
where both the anode current and voltage are simultaneously large, i.e. the
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high thermal stress region. Boundary line B is limited by the maximum allow-
able anode current of the IGBT which is below the latch-up limit. This limit is
usually reached at higher gate voltage and especially at high operating temper-
ature. Boundary line C is set by the maximum anode-to-cathode breakdown
voltage of the IGBT. The voltage is determined by the open-base p—n—p tran-
sistor, i.e. BVcpo. Practically, the SOA of an IGBT is more robust than that
of the power MOSFET.

5.11. Overcurrent Protection

The overcurrent protection scheme is usually necessary to built a part of the
function in power integrated circuits. The protection scheme needs to dis-
tinguish different types of fault conditions, e.g. moderate over-load or sever
short-circuit, and to react accordingly based on the device SOA limit. At the
same time, the protection circuit should be concise and suitable for integration.
The behaviors of the IGBT device under various fault conditions were studied
in the literature and useful protection schemes were proposed (Biswas et al.,
1991; Chokhawala et al., 1995; Valentine, 1995). The protection in practice
should cover a wide range of overcurrent condition. Under moderate over-
load, the device current is higher than its continuous current rating (Iccr) but
remains below the maximum pulse current level (/yvpc). The failure mecha-
nism for IGBT device under the moderate overload is thermal runaway. Under
the short-circuit condition, the current is much larger and usually exceeds the
Invpc rating. Under such a high current, the IGBT device needs to be turned
off immediately or less than a few microseconds to avoid fatal destruction.

Usually, a time-delay control is implemented for overcurrent protection to
avoid unnecessary shutdown caused by transient current surges. In practice, it
ranges from a few microseconds for the catastrophic fault to a few milliseconds
for the moderate overload condition. The variation of delay time is a nonlinear
function of load current as shown in Fig. 5.27. The delay-time limit is derived
from the device SOA. In general, it covers four major zones, namely the thermal
limitation, the maximum rating on pulsed current, the short-circuit withstand-
ing capability, and the maximum current level limited by the transistor gain
(Imax). At room temperature, the boundary on thermal limitation at certain
current level is determined by the time taken to reach 450 K junction temper-
ature under single-pulse and normal-gate voltage condition. Depends on the
gate voltage, the maximum short-circuit current level varies (Shen, 1996).

A resistor—capacitor first-order circuit can be used and to be charged by the
anode voltage to serve as a simple timer for turn-off delay time. The voltage
across the capacitor can be expressed as

Ve = KIz(l — e"%C), (5.22)
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Fig. 5.27. The turn-off delay time under different overcurrent conditions.

where R and C are the resistance and capacitance and K is the conversion gain
factor between the anode voltage and anode current, i.e. KI5 = Va. Under
overload condition, the IGBT device works in its saturation region, e.g. at
high voltage and high current. The value K can approximately be assumed
as a constant. If a voltage V), is set as the reference voltage for the shutdown
threshold, that is, when Vc is equal or higher than V), then the IGBT gate
drive will be removed. The delay time can be found as

Kip

to—turn—off = RCIn —————.
to—turn—off KIA— Vp

(5.23)

The curve of time delay using simple R—C timer is shown in Fig. 5.27.
It can be seen that, although the delay time is controlled within the SOA
transient limit, it has a far distance away from the actual thermal limita-
tion boundary. This is because the time constant needs to be kept small to
meet the critical limit on short-circuit withstanding limit. In this case, the
allowable overload capability of the device is not fully utilized. One way to
make the full use of the SOA transient limit is to insert a zener diode in
parallel with the resistor to provide a voltage-dependent two-stage time con-
stant. This is shown by (Z// R2) and CI in the circuit of Fig. 5.28. When
the anode voltage, which is approximately proportional to the anode cur-
rent, goes up and the voltage across R2 goes above the zener diode break-
down voltage, Vz, the zener diode breaks down and the capacitor C1 will be
charged up at a much smaller time constant. This is because the zener diode
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Fig. 5.28. Overcurrent protection circuit.

has a smaller dynamic resistance after breakdown. The delay time can now be
expressed as:

fto—turn—off

(Rz//Ra//R3)C1 In (M) for Iy > Ivpc:
KIpn —Vz =V,
B (R2//R3)C11n (£> for Impc > Ip > Iccr;
KIp -V
Infinitive for Iccr > Ia. (5.24)

The curve with zener diode added is also shown in Fig. 5.27 which has a closer
match to the profile of SOA transient boundary.

For new generation IGBTs, they have a higher I5/V, gain for high con-
ductivity and low anode voltage drop. But, they also have a lower short-circuit
withstanding time (Otsuki et al., 1993; Seki et al., 1994; Iwamuro et al., 1995).
The short-circuit withstanding time is typically below 5 us. Although the delay
time can be made very short by reducing the value of capacitance CI to a
minimum, in practice, it may suffer from parasitics and noise interference.
Therefore, it would not be a reliable configuration for the R—C network to pro-
vide a delay time in the sub-microsecond zone. Also, the delay time should be
relatively longer than the switching transition time to ensure its normal oper-
ation. One solution to prolong the allowable time before turn-off is to lower
the gate voltage as the short-circuit withstanding capability is also related to
the gate voltage.

The protection circuit in Fig. 5.28 has incorporate the feature to lower the

gate voltage when a direct short-circuit occurs. When this happens, the voltage
across the IGBT goes nearly the same level as the supply voltage. The diode
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D2 provides the isolation and keeps voltage Va; to a constant level which is
related to the magnitude of gate drive voltage. Resistors R4 and RS5 divide
the voltage and turn the MOSFET M2 on. When M2 is turned on, it pulls
Rgl to ground and lowers the voltage to the IGBT gate contact. A lower gate
bias will then prolong the short-circuit withstanding capability. At the same
time, capacitor C1 keeps being charged up via zener diode and R2. When the
capacitor voltage reaches the threshold value V;,, MOSFET M1 turns on and
the IGBT gate contact is grounded. The device is now turned off.

The operation can be quantitatively analyzed. Under the normal operating
condition, the anode voltage is low and diode D2 is at its on-state. The voltage
VAl is

Va1l = Va + VD2, (5.25)
R3

Vel = ———— (Va1 — W V , 5.26

Cl R2+R3( ‘Al — VD4) < Vinmi (5.26)

where Vp» is the voltage across diode D2, Vpy is the voltage across diode D4,
Vin,m1 18 the threshold voltage to turn on MOSFET M1. When overcurrent
occurs, Va will increase and this brings VA to be higher as well. As a result,
capacitor C1 is charged to a higher voltage. The time constant is
RoR3
71 = (R2//R3)C1 = ———C;. 5.27
1= (R2//R3)C) R R (5.27)
When V¢ reaches the threshold voltage Vip m1, M1 turns on to pull down the
voltage to the gate contact. The IGBT is then turned off.

A zener diode is used to distinguish between the moderate overload and
the catastrophic conditions. When Vj rises above Vz + Vi m1, the device will
be regarded as in the short-circuit operation, and the turn-off delay time must
be shortened within its withstanding capability. The time constant is now

72 = (Rz//R2//R3)C1 = R,C1, (5.28)

which is much lower than 71. As mentioned, M2, R4, R5, and Rgl are added to
provide the current-limiting feature by reducing the voltage to the gate contact
to prolong the short-circuit withstanding time. When the short-circuit occurs,
diode D2 is turned off, and the voltage to the gate contact of MOSFET M2 is

Rs

———————— Voate—drive—i >V , 5.29
Ri + Ra + Rs gate—drive—input Z Vth,M2 ( )

Vgate,MZ =
where Vip M2 is the threshold voltage of MOSFET M2. As the IGBT gate
voltage is reduced, the fault current can be limited to a lower value. The
response time for the current-limiting effect to appear is determined by
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the time constant of
_ (R1+ R4)Rs

" Ri+R4+Rs

where Cg w2 is the gate input capacitance of MOSFET M2. This time constant
is normally very short and below 1 us. While the short-circuit withstanding
capability is extended, the time delay circuit (with zener diode breakdown)
functions concurrently to turn off the gate voltage to IGBT in the similar
manner as described earlier, but with a more comfortable delay-time period.
The turn-off delay-time is described as shown in Eq. (5.24). Figure 5.29 shows
the measured circuit performance to protect an IGBT rated around 15 A. Based
on the SOA limit at gate voltage of 15V, the time constant of ] is set to be 7ms
and 17 is set to be 16 us. The triangular data point is measured at a reduced
gate voltage when the protection circuit lowers it from 15V to 10V to prolong
the short-circuit withstanding capability.

73 CoM2. (5.30)

The protection circuit can be fabricated together with the IGBT device to
form the smart-power integration on the same silicon die, e.g. Fig. 5.30 show-
ing the integration of key components and Fig. 5.31 showing part of the silicon
die. The chip was fabricated with a total of eight masks on a single-side n~ (5 x
101 cm=3)(100) epi-wafer with zener diode as an external component. Resis-
tors are not shown and they can be formed by polysilicon deposition. Short-
circuit faults have been applied to verify the effectiveness of the proposed pro-
tection scheme. Two types of short-circuit faults, namely the “hard switch fault”
and the “fault under load”, can occur during the operation of power electronic
circuits. The “hard switch fault” condition is described as that the short-circuit
fault exists before the IGBT is turned on, that is, the IGBT will be turned on

Device Limitation

.~Q“~

Turn-off Delay-time (s)

1ms
Measurement data ~ A
Reduced gate\\
voltage S o
1us
1 1 1 1
10 15 20 25 30 35

IGBT Anode Current (A)

Fig. 5.29. Measured turn-off delay time of the protection circuit of Fig. 5.25.
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Fig. 5.30. Integration of key components for the overcurrent protection circuit on bulk
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Fig. 5.31. Micrography of key components of the overcurrent protection integrated
circuit.

under short-circuit condition. The “fault under load” condition is described as
that the short-circuit fault occurs during the normal IGBT conduction state.

Figure 5.32 shows the measured waveforms of anode voltage and current of
hard switched fault (at 800 A/cm?) at supply voltage of 105V and gate voltage
of 10V. The device recovers from the fault by shutting down the gate drive
after about 10 us. Another short-circuit fault under load (at 1060 A/cm?), as
shown in Fig. 5.33, is applied to the device, and similar recovery is made after
about 5 us.
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5.12. Vertical IGBT Fabrication Process

To fabricate a vertical IGBT device, it follows the following basic steps (Chang,

1995; Luo et al., 2000) as shown in the table below.

Step Process Recipe
1 Starting wafer: n=/p™ epi-wafer Wafer cleaning
(100) drift region concentration
and thickness determined by
the breakdown voltage
specification
2 Field oxidation for 4000 A Dry-wet—dry oxidation
1100°C, 10 min (dry),
25 min (wet), 5 min (dry)
3 Photolithography, p-well mask
4 Field oxide etching Buffered oxide etching
(BOE)
5 p-well implant: BF, 80-100 keV, 5E15/cm?
6 Photoresist strip
7 p-well drive-in and oxidation 1050°C, 60—70 min (wet)
8 Photolithography, active area
mask
9 Oxide etching BOE
10 Photoresist strip
11 Gate oxidation 900°C, 30—-60 min (dry)
12 Polysilicon deposition (LPCVD) 650°C, 5000 A
13 Oxide deposition (APCVD)
14 Photolithography, polygate mask
15 APCVD oxide etching
16 Polysilicon etching HNO3: CH3COOH: HF
17 Gate oxide and APCVD oxide BOE
etching
18 p-body (channel region) 35-40keV, 1E14/cm?, 7°
implant: B
19 p-body drive-in and oxidation 900°C, 20 min (dry
0,)1100°C, 180 min, N,
20 Oxide removal
21 nt cathode implant: As 80 keV, SE15/cm?
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Step Process Recipe
22 n* cathode drive-in 900°C, 30 min (dry
0,)950°C, 30 min, N;

23 Oxide removal

24 PCVD oxide and BPSG 1.5K SiO,-7.5K BPSG
densification 900°C, 30 min

25 Photolithography, contact mask

26 Contact opening BOE

27 Photoresist strip

28 Al deposition, 1.5-2 um 400°C, 30 min

29 Photolithography, metal mask
30 Al etching
31 Sintering

The corresponding device profiles are shown in Fig. 5.34 by process
simulation.

5.13. Related MOS-Bipolar Structures
5.13.1. Emitter Switched Thyristor (EST)

The emitter switched thyristor was designed to have a lower on-state voltage
drop and a higher voltage—current saturation capability. The device structure
evolved from the conventional EST (Shekar et al., 1991a; Bhalla and Chow,
1994), the dual-channel EST (Shekar et al., 1991b), and to the recent dual-gate
EST (Sridhar and Baliga, 1996). The device operation is initially similar to
that of the IGBT, however, due to the latch-up of the main parasitic thyristor
and dual-gate operation, it has a good on-state voltage—current capability and
higher saturation capability. The device structure is shown in Fig. 5.35. In
the structure, two MOS gates, namely Gates 1 and 2, are used to form the
inversion channels for conduction. During the operation, Gate 2 can be turned
off to switch the operation mode from dual-gate operation to dual-channel
conduction (Sridhar and Baliga, 1996), if desired.

When both gates are applied a positive voltage, the device functions like an
IGBT, however with multiple conduction paths due to two cathode contacts.
From cathodes, electron carriers flow through the MOS channels to arrive at
the n™-drift region. And from anode, hole carriers flow into the drift region for
conductivity modulation and also partially through the p-base region forming
the transistor current. The main thyristor latch-up occurs when the current
goes to a higher level and the p-base/n™-junction becomes forward-biased.
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Fig. 5.34. IGBT process details by simulation.

Now, the device enters the EST region with a large part of current supply
through the main thyristor. The on-state voltage reduces to be as low as about
1.1V at high current conduction. The thyristor current is partitioned and flows
through both MOS channels. The voltage rating of the forward safe opera-
tion area is now limited by the breakdown voltage of the short-channel lateral
MOSFET under Gate 2. If the bias at Gate 2 is turned off, the device can
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(c) P.R. coating, p* well mask, and field oxide etch.
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(d) p* well implant and P.R. strip.

Fig. 5.34. (Continued )

operate at a higher saturation voltage as that of the dual-channel EST. The
structure has two p* regions to divert the hole current to two cathodes. At
a very high current density, the gate control is lost due to the latch-up of the
parasitic thyristors. As reported in Sridhar and Baliga (1996), the normal oper-
ation region is around 800 A/cm? with the parasitic thyristor latch-up current
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Fig. 5.34. (Continued)

density at above 1000 A/cm?. Figure 5.36 gives the I-V curves of high volt-
age, e.g. 600V, MOSFET, IGBT, and the dual-gate EST devices for a brief
on-state comparison. For the modern third generation IGBT, devices, the for-
ward voltage drop at 100 A/cm? ranges from 1.3V to 1.7V, which is still higher
than that of EST at around 1.1 V drop.
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Fig. 5.34. (Continued)
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Fig. 5.34. (Continued)

5.13.2. Base-Resistance-Controlled Thyristor (BRT)

The structure of the asymmetric dual-gate BRT is shown in Fig. 5.37
(Kurlagunda and Baliga, 1995) which evolved from the earlier structure of
BRT by Nandakumar et al. (1991). The structure utilizes the MOS gate control
to divert the hole current in the transistor p-base to switch the device oper-
ation modes between a thyristor and an IGBT. When Gate 1 is applied a
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Fig. 5.34. (Continued)

positive voltage and Gate 2 is either applied a positive voltage or is grounded,
the device enters the IGBT mode of operation. When the current is suffi-
ciently large to bias the upper cathode junction, the intended thyristor latch-up
occurs. And, the on-state voltage reduces to a lower level, e.g. around 1.1V at
100 A/cm?. Published data show that the device can operate at 1.24 V, which
is 0.5V below that of the IGBT device at the current density of 300 A/cm?
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Fig. 5.34. (Continued)

(CSIHPDPIC, 1996). When the device turn-off needs to be made, the opera-
tion mode needs to be switched back to the IGBT mode prior to the actual
turn-off. When Gate 1 remains at the positive, Gate 2 is applied a negative
voltage to turn on the p-MOS channel to divert the transistor base current.
This diversion, if strong enough, will lower the upper transistor gain and break
the regenerative latch-up. The magnitude of the negative gate voltage applied
to Gate 2, ranging from —5 to —20V, needs to be approximately linearly pro-
portional to the amount of thyristor current to be controlled. When the device
operates in the IGBT mode, turn-off can be made by switching off the voltage
at Gate 1, as that of IGBT turn-off.
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Fig. 5.34. (Continued )
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Fig. 5.36. Brief comparison on the on-state -V characteristics of MOSFET, IGBT,
EST, and thyristor devices (at 600 V rating).

5.13.3. Injection-Enhanced Insulated-Gate
Bipolar Transistor (IEGT)

The IEGT device was developed to lower the on-state voltage drop (Kitagawa
etal., 1993). Of the development, the device rated at 2500 V has a voltage drop
of around 4 V at room temperature. The device structure is shown in Fig. 5.38.
It has a deep trench with oxide sidewall to inject the electron carriers via the
accumulation layer formed by the electric field along the extended vertical
gate. The higher amount of electron injection, as shown in Fig. 5.38, raises the
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Fig. 5.38. The injection-enhanced IGBT and the excess carrier concentration in the
bulk drift region.

electron concentration in the drift region near the p-body then in term it helps
to lower the on-state conduction voltage.

5.13.4. MOS-Controlled Thyristor (MCT)

The MCT was developed (Temple, 1984; Bauer et al., 1991) for the similar
objectives to have a lower on-state conduction voltage than IGBT devices. The
basic device structure is shown in Fig. 5.39 which has both n-channel and
p-channel to turn on and to turn off the device. Published data show that a
600V rated MCT device can be able to carry about 10 times higher current
than that of the IGBT device, and about 100 times higher than the MOSFET
device (CSIHPDPIC, 1996).

When the Gate 2 is applied a positive voltage, the device functions like an
IGBT and due to the prolonged n-emitter, it is very susceptible to latch-up,
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Gate 1 Cathode Gate 2
=== ===

n drift region

L+J

Anode

Fig. 5.39. MOS-controlled thyristor.

as an intended characteristic. To turn off the device, a negative gate voltage
is needed to be applied to both Gates 1 and 2 to short the upper n*-emitter/
p-base junction, so as to reduce the current gain of n—p-n transistor in order to
break the regenerative latch-up. Similar to BRT device, the magnitude of the
negative gate voltage should be proportional to the amount of thyristor current
to be turned off. CSIHPDPIC (1996) gives the relationship of turn-off current
densities and gate voltages for single-cell and array-group of MCT devices. The
negative gate voltage varies according to different cell pitches and, for a fixed
cell pitch it is almost linearly proportional to the thyristor current density.
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SUPERJUNCTION STRUCTURES

6.1. Introduction

For power devices, the off-state blocking capability is one of the most important
parameters in the performance besides its on-state voltage drop and switch-
ing speed. In most cases, these three important parameters of a single device
are always interlinked and having certain trade-off relationships adopted by
the device designers. For example, when applications requiring fast switch-
ing, the MOSFET device of unipolar charge transport (the majority carrier)
for minimum excess charge storage is utilized. For such a power device, the
blocking capability is a function of the doping concentration of its epitaxial
drift layer and the minimum thickness of the layer, called the drift length. The
former determines the maximum allowable field occurring at the junction of
p-body/drift layer before avalanche breakdown, and the later determines the
amount of breakdown voltage sustainable by the depletion region. For one
device to have a higher blocking capability, it shall have a lightly doped drift
layer and a sufficiently long drift distance between p-body and drain. How-
ever, due to the nature of unipolar carrier transport, the degree of conductivity
modulation within the epitaxial drift region is not as prominent as that of the
bipolar junction transistor where both electron and hole carriers are injected
into the drift region to lower the on-state voltage drop across the region. The
on-state voltage of the power MOSFET will be higher if the background dop-
ing of the epitaxial drift region is low, and also if it is long for higher blocking
capability. Therefore, there exists a trade-off relationship which prescribes the
technical limit between the on-state resistance and the blocking voltage of the
MOSFET devices for them to be achievable in device design. That is, for a
MOSFET device of a particular voltage rating, one can achieve only a certain
minimum (the best) on-state resistance and can never be lower than that limit.
In principle, the minimum achievable on-state resistance for each voltage rating

249
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can be calculated. These calculated data form the boundary line of so-called
“ideal silicon limit” for MOSFET power devices. The relationship indicates
that the achievable on-state resistance (Ron) is approximately proportional to

the power of 2.5 times of the device breakdown rating (i.e. Véﬁ).

The reason why the superjunction structure receives great attention in the
late 1990s and more nowadays is that, the structure actually breaks the “ideal
silicon limit” of the conventional power MOSFET and itself forms a new limit
which is almost a linear relationship (Roy Vé'ly) for the achievable device
performance. The impact is very obvious when dealing with devices of 100 V
or higher ratings.

This chapter starts with the formation of ideal silicon limit equation fol-
lowed by the detailed description of the basic superjunction structure and the
derivation of the superjunction silicon limit equation. Process technology, the
limitation and the difficulty on device formation are also discussed. Several
new device structures, namely the poly-flanked MOSFET, the oxide-bypassed
MOSFET, and the graded oxide-bypassed MOSFET based on the superjunc-
tion charge compensation and field diversion principles are discussed in this
chapter. Finally, the lateral superjunction device on the partial SOI platform
is described.

6.2. The Unipolar Ideal Silicon Limit

Basically, the off-state voltage across a device is sustained by the reverse-biased
p—n junction. If for multiple grounded structures (especially for lateral struc-
ture), there exist more than one reverse-biased junction. Except for the rare
dielectric breakdown, the device voltage rating is normally capped by the junc-
tion breakdown.

When an external voltage is applied, electric field exists within the depletion
zone at both sides of the p—n junction. The normal distribution of the electric
field profile is linearly going down when moving away from the junction. The
rate of change of electric field is a function of the doping profile for each side
of the junction. For a lightly doped region, the field profile tends to be flatter
because of a relatively wider depletion region. Comparing to the region having
higher doping concentration, for the same maximum field at the junction, the
lightly doped region is able to sustain a higher voltage. The phenomenon can
be fully understood when we look at a simple abrupt p—i—n junction under
reverse voltage bias VR as shown in Fig. 6.1.

The doping concentration on the left side of the junction is much higher
than that of the right side. Assuming, the doping profile is homogeneous for
each side and abrupt transition at the junction, the distributions of charge,
electric field, and voltage can be found by solving the Poisson equation.
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.

lo L x

Fig. 6.1. Reverse-biased p—n junction showing the distributions of charge, electric field,
and voltage.

The junction critical field and breakdown phenomena have been discussed in
Chapter 2 in detail. Here is just to briefly go through with it for the purpose
of derivation of the unipolar silicon limit. For a reverse-biased p™—n~ abrupt
junction, the Poisson equation for the right side of depletion region (positive
ion density Np in atom/cm?) can be written as

d*’v _ gNp _ dE
dx2 & dx’

(6.1)

where & is the dielectric constant for silicon. Solving the electric field with
boundary condition of E =0atx =L,

N R N
9D (1 _ %) and  Epay = Pp, (6.2)

Es Es

E(x) =

where L is the depletion width on the right side.

The maximum electric field is located at the junction (x = 0) and the slope
of the field line is a function of the doping concentration Np. The voltage
distribution along the depletion region can also be found as

N 2 NpL?
Vix) = 18P (Lx - x-) and Vg = I8P (6.3)
& 2 2es

The equation indicates that most of the voltage drop is near the junction. For
the area away from the junction, it has much lower electric field and shares a
small amount of voltage. When a fixed voltage, VR is applied, the depletion

width L can be found as
I — 2e5VR _ EA‘maxss. (6.4)
qND gNp
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The breakdown voltage Vi, is defined as the voltage when the maximum
electric field Emax reaches the critical electric field E. Therefore, substituting
Eq. (6.4) to Eq. (6.3), the blocking voltage of a normal p—i—n diode is given by

N (ﬁ)z £
v 9D \ gnp _ esE? 6.5)
br 2e; 2gNp '

Inssilicon, it is known that the impact ionization coefficient is approximately
a=18x10"3E". (6.6)

And, the avalanche integral for breakdown condition is
L
/ a-dx=1. (6.7)
0
By combining Egs. (6.2), (6.6), and (6.7), we may get the depletion region

length Ly, at breakdown
Ly = 2.6 x 101N/, (6.8)

The critical electric field . can be found as
Ee =4023NY%. (6.9)

Thus, at a certain doping concentration Np, the breakdown voltage can be
obtained by

Vir = 5.24 x 103N/, (6.10)
Therefore, the specific on-state resistance of the drift region is
Ly 91,25 2
R =—— =621 x 1077V;> Q- 6.11
d,sp 2D X br ( cm”) ( )

which is proportional to the power of 2.5 of the device breakdown rating.
In the literature, the specific on-state resistance of a conventional vertical
double-diffusion MOSFET (VDMOS) is given by (Hu, 1979)

27V,
SuesE3

Ron,sp = (6. 12)

Substitute £. = 8.2 x 105Vb_r0'2 (V-em™2) and u = 710V£r'1(cm2- v-ls 1
into the equation, it yields (Fujihira, 1997)

Ronsp =83 x 1077VE>  (Q-cm?). (6.13)

Equations (6.11) and (6.13) can be used to represent the unipolar ideal silicon
limit on MOSFET performance merit.
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Fig. 6.2. Superjunction structure and the approximate electric field profile at Vpg > 0.

6.3. The Superjunction Structure

The typical SJ structure is shown in Fig. 6.2 (Chen, 1993). Different from
the conventional structure as shown in Fig. 6.1, SJ devices provide the supe-
rior performance on blocking voltage and on-state resistance by replacing the
monotonic drift region with the alternative heavily doped p—n semiconductor
layers. Figure 6.2 also gives the approximate electric field profiles within the SJ
device under the bias of Vpg > 0.

Optimum Doping Concentration

For the SJ device of a given breakdown voltage, there exists an optimum doping
concentration Ng op that results in the best performance. Equation (6.14) gives
the depletion width of p—n junction under certain reverse bias voltage V.

2esV(NA + Np)
Wiep = || ———————, 6.14
dep gNAND ( )

where N5 and Np are the doping concentration of p- and n-column, respec-
tively. In ideal SJ structure above-mentioned, it is required that

NA = Np = Ng,0p and W,=W, (6.15)
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to have the best performance. Assume such a condition that, when the device
is at breakdown, the depletion region of SJ structure is just pinched-off hori-
zontally. That is, the p—n column width W, = W, = W is equal to the lateral
depletion width of Wyep,. By combining Egs. (6.10), (6.14) and (6.15), the rela-
tionship between Ny op and W is approximated as

Nd.op = 1.2 x 1012w =8/7. (6.16)

SJ Ron,sp Calculation

From the device simulation, one knows that the breakdown of SJ structure
always happens at the interface between p- and n-columns. In SJ structure,
due to the influence from the sidewall p-column, there provides an additional
horizontal electric field component (Ey) in comparison to that of the conven-
tional p—i—n diode where the electric field is only in the vertical direction. Along
the central vertical line of n or p-column, horizontal electric fields generated
from neighboring p—n junction are in opposite direction and counteract each
other. Thus, only the vertical electric field manifests. Where at the interface of
p—n columns, E , reaches the maximum value E v.max0 and vertical electric field
(Ey) maintains nearly constant, the total electric field (E) is the sum of both
and becomes the highest. The profile of vertical field £ y is shown in Fig. 6.2.
To simplify the derivation of blocking voltage, we assume that the p—n column
length L is large enough, £ y has a constant (average) value of E yo and break-
down occurs when the total electric field reaches the critical electric field of
silicon (E.), which is expressed by

Ec = \E2 s + EX. (6.17)

A

Eymax = @B (6.18)

We define

then

Eyo = V1 —o2E,, (6.19)

where « is the coefficient which has the value between 0 and 1.

From the p—i—n junction structure, Ex,max is given by

A gNAL gNpL .
Ex’max = Z—gs = 2—53 < EC' (620)

Combining Egs. (6.18) and (6.20), it yields

quNp = (Zﬂaeséc)/L- (6.21)
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Thus, the Ron,sp in the region of (0 < x < W) is

2L WL
Ron,sp = = - (6.22)
quND  poegE.
Therefore if L > W, Vy, is given by
Vir & EyoL =V 1 — 02 EcL. (6.23)
Combining Egs. (6.22) and (6.23), it yields
A%
br (6.24)

R = .
RV o e B

Numerical simulations by MEDICI were carried out in order to find out the
relationship between the electric field components of SJ structure and the crit-
ical electric field at various doping concentrations and different column width
and length. Table 6.1 gives the results between E x.max and E. according to dif-
ferent dimensions and doping profiles of SJ structures. To guarantee the data

accuracy, E, max 18 extracted from the mesh point at the center of the vertical
line along the p—n interface. E is calculated from Eq. (6.9).

It was observed that, « = E v.max/ E. has a nearly constant value when
L > W is satisfied. As shown in Fig. 6.3, when W/L is less than 1/4, all the
simulation results of Ex,max / E. fall into the range of 0.669-0.673. Therefore,
the average value of 0.672 is an acceptable value for .

The minimum Rop sp is then calculated by Ron sp ~ ivgvg with & = 0.672.

By using the average constant mobility and Egs. (6.9) and (6.c1 0), the Rop,sp for
the vertical structure can be calculated as

Ronsp ~ 2.18 x 1073wy 17, (6.25)

Using Eq. (6.25), the ideal SJ limits of specific on-resistance versus breakdown
voltage at different column widths are plotted together with the ideal unipolar
silicon limit of conventional MOSFET device, as shown in Fig. 6.4. Other
detailed derivation by considering the mobility variation and lower critical
electrical field within the SJ structure was made (Chen, 1999). Overall, the
Ron,sp of an SJ structure can be considered to be proportional to the breakdown
voltage in a range between Vb]r'17 and Vgr'3.

6.3.1. SJ Electric Field Profiles

Figure 6.5 shows the simulation plots of SJ structure with W = 5um and L =
15 pm at different positive Vpg bias when Vgs = 0V produced by MEDICI.



Table 6.1. « values between £y max and E;; at different ratios of W/L.
N (em™3) 9.8 x 1016 4.47 x 1016 1.27 x 1016 7.1 x 1013 3.2 x 1013 1.5 x 1015
W (um) 0.5 1 3 5 10 19.5
Ec (V/em) 533 x 1015 4.84 x 1013 4.13 x 1013 3.84 x 1015 3.48 x 1015 3.16 x 1015
L =15um
Ey max (V/cm) 3.569 x 10° 3.256 x 10° 2773 x 10° 2.546 x 10° 1.956 x 10° 1.126 x 103
W/L 0.033 0.067 0.2 0.333 0.667 1.3
oA Ey max/Ec 0.670 0.673 0.671 0.663 0.562 0.356
L =20pum
Ey max (V/cm) 3.569 x 10° 3.256 x 10° 2.775 x 10° 2.577 x 10° 2.158 x 10° 1.430 x 10°
W/L 0.025 0.05 0.15 0.25 0.5 0.975
o = Ex.max/Ec 0.670 0.673 0.672 0.671 0.620 0.453
L =50 puum
Ex max (V/em) 3.569 x 10 3.256 x 10 2.775 x 103 2.585 x 10° 2.329 x 10° 2.065 x 103
W/L 0.01 0.02 0.06 0.1 0.2 0.39
o = Ex.max/Ec 0.670 0.673 0.672 0.673 0.669 0.654
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Fig. 6.3. Relationship between E x.max/ E¢ and W/ L for SJ structure.
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Fig. 6.5. Equipotential lines within SJ structure at different Vg bias before breakdown.

Ve 18 simulated to be 261V for this structure. The doping concentrations Na
and Np for p- and n-column in the structure are exactly equal to get the ideal
result. However, in the practical fabrication, perfect match of No = Np is
difficult to achieve. The analysis of charge imbalance will be discussed in the
later part of this chapter. When Vpg = 0 (see Fig. 6.5(a)), the depletion region
that results from built-in potential between p—n columns is very small. The
built-in potential (V4,;) is approximated by

kT
Vii & —1n(NAND). (6.26)

2
q n;

From Eq. (6.14) we know that in the case of No = Np = 7 x 1013 ¢cm~3, the
built-in depletion width (Wy;) is about 0.5 um. After Vps > 0, the depletion
region starts to extend. It is observed in Figs. 6.5(b)—(d) that the depletion
region first merges on the top part of the drift region at a small bias, then moves
down with the increase of the bias.

At the breakdown, the entire drift region is fully depleted as shown in
Fig. 6.6. The distribution of equipotential lines (the parallel curves shown in
Fig. 6.6(a)) is nearly uniform within the drift region. The E-field vector plots
in Fig. 6.6(b) represents that electric field crowds obviously at the p—n column
interface, especially at the top and bottom regions. Along the vertical direction
at the center of the n-drift region, only vertical electric field is found. The above
simulation result verifies the electric field profile as shown in Fig. 6.2.
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Fig. 6.6. (a) Equipotential lines at 10V interval, impact ionization representation and
(b) E-field vector plots for SJ structure at breakdown.

As shown in Fig. 6.7(a), when increasing Vps, the vertical electric field pro-
files of SJ structure at the center of n-column (x = 5 um) start to transform
from a triangle shape as that in the conventional case to a trapezium-like distri-
bution. The electric field at p—n interface (x = 2.5 um) as shown in Fig. 6.7(b) is
almost in the same shape at any bias but different in magnitude as determined
by the applied bias.

6.3.2. Charge Imbalance

To utilize the benefit of SJ structures to the maximum, the principle of charge
compensation must be satisfied as

On=0p and W, x Np = Wp X Na. (6.27)

And, the doping integral over a layer perpendicular to the current flow direction
remains smaller than the specific breakthrough charge for silicon of about
2 x 1012 cm=2 (Deboy et al., 1998). Thus, the enhanced doping level of the
current carrying n region results in a significant drop in resistivity.

Experimental data from Shenoy et al. (1999) reveal that the change of Vj,
in a SJ structure is dependent on the value of the charge imbalance (i.e. AQ =
|Op — Onl). It becomes lower when AQ increases. Other effects on charge
imbalance to the device transient performance include higher electric field,
peak recovery current, and higher turn-off losses. Numerical simulations prove
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Fig. 6.7. Electric field plots along (a) x = 5 um and (b) x = 2.5 um at different Vpg.
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that the SJ device is highly sensitive to charge imbalance especially for devices
designed for low on-state resistance.

6.3.3. Fabrication Technologies

The COOLMOS above 600V by Siemens was the first commercially avail-
able silicon device exploiting the SJ concept (see Fig. 6.8). It is able to reduce
the resistivity by a factor of 5, which leads to the reduction of chip size in
comparison to that of the conventional MOSFET of the same voltage rating.
Also, the fall time of COOLMOS is short due to quick removal of carriers
of charge storage. It comes to compete with IGBT devices in medium-high
voltage, high frequency applications where switching losses of IGBT become
more predominant.

The distinguished feature in the process technology of COOLMOS is that
multi-epitaxy technology is used in fabrication to achieve the near charge bal-

ance between p—n columns. However, there are some drawbacks (Minato et al.,
2000):

¢ Repetitive masking, epitaxy growth, and implantation steps are required to
realize the p—n columns especially when the column is long, which leads to
a higher cost and process complexity.

Source Gate
n+
P+
P N

n+ subsirate

——

Drain

Fig. 6.8. Typical COOLMOS structure (mirrored cross-section).
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* Along thermal budget in drive-in treatment is needed to anneal the deep and
vertically buried impurity regions formed by the repetitive epitaxy growth
and implantation. This causes dopant interdiffusion between p—n columns
resulting in a nonabrupt transition junction and lower effective impurity
concentration. Consequently, the performance merit of both Vi, and Ry sp
will be affected.

Super Trench MOSFET (STM) (Nitta et al., 2000) has its vertical p- and
n-columns formed within the mesa region between adjacent trenches. The
trench is then filled with insulator as in Fig. 6.9(a). The p—n layers are made by
boron and phosphorus tilted implant at the opposite sidewalls of the deep sil-
icon trenches. The advantage of having this device structure is that, compared
to the multi-epitaxy technology in COOLMOS, it simplifies the fabrication
process by having only one additional mask over the conventional DMOS
process to achieve the near SJ performance.

The trench width, which takes up the area in the drift region, must be
wide enough to guarantee the depth of the trench and the suitability of tilted
implantation. This will reduce the conduction area especially when p—n column
dimensions become small. Therefore, it limits the fabrication of STM devices

for low voltage application, e.g. below 200 V, where the device has small column
width.

The structure of vertical deep trench RESURF DMOS (VTR-DMOSY) is
shown in Fig. 6.9(b) (Glenn and Siekkinen, 2000). It can be formed through

Source Gate

pllin[p|fi|ln Oxide| p- n- epi

P n|p n

|
¥ Y Y

= = — — ot sub
n+ sub // n+ sub
Oxide 5 I
Drain Drain
@ ®)

Fig. 6.9. (a) STM structure an (b) VTR-DMOS structure.
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the following steps in the n-epitaxy region.

¢ p-well formation.

« Silicon deep trench etching in the n-epitaxy layer.

e Thin in situ boron-doped LPCVD poly-Si deposition and boron diffusion
drive-in at 1000°C.

» Dry oxidation to convert poly-Si into SiO; (the sidewall SiO5 is to passivate
the surface along the trench sidewall).

e n+ implantation.

o TEOS filling in the trench.

For a design case study, simulation result of the VTR-DMOS shows that
the Ron sp and Vi, are in the range between the best case of 25.7mS - cm? and
Vi = 880V, and the worse case of 26.1 mS2 - cm? and V4, = 700 V. While for
the conventional DMOS, it is of 143 mS2 - cm? and Vi, = 710 V.

6.4. Practical SJ Performance

For the constraints existing in device structure or fabrication technology, p—n
column interdiffussion is one of the problems causing significant performance
degradation. In this section, the phenomenon and the study of practical super-
junction device performance under given thermal cycles are discussed.

Most of the fabricated SJ devices are in vertical structure. To achieve
the best performance in superjunction structure, precisely charge-balanced
p- and n-voltage-sustaining columns must be formed to have exactly the same
doping concentration and the same column width. However, to achieve an
ideal matching condition in practice is rather difficult, if not impossible. In
addition, even if the doping of both p—n columns could be made equal,
the quality of sidewall junction formed by the neighboring p—n columns
would play an another important role to influence the breakdown voltage.
This constraint becomes more dominant when p- and n-column widths get
smaller for devices rated in low voltage region, e.g. below 200 V. For a col-
umn width less than 3 um, the approach of using multiple-layer epitaxial
growth and implantation process (Deboy et al., 1998) to form vertical p-—n
columns becomes unsuitable due to the constraints of multiple misalignments
of masks, auto-doping in the epitaxial process and thermally induced dopant
interdiffusion in annealing process. Instead, the silicon trench and selective
epitaxial growth processes can be used at a lower temperature to overcome
the above-mentioned constraints (Yamauchi et al., 2002; Chang and Sze, 1996;
Regolini et al., 1989).

However, other follow-on fabrication processes involving thermal cycles for
MOSFET gate and source formation are still needed. These high temperature
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thermal cycles promote dopant interdiffusion between nonideal p—n columns
and give rise to the formation of a wider dopant transition region at the junc-
tion, resulting in more nonuniform dopant distribution. The sidewall junction
quality is thus worsened, and in turn, this lowers the achievable breakdown
voltage of superjunction devices having narrow column width.

To study the realistic SJ performance under given process thermal cycles,
two vertical S] MOSFET structures, namely DMOS and UMOS were com-
pared in process and device simulations. The schematic view of DMOS and
UMOS structures are shown in Figs. 6.10(a) and (b).

The conducting n-column is set initially to have the equal doping and
width as the nonconducting p-column at the selective epitaxy growth stage
then followed by all needed thermal processes in order to find the SJ device
performance in practice. In process simulation, a silicon wafer of n-epitaxial
layer grown on n* substrate is used. A trench is etched and p-column is

Gate
Source

Source

M Neck

p-body s Y vy Region
Gate
n n
X P - P P
— Wio—sle— Wo—s e W/2—>le—— W —leW/2>]

Drain

(a) (b)

Fig. 6.10. The vertical superjunction power MOSFET structures: (a) DMOS structure
and (b) UMOS structure.
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grown by low-temperature selective epitaxy. The epitaxial layer now contain-
ing interdigitated p- and n-columns is further processed to form p-body, gate
and source regions so as to complete the MOSFET structure. The p-body and
source regions are self-aligned to the gate edge to ensure fixed channel length
for structural consistency for all cases in the investigation. The channel length
is fixed at 0.3 um. The right edge of source region, i.e. point A in Fig. 6.10, is
always aligned with the junction of p—n columns. The distance between p-body
right edge, i.e. point B, and the p—n column junction is maintained at a reason-
able distance, so that the neck region in DMOS structure will not be too small.
The device geometries are summarized as following. The minimum source
length is 0.5 um, of which the overlap with gate oxide region is 0.1 um. The
column width varies from minimum of 1.3 to 9 um at 0.1 um step. No obvious
degradation on breakdown voltage by the intercolumn dopant diffusion in SJ
structure was observed when the width is more than 9 um in the simulated
breakdown voltage range from 80 to 1000 V. The neck length for DMOS is
equal to half of the column width minus the channel length, i.e. it varies from
0.35 um to 4.2 um. The epitaxial thickness is adjusted to the minimum for
each specific breakdown voltage so that smallest Ry sp can be achieved. All
essential thermal cycles such as gate oxide growth, n™ source-drain anneals
and p-body drive-in are included in TSUPREM process simulation. The main
thermal processes in MOSFET device fabrication are listed in Table 6.2. The
thermal budget listed is taken from the actual fabrication condition in the run
sheet, which is intended for high voltage device.

To find the realistic and optimum SJ performance curve, the approach is
to find the minimum Ry 5p at various column width, doping concentration,
and drift length at each breakdown voltage. For each breakdown voltage, the
column width (W) is set at the maximum value and the initial concentration,
(N) is set at 30% of the theoretical value of N = 1.2 x 1012 x W—3/7 to start
with the numerical iterations. The drift region depth is set initially at a value
by assuming uniform field of 10 V/ um over the drift length. The structure
formed by the process simulation (TSUPREM) is imported in device simu-
lation (MEDICI) to simulate device performance. The iterations are to find
the locally optimal doping concentration first at each column width, and for

Table 6.2. Main thermal cycles for MOSFET device fabrication.

Thermal process Time (min) Temperature (°C)
Gate oxide growth 76 1000
P-body drive-in 20 1100

Source/drain anneal 30 900
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all different column widths to determine the globally optimal column width
and doping concentration to yield the minimum Ry sp for a given breakdown
voltage.

For example, let us consider the case of column width W = 1.7 um for
device breakdown rating of 300 V. The calculated optimal concentration based
on the ideal SJ theory for W = 1.7 umis 2.44 x 10'© cm—3. In practice, the opti-
mal concentration is likely to be lower; hence, it starts from the concentration
of 8 x 1013 ecm=3 (about 30% of ideal value). The concentration is gradually
increased while the width W is fixed. For each concentration, the drift length
to sustain the expected breakdown voltage, i.e. 300V, is adjusted accordingly.
Then, Ron,sp is found with that concentration and epitaxial thickness. As can be
seen in Fig. 6.11, under realistic process conditions, the increase in the doping
concentration enables a lower Rop sp and the performance point moves toward
the point Q where the optimal value is reached. This occurs at the concentration
of 1.3x10'6 cm™3, a value below the theoretically calculated one mainly due
to influence of dopant interdiffusion. During thermal process, the substrate
dopant may also out-diffuse into the epitaxial drift region. The out-diffusion
phenomenon has been considered and included in the drift length adjustment,
so that the drift length after thermal process is at the correct quantity to sustain
the target voltage, i.e. 300 V in the current example.

4 0E-3
75 ) "SRR N U (S S I Y IS SRR

J4E3

Ron,sp (Q-cmz)

3.0E3 i i i
7.0E15 1.0E16

Concentration (cm'3)
Fig. 6.11. The relationship between Ron,sp and column doping concentration at given

breakdown voltage (300 V) and column width (1.7 um). The optimum concentration
for column width of 1.7 umis 1.3 x 1016 em=3.
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For each column width, the optimal concentration and Ronsp to achieve
a specific breakdown voltage can be found using the methodology described
above. By observing R sp varying with changing W, the globally optimal
Ron,sp can be found for a given breakdown voltage. For the breakdown voltage
of 300V, Ronsp versus W curve is shown in Fig. 6.12. The optimal Ry sp at
300V rating is 2.24 x 1073Q - cm? at the column width of 2.3 um. Hence, by
following the same approach, it is now possible to find the globally optimal
Ron,sp for all different breakdown voltages. This has been done for breakdown
voltages of 80, 100, 200, 300, 500, 800, and 1000V, respectively.

The realistic optimal SJ performance curves under intercolumn diffusion
influence for both DMOS and UMOS of minimum Ry, sp versus Vy; are shown
in Fig. 6.13 together with the ideal silicon limit lines of conventional structure
and ideal SJ performance lines for different column width W (Fujihira, 1997)
and different A/L where A is the hexagonal column width and L is the drift
region depth as defined in Chen et al. (2002). Experimental data extracted from
the published work (Deboy et al., 1998; Nitta et al., 2000; Minato et al., 2000;
Glenn and Siekkinen, 2000; Gan et al., 2002) are also labeled in Fig. 6.13. It is
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Fig. 6.12. The relationship between Ron,sp and the column width at given breakdown

voltage (300 V). The optimal Ron,sp at 300V is 2.24 x 10732 - em? at column width
W =23 um.
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Fig. 6.13. The simulated practical optimum SJ performance curves (SJ DMOS and SJ
UMOS) with dopant interdiffusion included compared with the ideal SJ performance
lines, the ideal silicon limit curves and some published data (A: Deboy et al., 1998;
B: Nitta et al., 2000; C: Minato et al., 2000; D: Glenn and Siekkinen, 2000; E: Gan
etal., 2002).

shown that all the experimental data have a higher specific on-state resistance
above the realistic optimal SJ performance curves. With dopant interdiffusion
included in the practical process, the realistic optimal SJ performance curves
are not linear on the log-log plane. Compared with the ideal silicon limit,
when the breakdown voltage is below 80V, the realistic Ron,sp of SJ structure
is higher than that of the ideal unipolar silicon limit.

The interdiffusion influence on breakdown voltage is studied. To show the
transition between ideal and realistic situation, the doping profiles changing
from ideal case without thermal budget to the realistic case with full thermal
budget are shown in Fig. 6.14. The simulated SJ VDMOS has a column width
of 2 um and ideal doping concentration of 2 x 10'® cm~3. The doping profiles
are made by cutting across the p—n columns. The dopant interdiffusion creates
a broader dopant transition zone at p—n junction and it also alters the junction
position away from its original metallurgical position of equal p- and n-column
widths.

By integrating the doping concentration in p- and n-columns, respectively,
the difference between p-column doping integral Q, and n-column doping
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Fig. 6.14. The doping profiles change from the ideal profile to the realistic case with full
thermal budget. The thermal budget for each doping profile is labeled in the figure. The
SJ VDMOS has the column width of 2 um and ideal concentration of 2.03 x 1010cm 3.
The doping profiles are cut along line X—X’ as in Fig. 6.10(a).

integral Q, can be found and is defined as the one-dimensional (1D) p-n
doping integral imbalance. The two-dimensional (2D) p—n doping imbalance
can be obtained by numerically integrating the 1D p—n imbalance along the
entire length of SJ column in the drift region. The results show that, for higher
doping concentration the imbalance of doping integral is more severe for a
given thermal cycle. In turn, the sustainable voltage becomes lower. Hence
lower column concentration is preferred to maintain the high breakdown
voltage.

The realistic relationship between the optimal concentration and column
width for breakdown voltages of 300, 500, and 1000 V together with the theo-
retical concentration curve are shown in Fig. 6.15. All the three practical curves
follow the same trend and deviate from the ideal curve when the column width
becomes small.

To illustrate the phenomenon caused by doping integral imbalance,
Fig. 6.16 shows the potential contours and depletion boundaries of two sim-
ilar structures at breakdown voltage. They have the same column width of
1.5 um and epitaxial depth of 22 um but only the column dopant concentra-
tions are different. The concentration in the structure of Fig. 6.16(a) is at the
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Fig. 6.15. The relationship between the simulated optimal concentration and column
width at 300, 500, and 1000 V along with the ideal concentration curve which is calcu-
lated using the equation N = 1.2 x 1012 x W87 are shown.

SJ theoretical value of 2.82 x 101°cm—3. The best acceptable concentration of
1.1 x 10'%cm—3 under practical conditions is used in the second structure of
Fig. 6.16(b). Simulated results indicate the breakdown voltages of 149.5V for
structure (a) and 301.1V for structure (b).

By observing the depletion boundaries (dashed lines in Fig. 6.16) in both
structures, the lower breakdown voltage is due to incomplete depletion of
n-column. In Fig. 6.16(a), the n-column is not fully depleted at breakdown
voltage indicating that the SJ field action did not occur effectively. To study
the relationship between p—n doping integral imbalance and incomplete col-
umn depletion, the depletion status of n-column, while p-column is just fully
depleted was investigated. It was confirmed by the simulation that the doping
integral of the undepleted n-column region is approximately equal to the 2D
p—n doping integral imbalance.

The influence of p—n doping integral imbalance can also be observed
in the slope of electrical field (E-field) profiles. The E-field profiles in
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Fig. 6.16. Solid lines are the potential contours and dashed lines are the depletion
boundaries. Both structures have the same column width of 1.5 um and epitaxial depth
of 22 um. The column concentrations are different, namely (a) the theoretical concen-
tration of 2.8 x 1016¢m=3 having the breakdown voltage of 149V, and (b) the optimal
concentration of 1.1 x 101°cm™2 having the breakdown voltage of 301 V.

Figs. 6.17(a) and (b) are corresponding to the structures of Figs. 6.16(a) and
(b). The E-field profiles are plotted along the cut at the center of n-column along
the drift region. The applied reverse voltage varies from 5V to the respective
breakdown voltage in a step of 5V.

The particular E-field profile at the voltage when p-column is just fully
depleted is marked as a dark line. The triangle-like shape of E-field in
Fig. 6.17(a) indicates the incomplete depletion of n-column addressed by the
doping integral imbalance. The slope of E-field profile maintains approxi-
mately the same value after p-column is fully depleted. Knowing the critical
E-field is similar when the column concentration varies in a limited range, the
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Fig. 6.17. The electric field profiles within n-column, (a) and (b) are corresponding to
the structures in Figs. 6.16(a) and (b). The cuts are at the center of n-column with the
voltage step of 5V to the respective breakdown voltage.
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slope of the E-field profile after p-column is fully depleted can be used as an
index for the breakdown voltage. The lower E-field slope indicates a better
depletion of n-column and as a consequence of higher breakdown voltage.

Simulation results indicate that the slope of the E-field profile is approxi-
mately proportional to the 2D p-n doping integral imbalance at fixed column
width. Figure 6.18 shows the relationship between 2D doping integral imbal-
ance and the E-field slopes at 1.5 um at different concentrations.

With the above observations, the three realistic curves in Fig. 6.15 can be
better explained. Take the 300 V curve as an example, the prospective slope of
E-field at the breakdown voltage can be identified at a certain value. At the same
time, it is known to be proportional to the 2D p—n doping integral imbalance at
a fixed column width. When the theoretical concentration corresponding to a
smaller column width gets higher, the charge imbalance becomes worse. When
the imbalance gets larger, the E-field slope will get steeper. Thus, to maintain
the E-field slope for a specific breakdown voltage, the doping concentration
needs to be reduced to lower imbalance in order to maintain the full depletion
in p—n columns.
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Fig. 6.18. The relationship between 2D p—n doping integral imbalance and the E-field
slopes.
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6.4.1. The Practical Concentration Equation

Figure 6.15 shows the practical concentration deviates from the theoretical
concentration when the column width becomes small. As the column width
increases, the practical concentration curve merges with the theoretical curve.
The merger of the two curves shows that as column concentration decreases
to a certain value and the column width is large enough, the doping integral
imbalance caused by the interdiffusion becomes unimportant and plays a very
little role. The merge point of the practical curve and the theoretical curve is
dependent on the breakdown voltage rating. As the rating becomes higher, the
merger point occurs at larger column width, i.e. lower concentration. Higher
breakdown voltage corresponds to longer drift region depth which will make
2D doping integral imbalance larger. Hence, column doping concentration
needs to be reduced in order to keep the 2D doping integral imbalance low.
The merger point can be empirically identified by the product of the break-
down voltage and the theoretical concentration. The product has a constant
value of approximately 4 x 10'8 V/cm? for ratings between 300 V and 1000 V
as observed from the simulation results of a given thermal processes. It is rec-
ommended that this constant in product is used to identify the merger point
on the concentration—column width graph at a given breakdown voltage. The
concentration in columns should be lower than the one predicted by the theo-
retical equation once the column width falls below the merger point. Hence a
simple method to gauge onset of deviation from ideal concentration at differ-
ent column width is possible. A simple empirical equation to fit all the curves
in Fig. 6.15 was found. In this equation, realistic doping concentration N for
a given breakdown rating based on actual given process is

8
N 1.2x 1012 x w=7
~ 3 1Wm—w)
1+ —57e Wm
Vbr

N

(6.28)

_8
where Wy, is found by 1.2 x 1012 x Wy, 7 x Vi, = 4 x 10!3 as indicated earlier.
The numerator of Eq. (6.28) is the expression of theoretical concentration, and
the denominator is introduced due to the interdiffusion influence.

This proposed equation can be used to predict the optimum practical con-
centration for the given thermal cycle in processing. This equation is also useful
for device design under known thermal cycles. For example, if a 400 V break-
down rating power MOSFET device is required to have Ron sp as small as
possible, the optimum practical concentration at different column width to
sustain the breakdown voltage can be calculated from the equation. Through
which, a set of column widths is chosen and the corresponding column con-
centrations are calculated at these column widths to find the most suitable ones
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Table 6.3. The calculated practical concentration and the theoretical concentration
for the device breakdown rating of 400 V.

Column width (xm) Practical conc. (cm—3) Theoretical conc. (cm_3)
1.5 7.22E+15 2.81E+16
2 9.51E+15 2.02E+16
2.5 1.09E+16 1.57E+16
3 1.08E+16 1.27E+16
3.5 1.00E+16 1.07E+16
4 8.94E+15 9.17E+15
4.5 7.94E+15 8.02E+15

with lowest on-state resistance. The chosen column widths are 1.5, 2, 2.5, 3.5,
4, and 4.5 um. The calculated practical column concentrations and theoretical
column concentrations are listed in Table 6.3. From there, the optimum col-
umn width is found to be 2.5 um with the concentration of 1.09 x 101°cm—3.
The table also shows that for column width larger than 3.7 um, which is at the
merger point (Wy,) for 400 V rating, the practical concentration and theoretical

concentration are approximately equal.

Two groups of devices were simulated by TSUPREM and MEDICI with
given thermal cycles. They have the same drift region depth of 27 um, the
column widths, and concentration data obtained from Table 6.3. One group
uses the practical concentration and the other group uses the theoretical con-
centration. After the same thermal cycles given by Table 6.2, the simulation
results are shown in Fig. 6.19. Breakdown voltages for the group with practi-
cal concentrations are always above 400 V. As for the other group, it increases
when column width increases. When the column width is larger than Wy, the
breakdown voltages can reach over 400 V. Figure 6.19 has in effect proven the
suitability and usefulness of Eq. (6.28).

6.4.2. Practical SJ Performance Equation

Based on the practical concentration equation given in Eq. (6.28), the practical
SJ performance equation is derived. The specific on-state resistance of the drift
region is given by

Lgrift
qu(N/2)’
Due to the existence of neck region in S] VDMOS, the mismatch between the

simulated resistance and Eq. (6.29) is visible. On the other hand, there is no
neck region in SJ UMOS; the derived resistance is close to the simulated one.

(6.29)

on,sp —
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Fig. 6.19. The relationships between breakdown voltage and column widths for two
groups of devices of the same drift region length of 27 um and the same set of column
widths. One group uses the theoretical concentration whose breakdown voltages are
shown by long dashed lines and dots. The other group uses the practical concentration
whose breakdown voltages are shown by short dash line and triangles.

Equation (6.29) can be derived further to become

3 1Wm-w) 7/6
}vbr/ , (6.30)

Ron,sp ~ 1.8 x 1072w8/7 {1 + i Win
br

where Ropsp 1S in - cm?; W in cm; and Vi, in V.

Using Eq. (6.30), the practical SJ performance curves in the breakdown
range of 300-1000 V for different column widths are plotted in Fig. 6.20. These
curves show that, in practice, the Ron,sp does not necessarily decrease with a
smaller column width. There exists an optimum column width for each break-
down voltage. The column width corresponding to the lowest on-state specific
resistance for a breakdown rating among the practical superjunction curves is
the optimum column width.

6.5. Polysilicon Flanked VDMOS (PF VDMOS)

To lower the fabrication cost and simplify the fabrication process of super-
junction VDMOS device, as well as to overcome the interdiffusion problem
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Fig. 6.20. Practical SJ performance curves under the nominal thermal cycles at column
widths of 1, 3 and 5 um.

between p—n columns, a technology named PF VDMOS was introduced. The
fabrication of PF VDMOS were reported in Gan et al. (2002) and it could
break the conventional MOSFET silicon limit. The full PF structure is shown
in Fig. 6.21 with the edge termination.

To minimize the interdiffusion problem in SJ devices, a thin oxide film
is grown between p- and n-columns. This is achieved by etching a trench
in n-epi layer and followed by a quick dry oxidation. The oxide on the top
and bottom surfaces is removed and the thin oxide is left on the trench side-
wall only. To achieve uniform doping for p polysilicon column, boron tilted
implantation into the conformal polysilicon layer, polysilicon refill and drive-in
are carried out subsequently in that order. Finally, the polysilicon is etched
back with slight over-etch to ensure that all polysilicon is removed from the
active n-epi region. The subsequent fabrication steps are the same as those
of conventional VDMOS devices in the n-epi columns. Thus, both high dop-
ing concentration and smaller column width are now achieved in alternat-
ing p—n layers to improve on-resistance while maintaining the high blocking
voltage. Instead of complex multi-epitaxial growth, this structure can be fab-
ricated by relatively simple steps of etching, deposition, implantation, and
polysilicon refill. This brings forth the new milestone that SJ] MOS-devices
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Fig. 6.21. The PF SJ VDMOS structure with edge termination.

can now be fabricated by the standard cleanroom facilities without epitaxy
growth.

Device simulation by TSUPREM, MEDICI and measurement of fabri-
cated PF VDMOS devices were carried out. At the same blocking voltage of
240V, the doping concentration of Np = 7 x 10'5 cm™3 in the PF VDMOS is
much higher than that in the conventional VDMOS of Np = 1.2 x 10'3 cm—3.

The SEM photograph of PF VDMOS is shown in Fig. 6.22. To avoid
premature breakdown occurs at the edge of the device, an edge termination
with thick trench oxide and doped polysilicon is formed. The doped polysilicon
is connected to the source electrode. The pads are placed on thick oxide next
to the active region of the device. The thick oxide is needed to isolate the high
voltage applied on the pads. Figure 6.23 shows the SEM picture of 15 um in
depth, and 2.5 um in width of multiple trenches. The distance between two
neighboring trenches is 1.2 um. Wet oxidation and CVD oxide deposition are
followed to make a whole cubic oxide region.

Measured breakdown voltage (Vy,;) of one fabricated PF SJ VDMOS sam-
ple is 187V, which is 2.4 times higher than that of conventional VDMOS
(breakdown at 55 V) at the same epi doping concentration of 7 x 101% cm=3. At
Vs = 10V, measured Ry, sp of the PF VDMOS at the current density of 100
Alem? is 3.68 m§2 -cm? which is lower than the silicon limit of 3.97 m2 -cm?.
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Fig. 6.23. SEM photograph of silicon trenches for the thick oxide formation.

The process sensitivity for the result of charge imbalance is an important
concern. It is observed that, for the designed PF SJ] VDMOS structure, the
measured Vy, is reduced when the mismatch ratio goes up. Charge imbalance
of £10% results in 22% reduction of V4. For device fabrication, this mismatch
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Fig. 6.24. Ron sp vs Vi, performance of PF SJ VDMOS compared to ideal silicon
limit, superjunction structure at p—n column width W = 5 um (Fujihira, 1997), and
the other works on SJ VDMOS devices extracted from (7: Deboy et al., 1998; 16: Nitta
et al., 2000; 17: Glenn and Siekkinen, 2000; 36: Minato et al., 2000; 40: Shenai et al.,
1998; 41: Berta et al., 1991; 42: Wong et al., 1991; 43: Ajit et al., 1991; 44: Weyers and
Vogt, 1992; 45: Ifstrom et al., 1992; 46: Kobayashi et al., 1995; 47: Baliga et al., 1992;
48: Fujishima et al., 2002; 49: Huang et al., 2000; 50: Chen et al., 2000; 51: Kondekar
et al., 2002; 52: Onishi et al., 2002).

phenomenon does happen because the doping profile in p-poly is sensitive to
the angle of tilted implantation and the thermal diffusion.

Figure 6.24 gives the Ry sp Vs Vi performance of some published VDMOS
and SJ devices. Most of the SJ devices are designed for high blocking voltage,
the PF VDMOS at 200 V range becomes more attractive for applications of
medium voltage rating. The fabricated PF VDMOS does break the ideal silicon
limit.

6.6. Oxide Bypassed (OB) SJ MOSFET

It was recognized that the SJ structure is attractive for its high blocking
ability. However, the performance of fabricated SJ devices is handicapped
in reality by the realization of charge balance. So far the ideal charge bal-
ance in SJ p—n columns cannot be precisely realized due to the limitation of
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fabrication technologies. The introduction of oxide bypassed (OB) MOSFETs
is an alternative to overcome the difficulty mentioned above. It was found that
if the p-column of SJ structure was replaced by a thick oxide layer next to a
polysilicon layer, the new structure will maintain a high breakdown voltage. In
this section, basic theory and research efforts on OB structure will be described
in detail.

The possible OB structures of OBVDMOS and OBUMOS are shown in
Fig. 6.25. Compared to the S] MOSFET, the OB structure is accomplished
by making deep trenches next to the n-drift region. Along the trench sidewall,
there is a grown thick oxide layer with the cavity filled with highly doped
polysilicon which is connected to the source electrode of the MOSFET, i.e.
at the ground potential. This OB structure is meant to deplete the n-column
(drift region) by mimicking the superjunction lateral field insertion, and thus
it modulates the electric field profile and enhances the breakdown voltage.

Under the blocking state, the depletion zone starts to form at the
oxide/silicon interface. With the increasing voltage bias, the depletion zone
expands laterally to the center of n-drift region, and at a certain voltage,
the entire drift region becomes fully depleted. The OB structure moderates
the electric field at drift region and results in a higher breakdown voltage.
Apparently, OB structure provides a similar function like the p-column of SJ
devices. Experimental measurement shows that the breakdown voltage (Vy,)
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Fig. 6.25. Schematics of OBVDMOS (left) and OBUMOS (right).
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is a function of the oxide thickness (¢ox), the impurity concentration (Np),
and the width (W) of the drift region between the two neighboring thick oxide
sidewalls.

The Si/oxide/polySi structure can be treated as a capacitor. That is, the
voltage drop on both sides of the thick oxide can be obtained by:

2_ Q-tox _ gNp - W - iox

V=== =
C A -exx 2&0x

: (6.31)

where Q is the charge of the capacitor, C is the capacitance, and & is the per-
mittivity of oxide. To prevent premature breakdown and achieve optimum per-
formance, the sidewall field must deplete the n-drift region completely before
the main p—n junction (between p-body and n-drift region) breaks down, i.e.
Waep = W/2, when V < Vj, should be satisfied. Hence, we can derive the
maximum drift region concentration as (Liang et al., 2001):

w
Np =2.90 x 10! . <t0x : ?) . (6.32)

IS

The SEM photo of OBUMOS is shown in Fig. 6.26. The 1.5 um thick oxide
structure provides the field effect to be exerted to deplete the n-column lat-
erally. Owing to this additional lateral depletion, the doping in the n-region

Fig. 6.26. SEM picture of fabricated OBUMOS with 7ox = 1.5 um.
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can be raised higher to a value comparable to that in the SJ devices and thus
overcoming the conventional unipolar silicon limit. There is no requirement
in precisely doping matching as p-column does not exist in this structure.

In fully depleted drift region, there are two electric-field peaks along
the silicon neighboring oxide sidewall region, namely one appears at the p-
body/n-drift junction (around y = —14.5 um in Fig. 6.25) and the other is at
the bottom of the OB sidewall (around y = —1 um) because the maximum
horizontal electric field £ si.xmax, OB inserted into the drift region appears there.
The maximum horizontal electric field is a fraction of the critical electric field
at breakdown, defined as

ESi x max,0B = @0BEc, (633)
where 0 < aop < 1, and
Eox 2 Eox Vbr
ESI xmax,0B = _on xmax,0OB = —— —— (634)
€Si esi fox

Thus, the sidewall oxide thickness can be related to the breakdown voltage as
fox = ——————. (6.35)

For OB structure, the electric field in the drift region is less uniformly dis-
tributed as compared to that in p—n superjunction counterpart. Here, we define
that £ ave,OB 18 the average electric field in y-direction which is always smaller
than the critical electric field,

Eave,OB = ,BOBEm (636)

where Bop is a coefficient which depends on the structure dimensions and
0 < Bop < 1. Then the drift region length can be obtained as
Vor _ Vb

L =— —.
Eave ,BOBEC

(6.37)

The on-state resistance is approximately equal to the resistance of drift region,
i.e. Ron,sp & Rurifr as the drift region is long for a power device. The unit width
of the OB device is (W + 2tox + C), in which C is the polysilicon contact width,
W is the drift region width, and #.x is the sidewall oxide thickness. Thus, we
have the specific on-state resistance calculated as

L W+ 2tx +C
Ron,sp : ° . (6.38)
quND w
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The carrier mobility u for n-type doping with dependency on doping level at

300K is
5.10 x 1018 + 92N 291

3.75 x 1015 4+ N3

pn = (6.39)

By using the relationships derived earlier, the expression of specific on-state
resistance (for very small contact width C) is given by

- 5.1 9 3.75 x 1015 +4.87 x 1013 g~0-36
Ron.sp ~ 187> 107" Bop Vir T 501018 4,48 105 5056

x [142.16 x 107 (agp W™ Vi) HT5
where
H = agy Wiy (6.40)

By numerical simulation using MEDICI, we can obtain aop vs w/L (shown
in Fig. 6.27(a)) and Bop vs W/L relationships (shown in Fig. 6.27(b)). From
the results, we identify the following coefficients:

QOB = 09 .
if W/L<04. (6.41)
Bos = 0.9W/L
Consequently, the breakdown voltage is derived as
Vor = Eave.0BL = BopEcL = 0.9E.W. (6.42)

Equation (6.42) shows that, when W/L < 0.4, the breakdown voltage depends
on drift region width W only and it is not sensitive to the drift region length L.
Placing (6.42) into (6.35), one gets

tox ~ 0.33 W. (6.43)

By defining L = yW, where y is the aspect ratio, the specific on-state
resistance is then given by

s 3.75 x 1015 4 4.87 x 1013 g—0.56
R ~9.43 x 103yWHT :
on.sp * VTS 10 x 1018 14,48 x 1055056

(6.44)

At W/L < 0.4, for a given breakdown voltage, the specific on-state resistance
is a function of the aspect ratio (y) of the drift region. Simulated vertical com-
ponent of electric field along the silicon neighboring oxide sidewall region is
shown in Fig. 6.28. There are two ficld peaks in the drift region where break-
down point may locate: one occurs at the junction between p-body and n-drift,
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Fig. 6.28. Vertical electric field distribution near the Si-SiO; interface in silicon region
with L = 15um, W =3 um, and Ng = 1.3 x 1016 cm—3.

the other occurs at the bottom of drift region near the oxide corner. At a
given W with increased L, the vertical electric field in the middle of the drift
region will become lower. When L becomes several times larger than W, the
breakdown voltage is no longer improved by making L further larger, which
means the drain—source voltage supported by OB structure becomes saturated
and thus independent of the drift region length. Hence, there is an optimum
drift region length to achieve the maximum breakdown voltage for a given
drift region width. Further increasing the length beyond that will not help to
enhance the breakdown voltage, and not to degrade the specific on-state resis-
tance. This is a very different phenomenon in comparison to p—n SJ structure,
in which breakdown voltage follows the drift region length in proportion.

Figure 6.29 shows the relationship on breakdown voltage and drift region
length with drift region width W equals to 0.5, 1, 6, 10, and 20 um by simu-
lations. The result verifies that there exists a saturated breakdown voltage for
a given drift region width at certain aspect ratio. Figure 6.30 shows the com-
parison of theoretical prediction from Eq. (6.44) with the simulation results, in
which L/W equals to 2 with W varies from 0.5 to 20 um. The simulation data
have a little higher on-state resistance than the derivation. This is because only
the drift region resistance was considered in the derivation, while the simulated
resistance was the total device on-state resistance.
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Fig. 6.29. Simulated breakdown voltage and drift region length relationship with drift
region width W = 0.5, 1, 6, 10, and 20 um in OBUMOS structure.
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In summary, the OB structure has two obvious drawbacks, namely (a) the
breakdown voltage saturation issue and (b) the nonuniform electric field dis-
tribution in the drift region compared to that in p—n SJ devices. These two
drawbacks limit the application scope of OB structure for high voltage devices.
To improve this, a gradient oxide bypassed (GOB) structure was proposed
afterward to provide a uniform electric field distribution like that in p—n SJ
devices to achieve a comparable performance.

6.7. Graded Doping in Drift Region

In the conventional MOSFET structure, one may prefer to have a nonuniform
doping profile in the drift region to alter the field profile for a higher breakdown
and, at the same time, to reduce the on-state resistance. The optimum doping
profile in the drift region of the conventional MOSFETs N4(y) can be found
to be (Baliga, 1995)

2
s Peri (6.45)

3‘]Vbr\/l - (ZEcrity/3Vbr)
According to the equation, the doping concentration will increase from the

surface (source side) to the end of the drift layer (drain side). Using this doping
profile, the specific on-resistance is given by

Np(y) =

2
Ronmin = — 2 (6.46)
on,min — £3° .
ESMI’IEC

where E. is the critical electric field for breakdown. This specific on-state resis-
tance is lower than that of the uniformly doped profile (Hu, 1979).

For the OB structure, the advantage of using graded doping is similarly
to adjust the E-field for a more uniform distribution in the drift region. If
the doping profile is gradually increased from the top to bottom as described
in Eq. (6.47), a uniform E-field along the drift region can be achieved. And,
a better breakdown voltage can be obtained compared to the ordinary OB
devices with uniformly doped drift region. For the OB structure, Np(y) is found
to be (Baliga, 1992)

s Vor
Np(y) = £ ) : <d u ) Y. (6.47)

qm (& m -1
2 <ontox+ 2 ox

One way to implement the above is to grow a number of epitaxial layers with
gradient dopings. In such a way, the fabrication complexity will be propor-
tional to the epi-thickness required for the device. Fortunately, by having the
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partial graded doping at the lower part of the drift region, the on-resistance
and blocking capability can also be improved to a large extend. The process
becomes simple by adding one doped epi-layer in between the drift region
and the substrate, i.e. to become a double epi-wafer, followed by the thermal
diffusion. When undergoing the thermal process, the dopant from the heav-
ily doped substrate diffuses into the doped epi-region and from the doped
epi-region to the lightly doped drift region. As a result, a graded doping profile
can be formed by dopant redistribution. Simulations were done on OBUMOS
at three different graded profiles as shown in Fig. 6.31 for different breakdown
capabilities.

6.8. Tunable Oxide Bypassed MOSFETs

In the standard OBUMOS structure, poly contact at the oxide trench, p-body,
and n™ source are all connected to the ground potential. However, if the poly
contact is separated, it will potentially provide an additional control to influ-
ence the device performance.

In Fig. 6.32, both OB-VDMOS and TOB-VDMOS structures are shown.
For the TOB structure, we discover that the blocking voltage, on-state resis-
tance, and transconductance (G,) can be tunable if an external voltage is
applied at the poly contact, named the control electrode, to adjust the electric
field at the thick oxide sidewall. This discovery enables the OB device to have
the Vi, ~ Ron,sp position moving on the performance merit plane to be further
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Fig. 6.31. Doping profiles along the n-drift region of OBUMOS.
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Fig. 6.32. OB-VDMOS (left) and TOB-VDMOS structures (right).

Table 6.4. V), and the breakdown point at different con-
trol voltages from 0 to 100 V.

Control voltage (V) Vp(V) Breakdown point (xm)

0 199.3 (10.8, —0.76)
10 208.8 (10.8, —0.76)
20 218.2 (10.8, —0.76)
30 227.7 (10.8, —0.76)
50 246.6 (10.8, —0.76)
60 256 (10.2, —14.3)
80 131.5 (10.2, —14.3)

100 81.0 (10.4, —14.3)

away from the ideal silicon limit line, and at the same time to have a higher G,
if for small signal applications.

Off-state

Table 6.4 gives the TOB VDMOS V4, and the breakdown point position (in
(x, y) coordinates) at different control voltages from 0 to 100V with W =
8um, Np = 2 x 108 em™3 and s = 1.5 um, where W is the width, Np
is the doping concentration of the drift region, and # is the sidewall oxide
thickness.
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It is clear that, with the increase of control voltage, Vi, increases at first
to the maximum and then decreases. The positive control voltage provides an
additional electric field in a direction opposite to the original one to partially
counteract the influence from the drain bias. However, the control voltage
also pushes the depletion upwards to quickly extend to the upper part of the
n-drift region. This increases the electric field near the p-body/n-drift junction.
Therefore, the breakdown point changes place when the electric field of the
p-body/n-drift junction reaches the critical value.

Figure 6.33 shows the structures at breakdown for TOB VDMOS at dif-
ferent control voltage of 0, 50, 60, and 100 V. In each simulated structure,
the parallel equipotential lines are plotted at 10V interval, and solid curves
gathering at certain places in drift region represent the impact ionization at
breakdown. It is seen that for OB device without control voltage, breakdown
happens at the silicon/oxide interface near the bottom corner of OB region.
For TOB devices, with control voltage, there are more potential lines gather-
ing around p-body region for a higher breakdown voltage. Final breakdown
occurs by the impact ionization at the location right below p-body.

On-state

When the device is at on-state, a vertical accumulation layer is formed at the
interface of MTO and n-drift region due to the MOS effect produced by the
positive control voltage at the poly-electrode. This accumulation layer provides
a lower resistance path for current flow in the drift region and the results in
the reduction of on-state resistance. Simulations show that, for TOB VDMOS
with W = 8 um, Np = 2 x 105 ecm =3, and 75 = 1.5 um, the specific on-state
resistance is 5.26 m< - cm? without control voltage and 4.58 m$2 -cm? at 60 V
control voltage.

Investigation of 200V TOBUMOS

The TOBUMOS structure using trench gate is shown in Fig. 6.34. We define
an additional electrode called “control” electrode in the polysilicon region,
which is separated from source electrode in device simulation with Np =
3 x 1015 cm™3. The result in Fig. 6.35 shows that there is a linear relationship
between the control bias and V4, when the positive control bias is less than 60 V.
Beyond 60V, there is a drastic decrease in Vy,.

The results also indicate that during off state the avalanche breakdown at
0V control bias occurs at position A (see Fig. 6.34). At positive control bias,
the electric field in the top part of the structure becomes higher and so does
the breakdown voltage. When the bias is below 60V, the increase in V. is
approximately equal to the amount of the control bias. When the bias becomes
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Fig. 6.33. Structures at breakdown for TOB VDMOS at different control voltages of
(@) 0V, (b) 50V, (c) 60V, and (d) 100 V.

higher, the breakdown point moves from positions A to B or C. Table 6.5 gives
the relationship of Vi, Ron,sp, and breakdown location under different control
bias for TOBUMOS with Np = 3 x 1015 cm—3.

During on-state, the lateral electric field produced by the positive bias at
the control electrode acts on the device and leads to the formation of verti-
cal accumulation layer at the interface between the oxide and n-drift region.
Figure 6.36 shows the current flow lines and potential lines for TOBUMOS
structure with Np = 3 x 101%ecm™3 at Vgg = 10V, and Vpg = 30V under
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Fig. 6.36. TOBUMOS with Np = 3 x 1013 em™3 at Vgg = 10V and Vpg = 30V at
control bias of 0 V (left) and 60 V (right).

different control bias of 0 and 60 V. It is obvious that, due to the existence of
the accumulation layer, conductivity at on-state can be increased. This results
in the reduction of on-state resistance.

In Table 6.5, for the bias varies from 0 V to 60V, V. will increase by 48.8 V
and R, sp decrease by 1.6 mQ-cm?. The results are depicted in Fig. 6.37 on the
performance merit plane together with the unipolar silicon limit and super-
junction limit. For each Np, the control bias increases in a step of 10V from
0. All the points with increasing control bias are shown in the diagram. The
number of points in each of the cases is different as the lines terminate at the
point where Vy, is just about to drop. The minimum Ry sp obtained under
20V control bias with Np = 6 x 1015 cm~3 is much lower than the ideal silicon
limit and superjunction limit (W = 5 um).

The simulation indicates that the maximum control voltage (Veon,max),
which makes the highest V},, mainly depends on Np if the device structure
is fixed. Based on one optimized OBUMOS structure with W/2 = 1.5 um,
fox = 1.5um at Np = 6 x 1012 cm—3, Veon.max = 20 V. A higher Vion max of
60V can be obtained if Np decreases to 3 x 1015 cm™3.
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Table 6.5. Relationship of Vi, Ron,sp, and breakdown location listed under
different control bias for TOBUMOS with Np = 3 x 1015 ecm—3,

Control bias (V) Vpr(V) Ron,sp (me-cm? ) Breakdown position

0 208.2 4.9 A
10 218.0 43 A
20 227.9 4.0 A
30 237.7 3.8 A
40 247.2 3.6 A
50 255.3 3.4 A
60 257.0 3.3 A
70 245.9 3.2 B
80 118.3 — B
90 90.3 — B

100 79.7 — B

110 72.7 — B

120 67.0 — B

130 61.8 — C
0.01

. SJ Limit at
Id.ea.l Silicon W =5 pm
Limit

Ide al Silicon
Limit

OBUMOS at
different epi
doping:
—m— Md=3x10"
SJ Limit at — i M= 10"
W=3pum —e— Mi=5x10"
—%— Ni=Bx10"
s r=7x10'"

Ronsp (Q 'sz)

100 1000

Vir (V)

Fig. 6.37. The data for OBUMOS structure (W/2 = 1.5 um, tox = 1.5 um) with differ-
ent epi doping are plotted for different control bias varying from 0 to 60V for Np =
3x 1015 cm_3; 0to 50V for Np =4 x 1015 cm_3; 0to40V for Np =5 x 1015 cm_3;
0to 20V for Np = 6 x 1015 cm=3 and 0V for Np =7x 1015 ¢cm™3, respectively.
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Table 6.6. Comparison of V},. with the same Ron,sp = 2.4 mQ-cm? for SJ device at p-n
column width of 5 and 3 um, ideal silicon limit, OBUMOS with Np = 7 x 1015 cm—3
and TOBUMOS with Np = 6 x 1012 cm™3 at 20 V control bias.

SJ at SJ at Ideal silicon Original Tunable
W =5um W =3pum limit OBU- OBUMOS
MOS
Vor 162.1V 307V 1529V 210V 246.8V

Table 6.6 gives the comparison of Vi, with the same Ronsp of 2.4 mQ -
cm?. With the same given Ron,sp, the SJ devices at W = S5um and W =
3 um can support Vp, of 162.1 and 307V, respectively; while the ideal silicon
limit is 152.9 V. In contrast, V;,, of OBUMOS device is 37.3% beyond the
ideal silicon limit and for TOBUMOS, it is increased by 61.4%. Therefore, the
important advantage of the TOBUMOS device is that its performances, such
as the on-state resistance, breakdown voltage, small signal transconductance
gain, and cut-off frequency, can be tuned by applying suitable control voltage
although within a limited range to the optimum value.

6.9. Gradient Oxide Bypassed (GOB) Structure

Gradient oxide bypassed (GOB) structure provides improvement over OB
structure to enhance the uniformity of electric field profile in the drift region.
The structure has a slanted oxide sidewall at a specific slope as shown in
Fig. 6.38. The design with uneven oxide thickness, i.e. thinner at the top and
thicker at the bottom of the trench sidewall relieves the electric field stress at
the bottom of the drift region compared to that in the OB structure. The drift
region with a more uniform electric field distribution can support a higher
breakdown voltage. Consequently, GOB will have a better specific on-state
resistance vs breakdown voltage performance comparable to that of p-—n SJ
structure.

Derivations are made here on Ry sp Vs Vi, relationship for GOB structure.
From Fig. 6.39 we can assume that the electric field along y-direction in the
fully depleted GOB drift region is uniform except for very small parts near
the p-body and the n™ substrate. For L/W > 1, we can then assume Ey as
constant and the potential at any location in drift region can be expressed
as a linear function of the vertical distance from the p-body/n-drift region
junction as

V(y) = Ey - y. (6.48)
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Fig. 6.39. Electric field distributions of PN junction, superjunction (SJ), OB and GOB
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The device voltage can be expressed in linearly proportional to the drift
region length
Vps = EyL = V. (6.49)

Consequently,
Ey = BcosE., (6.50)

where Bgop 1s a field coefficient, 0 < Bgop < 1. Using Expressions (6.49) and

(6.50), we get
Vor

BcosEc

L= (6.51)
At an arbitrary point (W/2, y), for a small vertical distance dy, Si—SiO,—polySi
structure can be approximately considered as a capacitor

dQ = Vox(y)dCox = Vox () —— - dy, (6.52)
OX( )
where dQ is the charge across this incremental capacitor, Vox(y) is the voltage
drop across the oxide at y. Lateral electric field produced by voltage drop
across the oxide helps to deplete the drift region. When the drift region is fully
depleted

Vx() ® Ey -y = .BGOBEC y. (6.53)
Integrating both sides of Eq. (6.52)

Qiotal Cox L A Eox
/ 40 — / Vox (1)dCox = / (BaonEey) - —=dy
0 0 0 tox(¥)

L
= /(; BcoBEceoxK - dy, (6.54)
where —— - (}) = K, and K is the sidewall oxide slope. From Eq. (6.54) that
w .
qND?L = BgoBEceox KL. (6.55)

Thus, the optimum oxide slope K can be derived as

qWNp

_ 47D (6.56)
2BGoBEox E¢

For the lateral electric field depleting the drift region and uniform electric
field distribution in the drift region, GOB and SJ structures are in similar
manner. Therefore, the optimum doping concentration in GOB drift region
can be approximated as that in the superjunction structure. The oxide slope can
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then determined to achieve the optimum relationship between the breakdown
voltage and specific on-state resistance.

The specific on-state resistance of GOB structure can be derived as

L <W+2tox+C>
guND w

Ron,sp ~ Rgiift =

1 C 21,
= 4.01 x 1085 WV, — (1 + = ox
X ﬂGOB br,bL + w + w

) , (6.57)

where fox is the bottom oxide thickness, (w + 2tox + C) is the total width of
the GOB device, C is the polysilicon contact area at the bottom, #.x is related
to the breakdown voltage and the doping concentration of the drift region as

Vor
BcosEc 20x Vir

NT KT _4aWNa T 4gWNp (6.58)
2BGOBEox Ec

Placing Eq. (6.58) into Eq. (6.57)
—1 9/7 1 C —6 _6
Ron,sp = 4.01 x 1085655 W7 Vir— | 1 + W + 71 x 107°W™ 7V ). (6.59)
n
As Bgos is similar to Ssj, thus Bgop =~ 0.4. For a small polysilicon contact
area, C =~ 0, thus

3.75 x 1013 4+ 9.82 x 1010w —1.04
5.10 x 1018 +9.03 x 1012 —1.04

x (1+7.1 x 107 W9 V4,,). (6.60)

Ronsp & 1.0 x 10°W? 7V,

From Eq. (6.58), we can see that ¢4 is proportional to V.. The specific on-state
resistance in Eq. (6.60) placed in two different V;,; regions described as follows:

(1) For low Vi, Ron,sp & Vipr

For low Vi, tox is comparable to W/2, which makes the GOB Rop,sp and Vi,
relationship linear. This dependency is very similar to that of SJ. When 7.y is
small, GOB can have a better performance than SJ.

(2) For high Vi, Ron,sp o V2,

When Vy, becomes higher, 7ox is clearly larger than W/2, the conduction
area becomes smaller compared with the total cell area (ratio = (W/(W +
2tox 4 C)). Therefore, Ron sp increases almost quadratically with V4, and hence
the structure is no longer beneficial.
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Fig. 6.40. Theoretical and analytical performance merit data for GOB structure.

Simulations by MEDICI were carried out to verify the theoretical pre-
dictions. Figure 6.40 shows the comparison of theoretical prediction from
Eq. (6.60) with the simulation results. Simulation data and theoretical predic-
tion match very well.

6.10. Lateral Superjunction Power MOSFET

Superjunction power LDMOS device if implemented on the bulk Si substrate
suffers from the substrate-assisted depletion (SAD) effect, which causes the
charge imbalance and thus limits the performance of the STLDMOS device. By
adjusting the p—n column width of SJ structure (Lin et al., 2003) or combining
both SJ and RESURF concepts (Nassif-Khalil et al., 2004), or adding an
n-buffer layer under the SJ structure (Park and Salama, 2005), the performance
of the SJ LDMOS device on the bulk Si substrate can be improved. However,
the SAD effect still cannot be fully eliminated. To completely eliminate the
SAD for the best performance of ST LDMOS, an insulated substrate should be
utilized. ST LDMOS device on the sapphire substrate was demonstrated with
good experimental results (Nassif-Khalil and Salama, 2003). Nevertheless, the
sapphire substrate is not the mainstream for silicon wafer process. Simulation
results have been reported on the SJ] LDMOS devices on SOI substrate (Xu
etal.,2000; Ngetal., 2001; Amberetu et al., 2002; Park et al., 2001). However,
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Fig. 6.41. The lateral superjunction MOSFET structure on the partial SOI platform.

for SOI SJ LDMOS, the fabrication is handicapped due to the bottleneck
difficulty on formation of thick buried oxide in order to completely block the
substrate depletion.

Partial SOI (PSOI) structure formed using trench etch and direct thermal
oxide pinch off technique can tailor the thick buried oxide easily (Ren et al.,
2002). Together with the trench etch and poly refill processes, lateral SJ struc-
ture can be integrated on the PSOI platform (Fig. 6.41). Such PSOI SJ LDMOS
device and process technology enables the making of the device on bulk sili-
con substrate without sacrificing its electrical and thermal performance. The
technology provides all the benefits of PSOI, such as good substrate isolation,
low leakage current, fast switching speed, good heat dissipation as well as the
advantages of SJ structure, such as high breakdown voltage and low specific
on-state resistance.

The alternative p—n columns are placed on the thick buried oxide. The
buried oxide is terminated near the p-body and source, so as to reserve a thermal
dissipation window. Unlike the conventional SJ structure, a thin oxide layer
is formed in between the p—n columns to avoid the p—n column interdiffusion
(Gan et al., 2002). The p—n column widths W, and W,, are predetermined by
the thermal oxidation ratio to obtain the continuous buried oxide as shown in
Fig. 6.42. The p—n column doping concentrations need to be adjusted accord-
ingly by looking at the p—n column widths for good charge balance. One set
of optimum p—n column widths and doping concentration using 2D process
simulator Tsuprem and 3D device simulator Davinci is listed in Table 6.7 for
reference.

Figure 6.43 shows the field distribution at the onset of breakdown. The
solid lines are the equipotential lines and the dashed lines are the depletion
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Fig. 6.42. SEM photo of the PSOI platform.

Table 6.7. p—n column width and doping concentration for PSOI-LDMOS.

p conc. (Ny) 1.87 x 1016 2.72 x 1010 3.50 x 1016
n conc. (Np) 4.20 x 1010 5.16 x 1016 7.73 x 1010
p col. Wp(um) 1.50 1.29 1.02
n col. Wp(um) 0.98 0.79 0.61

Fig. 6.43. Equipotential lines in PSOI SJ LDMOS device at onset of breakdown.
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region boundary. We can see that the drift region is fully depleted and the
potential is equally distributed at the onset of the breakdown.

The designed device has a breakdown voltage of 126 V for the drift region
n-column width of 0.98 um, length of 5.5 um, depth of 1um, pinch size of
2.5um and n-column doping concentration of 4.2 x 10'®cm™3. The spe-
cific on-state resistance of this device with a planar gate is 0.439 mQ-cm?
by simulation. This outstanding performance is attributed to the elimination
of the substrate-assisted depletion and the suppression of the interdiffusion
between p—n columns.

6.10.1. Device Process Technology

The process started with the n~—p™ epi-wafer with the epi-layer thickness of
14 um and the resistivity of 1292 -cm. The key process steps are illustrated
in Fig. 6.44. The oxide/SiN/oxide triple hard mask was used to etch the first
1.8 um Si trench; SiN with the pad oxide was then deposited and anisotrop-
ically etched, after that the second 4.2 um Si trench was etched (a), followed
by the thermal oxidation to form the partially buried oxide (b), the buried
oxide thickness is determined by the second trench depth; after that, SiN hard
mask was removed and n-column phosphorus tilt implantation with dose of
2.2 x 10" cm~2 and the energy of 120keV was done, then 500 A oxide was
grown on the trench sidewalls as a diffusion barrier (c); an additional mask
was used to wet etch the sidewall oxide for a contact window between the
p-column and p-body (d); 3kA poly was then deposited in the trench, fol-
lowed by 2 x 10'¥cm~2 dose and 60 keV energy boron tilted implantation,
6 kA poly-refill and poly-etch back (e); finally, gate/source/drain were formed
as those in the conventional LDMOS process (f). In this process, both SJ and
PSOI structure were formed simultaneously using the same Si trench, therefore
no additional mask is required to form the lateral SJ structure on the PSOI
platform except one more is needed to open the contact window between the
p-body and p-poly as shown in (d).

The fabricated devices have a channel length of 1 um and gate oxide thick-
ness of 375 A. The device pitch size is 1.6 um and the depth of Si on PSOI is
about 1 um. The cross section (AA’ in Fig. 6.41) SEM picture of the alternative
SJ p-n columns with 500 A oxide diffusion barrier formed on the PSOI plat-
form is shown in Fig. 6.42. For the measurement results, the specific on-state
resistance at 15V gate voltage is 2.8 m2- cm?. The breakdown voltage of this
device is 74.5V which is 3.5 times of that of the conventional LDMOS fabri-
cated on the same PSOI platform (Chen, 2007) (Fig. 6.45).
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Fig. 6.45. Measured performance merit of SJ LDMOS in comparison with other sim-
ulation and measurement data published earlier.
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SiLicon Carsine Power Devices

7.1. Introduction

With more than 50 years of development, silicon (Si) power devices and pro-
cess technologies have become mature, with slight improvements often gained
only through complicated device structures or tight control of the process steps
and material properties, which increases the manufacturing cost significantly.
Some of these advancements and innovations have been introduced in previous
chapters. It is generally accepted that the potential for improvement of Si power
devices is approaching its limits. Because of this, advancements in silicon are
becoming more challenging, so attempts to identify an alternative semicon-
ductor device structure or material that enables significant breakthroughs in
performance are continuing. A figure of merit euE g was proposed that could
be used to evaluate the theoretical performance of unipolar devices made from
different semiconductors based on the breakdown voltage and the specific
on-resistance (Baliga, 1982), which later evolved into euE2., often referred to
as Baliga’s Figure of Merit, shortened as BFOM. To explain the importance of
BFOM, a simple derivation is provided. Combining Egs. (2.130) and (2.131)
with Eq. (3.93), and assuming that all the resistance in the device is dominated
by the drift region resistance in which conductivity modulation does not occur,
and noting that the definition of the specific on-resistance of a unipolar device
can be expressed as,

xd
QMnNd’

Ron,sp = Ron X Area =

(7.1)

one can establish the following relationship and clearly observe how BFOM
relates Vgr and Ron sp, the two most important static features of a power device.

~3
Vir _ &shn Ec _ BFOM
Ron,sp 4 4 '

(7.2)
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where Ec is the critical electric field. Conceptually, with a wider bandgap, it
would be more difficult to energize an electron in the valence band and free
it to the conduction band. Therefore, the impact ionization rate is smaller in
a wide bandgap semiconductor as compared with Si, which translates into a
larger critical electric field Ec. Empirically, it is found that (Hudgins et al.,
2003)

Ec = 175 x 10° (Eg)>%.. (7.3)

Therefore, from Eq. (7.2) it is expected that devices made from wide bandgap
semiconductors will have a better BFOM and provide a superior performance
in terms of lower Ron sp and larger Vggr. It is for this reason that wide bandgap
semiconductors, such as silicon carbide (SiC), gallium nitride, and diamond,
have been receiving increased attention in recent years. For SiC, the initial
studies into its potential use for power devices began in the early 1990s. After
years of fundamental research in both academia and industry, SiC devices were
commercialized for power applications in 2001, with the first device being a
Schottky diode. Now, both SiC diodes and switches ranging from 600V up
to 1.7kV are commercially available, and are now manufactured by half a
dozen companies worldwide. A few companies even manufacture devices for
specific applications that provide voltages of 3.3kV, 6.5kV, or even higher. It
is generally accepted that SiC devices will occupy a significant portion of the
power semiconductor device market in the years to come.

This chapter intends to provide readers with a basic understanding of SiC
material and device technology. The first part of this chapter provides an intro-
duction to the material properties which define the advantages of SiC, before
moving on to the process challenges that are sometimes the origin of the limits
on current SiC devices. The basic principles and performance of SiC rectifiers,
which are the most successful SiC products to date, will be discussed in the sec-
ond part of the chapter, along with an analysis of some of the design issues. In
the third part of the chapter, the focus then transfers to SiC unipolar switching
devices, which are the emerging and most anticipated SiC products, followed
in the fourth part by a detailed description of SiC bipolar devices for future
ultrahigh voltage and ultrahigh power applications. In the final part, SiC lateral
devices for possible power integrated circuits will be briefly discussed.

7.2. SiC Material Properties and Processing
Technologies

Typically, the potential and the performance of a semiconductor device are
limited either by its material properties in nature, or by the processing tech-
nology currently available. Therefore, it is essential to gain an understanding
of these basic concepts before investigating details of the device structures and
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their characteristics. More importantly, we need to be aware of what to expect
from a new material like SiC and any electronic devices manufactured from it.

7.2.1. Material Properties

SiC is a group IV-IV compound semiconductor with a carbon-to-silicon
atomic ratio of 1:1. More than 170 polytypes can be found in the literature,
each being differentiated by the stacking sequence of the SiC bilayers. Each
polytype has its own unique properties. Table 7.1 lists the key physical proper-
ties at room temperature for some of the most common SiC polytypes, together
with those for pure Si. These include 3C-SiC, where C refers to a cubic crystal
unit cell, also called 8-SiC, 6H- and 4H-SiC, where H refers to a hexagonal
crystal unit cell, also called «-SiC. These properties are closely related to the
performance of power semiconductor devices.

The first thing to be noticed in this table is the increased critical electric
field where the bandgap is larger, which was discussed in the previous section.
In a practical situation, the critical electric field in 4H-SiC is related to the
background doping concentration, as described in an empirical equation given
by Konstantinov et al. (1997)

. 2.49 x 10°
Fc= x . (7.4)

 1-0.25log (%)

Table 7.1. Material properties for 3C-, 6H-, 4H-SiC, and Si.

Si 3C-SiC  6H-SiC 4H-SiC
Eg (eV) 1.12 2.36 3.05 3.26
nj (cm™3) 1.5 x 1010 6.9 31070 1.6 x 1078
Ec (MV/cm) 0.3 2 3 3
pn (cm?/Vs) 1500 800 400 (a* 900 (a)*

85 (cy™ 1050 (c)**

1tp (cm?/Vs) 450 40 95 120
Vsat (cm/s) 1x107  2x107 2x107 2 x 107
k (W/emK) 1.5 3.3 3.3 3.3
&s 11.8¢¢ 9.7¢9 9.7¢9 9.7¢
Melting point (°C) 1414 2700 2700 2700
BFOM (MW/cm?) 1 130 4% 5754

normalized to Si

*parallel to the a-axis.
**parallel to the c-axis.
*#*electron mobilities of (c) are used.
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The next feature that can be noticed is the extremely low intrinsic carrier
density n; for SiC, which is a direct consequence of the large bandgap, as can
be seen from Eq. (2.14). Because of this, the junction leakage current of a SiC
device is expected to be several orders of magnitude smaller than that of a Si
device, as discussed in Sec. 3.3.2. The capability of SiC devices to withstand
high temperatures is also as a result of this feature. The electron concentration
at different temperatures can be calculated through Eq. (2.21) by considering
the contribution from donors and the valence band, and the results for both Si
and 3C-SiC are shown in Fig. 7.1. Here, the doping concentration is assumed
to be Ng = 10'%/cm3, and the donor level is assumed to be 50 meV below the
conduction band. The ionized dopant concentration NdJr will be reduced in the
freeze-out region, where the electron concentration is smaller than the doping
concentration. N;“ can be derived as

Nt = Mg
d 1 + gDe(EF*ED)/kT ’

(1.5)

where gp is the donor-site degeneracy factor, which is typically assumed to
be 2. The dashed line in the figure represents n; at different temperatures.
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5.0E+15 -

0.0E:00 £
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Temperature (K)

Fig. 7.1. Electron concentrations for 1 x 1016 ¢m—3 doped n-type Si and 3C-SiC at
different temperatures.
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From this figure, it can be seen that the conductivity of a semiconductor in the
extrinsic temperature range is controlled by the doping concentration, and is
the range where the device maintains its normal functions. At temperatures
above the extrinsic temperature range, the electron concentration increases
drastically when it is not being controlled by dopants. Because 3C-SiC has a
wider bandgap, the temperature at which n; begins to dominate the electron
concentration is around 1000 K, extending the upper limit of the extrinsic
temperature range to a much higher temperature than that of Si, which is
around 500 K. Similar conclusions can be drawn for both 4H-SiC and 6H-SiC,
as well as for other wide bandgap semiconductors.

Because of the different crystal structures, each of the three most common
SiC polytypes listed in Table 7.1 has its own unique electron and hole transport
characteristics. 3C-SiC has a smaller bandgap and a smaller critical electric
field, and is therefore less appealing in terms of BFOM. However, the biggest
obstacle for the commercialization of 3C-SiC is the difficulty in producing the
bulk material, as will be explained in the next section. For 4H- and 6H-SiC, the
electron mobility is different along, and perpendicular, to the c-axis, as shown
in the table. By comparing the physical property values, it can be concluded that
4H-SiC is superior because of the larger and more isotropic electron mobilities
in different directions. Moreover, currents are conducted along the c-axis in
the state-of-the-art vertical SiC power devices, making 4H-SiC the prevailing
choice among all the polytypes. The electron saturation velocity is also higher
for SiC, but that aspect is more important for RF devices and less critical for
power devices. The poor hole mobilities can also be observed in all of the SiC
polytypes presented in Table 7.1, making the p-type SiC very resistive. This
will impose some limitations on the performance of SiC power devices. For
bipolar devices in particular, p-type regions are required in order to provide
hole injection into the drift region when the devices are in the on-state, but
significant parasitic resistance will be introduced when there is a p-type region
in the current path.

Another benefit of SiC is its high thermal conductivity, which is compara-
ble to copper, and is more than twice that of Si, making heat dissipation in the
device more efficient. This is particularly important for a power device since
the junction temperature is always elevated from room temperature because
of significant self-heating. The very high melting point comes from the strong
atomic bonding strength of SiC, which also implies stable chemical inertness.
This property can be either beneficial or unfavorable, depending on the perspec-
tive. From one viewpoint, one might expect greater ruggedness and reliability
for SiC devices. On the other hand, however, the process requirements for SiC
would be more challenging as it is difficult to manipulate the material through
typical chemical reactions, as will be discussed in the next section.
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7.2.2. Processing Technologies

Since the melting temperature of SiC is very high, it is not easy to melt and
grow SiC boules at a standard pressure in the same manner as the Czochralski
process for Si. Rather, the majority of single crystal SiC materials available
today are obtained through gas phase reactions. A typical example is grow-
ing SiC boules by providing Si and C atoms through the vaporization of SiC
powders, followed by condensation on a seed in a graphite crucible, which is
a process called the modified Lely method (Tairov and Tsvetkov, 1978). The
typical process temperature is around 2200°C, with a temperature gradient
of about 30°C/cm, decreasing in temperature towards the seed to achieve a
growth rate in the order of several hundreds of um per hour, with the dominant
growth direction being the c-axis. With the process being performed at such
a high temperature, large thermal stress can be expected in the material, and
it is not easy to create large diameter, high-quality wafers that have very low
defect densities. In the early 1990s, the largest available size for a SiC wafer
was less than 1 inch (Powell and Rowland, 2002). As of 2016, the largest wafer
sizes that are commercially available are 6 inch, or 8 inch even with the best
R&D efforts. The most critical defect that exists in SiC wafers is the open core
screw dislocation, or often called micropipe, with a diameter in the ym range.
This kind of defect propagates along the c-axis and appears on every wafer
diced from the same boule, creating a significant yield loss in the number of
functional devices. In the early 1990s, the typical micropipe density reported
for SiC wafers was around 100/cm?. Today, this has improved to less than
1/cm?, with the best quality wafers being free of micropipes. An example of
this is the device area as large as 1 cm? reported in the literature (Zhang et al.,
2012). Other types of defects also exist in SiC wafers, such as basal plane dis-
locations, and threading edge and threading screw dislocations, with densities
typically in the range of tens of thousands per square centimeter (Ha et al.,
2002), as well as point defects such as interstitials and vacancies. The existence
of these defects greatly reduces the carrier lifetime of SiC because some will
certainly act as recombination centers. As a result, the minority carrier lifetime
observed for SiC is typically less than 1 us (Hassan and Bergman, 2009), as
compared with more than 1 ms that is possible in Si (Zhao, 2004b). SiC wafers
can be n-type doped to a resistivity of around 0.01 € - cm, or p-type doped to
a resistivity of more than 2 Q - cm. Additionally, semi-insulating wafers with
a resistivity greater than 10°Q - cm can be created using vanadium doping,
or can be produced simply by controlling the impurities to a very low level,
typically below 1015 cm~3. Semi-insulating wafers using vanadium doping, or
high-purity semi-insulating wafers, are mainly used as carrier wafers for RF
devices in order to reduce the substrate loss, and are not suitable for vertical
power devices. On the other hand, the high resistivity of p-type SiC, together
with a substrate thickness of 350 um for 4 inch wafers, will add too much
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substrate resistance for vertical devices. As a result, the wafers used for 4H-SiC
power devices are predominantly n-type.

One of the requisites for building semiconductor devices is the ability to
dope the material using a designated dopant at a controllable doping concen-
tration. Unfortunately in SiC, the diffusivities of most useful dopants, such
as aluminum, phosphorus or nitrogen, are very small, even at a temperature
of 1750°C (Seshadri et al., 1998). Boron shows an appreciably better diffu-
sion (Bracht, 2000), but is still not applicable for the active areas of a device
due to its very high resistivity. Feasible options for introducing dopants in the
practical fabrication of SiC devices include in situ doping during epitaxy and
ion implantation. During the early development of SiC technologies, homoge-
neous epitaxy on SiC wafers was difficult to control because different polytypes
may co-exist in the epilayer, with 3C-SiC inclusions most commonly observed,
since 3C is the most stable polytype among all others at lower growth tem-
peratures. Epitaxy on 4-8-degree off-axis SiC wafers was proposed in order to
solve this problem (Itoh et al., 1994; Kimoto et al., 1997a; Wada et al., 2006).
With the exposure of the crystal structure from the off-cut surface of the sub-
strate, the epilayer is able to be grown following the stacking sequence of the
substrate, while maintaining a single polytype with a much improved quality
at a reduced growth temperature of 300°C. A schematic diagram showing the
concept of step-controlled growth is shown in Fig. 7.2. Nowadays, high quality
SiC homogenous epitaxy can be performed using commercialized CVD tools
at temperatures above 1500°C, using hot/warm wall designs to increase the
growth rate to above 30 um/h.

There have been some attempts to grow 3C-SiC heterogeneously on large
Si wafers, but with limited success (Nagasawa et al., 2006). Even today, the
material quality and the defect density still do not meet the requirements for
large current, high voltage power devices because the large lattice mismatch of
around 20% between the 3C-SiC and the Si crystals is difficult to overcome.
Power devices require a thick and lightly doped drift region to support a high
reverse voltage, but, in SiC, the possibility of forming a drift region using deep
diffusion, as in some Si power devices, has been ruled out. Therefore, the drift
region in a SiC power device is, almost without exception, grown epitaxially.

To control the doping concentration to an acceptably low level, the concept
of site-competition has been introduced (Larkin et al., 1994). By adjusting the
C/Si ratio in the ambient during growth, the incorporation efficiency of the
dopants to the targeted lattice sites in the crystal can be tuned and, therefore,
the doping concentration can be adjusted. For example, aluminum, which is
widely used as an acceptor in SiC, tends to occupy Si sites, and nitrogen, which
is a popular donor in SiC, tends to occupy C sites. Therefore, by decreasing
the C/Si ratio to within an appropriate range, while maintaining other growth
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Fig. 7.2. Illustrations of (a) 3C inclusion formation during epitaxy on a nearly zero
degree off c-axis surface, (b) step controlled homogenous epitaxy on a 4-8-degree off
c-axis surface. Each A, B, and C represents different possible arrangements of SiC
bilayers, which defines the polytype.

parameters at the same level, the nitrogen doping concentration in the layer
can be controlled in a wide range because the completion rate from carbon
to the same atom sites is less. The surface of a SiC wafer is either terminated
with Si atoms, which is called the Si-face or the (0001) face in Miller indices, or
with C atoms, which is called the C-face or the (000-1) face. It was found that
the epitaxy growth of SiC on the Si-face will yield a much lower background
doping concentration under the same growth conditions. Therefore, the Si-
face is more favorable for the lightly doped drift layer than the C-face. As a
consequence, the majority of SiC power devices are created on the Si-face.

Another way to dope SiC is by using ion implantation, which is very often
used to create heavily doped regions in the device structure, such as the source
and drain in a MOSFET. Aluminum and boron are used to create p-type
regions in SiC devices using ion implantation, while nitrogen and phosphorus
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are used to create n-type regions. The implantation profile and junction depth
can be predicted with a reasonable accuracy by using Monte Carlo simulation
(Tian, 2008). After dopant ions are introduced in the material, a high tempera-
ture anneal is required in order to recover the crystal quality and to incorporate
the species into appropriate substitutional sites. It was reported that, in order
for boron to be activated effectively, the annealing temperature must be greater
than 1650°C to achieve an activation percentage of 50% (Capano et al., 1999).
For aluminum, annealing at 1300°C for 12 h is enough to achieve an activation
percentage of more than 40% (Saks et al., 2001), but, practically, annealing
is performed at temperatures greater than 1600°C for less than 1 h so as to
achieve a reasonable production throughout.

Typically, all implantations in device fabrication are activated together
using a single annealing process. A temperature of above 1600°C is sufficient
to activate both nitrogen and phosphorus implantations, and it was found that
phosphorus implantation can achieve sheet resistances for the n+ regions that
are an order of magnitude lower than nitrogen (Kimoto et al., 1997c; Capano
et al., 2000). Sheet resistance values of less than 100 Q/square were frequently
achieved using phosphorus implantation, which is suitable for device purposes.
An explanation for the lower sheet resistance of phosphorus is its nearly 100%
complete activation, up to the solubility limit, while this is not the case for nitro-
gen (Bockstedte et al., 2004). Ton implantation performed at 500°C or above
was found to be beneficial in restoring the crystal quality and in activating the
dopant better, which is explained by the lower extent of damage introduced
when using higher temperature implantations (Kimoto et al., 1997c). One of
the concerns regarding activation annealing at 1600°C and above is the rough-
ening of the surface, which is sometimes highly critical for device performance,
such as when the surface serves as the MOS interface or the Schottky metal
interface, for example. It was reported that Si and C atoms will escape at such
high temperatures, and the edges of the bilayer start to be exposed on the sur-
face, forming terraces on off-axis cut wafers, which is a phenomenon known
as step bunching (Kimoto et al., 1997b; Capano et al., 1998). Several methods
have been proposed that are intended to preserve the surface morphology dur-
ing high temperature annealing, including covering the surface with a capping
layer, such as graphite and AIN, and annealing the wafer in a Si-rich ambient,
such as providing an excessive pressure of silane gas higher than typical con-
ditions. The rms surface roughness can be as low as 1 nm, even after annealing
at 1700°C for 30 min with a graphite cap, and the sheet resistance is virtually
unaffected thanks to the capping process (Negoro et al., 2004a).

Even though dopants can be incorporated into SiC with a reasonable effi-
ciency, another important issue to be considered in the device operation is the
dopant level in the wide energy bandgap. The donor levels for n-type dopants
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in 4H-SiC, such as phosphorus and nitrogen, are 40-60 meV below the con-
duction band, which is similar to popular n-type dopants used for Si (Schmid
etal., 2002; Capano et al., 2000), and are shallow enough to achieve an activa-
tion level of close to 100% at room temperature. As a result, a sheet resistance
of less than 100 Q/square at room temperature can be routinely produced if
the implantation doses are sufficient. However, this is not the case for a p-type
dopant such as aluminum or boron. The shallowest reported acceptor level
for aluminum is around 190 meV above the valence band, and is 285 meV for
boron (Troffer et al., 1997; Sridhara et al., 1998). As a consequence of the
very deep levels in the energy bandgap, the ionization percentage for p-type
dopants in SiC is very low at room temperature, which has a significant impact
on the device characteristics, in particular, for bipolar devices. The ionization
percentage at different temperatures can be estimated by employing the same
equations used to obtain Fig. 7.1, except that we are now considering the
dopant ionization in the free-out temperature range. The degeneracy factor
for the acceptors ga is assumed to be 4. Figure 7.3 illustrates the calculated
ionization percentage versus the doping concentrations at 300 K and 600 K for
boron and aluminum. At a doping level of 1 x 10'® cm~3, the ionization per-
centage at room temperature is about 6% for aluminum, and only about 1% for
boron. The percentage becomes even worse at higher doping concentrations.
As a result of this, the best p-type sheet resistance that has been achieved is
2.3kQ/square for aluminum implantation and activation at 1800°C (Negoro
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Fig.7.3. Calculated ionization percentage for different doping concentrations of boron
and aluminum at 300 K and 600 K.
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et al., 2004b), which is at least one order of magnitude greater than the typical
n-type sheet resistance.

Another issue that arises with the low ionization percentage and the high
resistance of p-type SiC is the large p-type contact resistivity. Ohmic contacts
to n-type SiC are achieved using a Ni-based metal scheme, and the reported
contact resistivities are typically around 1 x 10~° Q-cm? (Nikitina et al., 2005).
For p-type SiC contacts, Ti/Al-based metal schemes are frequently used, with
special care taken in order to achieve contact resistivities below 1 x 10~* €2-cm?
(Crofton et al., 2002).

Other typical fabrication processes for Si devices, such as lithography, thin
film deposition, dry etching, and thermal oxidation, can also be applied to
SiC, but with some modifications. One exception to this is wet etching of single
crystal SiC, which is almost impossible at reasonable temperatures. It is also dif-
ficult to determine an appropriate material that has a good selectivity to serve
as the mask for selective wet etching. Consequently, selective etching of SiC
is performed exclusively using plasma chemistry, typically with flourine-based
gases such as NF3, CFy4, and SF¢. Etch rates of more than 500 nm/min can
be accomplished using inductively coupled plasma etching (Jiang et al., 2003).
Thermal oxidation can be performed on SiC surfaces, with SiO; being the
major reaction product. The majority of the carbon atoms react with oxygen
to form CO and escape from the surface, while some remain in the SiO; layer
in the form of carbon interstitials and clusters, concentrated at the interface of
the SiO; and the SiC (Afanasev et al., 1997). It is generally accepted that those
remaining carbon atoms are the reason for the inferior SiO; layers grown on
SiC compared to those grown on Si. A detailed discussion of this phenomenon
will be covered later in the chapter related to SiC MOSFETs.

7.3. High Voltage Designs for SiC Devices

To achieve high voltages in SiC devices, care must be taken when selecting the
doping concentration and the thickness of the drift region so as to achieve the
optimal VpR, in the same manner used for Si. Furthermore, the edge termina-
tion must be properly implemented in order to realize a reasonable Vpr that
is close to the ideal value, while remaining within the limits and constraints
imposed by SiC material and processing technologies.

7.3.1. Drift Region and Ideal Breakdown Voltage

Based on Eq. (2.150), Fig. 7.4 illustrates that the ideal VR for different doping
concentrations and drift region thicknesses for 4H-SiC can be generated as
a quick reference. This figure serves a starting point for all SiC power device
designs. According to the voltage ratings defined in the specifications based
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Fig. 7.4. Ideal breakdown voltage for the 4H-SiC drift region for different doping
concentrations and thicknesses.

on the targeted applications, the ideal Vgr that has a reasonable margin and
safety factor can be selected.

Once a suitable Vgr has been selected, the next step is to determine the
ideal doping concentration and the drift region thickness for that enables the
minimum Ry sp or V to be achieved. For unipolar devices, this can be accom-
plished by expressing Ron,sp as a function of the drift region thickness W with
the assistance of Eq. (2.150), and then letting dRon,sp/dW = 0. The corre-
sponding optimized drift region thicknesses and doping concentrations are:

3 VBrR
Wopt = —, 7.6
opt 2B (7.6)
)
4eg Ec
Nopt = ————. 7.7
P 9g VR .7

For example, for an ideal VR for 4H-SiC of 1200 V, Wq¢ is 6 um, and Nopy is
1.79 x 10'®cm=3, assuming a constant Ec of 3 MV/em, while for Si, Wopy is
60 pum and Nopq is 2.20 x 10'* cm—3, assuming an Ec of 0.3 MV/cm. From this
simple calculation, we know that in the drift region for 4H-SiC, the thickness
is reduced by a factor of 10, and the doping concentration is increased by a
factor of 100, yielding a much reduced Ron, sp. It is also worth mentioning that
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the optimal design for unipolar devices is always in the punchthrough region.
The same methodology can be applied for bipolar devices, but Vg should be
considered instead of Ry sp. However, simple form expressions for W, and
Nopt are not possible, since, taking the PIN diodes discussed in Sec. 3.3.1 as
an example, the expression for Vf is rather complicated. However, another key
parameter, the ambipolar lifetime t,, should also be provided in the analysis.
Furthermore, in a practical application, the turn-off loss related to the storage
charge should also be included in the overall analysis. Consequently, at this
point, we will leave the discussion of VF of bipolar devices for later sections.

The Superjunction principle was first proposed in the 1990s, and was
intended to overcome the limits to the VRr—Ron,sp trade-offs in conventional Si
vertical devices (Chen, 1993). In recent years, attempts have been made to real-
ize the superjunction concept in SiC in order to further improve the Rop,sp. In
2014, Kosugi et al. first demonstrated the idea of implementing a superjunction
in SiC through a combination of MeV implantation and the multi-epitaxial
growth method. A Vggr of 1545V and a Ron sp of 1.06 mS2 - cm? was achieved
on a 5.5 um thick drift layer, clearly showing the advantage of superjunctions
in SiC.

7.3.2. Edge Termination for SiC Power Devices

In general, the discussions in Sec. 2.11 can be directly extended to SiC, but
a few important points must be noted. First, because diffusion in SiC is not
practical, the junction depth and junction curvature formed by implantation
at the edges of the active area in SiC devices is typically less than 1 um in
the vertical direction, resulting in significant crowding of the electric field. As
a consequence, edge termination is indispensable in SiC devices in order to
realize a breakdown voltage that is close to its ideal value. Second, due to
the difficulties encountered when attempting wet etching of SiC, the etched
contour termination has never been applied to SiC devices. Third, there was a
concern about the deep levels of the acceptors in the depleted p-type region in
SiC, either in the active area or in the edge termination. The question is whether
the acceptors are fully or partially ionized in the depletion region, and whether
they are ionized quickly enough to avoid any adverse effects when switching,
resulting in premature breakdown. In 1999, Lades et al. conducted a numerical
study and showed that, at room temperature, the time constant for aluminum
acceptors to be fully ionized in the depletion region is only 300 ps, which is less
than the practical switching times for power devices, and, therefore, it would not
affect normal operation. For boron, however, the time constant is 100 ns, which
might raise concerns for fast switching power devices. At lower temperatures,
the time constant begins to increase for both dopants, and attention must be
paid to the ionization transients in the device design, even for aluminum. The
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fourth point relates to the junction termination extension (JTE), which was
introduced in Sec. 2.11.7, and is a common edge termination method used for
ultra-high voltage SiC devices. One of the most important design parameters
in JTE is the implantation dose QjTg, which is defined as the dopant density
per unit area. The optimal Qg is roughly

e Ec
OjTE = sq . (7.8)

Incorporating the values in the equation, the Qyrg for 4H-SiCis 1.6 x 1013 /cm?,
which is about 10 times larger than that for Si, mainly due to the fact that Ec
is 10 times larger. In addition, it must be kept in mind that, in practice, QjTg
should vary in different device structures, since Ec is a function of the doping
concentration, as described in Sec. 2.9.1, whereas we assume it is a constant in
the discussion here.

Several edge termination structures for SiC devices have been demon-
strated. Floating guard rings, as discussed in Sec. 2.11.3, are also effective
for SiC devices, particularly for 600-1000 V. Floating guard rings have the
advantage that they can be incorporated in the same p+ process for the active
area, thereby saving costs. For example, they can be incorporated with the p+
implantation for the anode in PIN diodes. However, at higher voltages, this
approach is less attractive since spacing and width of the guard rings must be
fine-tuned in order to achieve a suitable optimization, meaning that its use is
limited by the capabilities of the lithography. JTE, on the other hand, can be
realized without needing to consider this limit and is therefore more favor-
able for higher voltage devices (Perez et al., 2005). However, a major issue
faced by JTE is its high sensitivity to QjTg and, particularly for SiC, it is dif-
ficult to precisely control the activation percentage of the implanted JTE dose
because of the very high annealing temperature required. Several advanced
JTE structures have been proposed that are intended to improve the sensitiv-
ity of VR against the variation of Qjrg. As a rule of thumb, multizone JTE
(MZ-JTE) using a gradual doping approach will improve the tolerance of Vgr
to QjTE. However, defining multiple zones requires multiple lithography steps
and multiple implantations which, consequently, will increase the cost. Several
methods have been proposed that are aimed at creating multiple zones with a
reduced number of lithography and process steps. Examples of these methods
include the stepped oxide mask JTE (Losee et al., 2004), the etched MZ-JTE
(Ghandi et al., 2009), the space-modulated JTE (SM-JTE) (Feng et al., 2012),
and the counter-doped JTE (CD-JTE) (Huang et al., 2015). Figure 7.5 shows
the structures of single-zone JTE, MZ-JTE, SM-JTE, and CD-JTE, using PIN
diodes as an example. The p-type regions in the edge termination for an n-type
epilayer can be formed using either ion implantations or selective etching.
Figure 7.6 shows simulated breakdown voltage versus JTE dose for different
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Fig. 7.5. Examples of JTE structures (a) Single-zone JTE, (b) MZ-JTE, (c) SM-JTE,
(d) CD-JTE.

JTE structures with a 100 zm width for a 30 um thick, 2 x 10" cm~=3 doped
4H-SiC drift layer. For a single-zone JTE, the breakdown voltage is very sen-
sitive to JTE dose and the optimal value is about 1 x 10!3 cm~2. With the
advanced structures, the sensitivity is significantly improved and reasonable
breakdown voltages can be achieved with a wide range of JTE dose.
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Fig. 7.6. Simulated breakdown voltage versus JTE dose for different JTE structures
with a 100 um width for a 30 um thick 4H-SiC drift layer.

Furthermore, since the surface charges will compensate for the effects gen-
erated from the ionized dopants in the JTE region, a JTE structure that has
a greater tolerance to QjTg will also have a greater tolerance to the sur-
face charges introduced by the passivation processes. Breakdown voltages of
more than 20kV have been experimentally demonstrated using SM-JTE on
a 186 um, 2.3 x 10'* cm™3 n-type drift layer (Miyake et al., 2012b). Bevelled
edge termination, which is typically used for wafer-sized Si devices, has also
been applied to SiC, where a breakdown voltage of more than 1000 V was
demonstrated using a p-type drift region that was 15.8 um thick and doped at
6.1 x 1013 cm=3 (Huang et al., 2012).

7.4. SiC Rectifiers

After gaining a general understanding of SiC material and processing tech-
nologies, together with Vg design and edge termination for SiC power devices,
we are in a good position to discuss their performance. This section is devoted
to the performance and important design issues related to some of the most
common device structures for SiC rectifiers, such as Schottky barrier diodes
(SBDs), junction barrier Schottky (JBS) diodes, and PIN diodes.

7.4.1. SiC Schottky Barrier Diodes

SBDs are simple semiconductor devices in terms of structural complexity, yet
have a broad range of applications. The most important design issue for SBDs is
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the control of the barrier height v, since this determines the trade-off between
the on- and off-state characteristics, as discussed in Sec. 3.4. In 1997, Itoh and
Matsunami (1997) showed that the barrier heights for different metals on the
Si-face of an n-type 4H-SiC material are based on an empirical relationship,
ie.

Yy = 0.70¢pp — 1.95(V)  for n-type 4H-SiC, (7.9)

which shows the effectiveness of controlling the barrier height v, by selecting
metals that have a suitable work function. This also implies that there is very
little Fermi level pinning at the metal-semiconductor interface because of the
superior chemical inertness of SiC. For comparison, an empirical relationship
for n-type Si is also shown (Sze, 1981).

Yp = 0.27¢Mm — 0.55(V)  for n-type Si. (7.10)

In the previous literature, titanium, nickel, and gold have commonly been used
for studying the characteristics of SiC SBDs, while molybdenum and tung-
sten have also been tested for high temperature applications on account of
their excellent thermal stability (Nakamura et al., 2005). A variety of ther-
mal treatments have also been attempted on SiC SBDs, and it was discovered
that the barrier height can be varied and tuned by forming metal silicide and
metal carbide at the interface (Kinoshita et al., 2010). Because the bandgap
for SiC is larger than Si, both the barrier height and the turn-on voltage for
SiC SBDs are typically larger, but this can be compensated for thanks to their
superior reverse and switching characteristics. For some applications, the rec-
tifiers in the circuits are required to have a large surge current capability. In this
case, JBS diodes are more favorable than SBDs (Brosselard et al., 2008). The
typical structures for SBDs, JBSs, and PIN diodes are shown in Fig. 7.7 for
comparison.

With the p+ islands underneath the anode to form parasitic PIN structures
that are parallel with the Schottky diode, the forward voltage drop will be
reduced at a sufficiently large surge current because the parasitic PIN will turn
on and inject holes in the drift region, enabling conductivity modulation. As
a result, the JBS diodes are able to dissipate less joule heat and are less prone
to damage at a high current density than Schottky diodes. The forward I-V
curves for SBD, PIN, and JBS diodes are compared in Fig. 7.8. Another benefit
of JBS diodes is that the Schottky metal will be protected by the p+ islands
at reverse biases, lowering the electric field at the interface, and reducing the
reverse leakage current.

Another approach that can be implemented to further increase the surge
current capabilities of SiC JBS diodes is to use a thin substrate. Experimental
results showed that the surge current capabilities can be increased by 50% using
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Fig. 7.7. Typical structures for (a) SBDs, (b) JBS diodes, (c) PIN diodes.

a 90 um substrate and an Ag-based backside solder in comparison to a 300 um
substrate and a standard Pb-rich Sn based solder (Nakanishi et al., 2014). The
specific on-resistance was also improved by 0.4 mS2 - cm?, which is about 20%
of the total resistance. By taking advantage of the very small reverse recovery
charges, the aim is to replace Si PIN diodes with SiC SBDs and JBSs of the
same voltage rating. The switching performance has been tested for SiC JBSs,
and, as a result of the reduced switching loss, the overall system efficiency
was improved. For example, replacing 600 V Si PIN diodes with 600V SiC
SBDs in a 300 W boost power factor corrector increased the efficiency by 2%
(Spiazzi et al., 2003), and the EMI performance was also improved. To date, a
breakdown voltage as high as 10kV has been reported in the literature for SiC
SBDs and JBSs that have a drift layer that is more than 100 um thick (Zhao
et al., 2003b). JBS diodes rated at 50 A are commercially available in TO 247
and similar packages, or in bare dies.
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Fig. 7.8. Comparison of forward I-V curves for SBD, PIN, and JBS diodes.

7.4.2. SiC PIN Diodes

Early SiC PN diodes were first demonstrated for blue LEDs in the 1970s
(Matsunami et al., 1977). Later, the attention was shifted to power electronics
applications as the material production became more mature. Since the built-in
voltage for a 4H-SiC PN junction is around 3V, the forward voltage drop of
PIN diodes at 100 A/cm? is typically 3.5-4V, making them only attractive
for ultra-high voltage and low frequency applications (Morisette and Cooper,
2002). One of the critical design issues associated with PIN diodes is the car-
rier lifetime. It was found that better forward characteristics could be achieved
when using an epitaxial p+ layer as the anode rather than an implanted p+
layer (Losee et al., 2009), which can be attributed to the low carrier lifetime
of the junction in the implanted region due to the difficulties related to the
activation of the implanted species and in the recovery of the crystal quality.
Moreover, the drift region must be conductivity modulated in order to achieve a
reasonable forward voltage drop. Figure 7.9 shows the estimated forward volt-
age drops where different thicknesses are used for the drift region, together with
the ambipolar lifetimes, based on Eq. (3.53), assuming an electron mobility of
800 cm?/Vs, a hole mobility of 120 cm?/Vs, a p+ anode doping concentration of
10" em~3, and a p+ cathode doping concentration of 10! cm 3. If, for exam-
ple, we take PIN diodes rated at 10 kV, the thickness of the drift region should
be around 100 pm thick to allow for a safe design margin. From Fig. 7.8, it can
be seen that the ambipolar lifetime should be larger than 10 s in order to create
a forward voltage less than 4 V. As mentioned in the previous section, the car-
rier lifetime for the SiC epilayer is typically several hundreds of nanoseconds.
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Fig. 7.9. Estimated forward voltage drop for a 4H-SiC PIN diode based on different
drift layer thicknesses and ambipolar lifetimes.

Other than optimizing the growth conditions to gain a marginal improvement,
several methods have been shown to be effective in greatly enhancing the car-
rier lifetime. In 2009, Hiyoshi and Kimoto showed that one of the impediments
to the lifetime of 4H-SiC, is Z; >, which is suspected to be a deep level carbon
vacancy in the energy bandgap, and can be annihilated by the injection of car-
bon interstitials through the thermal oxidation of the SiC surface. As a result,
the carrier lifetime, which is measured via the decay in photoconductance, is
increased from 0.73 us to 1.62 us. A similar approach was demonstrated by
Miyazawa et al. (2010) where carbon interstitials were injected through the ion
implantation of carbon and a subsequent diffusion anneal. The resulting car-
rier lifetime was shown to be close to 20 us, which is sufficient for 10 kV-rated
PIN diodes. With these advancements in the material properties and carrier
lifetimes, a forward voltage of 3.75 V at a current density of 100 A/cm? at room
temperature was achieved for a 12.9 kV PIN diode (Sundaresan et al., 2012).

Other than carrier lifetime, another critical issue for SiC PIN diodes is a
concept referred to as bipolar degradation. It has been reported that SiC bipo-
lar devices suffer from severe forward voltage drift during constant forward
current stress. This has been attributed to the expansion of the basal plane
dislocations in the drift layer, which causes a corresponding increase of the
resistance in the drift region consequently (Lendenmann et al., 2002). Several
methods have been proposed and demonstrated that are designed to reduce the
number of basal plane dislocations in the substrates and prevent them from
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propagating into a drift layer which was grown via epitaxy. An effective method
was to use molten KOH to preferentially etch the basal plane dislocations,
and form pits on the growth surface. Later, during epitaxial growth, these pits
would close up and transform into less harmful threading edge dislocations.
By implementing this method, the density of the basal plane dislocations can
be reduced from 500 cm~2 in the substrate to less than 10 cm~2 in the epilayer
(Zhang et al., 2006). Based on these efforts, 10kV, 50 A SiC PN diodes that
have no forward voltage drift were demonstrated (Hull et al., 2005). Instability
or performance degradation has also been found in other SiC power devices,
which can be traced back to the parasitic PN junctions in the device struc-
ture. Since the issues surrounding bipolar degradation in SiC PIN diodes have
mostly been overcome, the stability of these devices has also improved. The
switching of SiC PIN diodes was measured, and it was found that the reverse
recovery time of an 8.6 kV SiC PIN diode was less than 200 ns, even at 275°C,
which is much lower than similarly rated Si PIN diodes (Singh et al., 2002).
This aspect can be attributed to the diminished storage charge due to (1) the
smaller carrier lifetime, (2) the fact that a thinner drift region is required for the
same VpR, and (3) the higher doping concentration in the drift region, which
reduces the degree of high level injections.

7.5. SiC Unipolar Switches

After the commercialization of SiC rectifiers, SiC unipolar switches, such as
MOSFET and JFETs, were introduced to the market between the late 2000s
and early 2010s. Without the presence of storage charges in the drift region,
as compared to Si IGBTs with the same voltage rating, the adoption of SiC
unipolar switches is expected to further improve system efficiency. In fact, an
efficiency of 99% has been demonstrated in fully SiC converters and inverters
(Norling et al., 2012; Mallwitz et al., 2012). So far, however, SiC unipolar
switches have not been as successful in the market as SiC rectifiers, where
different challenges are being faced by different types of SiC unipolar switch.
The characteristics of these switches will be discussed later in this section.

7.5.1. SiC MOSFETs

The Si MOSFET is the dominant component in the power device market, par-
ticularly for high-frequency devices. Therefore, it is logical to expect that SiC
MOSFETs also play an important role, provided that material and cost issues
are able to be solved. The most important feature of a MOSFET is the channel,
which defines the gate control characteristic and the current handling capa-
bilities. As mentioned in the previous section, it is possible to form thermally
grown SiO; on a SiC surface, but experimental results have shown that the elec-
tron mobility in the inversion channel, calculated as the field effect mobility,
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is typically less than 10 cm?/Vs, with a threshold voltage much greater than
5V on the Si-face of 4H-SiC. Higher values were reported on other polytypes,
but these, unfortunately, are less attractive for power devices based on the rea-
sons described in the previous sections. Since the late 1990s, the improvement
in electron channel mobility in 4H-SiC, particularly on the Si-face, has been
one of the main focuses of research into SiC MOSFETs. With appropriate
nitration treatments, such as an NO anneal after thermal oxidation, or direct
oxidation using NO,, the peak channel mobility can be improved to 37 cm?/Vs
with a threshold voltage of 5V (Chung et al., 2001). It was also found that any
reduction in electron channel mobility usually came with an increase in the
measured interface trap density Dj;, particularly at the locations close to the
conduction band. This can be explained by the significant coulomb scattering
and the small number of free electrons existing in the channel that are able to
conduct current if the number of interface traps is large (Saks and Agarwal,
2000). Figure 7.10 schematically shows the band diagram for a MOS structure
corresponding to an applied gate voltage, together with the free electrons in
the inversion channel, and the trapped electrons at the interface.

The total number of carriers per area nyo, induced by a gate voltage can
be estimated from Eq. (7.11), and a relationship between the true mobility and
the extracted effective mobility can be expressed as Eq. (7.13).

qniotal = Cox (VGs — Vin), (7.11)
Niotal = Nfree + Mirapped> (7.12)
Lgq Lgq
Ueff = < fp = . (7.13)
¢ WCox (Vs — Vin) ! Waniree
Gate Sio, 4H-SiC Ec

Few free electrons in
the inversion layer

Ve

-

—

* Er

Large negative charge ny.,oeq
trapped in interface states

Fig. 7.10. A schematic diagram illustrating the energy band alignment and the free
electrons in the channel and the trapped electrons at the interface.
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Here, Cox is the gate oxide capacitance per unit area, ngee 1S the number of free
carriers per unit area, and napped 1S the number of trapped carriers per unit
area. L is the gate length and W is the gate width, while gq is the transconduc-
tance in the linear region at a small Vg, defined as I3/V,;. When D;; is large,
a significant proportion of the carriers will be trapped at the interface and,
from Eq. (7.13), it can be concluded that the extracted mobility will be less
than the true mobility. Moreover, as the temperature increases, the trapped
electrons will be released, resulting in an increase in the extracted mobility and
a reduction in channel resistance. It has been proposed that a more efficient
approach to accurately extracting mobility is through gated hall measurement
on a MOSFET.

Other approaches have been proposed that are designed to further improve
the electron channel mobility, but each has its own drawbacks. Burred or
implanted channels were shown to have a channel mobility as high as
140 cm?/Vs, but the threshold voltage was reduced to nearly zero (Harada
etal.,2001). Phosphorus doped gate oxide using a POCl3; anneal at 1000°C was
shown to improve the channel mobility to 89 cm?/Vs, but the threshold voltage
was unstable and also very close to zero (Okamoto et al., 2010; Sharma et al.,
2012). Dielectrics other than thermally grown SiO;, such as MOCVD Al,Os3,
ALD Al;03, and a LaSiO/Si0», dielectric stack, have also been investigated
and have shown some promising results (Hino et al., 2008; Lichtenwalner et al.,
2009; Yangetal., 2015). However, the relatively smaller conduction band offsets
between these dielectrics and 4H-SiC may cause a large gate leakage current in
n-type MOSFETs, and pose a threat to device reliability, particularly at high
temperatures (Singh, 2006). Figure 7.11 shows the relative band alignment
between Si, 6H-SiC, 4H-SiC, and some of the popular dielectrics.

Assuming that it is dominated by Fowler—Nordheim tunneling, the gate
leakage current can be approximated as (Schroder, 2006)

A B
JINE A E(z)X exp (— = >, (7.14)
(0.4
3
g”(m/mox)
=1 7.15
8rhop ( )
_ 8 2mox 3/2
B = ST Mox ;qh(% ) (7.16)

where m is the free electron mass, mqx is the effective mass of the electron in
the oxide, E o is the oxide field, 4 is the Plank’s constant, and ¢ is the barrier
height for the electron to move from the 4H-SiC conduction band through the
dielectric. Assuming an mqx/m of 0.26 and assuming that ¢p is the conduction
band offset, Jpn can be plotted for Al,O3/4H-SiC, SiO,/4H-SiC, and SiO,/Si,
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Fig. 7.11. Band alignment between Si, 6H-SiC, 4H-SiC, and some of the popular
dielectrics.

as shown in Fig. 7.12. It can be seen that forAAlgO3 on 4H-SiC, Jgy 1s increased
by almost six orders of magnitude at an Eqx of 3 MV/cm compared to SiO;
on 4H-SiC.

Electron channel mobilities on other crystal faces of 4H-SiC were also
investigated. It was shown that electron channel mobility can be as high as
96 cm?/Vs on the (112-0) face (Yano et al., 1999), which is beneficial for trench
gate UMOSFETs in 4H-SiC. An electron channel mobility of 111 cm?/Vs was
also demonstrated on the (0001-) C-face by using pyrogenic oxidation followed
by a hydrogen anneal (Fukuda et al., 2004).

As in Si, there are two popular gate structures for SiC power MOSFETs.
Thefirst is the planar gate structure or DMOSFET, and the second is the trench
gate structure or UMOSFET. With the n-drift layer epitaxially grown on the
off-axis Si-face, the electron mobility in the channel of a 4H-SiC DMOSFET
is expected to be low. In addition, the p-well is typically formed through an
ion implantation of aluminium, which creates many defects in the channel,
and introduces further scattering centers for electrons. As a result, the channel
resistance occupies a significant proportion of the total resistance in a 4H-SiC
DMOSFET, contrary to its Si counterpart at the same voltage rating. Several
structures have been proposed to overcome this problem.

A double epi-structure for DMOSFETSs was proposed for p-base using epi-
taxy layers instead of implantation so as to avoid implant damage in the channel
(Harada et al., 2004). A self-aligned process was proposed that was designed
to shrink the channel length to less than 0.5 um, which reduced the channel
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Fig. 7.12. Estimated Fowler—Nordheim tunneling current of Al 03/4H-SiC, SiO,/4H-
SiC, and SiO,/Si at different oxide fields.

resistance by a factor of between four and six (Matin et al., 2004). The use of
an accumulation layer close to the surface of the channel was demonstrated
(Singh et al., 2003). In this case, the electrons would travel with a mobility
that is closer to the bulk mobility, and, in theory, has a much greater mobility
than inversion mobility, but the enhanced mobility often comes at the expense
of a very low, or even negative, threshold voltage, which is less favorable for
power applications. A vertical 4H-SiC MOSFET was demonstrated on epi-
taxially grown p-well and n-drift layers on the C-face, taking advantage of the
high channel mobility. As a result, an Rop sp of 1.8 m$2em? was achieved on a
10 A, 660V device (Harada et al., 2006). Today, the best-in-class 20 A, 1200 V
4H-SiC DMOSFET shows an Ry sp of 2.7 mQem? at room temperature, and
3.9mQem? at 150°C (Zhang et al., 2015). Figure 7.13(a) shows a conventional
SiC DMOSFET on the Si-face, and Fig. 7.13(b) shows an epitaxial buried
channel SiC DMOSFET on the C-face. Notice that in this structure an n-type
implantation was done to reduce the JFET region resistance.

A variation of a DMOSFET in 4H-SiC was recently proposed, where
trenches were created in the channel region of the planar gate to form a 3D gate
structure similar to that of a FInFET (Tega et al., 2015). In this way, the chan-
nel density per area increases, while the channel mobilities on the sides of the



334 Power Microelectronics

Gate
Source Source

277 % %

p (implanted) p (implanted)

n- drift layer

Si-face n* substrate

Source Source

p” (epitaxial) (implanted)
p* (implanted) | p’(implanted)

Buried channel Buried channel

n- drift layer

C-face n* substrate
Drain

(b)

Fig. 7.13. The typical structure of (a) a conventional SiC DMOSFET on the Si-face,
and (b) an epitaxial buried channel SiC DMOSFET on the C-face.

trenches are also expected to higher because they are on the (112-0) or (1-100)
faces. As a result, the channel resistance reduces, and the Rop sp improves. The
internal PN body diode inside the SiC DMOSFET has the potential of being
used as an antiparallel, or free-wheeling, diode, which is required in certain
circuit topologies, despite the larger forward voltage drop. However, there are
concerns about bipolar degradation in the same way as for 4H-SiC PIN diodes
in the early years. With the improvement of material quality, as reflected by
the improved reliability of PIN diodes, body diodes nowadays show stable
characteristics under forward stress. An embedded JBS diode was proposed
as a technique for replacing the body diode in a DMOSFET structure, further
reducing the forward voltage drop and making it closer to that required for
practical uses (Yen et al., 2015). A 10kV DMOSFET has been demonstrated
for ultra-high voltage applications, such as smart grids (Ryu et al., 2004). An
Ron,sp of 123 mQcem?, corresponding to a VﬁR/Ron,Sp of 813 MW/cm?, and a
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Fig. 7.14. Typical output characteristics for a 1200V, 60 A rated SiC DMOSFET at
Ty = 25°C.

switching time of 100 ns, were achieved. In this case, since the doping concen-
tration of the drift region was very small, an n-type implantation was conducted
in the parasitic JFET region in order to reduce the resistance.

Figure 7.14 shows the typical output characteristics for a 1200 V, 60 A rated
SiC DMOSFET at junction temperature of 25°C, and Fig. 7.15 shows its out-
put characteristics at 150°C junction temperature. In contrast to a Si power
MOSFET, which always shows a clear current saturation region in its out-
put characteristics, a state-of-the-art SIC DMOSFET usually exhibits channel
length modulation when the current increases, even at low Vpg values. This is
because the channel length in these MOSFETs is short in order to reduce the
channel resistance, but, at the same time, the short channel effect inevitably
emerges.

Another distinct feature of a SiC DMOSFET in comparison to a Si power
MOSFET is the dependence of its on-resistances to temperature. Figure 7.16
shows a comparison of the normalized on-resistances for both Si power MOS-
FET and SiC DMOSFET for a temperature range from —50°C to 150°C.
For the Si power MOSFET, the on-resistance increases monotonically with
temperature, following the relationship that originates from the temperature
dependence of the bulk mobility, which is ~T~23, since the drift region resis-
tance in these devices dominates the on-resistance. However, this is not the
case for SiC DMOSFETs. As described earlier in this section, the inversion
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Fig. 7.16. Comparison of normalized Ryp of a 600 V Si power MOSFET and a 1200V

SiC at different temperatures.
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channel mobility in a SiC MOSFET is poor, and the electrons in the chan-
nel are trapped, and the channel resistance occupies a significant proportion
of the total on-resistance. As a consequence, the on-resistance shows a more
moderate dependence on temperature, which is a mixture of the channel resis-
tance and the drift region resistance. For some reported SiC DMOSFETs,
the on-resistance even decreases with temperature because the on-resistance
is dominated by the channel resistance, which is reduced at high temperatures
because of the release of the trapped electrons.

UMOSFETs have been developed in parallel with DMOSFETs in recent
years, and early experimental results are promising, such as an Ronsp of
311 mQcm? for a 1.4kV device (Sugawara et al., 1998). However, some con-
cerns have arisen regarding the reliability or the premature breakdown of the
gate insulator in the bottom corners of the trench gate, which restricts the per-
formance of the device. Assuming that no interface charge exists, and that the
maximum allowed electric field in the gate dielectric SiO; is 3 MV/cm so as to
satisfy reliability considerations, we can see from the simple calculation shown
in Eq. (7.17) that the maximum electric field in SiC, which is located in the
bottom corners of the gate trench, will be limited to a value of 1.2 MV/cm,
which is less than half of the critical electric field of 4H-SiC.

£5102 f o ax 2= 1.2(MV /cm). (7.17)
&sic

Esic =

As a consequence, the maximum achievable VéR/Ron,sp will be reduced by
10 times, according to Eq. (7.2). To fully explore the potential of 4H-SiC
UMOSFETs, several approaches designed to solve the problem at the gate
trench corners have been proposed. In 1998, Tan et al. proposed a p-type
protection region beneath the bottom of the gate trench that was designed
to protect the corners and reduce the oxide field located there, as shown
in Fig. 7.17(a). At the same time, an n-type current spreading layer was
inserted between the p-base layer and the p-type protection region so as to
reduce the parasitic JFET resistance. An Ropsp of 15.7 mQcm? and a Vgr
of 1.4kV were achieved, yielding a VéR/ROmSp of 125 MW/cm?2, which was
record high at that time. A thick bottom oxide at the bottom of the gate
trench also helps in reducing the oxide field (Takaya et al., 2013). Dummy
deeper trenches, or a buried p+ region closer to the bottom of the trench cor-
ners will also reduce the electric field located there, as shown in Fig. 7.17(b)
(Nakamura et al., 2011; Wada et al., 2014). A V-groove trench MOSFET
that has p+ buried regions was also demonstrated, taking advantage of
the superior MOS interface on the (0-33-8) face (Wada et al., 2014). The
state-of-the-art trench MOSFETs in 4H-SiC currently show an Ropsp of
1.41 mSQcm? for 1260 V and 3.5 mQcem? for 1700 V, witha VéR/ Ron,sp of around
8001100 MW/cm?.
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Fig. 7.17. The structure of (a) a UMOSFET with a p+ protection region beneath the
bottom of the trench together with a current spreading layer, (b) a UMOSFET with a
thick bottom oxide and an electric field reducing layer, and (c) a V-groove MOSFET
with buried p+ regions.



Silicon Carbide Power Devices 339

4H-SiC MOSFETs at a rating of 1200 V have been commercialized by sev-
eral companies. The switching behavior of these MOSFETs and their impact on
the system side has been extensively investigated. For example, it was reported
that with a suitable design for the gate driver, the switching loss could be
reduced by 60-80%, and the efficiency in a 40 kHz, 11 kW single-phase inverter
can be improved by 2% (Wang et al., 2003).

7.5.2. SiC JFETs

A JEFT is another common choice for SiC unipolar devices as there are no
issues surrounding the gate oxide compared to a MOSFET, and is supposedly
more robust. Furthermore, the electrons travel in the channel with bulk mobil-
ity, which has a much greater mobility than the inversion channel mobility in a
MOSFET. However, achieving the normally-off feature desired for the major-
ity of power applications is more challenging. For an n-channel FET, the Vi,
should be greater than zero which means the device will be OFF when Vi is
zero. The Vi, for a JFET with a symmetric gate can be expressed as

Vin = Vij — Vp = — 1 . 7.18
th = Vi = Vp="ln 3 2. (7.18)

m

kT (NA ND) gNp2,
where Vp; is the built-in voltage of the PN junction that is formed between
the p-gate and the n-channel, V}, is the pinch-off voltage of the channel, Ny is
the doping concentration of the p-gate, Np is the doping concentration of the
n-channel, and 7, is half the width of the n-channel. It is clear from Eq. (7.18)
that the channel needs to be pinched off or depleted by V}; in order to ensure
Vin 1s positive. Since Vy,; for 4H-SiC is around 3 V, much larger than the Vy,; for
Si, which is around 0.7V, it is easier to design a normally-off 4H-SiC JFET
when compared to its Si counterpart. As shown in Fig. 7.18(a), a normally-off
n-channel JFET based on a trenched and implanted vertical channel structure
with an Rop sp of 3.6 mQcm? and a Vgr of 1700V, yielding 830 MW/cm? was
demonstrated by Zhao et al. (2003a). However, the channel width is less than
1.7 um, posing stringent requirements on the lithography and tight controls of
doping concentration. Another version of a vertical channel JFET based on
the implantation of p+ into 4H-SiC to form a buried p+ grid as the controlling
gate was proposed and demonstrated, as shown in Fig. 7.18(b) (Tanaka et al.,
2006). A 4H-SiC JFET with lateral channels defined by an epitaxial layer and
an asymmetric gate was also proposed and is shown in Fig. 7.18(c) (Mitlehner
et al., 1999). In this case, the control of Vy, should be easier. However, the V;,
is about 30V, which causes the device to be normally-on.

If a normally-on JFET was cascoded with an enhancement mode Si n-
MOSFET, as shown in Fig. 7.19, it would mean that, from an external
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Fig. 7.19. A high-voltage normally-on SiC JFET cascoded with a low-voltage
normally-off Si MOSFET.

perspective, this JFET-MOSFET combination would operate in a similar man-
ner to a normally-off device (Baliga, 2001). Currently, SiC JFETs with rating
of 1200V have also been commercialized by a few companies as a strong
competitor to SiC MOSFETs. The state-of-the-art Ry sp of 2.4 mQcm? was
reported based on an advanced version of the buried gate JFET with a Vpr
of 1400V and a current of 100 A (Ishikawa et al., 2014). The VﬁR/ROmSp was
816 MW/cm?, which is comparable to that of most SiC MOSFETs. A 11kV
normally-off JFET with a trenched-and-implanted vertical channel structure
was demonstrated, showing an Ry sp 0f 130 mQcm? (Zhao et al., 2004a). The
implementation of SiC JFETs in a power electronic system shows a similar
enhancement in performance to that achieved by SiC MOSFETs.

7.6. SiC Bipolar Switches

‘When the minority carriers are stored in the drift layer and their concentration
exceeds the background doping concentration, the resistance of the drift layer
will be significantly reduced in Si bipolar switches such as BJTs, IGBTs, and
thyristors, a phenomenon called conductivity modulation, which has been dis-
cussed in previous chapters. However, the injection and removal of the required
storage minority carriers will reduce the switching speed of the bipolar device
and, consequently, increase switching losses. Therefore, Si bipolar devices are
more attractive in the domain of low frequency, high power applications, but
not in the high frequency domain. In the frequency spectrum, the boundary
between unipolar device and bipolar devices for Si is generally considered to
be around 50 kHz, while in the voltage spectrum the boundary is around 900 V.
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If we follow the same assumption, it is natural to expect that SiC bipolar
switches will behave in a similar manner to their Si counterparts, except that
the voltage boundary would be increased to around 8000 V (Bakowski, 2000),
and the frequency boundary would be relocated to a much lower value because
the large forward voltage drop in the junction of a bipolar SiC device would
make it less appealing. However, due to material issues, not all SiC bipolar
switches behave in the same way as Si switches, as will be discussed in more
detail in a subsequent section.

7.6.1. SiC BJTs and Thyristors

A schematic view of a typical cell structure for an npn power BJT in SiC is
shown in Fig. 7.20. As a power switch, a BJT is usually operated in common
emitter mode, where the controlling electrode is the base, with an input current
I passing through it to produce a forward bias in the base—emitter junction.
At the same time, an output current /c will flow through the collector electrode,
producing a voltage drop Vg across the collector and the emitter electrodes.
After the input current is reduced to zero, the output current will be termi-
nated, making BJT a normally-off device by nature. When a BJT is off, a large
voltage can be sustained between the collector and the emitter, with a deple-
tion region developed at the base—collector junction. To reduce the control
power, a large common emitter current gain 8, which is defined as Ic/Ig, is
preferred.

For the latest SiC BJTs, both the base and emitter layers are formed using
epitaxy as the damage introduced through implantations in the active regions
will reduce the carrier lifetime, which is already small in SiC when compared
to Si. Typically, p+ implantation regions are created beneath the base contacts
so as to improve the contact resistance. Considering an npn BJT, and using

Emitter
Base Base
n+
D p D
n- drift layer

n* substrate

Collector

Fig. 7.20. The structure for an npn SiC BJT.
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first order approximation, the efficiency of the emitter injection efficiency yg
and the base transport factor et can be expressed as

=~ , (7.19)
C () () ()

- = : 7.20
T 7 cosh (Ws/Lap) — 1+ W2/2L2, (720

where Wy is the base width, D, L, and N are the diffusion coefficient, the
diffusion length, and the doping concentration, respectively, with the B in the
subscript indicating the Base and the E indicating the Emitter. Diffusion length

is defined as
Ly = v/ DnBTuB, (7.21)

where 7 represents the carrier lifetime. The common base current gain «, which
is defined as Ic/Ig, can be expressed as

o = YEOT. (7.22)

And its relationship with 8 is

= . (7.23)

l -«
It is clear from the above equations that if the carrier lifetime in the base t,p
is reduced, the diffusion length L,g will also be reduced, yielding a smaller
aT and, hence, smaller «and B values. Other than the bulk carrier lifetime,
which is determined by the material growth technologies together with deep
level reduction processes, as described in previous sections, the surface recom-
bination lifetime is also important, as well as other mechanisms that will affect
the recombination of carriers. In particular, a high density of interface traps
usually appear on the surface of 4H-SiC, and their existence will facilitate
surface recombination. It was found that different geometries will exhibit dif-
ferent surface exposures and, therefore, will have an important effect on the
current (Domeij et al., 2005). It was also found that by using an appropriate
passivation, such as an NO anneal to reduce the interface trap density on the
surface, the current gain will increase (Miyake et al., 2011). It was reported
by Huang et al. (2003) that the distance from the p+ implantation regions for
the base contacts to the emitter edges will have a detrimental effect on the
current because the implantations will introduce crystal damage, which acts
as a recombination center close to the electron path, consequently reducing
the carrier lifetime. With advancements in both device design and processing,
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carrier lifetime has greatly improved, and at is approaching unity. In this case,
B can be approximated as

e (ﬂ) (ﬂ) <M) (7.24)

Dpg Ws NaB
For 4H-SiC, the acceptors are only partially ionized because of their deep levels,
as discussed earlier. From Eq. (7.24), B for 4H-SiC BJTs will be increased by
a factor of N AB/NZB, which is the inverse of the ionization percentage, when
compared with Si BJTs. A current gain of 257 was reported for a Si-face BJT,

and a current gain of 439 was reported for a C-face BJT (Miyake et al., 2012a),
which is about an order of magnitude higher than a typical Si power BJT.

While SiC BJTsenjoy a very large 8 resulting from the incomplete ionization
of the acceptors in the base, one of the most important features of a bipolar
device is affected. Figure 7.21 shows the typical Ic—VcEg curves for Si power
BJTs. When a BJT is turned on as a switch, the Vcg is small and the device is
operated in the saturation region where both the base—emitter junction and the
base—collector junction are forward biased. In this case, holes are injected into
the drift region, as in the PIN diodes, and conductivity modulation occurs. As
a result, the Ic—VcE curves clearly show a hard saturation region where the
on-resistance is less than the drift region resistance.

In the previous literature, however, this has not been observed on SiC BJTs
for three reasons. First, the carrier lifetime is small, and, hence, the diffusion
length is short, reducing the region where conductivity is being modulated, as
discussed in Sec. 3.3.1. Second, the background doping concentration for the
drift layer in a SiC device is roughly two orders of magnitude higher than that
in a Si device with the same VR rating, making it more difficult to reach a
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/ Quasi-saturation ~Forward active
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|
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<«
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Fig.7.21. Typical Ic—VcE curves for Si power BJTs showing a region of hard saturation.
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high level injection for conductivity modulation. Third, incomplete ionization
in the p-layer reduces the efficiency of its ability to inject holes into the drift
region. This is particularly worse in SiC BJTs since the concentration of the
p-base layer is intentionally reduced in order to achieve a high current gain.
Without conductivity modulation in the drift layer, SiC BJTs operate as a cur-
rent controlled unipolar device. A benefit of this unipolar-like behavior is the
positive temperature dependence of Vg saT Or Ronsp, Which makes device
paralleling easier for large current requirements. In contrast, the Vcg gat for
Si BJTs typically shows negative temperature dependence. Additionally, the
current gain 8 of a SiC BIJT is reduced at higher temperatures because of
the increase in the ionization percentage of the acceptors in the base, while
the current gain of a Si BJT increases at higher temperatures because of the
increase in carrier lifetime. These distinct temperature dependences make SiC
BJTs less prone to thermal runaway, which is one of the drawbacks for Si BJTs.
An Ronsp of 2.8 mQcm? and a B of 117 was reported for a SiC BJT with a
VBr.ceo of 1570V and a Vpr.ceo of 1870V at room temperature, yielding
a Vag/Ron,sp of 1249 MW/cm?, which is slightly better than for a SiC MOS-
FET (Domeij et al., 2012). The current gain 8 was reduced to 70 and the
Ron,sp increased to 5.2 mQcm? at 150°C. A 21 kV 4H-SiC BIT was reported
to have a current gain $ of 63 and an Ry sp of 321 mSem?, thanks to the sim-
plicity of the cell structure and the efficient edge termination (Miyake et al.,
2012b). The calculated VéR/R(m,Sp was 1373 MW/cm?. The switching of SiC
BJTs has been tested, with a turn-on time of 32ns and a turn-off time of
60 ns reported, which is comparable to the results shown for SiC MOSFETs,
and is further evidence of negligible conductivity modulation in the drift layer
(Krishnaswami et al., 2005). As a consequence, SiC BJTs show a similar perfor-
mance to SiC MOSETs when implemented in a power electronic system, with
the benefit of having neither the concerns nor the limits imposed by the gate
dielectric.

Thyristors are npnp or pnpn structures, and are typically thought of a single
npn BJT and a single pnp BJT interconnected, as illustrated in the equivalent
circuit shown in Fig. 7.22. When the thyristors are turned on, both BJTs will be
in saturation mode and will provide base currents to each other, maintaining
a self-sustaining situation called latch-up. By describing SiC BJTs as unipolar
devices that do not have conductivity modulation, one might think that SiC
thyristors would have the same behavior. However, this is not the case. The
difference is the hole injector for the SiC thyristors, which is either the p+
substrate or a p+ epilayer, and is much more efficient than the lighter doped
p-base layer for SiC BJTs. As a result, conductivity modulation of the drift
layer is observed in SiC thyristors, as in SiC PIN diodes. Considering the
limited availability and high resistivity of the p-type substrates, SiC thryristors
are mostly built on n-type substrates using pnpn structures. A 20kV SiC gate
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Fig. 7.22. Structure of a pnpn thyristor and its equivalent circuit model.

turn-off thyrsitor was demonstrated using a 160 um, 2 x 10'#/cm? p-type drift
layer (Cheng et al., 2013). An average carrier lifetime that was greater than 4
us was extracted, yielding a very low differential Rop sp of 11 mQcem?, which
is only possible when significant conductivity occurred in the drift layer.

7.6.2. SiCIGBTs

IGBT is probably the most popular form of bipolar power device today. Similar
to SiC thyristors, SiC IGBTs can benefit from conductivity modulation in the
drift layer. For example, p-type hole injectors in n-channel SiC IGBTs can be
heavily doped without compromising too much of the device performance. The
only concern is that the epilayers of an n-channel IGBT are conventionally
grown on very resistive p-type substrates. However, this has been overcome by
using thin wafer technology similar to that used for advanced Si IGBTs. Rather
than using a thick and resistive p-type substrate as the hole injector, several
approaches have been proposed that are intended to form better hole injectors
either by the implantation of p-type dopants or by growing a p-type epitaxial
layer at the backside of the wafer, and then lapping it down to the desired
thickness. A 12.5kV n-channel IGBT with a 140 um, 2 x 10'/cm? n-type
drift layer using a thin p+ epilayer as the hole injector has been reported, as
shown in Fig. 7.23 (Ryu et al., 2012). This device showed a differential Ry sp
of 5.3mQcm? and a Vg of 5.5V at 10 A. The turn-off time increased from
0.65 us at 25°C to 2.3 us at 175°C, which is attributed to the larger carrier
lifetime and the improved p+ injector efficiency at high temperatures. It was
also found that with a thicker n-type buffer layer, the turn-off time reduces and
VF increases, owing to the reduced hole injection efficiency. A 16 kV n-channel
IGBT was realized with the planar gate structures on the C-face, and the wafer
was lapped to a reduced total thickness of about 250 um including an n-type
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Fig. 7.23. Structure of an n-channel SiC IGBT with a p+ injector epilayer.

drift layer of 150 um (Yonezawa et al., 2013). The forward voltage was 5V
at a current density of 100 A/cm? with a differential Ron,sp of 11.3 mQcm?.
P-channel SiC IGBTs are typically less appealing than n-channel SiC IGBTs
because of the very poor hole mobility in the channel, even though they have
the advantage of being built on conducting n-type substrates. The low hole
channel mobility results in a larger channel resistance and a smaller degree of
conductivity modulation in the drift layer.

7.7. SiC Lateral Devices

In Si, lateral power devices are mainly used for power integrated circuits, rang-
ing from a few volts to a few hundred volts, and from a few milliamps to a
few amps, which is not the range where SiC devices are most appreciated. As
a result, there are currently very few commercialized applications for SiC lat-
eral power devices. However, some potential applications might emerge in the
future for SiC power integrated circuits, for example, integrated gate driver
circuits for ultra-high voltage SiC discrete devices. For completeness, here we
summarize several high-voltage SiC lateral devices that have been reported in
the past. A 460V single RESURF 4H-SiC lateral MOSFET on the C-face
was demonstrated with an Rop sp of 79 mQcm? (Okamoto et al., 2004). With
a double and two-zone RESURF drift region, as shown in Fig. 7.24, the Vgr
was improved to 1430 V and 1550 V on the Si-face and the C-face, respectively
(Noborio et al., 2008). The R,y sp Was also respectively improved to 57 mQcm?
and 54 mQcm?. The VIZ;R/ROH‘Sp was respectively 36 and 44 MW/cm?, which
is greatly beyond the silicon limit. A 4H-SiC normally-off vertical channel
single RESURF lateral JFET, as shown in Fig. 7.25, was demonstrated to
achieve a Vgr of 1000V and an Ry sp 0f 9.1 mQcem?, yielding a VéR/Ron,sp of
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Fig. 7.25. Structure of a vertical channel single RESURF SiC lateral JFET.

116 MW/cm? (Zhang et al., 2007). The majority of lateral SiC devices were fab-
ricated on conducting substrates. It was proposed that the Vgr of SiC lateral
devices can be further increased without the need for thick epilayers by using
a semi-insulating substrate because, in this case, the maximum achievable Vgr
is no longer limited in the vertical direction since the semi-insulating substrate
is able to support a very high voltage. A 4200V, 454 mQcm? lateral JFET was
realized based on this approach using a two-zone RESURF design (Lee et al.,
2012), as shown in Fig. 7.26. A lateral JFET-based power integrated circuit in
4H-SiC that provided a MHz switching capability has also been demonstrated
(Zhang et al., 2008). A gate driver was realized using 4H-SiC nMOS logics and
processes, and is capable of switching beyond 500 kHz at 420°C, showing the
potential of SiC power integrated circuits for high-temperature applications
(Lamichhane et al., 2014).
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Fig. 7.26. Structure of a two-zone RESURF SiC lateral JFET on a semi-insulating
substrate.
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GaLuium Nitrioe Power Devices

8.1. Introduction

Transistors for power electronic applications should behave close to an ideal
switch characteristic. High-performance power transistors require high break-
down voltage, low specific on-state resistance, large maximum current, low
leakage current, and fast switching time. I1I-V group semiconductors such
as GaN and AIN are those of the most important third generation semicon-
ductors and one of the best candidates for developing high temperature, high
frequency, and high power electronic devices due to their intrinsic excellent
physical properties and chemical stabilities, such as wide bandgap, high break-
down electric field, large electron saturation velocity, and good thermal con-
ductivity. Nowadays, the progress in the development of GaN-based power
devices is accelerating rapidly.

Among the GaN-based power devices, the most distinctive devices are
based on the heterostructures such as AlGaN/GaN which has been stud-
ied extensively because of its importance for microwave and high power
applications. AlIGaN/GaN heterostructure has a large band offset and strong
polarization, which endow it with large two-dimensional electron gas (2DEG)
density without intentional doping. By utilizing the structure, AlGaN/GaN
high electron mobility transistors (HEMTs) have much higher charge density
and mobility in the conduction channel, and hence are capable of delivering
breakdown voltage and on-resistance beyond the material limits of Si and SiC
semiconductors for high-voltage switching applications.

In the past decade, although the characteristics of AIGaN/GaN HEMTs
have improved a lot by the research done on both the device structure and the
growing technique of GaN-based material, the high-performance and low-cost
AlGaN/GaN HEMTs have not been readily utilized commercially. There are
still many issues in the investigations of AlIGaN/GaN HEMTs, such as the
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realization of stable normally-off MOSFET with a large threshold voltage
(Vin), the process compatibility with CMOS technology, the large breakdown
voltage versus low on-resistance, the suppression of the current collapse phe-
nomenon, and so on. It is hence a continuing effort to further investigate and
improve the AlIGaN/GaN device performance in the next 5-10 years or so for
the device to be commercially popular.

Normally-off operation with large Vi, is one of the most important top-
ics among these issues. Due to the 2DEG channel, by default the device is in
a normally-on configuration. It is strongly desired in AlIGaN/GaN HEMTs
for a positive gate threshold voltage, e.g. greater than 3.5V, in order to make
the devices compatible with the current Si-based switching systems. Recently,
fluorinated gate or gate dielectric, p-type GaN or AlGaN gate, and piezoelec-
tric neutralization approaches were introduced to shift the threshold voltage
to be positive, while these methods may affect the quality of gate structure
resulting in a lower on-state current, an insufficient threshold level, and a large
gate leakage current. Gate recess etching is another effective way to realize
the normally-off operation, however, it usually comes at the cost of severe
degradation of 2DEG channel conductance due to the interface scattering,
especially when the AIGaN barrier leftover thickness is within 5 nm or less. On
the other hand, floating gate is a promising approach to get the normally-off
mode by charge storage without reducing the channel conductance. However,
its shortcoming is on the charge retention limitation which affects the operation
stability and makes them unsuitable for certain practical applications.

Recent works have experimentally confirmed that, by the process of single
fluorinated gate dielectric at a low RIE power (60 W), it can adequately shift
the threshold voltage. The shortcoming is that the Vi, level is still low due to
the limited fixed negative charge amount and the long distance between the
fluorinated region and the 2DEG channel. Combination of partial gate recess
etching to reduce 2DEG density and multiple fluorinated gate dielectric layers
in metal-insulator-semiconductor (MIS) structure to keep a large amount of
negative fixed charge can achieve a large Vi, without obvious degradation in
2DEG channel conductance, and obtain a low gate leakage current density.
We will take a good look at this approach in this chapter.

The process compatibility with CMOS technology is another impor-
tant topic for the GaN-based device work. Nowadays, Au-containing metal
schemes are extensively applied in the GaN-based HEMTs to reduce the
contact resistance and prevent electrode oxidation. However, Au-containing
schemes also increase the cost of the GaN-based device products. If its depo-
sition thickness is reduced, it will result in the poor surface morphology of
the contacts and sometimes degradation of the Ohmic contacts. Thus, Au-free
technology is necessary in practical applications especially for the integration
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with current CMOS fabrication infrastructure. Recently, several approaches on
Au-free contact scheme have been explored. However, the drain current reduc-
tions are significant ranging from 24% to 80% compared with the Au-treated
normally-on counterparts at the same gate over-drive Vgt (= Vg — Vin). Thus,
Au-free normally-off HEMTs are still under intense investigation since achiev-
ing both low contact resistance and high channel conductance poses challenges
in the process integration.

Large breakdown voltage and high output power are both important targets
in the power switches especially in the application of electric drive. Prior to
the actual device fabrications, numerical simulations are usually carried out to
predict the performance on design and process variations. Sentaurus TCAD
software is a powerful and professional tool for electronic device simulations
and is suitable for the analyses of AlGaN/GaN devices. This will be mentioned
in the chapter.

8.2. AlGaN/GaN and InGaN/GaN Heterojunction
Configurations

8.2.1. Theoretical Calculations of Polarization Effects

Semiconductors such as GaN, AIN, and InN are polar materials since they
induce net polarization at the heterojunction interface due to the shift in the
cation and anion sublattices. In unstrained zinc-blende structures, the cation
and anion sublattices are arranged in such a way that there is no net polarization
in the material. However, in the wurtzite crystal, spontaneous polarization is
produced in the crystal due to the asymmetric lattice structure and ionicity
of the bonds. Strain can cause a relative shift between the cation and anion
sublattices and hence create net polarization at the heterointerface which is
called piezoelectric polarization.

These high polarization and their resulting electric fields produce high inter-
face charge density at group-IlI-nitride interfaces and spatial separation of
the electron and hole wave functions in GaN-based quantum well structures.
If the polarization-induced sheet charge density is positive, free electrons will
tend to compensate the polarization-induced charge. These electrons will form
a 2DEG of a certain sheet carrier concentration, assuming that the band off-
set in the group-III-nitride interfaces is reasonably high and that the interface
roughness is low. A negative sheet charge density will at the same time cause
the hole accumulation in other interfaces due to charge neutralization.

8.2.1.1. For Spontaneous Polarization

In Fig. 8.1, the left shows the ideal wurtzite structure where all bonds have the
same length and bond angles are equal. Therefore, Psp = 0. The right shows the
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Fig. 8.1. The schematic diagram for the production of spontaneous polarization.

[0001] AJGaN < AgaN

AN 1GaN tensile strain
&)

Fig. 8.2. The schematic diagram for the strain production in the AlGaN/GaN interface.

polar materials such as GaN and AIN crystals where exist asymmetric lattice
structure and ionicity of the bonds. The bond along the c-axis is longer than
the other bonds and the bond angles deviate from the ideal values. Therefore,
the spontaneous polarization happens.

8.2.1.2. For Piezoelectric Polarization

Assuming the AlIGaN/GaN heterostructures are grown along the [0001] axis
and GaN layer is thick enough, there will be tensile strain at the interface
due to the lattice constant of AlGaN being less than that of GaN, as shown
in Fig. 8.2.
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Fig. 8.3. The schematic diagram for the piezoelectric polarization production at the
AlGaN/GaN interface.
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Fig. 8.4. Polarization-induced bound sheet charge, piezoelectric and spontaneous
polarization of pseudomorphic AIGaN/GaN heterostructures with Ga-face polarity.

The bond lengths and angles are changed due to the strain which will result
in the piezoelectric polarization, as shown in Fig. 8.3. The direction of the
piezoelectric polarization will be along [0001] for the tensile strain, which is
kept consistent with the spontaneous polarization direction.

8.2.1.3. Polarization-Induced 2DEG Charge

The polarization-induced sheet charge density and directions of spontaneous
and piezoelectric polarization in Ga-faced AlIGaN/GaN heterostructures are
shown in Fig. 8.4. At an abrupt interface of the AlGaN/GaN heterostruc-
ture, the net polarization due to the abrupt variations of the polarization
within a bilayer will cause a net polarization sheet charge density which can
be defined by

o = P(top) — P(bottom)

{ Pep(top) + Ppe(top)} — { Pep(bottom) + Ppg(bottom)}. 1)

We can also understand the present position of 2DEG from the energy band
diagram, as shown in the following Fig. 8.5. Free electrons will accumulate
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Fig. 8.5. Energy band diagram of AlGaN/GaN interface.

to balance the junction net charges, thereby forming the 2DEG layer at the
AlGaN/GaN interface at the GaN side. The electrons are driven to the low-
est energy position by internal electric field because of band bending. The
accumulation will occur at the region where the conduction band is below the
Fermi level, as shown in the cases of spontaneous polarization and of both
spontaneous and piezoelectric polarization.

The bound spontaneous and piezoelectric polarization-induced sheet
charge density at the AlyGa;_xN/GaN heterojunction can be modeled and

calculated by the

following equations (Ambacher et al., 1999, 2000):

PAIGAN (x) = (—0.052x — 0.029) C/m?
(631 —e33 ﬁ)
Cx3)’
where

a(x) = (=0.077x + 3.189) x 10710m
Ci3(x) = (5x + 103) GPa

C33(x) = (—32x 4+ 405) GPa

e31(x) = (=0.11x — 0.49) C/m?
e33(x) = (0.73x + 0.73) C/m>

1C/m? = 6.25 x 1018 ¢/m?

a—ayp

Prg =2(1 — r(x)) @

(8.2)
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Fig. 8.6. Polarization-induced charge densities versus Al composition x, without con-
sidering the strain relaxation.

Here, x is the aluminum composition, a, is the lattice constant of GaN, a(x)
is the linear interpolation of the lattice constant of relaxed AlyGaj_xN with
Al composition x, Cy3 and C33 are the elastic constant, e3; and e33 are the
piezoelectric constant, and r(x) is the strain relaxation factor.

For Al1GaN/GaN heterostructures which are grown along [0001] direction,
the charge density induced by the spontaneous and piezoelectric polariza-
tion with different Al composition without considering the strain relaxation is
shown in Fig. 8.6. Both the spontaneous and piezoelectric polarization effects
have the same sign for Ga polarity and tensile strain. The piezoelectric effect is
non-linear with the composition x increasing, whereas the spontancous effect
is nearly linear with x increasing. Spontaneous polarization-induced charge
density is a little higher than the other one which indicates both effects have
similar influence on 2DEG.

Figure 8.7 shows the piezoelectric polarization-induced charge density at
different Al composition at the AlIGaN/GaN heterostructures when consid-
ering the relaxation factor of AlGaN layer, i.e. a thicker AlGaN layer having
a higher relaxation factor. No relaxation (r = 0) leads to a large polariza-
tion charge density. A thicker AlGaN layer as grown has a larger relaxation
factor in comparison to that of a thinner one. Therefore, how to obtain a
good crystalline quality of the AIGaN thin film and at the same time to
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Fig. 8.7. Piezoelectric polarization-induced charge densities versus Al composition x
when considering the strain relaxation factor.

retain a high piezoelectric polarization becomes a crucial issue in the film

growth.

For the case of InGaN/GaN heterostructure, the set of equations is similar
to that of AIGaN/GaN but with different parameters used as shown below.

PIGaN (x) = (=0.003x — 0.029) C/m’

a—a C
Pee = 2(1 — r(x)) —= (e31 - e33£>,
ag Cs3

where

a(x) = (0.344x + 3.189) x 1071%m (8.3)
e31(x) = (—0.08x — 0.49) C/m?

e33(x) = (0.24x + 0.73) C/m*

C13(x) = (—14x + 106) GPa

C33(x) = (—174x + 398) GPa.

Figure 8.8 shows the polarization-induced charge density with different In
composition at the InyGa;_xN/GaN heterostructure under fully strained con-
dition. The spontaneous polarizations for InGaN and GaN layers are similar
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Fig. 8.8. Polarization-induced charge densities versus in composition x.

with little difference. The piezoelectric polarization-induced charges, now
under compressive stress, dominate and are opposite in polarity to sponta-
neous polarization.

It is important to note that the net spontaneous polarization of
AlGaN/GaN heterostructures is much larger than that of InGaN/GaN het-
erostructures, which could be attributed to the distinction in cg/ag and/or u of
lattice parameter.

Figure 8.9 shows the piezoelectric polarization-induced charge density with
different In composition in the InGaN/GaN heterostructures when consider-
ing the relaxation factor of InGaN layer. Similarly, no relaxation (r = 0) or less
relaxation in InGaN layer will induce a higher polarization charge density.

8.2.2. Calculation of 2DEG Sheet Carrier Density

Take the AlIGaN/GaN heterostructure as an example onwards. For the deter-
mination of the sheet carrier concentration and carrier distribution profile in
the 2DEG channel, one needs to solve the Schrodinger equation and Pois-
son equation in a self-consistent scheme. It is also necessary to specify the
boundary conditions at the interfaces. However, this numerical process for a
detailed solution can be complex in the calculation of the 3D concentration
in the 2DEG region. Instead, we employ some theoretical equations for the
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Fig. 8.9. Polarization-induced charge density versus in composition x when considering
the strain relaxation factor.

calculation of 2DEG sheet density in a simpler approach for the purpose of
understanding the 2DEG induced charges.

In the AlIGaN/GaN heterostructure, as an example we use Ni as the Schot-
tky contact metal. At the interface, towards the substrate, the Fermi level is set
to be one half of the bandgap of GaN. The background free carrier concen-
tration is assumed to be 10> cm™3. The 2DEG sheet electron concentration is
calculated by using the total bound sheet charge o(x) which we have got from
(8.1) and the following equations:

o(x) <808(X)

ns(x) = — 7) (egp(x) + EF(x) — AEc(x)), (8.4)
where d is the thickness of the AlGaN barrier, e¢y, is the Schottky bar-
rier of gate metal contact, Ef is the Fermi level with respect to the GaN
conduction-band-edge energy, and AEc is the conduction band offset at
AlGaN/GaN interface. To determine the sheet carrier concentration from the
polarization-induced sheet charge density in the equation above, we define the
following parameters:

Dielectric constant:
g(x) = —0.5x +9.5. (8.5)
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Schotty barrier:
epp = (1.3x + 0.84) eV. (8.6)
Fermi energy:
wh?
Er(x) = Eo(x) + ———ns(x), (8.7)
mg(x)

where the ground subband level of the 2DEG is given by

2
2 3
Eo(x) = < 880% - S((xx)) ) (8.8)
with the effective electron mass, m}(x) ~ 0.22m., and the band offset
AEc = 0.7(Eg(x) — Eg(0)), (8.9)
where the bandgap of AlGaN is found to be
Eg(x) = xEg(AIN) + (1 — x)Eg(GaN) — x(1 —x) - 1.0eV (8.10)

=x-6.13eV+ (1 —x)-342¢V—x(1 —x)-1.0eV.

As an example, by taking the thickness of AlGaN as 30 nm, we then calculate
the diverse sheet carrier concentration with Al composition x, as shown in
Fig. 8.10. From the figure, we can see that the sheet carrier concentration of
2DEG increases with a higher Al composition ratio x.

10
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Sheet Carrier Concentration fcm~2 (x10 13)

Fig. 8.10. Calculated 2DEG sheet density versus Al composition ratio x.
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8.2.3. Calculation of Critical Thickness of Strained Layer

Several theories have been developed to find the critical thickness in metastable
heteroepitaxial layer in relationship to the strain relaxation (Matthews and
Klokholm, 1972; Fischer et al., 1994; Qu et al., 1998). Among them, the theo-
ries developed by Matthews and Fischer are most cited. By placing an “image
dislocation” outside the crystal instead of the free-surface boundary condi-
tions, Fischer’s theory is considered as a more suitable model to predict the
critical strained layer thickness. The workable equations from these two models
are shown as below.

The equation for Fischer’s model:

a(x) — asup

dsub

bcos A 1-2 h
= l+——4%  xIn-2). 8.11
e X( +4n(l+v)cos2kxnb> ®.11)

The equation for Matthews’ model:

b 1-2 h
4 n-—. (8.12)

a(x) — asup -2 5 « 1
2he  2m(1 4 v) b

Adsub

Here a(x) is the lattice constant of upper layer, agy,p, is the lattice constant of the
bottom layer (substrate), b is the slip distance (or the magnitude of Burger’s
vector), A is the angle between the Burger’s vector and the dislocation line, ¢
is the critical layer thickness, and v is the Poisson’s ratio. These parameters are
listed in Table 8.1.

We calculate the critical thickness of both AlGaN/GaN and InGaN/GaN
structures with various Al (In) compositions using the two model equations
and parameters as listed in Table 8.1. The results are shown in Fig. 8.11 for
AlGaN/GaN and Fig. 8.12 for InGaN/GaN, and their numerical values are
listed in Tables 8.2 and 8.3.

Table 8.1. Parameters used in the critical thickness calculation.

Parameters AlGaN/GaN structure InGaN/GaN structure
agyp (Nm) 0.3189 0.3189

AAIN OT a[pN (nm) 0.3112 0.3545

b (nm) 0.3189 0.3189

A% 60 60

v 0.36 0.36
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Fig. 8.11. Critical thickness of AlGaN grown on relaxed GaN substrate calculated
using Fischer and Matthews models versus Al composition ratio x.
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Fig. 8.12. Critical thickness of InGaN grown on relaxed GaN substrate calculated
using Fischer and Matthews models versus In composition ratio x.
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Table 8.2. Critical thickness of AlIGaN calculated from two model equations.

x (Al 005 0.1 015 02 03 04 05 06 0.7 08 09 1.0
hc (Fischer) 125 70 44 33 21 15 12 93 80 6.7 57 5.1
hc (Matthews) 55 32 20 13 7.1 45 32 23 15 1.1 0.8 06

Table 8.3. Critical thickness of InGaN calculated from two model equations.

x (In) 0.05 0.1 0.15 02 03 04 05 06 0.7 08 09 1.0
hc (Fischer) 25 13 80 58 35 26 19 1.6 13 096 0.81 0.69
hc (Matthews) 7.2 32 13 0.64 0.23

For both cases, the critical thickness decreases with increasing Al and In
concentrations. However, the calculated results from Matthews model are in
general lower than those from manufacturers’ datasheets or research papers.
The results from Fischer model are closer to those practical data.

8.3. Simulation of GaN HEMTs

The influences of Al composition and AlGaN layer strain relaxation on the
2DEG density and distribution can be analyzed by simulations. There are two
useful methods to take care of the formation of polarization charges within
the device structure, namely the auto-generation approach by the internal
function of the popular Sentaurus simulation tool, or by a manual charge
placement method by placing suitable amount of charges near interface loca-
tions in simulation. For example, Fig. 8.13 indicates the 2DEG charges by the
auto-generation method (solid-line) and the placing charge method (dashed-
line) for a AIGaN/GaN HEMT device with AlGaN thickness and Al mole
fraction at 30 nm and 0.25 nm, respectively. The GaN thickness is at 2 um with
the background electron concentration of 5 x 10'% cm™3. Bulk acceptor traps
are placed at a 1.0eV below midband with a density of 10'®cm=3. For the
placing charge method, the 2D polarization charge at the heterointerface is
manually calculated and placed as 1.29 x 10'3 cm~2. A negative sheet charge
density of 3.2 x 10'3 cm~2 and the corresponding sheet donor traps with the
same density are preset on the AlGaN surface for the purpose of overall charge
configuration. More details on the placing charges method are described in
Sec. 8.3.1. Both approaches yield similar 2DEG distribution shapes and charge
densities.

8.3.1. Fabrication Induced Trap Charges

In a typical unintentionally doped AlGaN/GaN HEMT device shown in
Fig. 8.14, the device fabrication process normally generates interfacial traps at
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Fig. 8.14. Schematic of an AlGaN/GaN HEMT device where “+” denotes the inter-
facial traps Qtrap p at passivation/AlGaN and the “*” denotes Qi ¢ at dielec-
tric/AlGaN interface.

passivation/AlGaN (Q¢rap_p) or dielectric/AlGaN (Qyap _q) interfaces due to
interface defects, dangling bonds or adsorbed ions. These traps will strongly
affect the 2DEG density. In such a practical case, the 2DEG density could
be lower than 1 x 10'>cm~2 in a normally-on HEMT device from its theo-
retical value. Experimentally, the interfacial trap density Qrap values, ranging
from 10'! to 10'2cm~2, can be obtained from C-V or frequency-dispersion
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measurements. However, these interfacial traps at passivation (or dielec-
tric)/AlGaN interface which are accounted for the lower 2DEG conductance,
hysteresis in device transfer characteristic (such as Ip—Vg sweep) and current
collapse have their ionization rates both time and Fermi level dependent. That
makes the process to identify these fabrication-induced traps difficult.

On the other hand, these values will become different once the fabrication
processes vary. Currently, for the device made with various different processes,
there lacks a simple and versatile trap-charge configuration scheme to identify
the definite trap charges to be placed in simulation for a quick performance
evaluation. Recently, Sun et al. (2016) have come up with a set of trap charge
ranges which correspond to the GaN processes to be suitable for device simu-
lation using the placing charges method.

Figure 8.15 describes some common GaN device process flows and the
corresponding trap charge items associated with these processes. Figure 8.16
provides the quantified values on the trap charge ranges to be placed in simu-
lation in respect to different process conditions, where each item is described
with alphabet as below:

(A) Deposition of 4 nm Al,O3 film on top of AlGaN. The aluminum compo-
sition is 0.24.

(B) Deposition of 8 nm Al,Oj3 film on top of AlGaN. The aluminum compo-
sition is 0.25.

(C) Deposition of 20nm SiO; film on top of AlGaN. The aluminum
composition is 0.25.

(D) Deposition of 20 nm AIN film on top of AlIGaN. The aluminum compo-
sition is 0.3.

(E) Deposition of gate dielectric Al,O3 of 4 nm on AlIGaN without gate recess.
The aluminum composition is 0.24.

(F) Deposition of gate dielectric Al;O3 of 25nm on AlGaN without gate
recess. The aluminum composition is 0.25.

(G) Deposition of gate dielectric Al;O3 of 8§ nm on AlGaN without gate recess.
The aluminum composition is 0.25.

(H) Deposition of gate dielectric Al,O3 of 13nm on AlGaN without gate
recess. The aluminum composition is 0.27.

(I) AlGaN gate recess and gate Al,Os; dielectric deposition of 18 nm.

The aluminum composition is 0.25.

(J) AlGaN gate recess and gate Al,O3 dielectric deposition of 6 nm. The
aluminum composition is 0.27.

(K) AlGaN gate recess and gate Al,O3 dielectric deposition of 15nm. The
aluminum composition is 0.3.

(L) AlGaN gate recess and gate Al,O3 dielectric deposition of 25nm. The
aluminum composition is 0.3.
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(M) Post dielectric deposition annealing: Al,O3 of 18 nm with 500°C, N3,
1 min annealing. The aluminum composition is 0.25.

(N) Post dielectric deposition annealing: Al,O3 of 13nm with 400°C, N,
20 min annealing. The aluminum composition is 0.27.

(O) Post dielectric deposition annealing: Al,O3 of 15 nm with 400°C, N»/O»,
2 min annealing. The aluminum composition is 0.3.

(P) Post dielectric deposition annealing: Al,O3 of 10 nm with 600°C, N,
10 min annealing. The aluminum composition is 0.26.

An example on GaN HEMT inverter configuration with its fabrication
process and associated trap charge selection is illustrated in Fig. 8.17, and
used in Sentaurus simulations. The normally-on GaN HEMT shown at the
left-hand side is with Al,O3 dielectric gate, and the normally-off GaN HEMT
shown at the right-hand side is with a recess gate filled with Al;O3 to achieve a
positive threshold voltage. The simulation outcomes of using the lower limit,
upper limit, and optimized Qqrap values are illustrated in Fig. 8.18 and with
the verification of experimental measurement.

8.3.2. Normally-off HEMT Device with Field Plates

A normally-off design is favored by the power electronic industry because of
its inherent safety and robustness of the device configuration. The feasible
approaches to achieve normally-off operations include (a) using a deep

‘ AlGaN/GaN-on-Si
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Fig. 8.15. The interfacial trap configuration scheme related to various GaN HEMT
processes. The “O1rm” and “Owmrs” in dashed boxes respectively denote the trap
density determination process through TLM or device Ip—Vp measurement (Sun et al.,
2016).
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recess-gate to weaken the polarization and to reduce 2DEG charge concentra-
tion; (b) using a fluorine-treated technique to inject negative gate charges to
deplete the 2DEG channel; (¢) using a p-GaN neutralization structure, and so
on. For this simulation example, we employ a recess-gate MIS structure with
a multiple layer field plate (or multiple field plates) as shown in Fig. 8.19.

The structure has a 20 nm undoped AlGaN on the top of the 2 yum intrinsic
GaN. Al composition is 0.25. The gate length is 1 ©m, and the distance between
gate and drain is 27 um. The AlGaN layer in the gate region is completely
recessed to realize the normally-off mode. At the same time, multiple field
plate configuration is employed to improve the breakdown characteristics. The
nitride field plate thicknesses are set at 50 nm, 100 nm, and 300 nm respectively.
The top layer oxide thickness is 300 nm.

The simulation was first done to look at the gate threshold voltage, which
is important as the threshold voltage determines whether the device is to be
turned on by a gate voltage. Figure 8.20 gives the outcome of the simulation
result. The threshold voltage is found to be around 2.7 V. The simulation on
Ip—Vp follows with a set of gate voltages from Vg = 2V to 15V, as shown in
Fig. 8.21. As expected, when Vg is below the threshold voltage, the drain cur-
rent is almost zero. The on-resistance Rop = 5.5 mS2 -cm? which is determined
by the slope of the curve at Vg = 15V.

The device breakdown voltage is set when the drain leakage current reaches
0.01 uA/mm. As shown in Fig. 8.22, the value found on the three-step field
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Fig. 8.19. Schematic of recess-gate HEMT structure with optimized field plate. Lyq =
30pum, Lgg = 27um, Lgg =2um, Lg = 1 um, and Lpp = 20 um.

plate is at 1700 V and 600V is found for the case of single field plate. The field
plate serves a good purpose to divert the electric field away from the main
junction at the gate right-side dielectric, and thus brings up the breakdown
voltage.

8.4. Current Collapse in GaN HEMT

Current collapse in GaN HEMT is a critical concern as it limits the output
power and the switching characteristics of the device when used for power
electronic pulse switching. Current collapse phenomenon is generally caused
by trapped charges at off-state at the AlGaN barrier surface, AlIGaN/GaN
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Fig. 8.22. Off-state Ip—Vp characteristics of recess-gate HEMT devices with single and
optimized field plate at Vg = 0V.

interface, and GaN bulk. Unlike Si- and SiC-based devices which have native
passivation layers by thermal oxidation, the GaN-based devices are known to
have a higher density of surface states.

The schematics of space charge locations and energy band structures in
AlGaN/GaN HEMTs are shown in Fig. 8.23(a) and 8.23(b). A large num-
ber of donor-like traps, located at the top surface of AlGaN, are originated
from defects such as N vacancies from surface dislocations, unsaturated bonds,
plasma and thermal induced damages during the fabrication process. Even
with the passivation oxide and nitride layers by PECVD, the defect density can
still be high and acts as the main source of influence on 2DEG conductivity
of the GaN power devices. Under the steady state without high voltage stress,
they are ionized completely due to the strong polarization-induced electric
field. The positive charges from the ionized donor-like traps compensate the
negative surface polarization charges, resulting in a reduction of the surface
electric field.

Under the off-state high stress bias, electrons are injected from the gate
forming the gate leakage current will get across the metal/semiconductor inter-
face by the tunneling and/or thermal emission process due to the high electric
field at the gate corner towards the drain side. The large amount of injected
electrons will move and hop along the AlGaN surface, leading to surface leak-
age current. Only a small number of electrons can be temporally captured by
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Fig. 8.23. Schematics of space charge distribution in AlGaN/GaN HEMTs. (a) The
surface donor-like trap charge, polarization charge and 2DEG charge distribution at
steady state without stress, and (b) acting as the trapping centers for the injected elec-
trons from the gate metal under high-voltage stress, the distribution has been affected.
2DEG density is now reduced.

the ionized surface donor-like traps near the gate edge region due to the low
recombination coefficient under extremely high electric field, whereas most
electrons are captured by the surface traps when they diffuse along the AlIGaN
surface at lower electric field region. The trapped electrons induces an addi-
tional electric field to repel the 2DEG electrons in channel and results in a
reduction of 2DEG density. When the device is turned on, electrons start to
emit from the trapped states, i.e. the de-trapping process, which is the dominant
behavior for the on-state conductivity recovery.

Hence, the dynamic process of electron trapping and detrapping at AlGaN
surface is considered to be crucial processes, causing current collapse not only
due to the much higher trap density on the surface, but also its direct influence
on the polarization of 2DEG conduction channel. The “virtual gate” theory
was generally accepted to explain the current collapse phenomenon. The elec-
trons drawn from the gate contact by the off-state electric field are trapped at the
AlGaN surface defects near the gate region towards the drain side. When the
device is turned on by a positive gate pulse, the trapped electrons at the AlIGaN
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Fig. 8.24. Turn-on waveforms of an un-passivated GaN HEMT device.

surface cannot be removed in time and the induced field will remain to deplete
the 2DEG channel, acting like a gate extension but with a negative potential.
Thus, the increase of the 2DEG on-resistance in this process limits the on-state
current and results in the current collapse phenomenon. Figure 8.24 shows a
measurement on the turn-on waveforms on a GaN HEMT device at different
gate voltages without surface passivation. The current collapse phenomenon
IS very severe.

Recent works indicated that the surface region of about 100 nm in dimen-
sion next to the gate towards the drain side, when under the influence of high
electric field, is mainly responsible for the drain leakage current at off-state.
Hence, this can also be considered as the main electron injection region, and
the remaining low field region towards the drain side is considered as the elec-
tron diffusion and recombination region which is then responsible for causing
the current collapse phenomenon. The dynamic behaviors of the field induced
charge trapping can be modeled. The quantitative relationships between the
electric field and surface trapped electron densities, and the spatial distribu-
tions of the trapped electrons and excess free electrons can then be determined.
The spatial distribution can be used by the Sentaurus to calculate the device
current-voltage characteristics at current collapse.

Under high voltage stress, electrons injected from the gate will get through
the barrier of the metal/semiconductor contact by tunneling and/or thermal
emission process. The large amount of electrons will hop along the AlGaN
surface, leading to surface leakage current. Near the gate edge, only a small
number of electrons will be captured by the ionized surface donor-like traps due
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Fig. 8.25. Distribution plots of horizontal electric field at AlIGaN surface (at 1 nm
from top) near the gate towards the drain side under different drain voltage. “I” and
“II” represent high field and low field regions where the exponential and constant
distribution for electron recombination time are employed respectively. The inset shows
the square-root of electric field in region “I” (Huang et al., 2014a).

to low recombination coefficient under extremely high electric field (referring to
region “I” in Fig. 8.25), whereas most electrons will be captured by the surface
traps when they diffuse along A1GaN surface at lower electric field region (see
region “II” in Fig. 8.25). The electrons trapped at the AlGaN surface, serving
like a gate extension with negative bias, induce an electric field to deplete the
2DEG electrons in channel and results in a reduction of 2DEG density.

The dynamics of electron recombination and emission at AlGaN surface
is governed by the following equation:

+ +
aN_chn DN+n—M, (8.13)
ot ’ TE

where NR is the density of trapped electrons in recombination with the ion-
ized donor-like traps and Ng is the remaining ionized trap density, both of
which are variables related to the time z. N{{(0) = Nr + Np, is the initial
ionized trap density, namely, the steady-state density without surface field.
Chp =1/ [rRNIJ)r (0)] is the electron recombination coefficient which is mainly
determined by the electron recombination lifetime 7R -n is the excess free
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electron density at AlGaN surface injected from gate contact which is much
higher than the background electron density ng. tg is the lifetime of electron
emission.

In conjunction with the boundary condition: NS = N$ 0)atr = 0,
Eq. (8.13) can be solved and the following expression can be derived.

Cn,DNp, (O)ntg 1 Cn,DNp, (O)ntg
Ng=—-———"2"— -lc —)t|+—2——. (8.14
R 14 Cypntg exp n.D% + TR + 14 Cypntg (8-19)

Under steady stress state (i.e. # 3> g and 7R ), we obtain

)

Nrp=—2_ (8.15)
I+ Eo="

The average horizontal electric field along the AIGaN surface at region II
is low, as shown in Fig. 8.25. Taking into account the low electron mobility due
to the huge surface scattering, the surface electron drift velocity is rather low in
moving towards the drain side. The usage of the diffusion-recombination model
gives a possible solution to describe the distribution of excess free electron
density n(x) along AlGaN surface. The steady diffusion equation is shown as

d*n(x) _n() 8.16)

D
T dx2 TR

Solving (8.16) in conjunction with the boundary conditions: n(x) = n(0) at
x = 0 and n(x) = ng at x > L, we can obtain the excess electron density
distribution as
X
n(x) = (n(0) — ng) exp <_L_> + nyg, (8.17)
n
where L, = (Dytr)!/? is the electron diffusion length, and Dj, is the electron
diffusion coefficient. Thus, it is possible to get the surface trapped electron
density distribution with the position x under steady-state high-voltage stress
by substituting (8.17) in (8.15), as shown below.

L {(n(()) — ng) exp (-ﬁ) + ”0}

1+ NS?S)IR {(n(O) — ng) exp (—Lin) + no}

Nr(x) = (8.18)

When the device is turned on, electron injection from the gate is reduced greatly
because of the dramatic fall in the electric field strength at the gate corner. The
sum of surface free electrons and the trapped electrons remains unchanged at
the beginning as the electron emission and recombination processes still persist.
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However, after the initial stage, the electron recombination process becomes
much weaker due to the removal of the injected electrons from the gate. The
electron emission from the trapped state, i.e. the de-trapping process, becomes
the dominant behavior in the on-state recovery process. The process can be
described by

8NR(X7 t) _ _NR()C, t)

8.19
at TE’on ( )

where Tg op 1s the lifetime of electron emission in the on-state recovery process.
Solving Eq. (8.19) in conjunction with the boundary condition: Nr(x, r = 0)
= Nr(x) and Nr(x,t = 00) = 0 at r > g on, We can obtain the quantity of
the trapped electrons as a function of time ¢ as

NR(x, 1) = Nr(x) exp <— ) (8.20)

TE,on
AlGaN surface donor-like traps with an energy level of 0.37 ¢V below conduc-
tion band are employed here to obtain physical quantities. During the off-state
stressed condition, the life time Tr = (1/(on,RvnNg)) exp((Ec — Ep)/(kT))
and tg = (1/(on,gvnNc)) exp((Ec — Ep)/(kT)), where the electron cap-
ture cross-section op g = 1.0 x 1013 ¢cm?, emission cross-section OnE =
1.2 x 1071 c¢m?, electron thermal velocity v, = 6 X 10°cm - s7!, conduc-
tion band state density Nc = 2.2 x 108 cm~3, and surface electron mobil-
ity un = 100cm?/Vs. Nfj(0) = 2.5 x 10 cm™ and np = 1.0 x 10!%cm~3
at AlGaN surface are used in the calculation. tr = 1.0 x 107 8s and 75 =
9.6 x 10~*s are obtained for region “II”. In the high field region “I”, as
shown in the inset of Fig. 8.24, the square-root of field is found to be approx-
imately linear with the distance x. Therefore, an exponential relationship can
be used for the electron recombination lifetime in this region, considering
Poole—Frenkel theory in which trap barrier reduction is proportional to the
square-root of field. The electron diffusion length of 1.61 um is obtained from
the expression L, = ((kT/q)uuntr)'/? at room temperature. The injection elec-
tron density n(0) acts as the key variable in the calculation. In the off-state,
the measured gate leakage current was found at the order of 10~7 A/mm when
the drain bias is below 100 V. The excess free electron density n(0) at the
order of 10'*cm™3 can be found by calculation using the current expression
I; = gn(0)vsd, where vy is the electron saturation velocity at AlGaN sur-
face. Thin AlGaN surface area of thickness d = 1.0 nm is considered here.
Then the trapped and excess electron density distributions can be determined
by (8.17) and (8.18).

Figure 8.26(a) shows the distribution of calculated densities of trapped
electrons and excess free electrons at steady-state under 10V, 20V, and 30V
stress. The trapped electron spatial distribution is determined from the amount
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Fig. 8.26. (a) The variation of trapped electron density Ng and excess free electron
density n with the position x under stress voltage 10V (square points), 20V (round
points), and 30V (triangle points), and (b) the variation of Ng and n at x = 0 with
average horizontal electric field of high field region “I”. The dashed lines show a good
linear fitting for the trapped electron and excess electron density with average field.

of excess surface free electrons by leakage current. A simple linear relationship
can well describe and fit the peak charge density changing with the average
surface horizontal field at the gate corner, as shown in Fig. 8.26(b). The injected
excess and trapped electrons increase with the increasing field strength in the
high field region and their quantitative relationship provides a reliable basis to
analyze the current collapse phenomena in numerical detail.

A HEMT device without field plate and without passivation was mea-
sured to verify the current collapse model. The schematic structure and opti-
cal microscopy image of the fabricated device are shown in Fig. 8.27(a) and
8.27(b) with device dimensions of Lg = 2 um, Lgs = 5 um, Lgqg = 5 um, and
W, = 100 um. The thickness of Al,O3 gate insulator is 15nm. No passiva-
tion or surface cap layer protection is employed in all the devices to be helpful
to observe and investigate the current collapse phenomena. With the trapped
electron charge distribution modeled, the Sentaurus TCAD tool is used to cal-
culate the /-V characteristics and the transient drain current recovery process
of the HEMT devices. Material parameters used in the simulation, such as
2DEG density, electron mobility, and electron saturation velocity, as listed in
Table 8.4, are first calibrated by benchmarking with /4—V4 and 14—V char-
acteristics of HEMT devices under zero stress by laboratory measurement.
In the current collapse simulation, settings of various trapped electron den-
sity along AlGaN surface are determined by the modeled distribution shape
obtained from Fig. 8.26(a). The timings of voltage pulses in performing cur-
rent collapse measurement are schematically shown in Fig. 8.27(c). During
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Fig. 8.27. (a) Schematic of AlGaN/GaN HEMT structure, (b) optical microscopy
image of the devices in testing, and (c) timings and parameters setting in current collapse
measurement. Transient drain current recovery processes are measured immediately
after removing 2 s off-state stress bias and 74—V curves are measured at 0.51 s after
removing the stress bias.

Table 8.4. Physical parameters used in simulations.

Physical parameters Values used in simulations
Gate metal work function 4.8¢eV

2DEG sheet density 4.6 x 1012 cm—2
Electron mobility in GaN 800 cm?/Vs
Electron saturation velocity in GaN 1.25 x 107 cm/s
Tonized surface donor-like trap density 2.5%x 1020 cm—3

the off-state, a gate bias of —12V is applied with a drain stress bias ranging
from 10V to 30V for 2s. After removing the stress drain bias, the on-state
drain current is measured at 0.51 s after removing the stress bias. In order to
avoid the self-heating effect, a low drain bias of less than 6 V and short-time
voltage steps are employed at on-state. In the drain current transient recovery,
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Fig. 8.28. Comparison of simulated (a) Iq—Vq, and (b) I4—Vg characteristics under
zero stress with the experimental data points. Comparison of simulated, (c) I4—Vy
characteristics at Vg = 0 or 2'V, and (d) transient drain current recovery process as a
function of time after different off-state stress bias with the experimental data points.
The flat dashed line in, (d) shows DC drain current level without current collapse.
Solid points and solid lines represent the experimental data points and simulation data
respectively. Huang et al. (2014a).

the drain current at V; = 0V and Vg = 2V is measured after removing the
stress bias.

Figure 8.28 shows the experimental data and analytical data by simulations.
Figure 8.28(d) shows the entire drain current recovery process as a function of
time after different off-state drain voltage stress. The transient drain current
recovery time is long and can be up to several minutes due to slow electron
emission from the traps, especially for the case of 30 V voltage stress. Therefore,
good surface passivation treatment in device formation is necessary to reduce
the current collapse and improve the device switching characteristics.
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8.5. Reduction of Current Collapse with Gate
Field Plate

The current collapse can be suppressed by approaches such as proper passi-
vation of AlGaN surface and moderation of surface electric field. The good
effect of using field plate (FP) design in strip structured HEMTs to reduce cur-
rent collapse has been experimentally confirmed. As the gate leakage current is
controlled strongly by the electric field near the gate corner towards the drain
side in the off-state, the electric field reduction can potentially help mitigate this
issue. The FP design has been utilized to effectively alleviate the electric field
crowding at the gate corner of the drain side. The gate leakage current is hence
reduced which is helpful in restraining the current collapse by decreasing the
amount of the trapped electrons at the AlGaN surface (as seen in Fig. 8.29).
Furthermore, the additional horizontal electric field near the end of the FP will
enhance the electron de-trapping process and accelerate the electrons hopping
along AlGaN surface which further reduces the trapped electron density and
hence results in the notable suppression of current collapse.

The AlGaN/GaN HEMTs without and with FP designs were fabricated
with gate width Wy = 120 um and gate length L, = 3 um. The 20 nm Si3Ny4
and 300nm SiO, bilayers were deposited as FP insulators. Both strip and
circular structures were employed to demonstrate the effects of FPs on the
dynamic on-resistance and recovery time of current collapse. The schematic
of the device structure with specific parameters is shown in Fig. 8.30(a) and
the sample optical microscopy images are shown in Fig. 8.30(b) and 8.30(c).
Stressed I4—Vy4 curves were measured at time = 1s after 2s off-state voltage
stresses at V4 = 10V and V4 = 50 V. The transient on-resistance is calculated
by measuring the drain current as a function of time at Vy =2V and V, =
0V after stress. The timings in performing current collapse measurements are
schematically shown in Fig. 8.30(d).

Figure 8.31 shows the measured on-resistance increase ratios after 2s
off-state gate and drain voltage stress on different FP designs in both strip
and circular structures for various Lgqg and Lgq lengths. It is seen that the
on-resistance increase ratios are suppressed in all devices with employment of
gate FP which is mainly attributed to the reduction of peak surface electric
field to get electric field distribution more evenly over a longer distance along
the device surface. For a fixed FP insulator type and thickness, the optimized
FP length is closely related with Lgq. Short FP design is more suitable for
the devices with a short Ly due to its more uniform electric field distribution
which is beneficial to reduced the surface electron trapping. It is found that
employment of 2 um FP will result in a lower on-resistance increase ratio for
the devices with a shorter Lgq length such as 7um, while employment of 4 um
FP can better suppress the increase of the on-resistance in other devices with
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Fig. 8.29. The variations of sheet trapped electron density and excess free electron
density n along the AlGaN surface near the gate towards the drain side under off-state
stress for devices with and without field plates. The drain-side gate edge is located at
x = 0. Huang et al. (2014a).

a longer Lgq. Without FP design, circular structures will be a better choice in
achieving a less increase of the on-resistance. The critical channel area in the
circular structures is surrounded by the source and is far away from the mesa
edge which leads to a reduced leakage current at the mesa edges and hence a
reduced electron trapping amount along the mesa edge.
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Fig. 8.30. (a) Schematic of AlGaN/GaN HEMTs with gate FP, (b) and (c) optical
microscopy images of the devices with strip and circular structures, (d) timings and
parameters setting in current collapse measurements. Transient on-resistance recovery
was measured immediately after removing 2 s off-state stress bias and device stressed
I4—V4 was measured at 1 s after removing the stress bias.

Figure 8.32 shows the distribution plots of simulated horizontal electric
field at AlGaN surface near the gate towards the drain side under drain voltage
stress. The number of the injected electrons decreases as the peak electric field
is reduced with FP design by alleviating the field crowding at the gate corner
which reduces the electron injection and results in a distinct reduction in the
increase of the on-resistance. At the same time, the surface field extended by the
field plate moves the surface electrons further away from the gate edge. It will
also enhance the electrons hopping along AlGaN surface and hence reduce the
surface trapped electron density, eventually resulting in a better suppression
of current collapse.

Figure 8.33 shows the quasi steady-state I3—Vy characteristics by simulation
by placing proper trapped electron density distribution according to the calcu-
lated data by the model. Experimental data points are also shown. Figure 8.34
shows the transient on-resistance recovery process as a function of time after
different off-state voltage stresses. The transient drain current recovery time
for the device without FP design is long and it can be up to several minutes due
to the slow electron de-trapping from the traps. Therefore, good FP design in
device formation is necessary to improve the device switching characteristics.
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Fig. 8.31. Measured on-resistance increase ratios after 2 s off-state gate and drain volt-
age stresses on FP length for strip and circular structure devices with various Lgg
and Lgq. Ron represents the on-resistance at zero stress and Ron,stress represents the
on-resistance after off-state bias stress at 10 V and 50 V. Huang et al. (2014a).

8.6. Temperature Effects

Stressed I3—V4 measurements on unpassivated AlIGaN/GaN HEMT were car-
ried out at chuck with a heating control unit. Figure 8.35 shows the I4—
V4 characteristics under stressed and unstressed conditions at three different
temperatures: 300 K, 400 K, and 500 K. As seen in the figure, the current col-
lapse phenomenon has a strong dependence on temperature. Current collapse
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Fig. 8.32. Distribution plots of simulated horizontal electric field at AlGaN surface
(within 1 nm depth) near the gate towards the drain side at drain stress of 50 V. The
insets show the comparison of the zoom-in peak electric fields for the devices without
or with field plates. The drain-side gate edge is located at x = 0. Huang et al. (2014a).

was more significant at low temperature. When temperature reaches 500 K,
nearly no obvious current collapse was observed.

Table 8.5 summarizes the performance degradation of AlGaN/GaN
HEMT devices, where AR, denotes the on-state resistance increment of the
stressed device compared with that prior to stress; Ron pc denotes the on-state
resistance of the device prior to stress; Alg: denotes the saturation current
reduction of the stressed device compared with that prior to stress; Ist,DC
is the saturation drain current value of the device prior to stress. The varia-
tions of on-state resistance and saturation current compared to the steady state
value prior to stress are denoted by percentage which illustrates the trend of
device performance degradation with temperature variation. As temperature
rises from 300K to 500 K, the increment of the on-state resistance reduces
from 12.83% to 0.57%, and the reduction of saturation drain current decreases
from 26.32% to 0.01%. It can be concluded that, at a high temperature, the
surface trapped charge easily de-trap and the remaining quantity will be much
less than that at low temperature.

8.7. Normally-off Operations in AIGaN/GaN HEMTs

Normally-off operation with a high Vy, is strongly desired in AlGaN/GaN
HEMTs for high power switching applications in order to make the devices
compatible with the current power electronic systems. Various approaches have
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Fig. 8.33. 14-Vj characteristics of the HEMT devices (a) without and (b) with the 4 um
FP measured after off-state drain voltage stress of 10 V and 50 V. Huang et al. (2014a).

been developed to realize the normally-off operation. For example, fluorine
implantation in combination with high work function metal gate is introduced
to shift the threshold voltage Vy;, towards positive. P-type GaN on AlGaN is
also employed to increase Vi, but it is typically less than 1.5V. Gate recess
etching is another effective approach to realize the normally-off operation,
however, it usually comes at the cost of severe degradation of channel conduc-
tance due to the interface scattering, especially when AlGaN barrier leftover
thickness is less than 5 nm. Recent works have experimentally confirmed that
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Fig. 8.34. Transient recovery process of on-resistance after the off-state drain voltage
stresses of (a) 10V and (b) 50 V which were applied for 2s. On-resistance is calculated
at Vg =2V and Vy = 0V. Huang et al. (2014a).

the floating gates or charged traps in the gate dielectric is a promising approach
to maintain normally-off mode without reducing the channel conductance.
The shortcoming now is mainly on the charge retention limitation at high
temperature which affects the operation stability at high power applications.

Employment of partially gate recess etching can reduce 2DEG density
without severe degrading in the channel conductance, while gate insulator by
plasma ionized treatment can further increase Vi, to become more positive.
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Fig. 8.35. DC (before stress) and pulsed (after stress) characterization of unpassivated
HEMT device at 300 K, 400 K, and 500 K.

Table 8.5. Current collapse at different device temperatures.

Temperature (K) 300 350 400 450 500

ARon ! Ronpc  1283% 11.01%  7.9%  3.11% 0.57%
Alsat !/ Igepc  26.32% 10.80% 9.63% 5.86% 0.01%

Combination of these two approaches will be promising to realize normally-off
operation with a good Vy;,. Herewith, the fabrication of Au-free normally-off
AlGaN/GaN MIS-HEMTs with partial gate recess and bilayer fluorine treat-
ments on gate dielectric is explained as an example to showcase the mentioned
technology. Partial gate recess trench is made to lower the 2DEG density and
positively move Vi, without severe degradation in 2DEG channel mobility.
Following that, bilayer fluorine treatments on both the gate dielectric surface
and AlGaN barrier surface under very low bias power are employed to further
increase Vip,.

The starting AlIGaN/GaN epi-wafer has a p-type (111) Sisubstrate, a 2-um
buffer layer, a 2-um undoped GaN, and a 20-nm undoped Alg»5Gag 75N bar-
rier layer, as shown in Fig. 8.36(a). The sheet 2DEG density of 9.2 x 102 cm—2
with a carrier mobility of 1430 cm?/Vs was found by room temperature Hall
measurements. Mesa isolation was first formed using Cl,/BCl3 plasma RIE
etching, followed by the source/drain ohmic contact formation by e-beam
evaporated Ti/Al/W (40/100/60 nm) annealed at 875°C for 30 sin Nj. A 200-nm
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Fig. 8.36. (a) Cross-sectional schematic of the normally-off AlIGaN/GaN MIS-HEMT
with the recessed gate and F~ trap charges in AIGaN barrier and gate dielectric layer.
The inset shows the optical microscopy image. (b) Cross-sectional SEM images of the
device gate and around the gate edge (Huang et al., 2014b).

Table 8.6. Various process conditions (B-E) for the normally-off
GaN gate plasma treatments.

Samples Gate plasma treatment conditions

A Normally-on (control)

B (120s C1~+ 300s F7) at AlGaN

C (120s C1™ 4 480s F7) at AlGaN

D (120s C1™ 4 720s F7) at AlGaN

E (120s C1~ 4 480s F~) at AlGaN and 180s F~ at SizNy

PECVD-Si0O; was deposited for surface passivation and a recessed gate win-
dow with 2-um length and 300-um width was defined. SiO; was removed
by wet etching followed by CI~ (Cly/Ar at 100 W) and F~ (CHF3 at 30 W)
plasma treatments of different stages and time durations to realize the targeted
normally-off operation. Various process conditions A-E are listed in Table 8.6
and the samples are named after the process conditions.

A 30-nm thick Si3zNg4 was deposited by PECVD as the gate dielectric.
The idea for this approach is that F~ induced negative-charge is trapped in
two stages at the thin AlGaN barrier and the SizNy layer, respectively, with-
out encroaching into the 2DEG region in order to substantially preserve the
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channel mobility. To protect the dielectric, a very low power of 30 W was used
during the fluorine treatment and the reduction of the gate dielectric thickness
was kept within 5 nm. For a fair comparison, 30 s CI~ treatment for sample A is
applied to obtain the similar surface state of AlGaN barrier in the normally-on
control device. Ni/Al (50/150 nm) metals were evaporated for the gate contact.
Finally, a 600-nm SiO; was deposited for device passivation followed by pad
window opening and routing using sputtered Al.

Figure 8.36(b) shows the cross-sectional SEM images of the device gate and
around the gate edge in which sloped gate sidewall and smooth gate dielectric
layer are made. All the samples were made on the same wafer and underwent
the same process treatments except for different plasma treatments at the gate
region as indicated in Table 8.6.

The Atomic Force Microscopy (AFM) image, as shown in Fig. 8.37(b), was
taken right after the AIGaN RIE recess (120s CI~ + 480s F7). It is used to
study the impact of the low-power FPT on the top barrier by comparison with
8.37(a). The AFM analysis indicates a small change in rms value of surface
roughness from 0.41 nm to 0.56nm at the top barrier surface after plasma
treatment. This demonstrates 100 W chlorine and 30 W fluorine treatments
under the prescribed process conditions are suitable for the device gate recess
processing.

Figure 8.38 shows the Ip—V transfer characteristics of the fabricated MIS-
HEMTs under different CI~ and F~ plasma treatment conditions. Vi, values
are determined as the gate bias intercept by extrapolating the linear portion of
the plot. Typical normally-on device (sample A) with Vi, = —5.8 Vis obtained.
Samples B-E were under 120 s RIE CI~ plasma treatment to partially trench

RMS: 0.41 nm RMS: 0.56 nm

(a) (b)

Fig. 8.37. AFM images at the top AlGaN barrier surface (a) without and (b) with
low-power chlorine (120 s) and fluorine (480 s) plasma treatments.
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Fig. 8.38. Transfer Ip-Vg curves of the fabricated MIS-HEMTs measured at
Vp=10V.

the AlGaN barrier for about 10.6 nm. Various RIE F~ plasma treatments at
low bias power were used to further enhance the positive Vi, for samples B-E.
Positive Vi, of 1.1V and 1.3V were achieved by combining partial gate recess
and F~ treatments in AIGaN barrier for 480 s and 720 s, respectively. It is worth
to mention that sample E under 480 s F~ plasma treatment at the AlGaN layer
plus 180s F~ plasma treatment at a low power on SizNy layer gives the best
Vin (=1.9 V) and no obvious degradation of drain current owing to F~ trap
charge accumulation only on the SizN4 surface layer and no penetration into
2DEG region under a very low power condition.

Figure 8.39 gives the performance comparison with other reported
Au-free HEMTs. The performance of the fabricated normally-off MIS-
HEMTs is attractive by having maintained the drain current similar
to the normally-on sample while achieving a high Vi, of 1.9V at the
same time. It is clearly feasible to fabricate Au-free normally-off HEMTs
by employing the partial gate recess with two-stage trapped-charge gate
structure.

8.8. High Threshold Voltage Normally-off MIS-HEMTs

The gate threshold voltage of around 2 V may be insufficient for power elec-
tronic applications. The switching of inductive circuit induces voltage tran-
sients which can interfere in the normal operations of the switching device if its
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Fig. 8.39. Performance comparison among Au-free GaN-based HEMTs. The
stars (A—E) represent the measured current ratings of devices made of processes A-E
(Table 8.6) and their corresponding threshold voltages.

threshold voltage is insufficient. For a practical consideration, it is desirous and
necessary to have a high threshold voltage for normally-off power MIS-HEMT
devices.

Partial AlGaN barrier trench (~50%) using low power chlorine-based ICP
or RIE etching can effectively reduce 2DEG density and shift the Vy;, towards
higher positive without obvious degradation in 2DEG channel mobility. Mul-
tiple FPT on the barrier surface or within the gate dielectric under low RIE
power will keep the fluorine ions near the material surface and at the same
time it increases the Vi, to be more positive without introducing too much
fluorine damage in the 2DEG channel. The technique can achieve both a high
threshold voltage of above 5V and a low gate leakage current at pA/mm level.

The cross-sectional schematic, fabrication flow diagram, and optical
microscopy image of the fabricated MIS-HEMTs are shown in Fig. 8.40. The
fabrication process begins with the mesa isolation by selectively etching down
300 nm of the epitaxial layers. Source and drain ohmic contacts are achieved
by depositing Ti/Al/Ni/Au (25/125/45/55 nm) metals using E-beam system and
annealing at 850°C for 30s in N;. A 150nm SiO; is deposited by PECVD
for surface passivation. Then a recessed gate window of 3 um length and
200 um width is defined by photolithography. Gate trench of 10 nm on AlGaN
barrier (~50% thickness) is realized by Cl~ plasma treatment in ICP-RIE
system, followed by RIE F~ plasma treatment for 180 s under a low power
of 30 W.



Gallium Nitride Power Devices 401

Si0, (1.5 um)

Field Plate

ILgs=5 pm : Lg=3 pm i Lgd=10 pm
I | S
Si0, (150 nm)

Source - Gate Si()z (150 nm) Drain

(1) mesa isolation

O

Ohmic contact formation

partial barrier recess and low
power F~ injection

©

multiple dielectric deposition
and low power F~ injection

gate metal deposition

field plate formation

O—E=—®

passivation and metal routing
(b)

Fig. 8.40. (a) Device schematic with multiple layers of fluorinated dielectrics for gate
formation, (b) fabrication process flow, and (c) optical microscopy images of the pro-
posed normally-off AIGaN/GaN MIS-HEMTs with the triple fluorinated dielectrics.

The innovative idea in this technique is that low power (30 W) RIE fluo-
rination plasma treatment with minimum ionic scattering damage was imple-
mented after the deposition of each ALD-Al, O3 gate dielectric layer. The ALD
growth and subsequent RIE processes are carried out for three rounds, followed
by a good ALD-AIl,O3 cap on the top without any plasma treatment. The total
Al;O3 thickness is kept around 15 nm. Ni/Au/Ti metals are deposited by an
E-beam evaporator system as the gate electrode, and then 350 nm PECVD-
SiO; layer is deposited on the top to serve as the field plate dielectric. Thick
Ti/Au/Ti metal is deposited as the field plate and 1.5 um PECVD-SiO; is
employed for the passivation dielectric. Finally, pad windows are opened and
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Ti/Au metal routing is carried out to complete the fabrication. The optical
microscopy image of the fabricated normally-off AlGaN/GaN MIS-HEMTs
is shown in Fig. 8.40(c). The various field plate combinations such as gate
extension of 1.5 um and 2.5 um toward drain and field plate length of 1.5 um,
2.5 um, and 4.5 um are optimized in the design process (Wang et al., 2015a).

Among the five die samples, Die A is the normally-on device; Die B is
trench-only structure where half of the Al;O3 layer is removed to reduce the
induced 2DEG concentration; Dies C, D, and E are treated with RIE fluori-
nation process on Al,O3 dielectric layer with different doses as indicated in
Table 8.7. The dielectric layer thickness is kept the same at around 18 nm. The
total equivalent amount of fluorine ions acting at the Al;O3/AlGaN interface
for the electrostatic effect can be modeled by the following equation:

dy+dz+ds dy+dy
O = 01+ Q> 3
di+dy+ds+dy di+dr+ds+ds
d.
+ 04 ! (8.21)

di+dy+ds+ds’

where Q1 is the amount of charge located right at the Al;O3/AlGaN interface,
05 is the amount of charge located at a distance d| away from the interface,
so on and so forth for Q3 and Q4.

The threshold voltage can then be modeled after knowing the total equiv-
alent fluorination charge Qgq, as below:

®, — AE| — AE; — AEj _ qQ2DEG (TAIGaN — Irecess)

Vinh =
q EAIGaN
4
+ +
_ q(Q2pEG + CEQ + 01) Ztn, (8.22)
EALL O3 =1
Table 8.7. Fluorination treatments on Dies C, D and E.
Sample Dies C D E
15t F~ treatment conc. [Q1] (cm™2) —1.40 x 1012 0 0

20d B treatment conc. [@5] (cm™2)  —8.60 x 1012 —8.60 x 1012 —6.51 x 1012

3" F~ treatment conc. [Q3] (cm™2) —8.60 x 10'2  —8.60 x 1012 —1.21 x 1013

4th B~ treatment conc. [Q4] (cm™2) —4.19 x 1012 —1.12x 1013 —1.30 x 1013

Equivalent F~ conc. [Qgq] (cm™2)  —1.52x 1013 —1.69 x 1013 —1.82 x 101

ALD-AL,O3 dy, da, d3, ds (nm) 74,6,43,8 74,6,7.6,8 6.5,7.3,7.6,8

Total dielectric thickness after RIE 18.00 18.15 18.10
fluorination treatments (nm)
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Fig. 8.41. The relationship between threshold voltage (Vi) and the total equivalent
fluorine charge (Qgq)- The data by model prediction (dash line), Sentaurus simulations
(square, triangle, and diamond symbols), and laboratory measurements (cross symbol).

where the barrier between Niand Al,O3 is &, = 3.5¢eV, AE|, and AEj are the
conduction band offset between Al,O3/AlGaN and Al1GaN/GaN respectively,
which add up to be 2.1eV. AE; is the conduction band offset from the Fermi
level before fluorine treatments, which is —0.16 eV. Permittivities are sa1Gan =
9.2e9 and ea1,0, = 70. Q2DEG is around 6 x 10'2 cm~2 for the 2DEG density
at AlGaN/GaN interface when AlGaN thickness is at 10 nm. Figure 8.41 gives
the threshold voltage values obtained by theoretical calculation by Eq. (8.22),
by the Sentaurus simulation and by the measurements on fabricated devices.
In general, they match quite well.

Figure 8.42 shows the measured Ip—Vg, and gy, of various samples fab-
ricated, namely Dies A-E at Vp = 1V. The threshold voltage is obtained
by linearly extrapolating the tangent at g, maximum. The recess-only Die B
shifts the Vy;, from —4.8 V to —2.0'V, showing effectiveness of partial recess to
2DEG density reduction. The fluorination plasma treated Dies C-E shift the
Vin to various positive values, where Die E has the highest Vi, of +6.5V that
agrees with the design. Consistent Vj;, measurements in saturation region are
also obtained for all dies. Meanwhile, the maximum gp, for Die E (28 mS/mm)
is similar to the untreated normally-on Die A (31.9 mS/mm), indicating very
trivial degradation on the sub-threshold swing.

Figure 8.43 shows the Ip—Vg and Ig—Vg characteristics of Dies A-E in
logarithmic scale. Very low gate leakage of 107 mA/mm at Vg = 12V is
observed for Die E, indicating that the quality of the multilayer fluorinated
gate dielectric was preserved. However, F~ ions treatment on the AIGaN bar-
rier (Die C) provides a path for trap-assisted leakage and thus worsens the
gate quality. Good stability on Vi, and Ig has been verified experimentally
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Fig. 8.43. Ip—Vg characteristics and Ig—Vg of Dies A-E at Vp = 1V in logarithmic
scale. Low off-state gate leakage current of 10~® mA/mm is observed for Die E. Wang
et al. (2015a).

through repetitive measurements. A moderate 60% increase in the dynamic
on-resistance (Roy) was measured after off-biasing Vp at 200V for 10s.

Figure 8.44(a) shows the on-state Ip—Vp curves of Dies A-E at gate over-
drive voltage (Vg = Vg — Vi) of 10V. A moderate 29% degradation in
Ipmax (from 490 mA/mm to 346 mA/mm) is observed for Dies D and E com-
pared to normally-on Die A. However, about 60% degradation is observed on
Die C, indicating that the F~ treatment directly on the AlGaN surface may
have deteriorated the AlGaN/GaN interface and degraded the 2DEG carrier



Gallium Nitride Power Devices 405

600 — 10

0.1¢

I, (mA/mm)
W
=

s 001 —~ DieE
N @ V=10V o001 @ V=0V
0 2 4 6 8 10 0 500 10001500
Vo (V) Vo (V)
(a) (b)
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(2015a).

Table 8.8. The 2DEG electron mobility for Dies A-E
from simulations.

Dies A B C D E

Mobility (cm?/Vs) 1450 1200 600 1000 1050

mobility. The 2DEG carrier mobilities at the gate region shown in Table 8.8 are
obtained from the fitting by Sentaurus simulations for Dies A-E in Fig. 8.44(a)
matching the on-state /-V characteristics. The low 2DEG mobility in Die C
is observed. In Fig. 8.44(b), the off-state breakdown characteristics of Dies E
with Lgp = 15um and Lpp = 2.5um at Vg = 0V are shown. A maxi-
mum breakdown voltage of 1140V is obtained for Die E. It agreed with the
designed rating confirming the suitable gate formation without any premature
breakdown.

8.9. Argon Pre-processed Fluorination Plasma
Treatment

Fluorination Plasma Treatment (FPT) is a promising gate processing method
applied to achieve a high threshold voltage for normally-off operations. As
described in Sec. 8.8, by applying multiple RIE based FPTs on Al,O3 gate
dielectric along with partial gate recess, it can introduce a large amount of
trapped negative charge in the gate dielectric which can then achieve a large
Vin, €.g. as high as 6.5V with a satisfactory Ipyax. However, the multiple
low-power FPT process is unable to provide sufficient deep-level trap states that
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can keep electrons staying at the trapped states at high temperature. This causes
a major disadvantage as GaN power device will need to handle high voltage
and high current switching at high temperature. In this section, an improved
thermal stability scheme is proposed for gate engineering. A short-period of
Argon (Ar) plasma treatment (APT) prior to the FPT is applied to effectively
induce trap states at deeper energy levels within the Al,O3 dielectrics. A sin-
gle ICP-RIE based FPT follows after APT to complete the process. These
fluorination-induced negative charges at the deeper trap states can provide
better thermal stability.

The mechanism of Vy, shift can be explained by the conduction band energy
diagram along the gate stack region as shown in Fig. 8.45. In this figure,
the barrier @, between Ni and Al,O3 is 3.5¢V. E| and E3 are the conduc-
tion band offset between Al,O3/AlGaN and AlGaN/GaN respectively, totally
2.1eV. E; is the conduction band offset from the Fermi level without fluo-
rine treatment, which is —0.16 eV. When there is no FPT applied to the Al;O3
gate dielectrics, the conduction band at the AlGaN/GaN interface is below the
Fermi level (Er) and the 2DEG is induced. Therefore, Vi, is negative due to the
intrinsic existence of the 2DEG. When the Al;O3 gate dielectric is fluorinated,
significant amount of negative charge will reside in the Al,Oj3 at the trap sites
and shift the conduction band at the AIGaN/GaN interface above the Fermi
level. Hence, the 2DEG will be depleted by the negative charge at the gate

AlGaN ‘ GaN

q)B Fplasma | —
induced A f\
states =~ v 1
Ez * EF
= With F Trapped
— — W/OF i electrons
0 10 20 30 40
Depth (nm)

Fig. 8.45. The conduction band energy (Ec) schematic diagram along the gate stack
region for devices with (solid line) and without (dashed line) FPT at Vg =0V.
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region and the device will have its positive threshold voltage. It is notable that
if these negative charges are resided above the EF, it will be emitted within a
period of time. The emission time constant is directly related to the trap energy
level that the charge is resided, which will be further discussed.

The RF plasma power controls the state of fluorine radicals bombarding
the sample surface. It increases the total amount of trap charges within Al,O3
and also extends the trap sites’ energy levels to be slightly deeper. However,
high RF power in the RIE system will have the negative impact to damage the
2DEG channel quality. On the other hand, the ICP-RIE based FPT is able to
control the amount of dissociated fluorine radicals and the ion bombardment
energy independently by the coil and cathode power settings, respectively. To
further push the traps towards deeper energy levels during FPT, a short-period
of APT is carried out on the gate dielectric surface prior to the FPT. Such a
process induces shallow surface damage with broken Al-O bonds which can
increase the amount of Al-F bonds and make the associated trap energy levels
deeper than those without APT.

The fabrication process flow and the cross-sectional schematic of the device
are shown in Figs. 8.46 and 8.47. The prototype device has Lg, Lgs, LFp,
and Lgp of 3 um, 5um, 1.5 um, and 5 um, respectively. The AlGaN/GaN-
on-Si wafer has the 2DEG carrier density and mobility of 8.5 x 102 cm~2
and 1450 cm?/Vs respectively. The process begins with mesa isolation by
BClz-based ICP-RIE and SiO; dielectric deposition by PECVD. Ti/Al/Ni/Au
(25/125/45/55 nm) source/drain ohmic contacts are made by RTA at 850°C for
30s. About 10 nm (50%) of AlGaN is removed to define the gate region by low
power BClsz-based ICP-RIE to reduce the 2DEG concentration without dam-
aging the AlIGaN/GaN interface, and to preserve carrier mobility in the 2DEG
channel. This is followed by 6.5 nm of ALD-AI,O3 dielectric layer deposition
made at 250°C. The device goes through a 20 s ICP-Ar plasma treatment with a
coil power of 50-100 W. Then, ICP-CHF3 plasma treatment is carried out with
cathode/coil power settings of 10/200 W for 4 min. The process parameters used
for the gate formation and the resulting surface roughness rms obtained from
the AFM are listed in Table 8.9 and Fig. 8.48. The APT recipe implemented
is based on the existing Al,O3 etching recipe using BCl3/Cly/Ar ICP-RIE. It
uses the same coil power and Ar gas flow as the Al,Oj3 etching recipe to ensure
the amount of dissociated Ar™ is sufficient. Minor adjustment of the cathode
power from the etching recipe can be made to seek for optimized results. It
is found that by controlling the cathode power of the Argon treatment below
75 W, the device is able to preserve the surface roughness rms within 1 nm.
Finally, Ni/Au (15/150 nm) gate-metal deposition follows with annealing at
400°C for 5 min.
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Fig. 8.46. The fabrication process flow of a normally-off Al,O3/AlGaN/GaN MIS-
HEMT with the Argon pre-fluorination treatment (APT then FPT) gate process.

Figure 8.49(a) compared the measured Ip—Vg characteristics of the proto-
type Dies A and B without APT, and Fig. 8.49(b) for Dies C, D, and E with
APT. A Vi, of 4.4 Vis obtained for Die D with the Argon coil power at 75 W. By
increasing the Argon coil power to 100 W (Die E), it is able to further increase
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Fig. 8.47. The device cross-sectional schematics of the normally-off AlGaN/GaN MIS-
HEMT. The inset magnifies the gate region, where the fluorine-induced charges (F™)
and the thickness of gate dielectric stack (#; and #;) are shown.

Table 8.9. Processing parameters for the gate dielectric of prototypes: Dies A-E.

DieA DieB DieC DieD DieE

ALD-Al,O3 Thickness (¢1) (nm) 6.5
Argon Coil Power (W) N/A  N/A 50 75 100
Fluorination Coil Power (W) N/A 200
ALD-Al,O3 Thickness (#7) (nm) 15

AFM surface RMS Roughness (nm)  0.38 0.53 0.61 0.78 2.29

the Vi, to 5V. The preservation of gate leakage can be seen in Fig. 8.49(c)
with moderate Argon coil power applied. In Fig. 8.49(d), a comparable Ippax
of about 320 mA/mm is measured for Dies B-D, showing the preservation
of 2DEG channel conductivity after Argon bombardment and FPT. As for
the Die E, its Argon coil power is too high which roughens the treated sur-
face, damages the channel, and worsens the Ipyax and the gate leakage
current.

According to Fig. 8.50(a), proper APT can also reduce the ratio between
the dynamic on-state resistance and static on-state resistance, Rdynamic/Ron
where Rynamic 18 the current collapse dynamic resistance measured after drain
stress applied for 10s at off state. It can improve the breakdown voltage as
well as shown in Fig. 8.50(b) measured at Vg = —5V for untreated Die A
and Vg = 0V for plasma-treated Dies B-E. These improvements imply the
effective reduction of the shallow trap states by the APT process. For instance,
Die D is able to have about 7.3% smaller Rgynamic/Ron (1.27 versus 1.37) and
40% higher breakdown voltage (940 V versus 670 V) than Die B for FPT-only.



410 Power Microelectronics

Without Argon
Plasma Treatment

02 04 06 08 1

RMS: “0.53 nm

With Argon Plasma
Treatment at Coil
Power 100W

Fig. 8.48. AFM image of the Al,O3 surface with and without Argon plasma treatment
(top: without APT; bottom: with APT at coilpower of 100 W).

However, if the APT coil power is too high (Die E), the off-state leakage will
significantly increase by about one order of magnitude and the breakdown
voltage will drop to 800 V. Therefore, a good control of the coil power for the
APT process is necessary to ensure a good performance for APT-FPT GaN
normally-off devices.

8.10. High Temperature Threshold Voltage
Stability

The sweep of Ip—Vg hysteresis of Die B (FPT only) and Die C (APT+FPT) at
25°C and 200°C are shown in Figs. 8.51(a) and (b). At 200°C, much smaller
hysteresis of about 0.8 V for Device C is obtained than 2.2V for Device B.
This is about 63.6% reduction in hysteresis. It indicates that less population of
shallow traps within Al,O3, that emitted trapped charge at 200°C, is observed
when the gate dielectric is treated with APT and FPT.

To further elaborate the Vi, thermal stability and its relationship with trap
distribution, the high temperature Vyy, stability of Dies B and D is reported
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Fig. 8.49. Measurements of (a) Ip—Vq of Dies A and B with different ICP-fluorination

coil power of 100-300 W and, (b) Ip-Vg of Dies C-E with Argon plasma pre-treatment,
(©) Ig-Vg at Vp =1V, (d) Ip—Vp of Dies A-E with Vg — Vi =3V and 6V.

in Fig. 8.52(a) and 8.52(b). The pre-FPT APT is able to improve the Vi,
at 200°C significantly to be at 2.5V, implying the negative charges induced
from FPT at Die D are mostly residing at deeper level within the Al,O3
energy band.

Specifically, the electron emission levels at fluorinated traps corresponding
to different temperature can be modeled by Eq. (8.23), where ET pax is the
deepest energy level of the trapped charge to be emitted from, ky, is the Boltz-
mann’s constant, 7 is the device temperature. y, = (v/ TO'S)(NC/TI'S) =
3.25 x 102 (my/mo) where my/mq (=0.16) is the relative electron effective
mass within Al,O3, vy, is the thermal velocity of AlO3; obtainable from
Vi = Bk T/ (mamo))?>, N is the effective density of states in Al,O3 obtain-
able from Nc = 2QamumokyT/h*)1>, h is the Planck’s constant. oapo3 is
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Fig. 8.50. (a) The measured ratio between the dynamic on-resistance (Rgynamic) and
the static on-resistance (Ropn) of Dies A, B, and D after drain stress applied for 10s at
off-state, (b) off-state Ip—Vp breakdown measurement of Dies B-E at Vg = 0V and
DieAatVg =-5V.

the capture cross-section of the electrons in Al,O3, which is about 10710 cm?2,

and t = 50s is the device heating time to allow for device surface temperature
stabilization to reach quasi-steady state. It is reasonable to assume that all
of the charges trapped in levels shallower than ET max will be emitted by
thermal energy, and those at levels deeper than Et pax will remain trapped.
Once the ET Mmax for a given temperature is found as indicated in Fig. 8.52(d),
the amount of sheet negative charge (QOn) remaining within the Al;O3 can
be calculated from the change in Vi, referring to the Vi, at 25°C and the
Vin model depicted in Eq. (8.24). In Eq. (8.24), the barrier between Ni and
AlL,O3 is &, = 3.5¢V, and AE; and AE3 are the conduction band offset
between AIGaN/GaN and Al,O3/AlGaN respectively, totally 2.1eV. AE; is
the offset of the conduction band from the Fermi level before FPTs, which
is —0.16eV. Permittivities of AIGaN and Al,Oj3 are eajgan = 9.2¢0 and
eA03 = 7¢0, respectively. The second and the third terms in Eq. (8.24) illus-
trate the electrostatic potentials across the AlGaN and Al,O3 layers, respec-
tively. QopEG = 6 x 1012 cm—2 is the 2DEG density at AlIGaN/GaN interface
when the thickness of AlGaN is at 10nm. Ot = —1.5 x 10!2 cm ™2 is the fixed
charge density at Al,O3/AlGaN interface Wang et al. (2016).

To estimate densities (Dy) of trap states formed by plasma treatments
in Al,O3 bandgap, the pulsed Ip—Vg measurement by stressing the gate at
different levels of negative gate base voltage (Vp) was carried out (Fig. 8.52(¢)).
Based on the Poole-Frenkel trap emission theory shown in Eq. (8.25), Vg
is able to provide an external electric field (§) that enhances the emission of
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Fig. 8.51. The measured Ip—Vg hysteresis of Device B (FPT only) and Device C
(APT+FPT) at Vp = 1 V when the ambient temperature is (a) 25°C and (b) 200°C.

negative charges which are trapped at above certain energy levels. Thus, a
larger reduction of Vi, from the sweep is observed with increasing | V| value.
Specifically, pulsed /p—Vg measurement with Vg from 0V to —40V held for
50 s at room temperature is performed as shown in Fig. 8.52(c). In Eq. (8.25),
On,0 and On vB, which are the trapped charges within Al,O3 before and
after applying the gate stress, can be derived from the change in Vi, with
Eq. (8.24). Hence, the corresponding ET \max relationships of both the high
temperature emission and gate stressing approaches are shown in Fig. 8.52(d).
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Fig. 8.52. Measured In—Vg sweeps of Die B and D for Vp = 1V at (a) ambient
temperatures of 25°C, 100°C, 150°C, and 200°C; (b) The AV}, of Dies A, B, D at high
temperatures; (c) measured Ip—Vg sweeps with stressed gate voltage (V) from 0V to
—40V; (d) The deepest trap emission level (ET pax) in relationships with the stressed
gate bias and the ambient temperature. Wang et al. (2016).

This relationship is useful to measure the distribution of trap charges at various
trap levels within the gate dielectric bandgap.

where

Et max = koTIn(ynoao3 T20), (8.23)
Vi = Pp — E1 — Ey — E3 qQrDEG(AIGaN — Trecess)
q EAIGaNE0
_ q((Q2DEG + Qp)iAn03 — QNIZ)’ (8.24)
EALO;E0

ET MAX = v q&/meano3zeo — (kT /q) In(1 — ON,0/ON,vB),  (8.25)

& = (VG /tA1203 — $b/q1A1203)-



Gallium Nitride Power Devices 415

q'—.AleS—P
[ shifted
s (lue
'V
|
e e
Ey eT_‘“ Ped __ with v,
- =W/O -V,
0 10 20 30 40

Depth (nm)

Fig. 8.53. The energy band diagram along the gate stack region for fluorinated gate
dielectrics with (solid line) and without (dashed line) negative gate stress.

The trapping and emission of electrons at the fluorination plasma induced
states within the Al,O3 energy band is illustrated in Fig. 8.53. When a negative
Vg is applied, the external field will pull the Ec upwards, resulting in more
emission of trapped negative charge above the Ef within a short period of
time. In other words, the trap emission level can be controlled by the applied
V. Such an effect is similar to that of increasing the ambient temperature for
the emission of trapped electrons.

The amount of intrinsic gate charges Qn at room temperature can be
accurately calculated from the measured Vi, and by Eq. (8.24) as shown in
Fig. 8.54(a). In Fig. 8.54(b), the Dy mapping at corresponded energy level with
and without APT (Die D and B, respectively) are found by the gate stressing
technique. The change in QN due to gate stressing test (A Qnp») of different Vg
can be extracted by integrating a sixth-order polynomial function that fitted
with the Dy data-points with the rms error less than 2%. A Onp can be directly
compared with the change in QN caused by high-temperature (A On1) with the
same corresponded ET Mmax, as shown in the Table 8.10. A good fit between
A QN1 and A Onp indicated the effectiveness of the gate stressing technique on
Dy extraction.

8.11. GaN-Based Inverter Configuration

The enhancement-mode AlGaN/GaN MIS-HEMT with high Vi, and good
conductivity is good to form a monolithic inverter by integrating with
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Fig. 8.54. (a) The trapped charges Qn of Dies B-E obtained by Eq. (8.24) with
measured V,; (b) the distribution of fluorine-induced trap states in the A;O3
energy level away from the Ec. The corresponding thermal emission levels are also
indicated. Wang et al. (2016).

a depletion-mode (Vi, < 0V, D-Mode) normally-on MIS-HEMT. The
cross-sectional schematic of the devices with metal routing and the equivalent
circuit diagram of the inverter are shown in Fig. 8.55. In this configuration, the
normally-off HEMT is acted as the switch, while the normally-on HEMT is
acted as the resistive load. Due to the absence of well-performing GaN-based
PMOS transistor, such a depletion-load NMOS configuration is a possible
substitution of complementary configuration to form the GaN-based logic
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Table 8.10. Vy;, reduction (AVy,) and Qn reduction (AQy) at high temperature
obtained from the measurement for fabricated Dies B and D.

Temperature 100°C 150°C 200°C

ET_MAX 0.86eV 0.98¢eV 1.1eV

Dies B D B D B D

AV (V)] 0.9 0.6 2.7 1.4 3.7 1.9

AQN; (1012cm~2) 2.3 1.1 5.4 2.6 7.1 3.5
Vbp

~Normally-on HEMT
Vout

GaN (1.5 pm)
Buffer (3.3 pm)

i

Si Substrate (1mm)

[ |
Normally-off Normally-on
Fig. 8.55. Cross-sectional schematics of an inverter with normally-on and normally-off
devices in serial configuration.

inverter. The specific steps and processing parameters used for gate fabrication
are summarized in Table 8.11.

The static input—output voltage transfer characteristics (VITC) of the
inverter for different device width ratio between normally-off and normally-on
HEMTs (W;ati0) are shown in Fig. 8.56. In the VTC characteristics, the defi-
nition of input-low (Vir, lower voltage when slope = —1), output-low (Vor,
lowest output voltage), input-high (Viy, higher voltage when slope = —1),
output-high (Voy, highest output voltage) are also shown. It is observed that



418 Power Microelectronics

Table 8.11. The fabrication process related to the inverter circuit.

Step Process Parameters

1 AlGaN partial recess at normally-on  Cly, ICP @ 30 W for 30s

region
2 ALD-A1,O3 6.5nm
3 F~ treatment CHF3 RIE @ 30 W for 140 s
F~ Conc.~= —6.51 x 1012 ¢m—2
4 ALD-A1,O3 7.3nm
5 F~ treatment CHF3 RIE @ 30 W for 260 s
F~ Conc.~= —1.21 x 1013 em™2
6 ALD-Al,O3 7.6nm
7 F~ treatment CHF; RIE @ 30 W for 280s
F~ Conc.~= —1.30 x 1013 ¢cm—2
8 Fluorinated Al,O3 removal at the BCl3 ICP @ 200 W for 1805
normally-on region
9 ALD-Al,O3 8nm
10 Gate metal deposition Ni/Au (15/150 nm)
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Fig. 8.56. VTC of the GaN inverter with Wi, of 20, 35, and 50, where Vor,, VL,
Von, and Vyyy are indicated (Wang et al., 2015b).

Wiatio = 35 resulted in the highest output swing S, noise margins Ny, and
NmH- A high S/Vinmax of 96.6% is achieved with Wi, of 35.

The dynamic performance of the inverter with W, = 35 at f = 100kHz
has been demonstrated in Fig. 8.57. Successful and fast inverter switching
from 0V to 10V is observed on input and output signals in Fig. 8.57(a). In
Fig. 8.57(b), the zoom-in portion on the rise of output waveform is shown. It
is found that there is a trade-off between the response times when switching
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Fig. 8.57. Dynamic performance of the GaN inverter with Wy, = 35atf = 100kHz
with timespan of (a) 0-20 us which shows complete switching periods and, (b) 4.9—
5.3 us that presents the switch-on transient for Vour.

on and off at different Wi,,. The rise time is around 120 ns for the fabricated
inverter which is suitable for use in the high power and high frequency DC/DC
converter.

8.12. Summary

In this chapter, the concept on heterojunction polarization and the formation of
GaN HEMT devices with the 2DEG channel were reviewed. This included the
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calculations of polarization charges induced by AlGaN/GaN and InGaN/GaN
heterojunctions, the Sentaurus device simulations with trap charges, the field
plates and current collapse phenomena, the normally-on and normally-off
MIS-HEMT structures and formation principles. The normally-off gate struc-
ture and its formation were elaborated with more details, including the thermal
stability of the fluorinated MIS-HEMT devices and their physical mechanism
on trap states.
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.9

Fagrication aNo MobeLing oF Power Devices

In the previous chapters, the reader has been exposed to a variety of power
semiconductor devices, both well-known ones and recently developed ones.
These devices are actually realized in silicon using several basic process steps.
These process steps are described here in brief. They include surface topography
steps such as lithography, etching, deposition, and epitaxy. Also included are
doping and thermal steps such as ion implantation, diffusion, and oxidation.
More details can be found in the texts dedicated to the microelectronics pro-
cessing area (Sze, 1988; Chang and Sze, 1996; Wolf and Tauber, 1990; Cambell,
1996; Plummer et al., 2000). In order to increase probability of success after
fabrication, it is advisable to use modeling and simulation software tools to
verify device performance that emulates actual fabrication using realistic pro-
cessing steps. These modeling methods and underlying basic principles are
subsequently discussed. The chapter concludes with discussion on gate oxide
improvements and use of selective epitaxy. Letters n, p, P and N will be inter-
changeably used to represent doping type throughout Chaps. 9, 10 and 11.

9.1. Unit Process Steps
9.1.1. Lithography

The patterns for each layer on the layout have to be transferred to Silicon or
other materials like SiC or AGaN or other semiconductors. This is achieved by
the lithography step in processing. The basic principle is to use a photosensitive
material called resist for exposing the layout geometries. The resist is deposited
on silicon wafer, which possibly has one or more materials grown or deposited
on it, as shown in Fig. 9.1.

The resist is deposited on Silicon wafer by spinning the wafer at high speed
with droplets of the dissolved resist. Wafer is put on a vacuum chuck with resist

423
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Fig. 9.1. Silicon cross section after deposition.
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Fig. 9.2. The process of exposure.

droplets. Wafer is then spun with speeds in the range of 1000-5000 rpm. The
2
resist thickness z = % where p is percentage of solid resist in the solvent, k is

a constant and w is revolution speed. The thickness is independent of spinning
time which is typically 30-60s. The solvent is then evaporated by baking the
wafer at about 50°-80°C. This step is known as soft bake. The resist is typically
0.1-1 pm thick.

After resist coating, ultraviolet light is shone through the mask plate as
shown in Fig. 9.2. This light normally comes from a step and repeat or step
and scan system. In the systems, a large part of wafer is exposed in steps and
the mask is usually larger by a factor of 5 so that reducing optics is used. These
systems ensure uniform intensity over the large extent of wafer and proper
focusing on the resist. The wavelength of light used in exposure, A, ranges from
g-line at 0.436 um, i-line at 0.365 um, k. F excimer laser at 0.248 um or A;F
at 0.193 um depending on the system. However, g-line or i-line steppers are
sufficient for most power device applications. Power device fabrication masks
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rarely require resolution enhancement methods such as phase shift mask or
annular illumination or double patterning. However, non-aggressive optical
proximity corrections based on experimental studies in the fabrication facility
to be used are likely to be helpful. In optical proximity correction, masks are
distorted so that actual fabricated structure will be as desired. Both the actual
feature and whether the feature is isolated or in a densely packed region affect
this correction. For example, if it is known that an isolated etched trench is
wider by about 0.2 um, the trench mask may be made 0.8 um wide if a trench
of actual width 1 um micron is desired.

The positive resist exposed to UV light softens and can be dissolved in
a developer to expose mat 2 (Fig. 9.3). Now, mats 2 and 1 in the exposed area
can be selectively etched to do processing in the masked silicon.

However, due to diffraction of light around mask edges and slight over
or under exposures, it is difficult to get an exact replica of an open feature
transferred to the resist. Also, the resist edge after the development may not
be vertical. Many times, surface on which resist is deposited is nonplanar.
In this case, the exposed and developed patterns are quite complex. The rea-
son is that the light incident on the resist and the light reflected from the Si
substrate or polysilicon form standing waves in the resist. The standing wave
pattern is identical everywhere in the case of a flat substrate. The pattern is
complicated if substrate surface is uneven. Hence different parts of the resist
get different exposures. This standing wave effect can be substantially reduced
using post-exposure bake as the photoactive compound in the resist usually
diffuses at a reasonable temperature. Also, use of bottom antireflective coat-
ings (BARC) may be beneficial. However, uneven surfaces, on which resist is
patterned, may lead to systematic feature variations. In the deep UV resists,

Exposed resist
developed away

T | resist

mat 2

Si Wafer

Fig. 9.3. Cross section after development.
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the actual exposure takes place during post exposure bake through a reaction.
Hence post exposure bake in the deep UV lithography is critically impor-
tant. Such factors inherently limit photolithography features to few tenths of
a micron unless resolution enhancement techniques are used.

9.1.2. Etching

The normal step, which follows lithography, is etching. Etching is a selective
removal of material from the wafer. The basic principle is that the materials to
be etched will only be removed from exposed areas and will not be removed
from the areas protected by unexposed resist. There is a variety of chemistries
available for etching commonly used materials in silicon or other technology
such as nitride, oxide, metal, and polysilicon. Normally, etch rate determines
the processing time. The processing conditions, etching method, and etching
chemistry primarily determine the etch rate.

Ideally, any material other than the material to be etched should not be
affected in this process. The silicon wafer is in the state shown after mat 2
has been etched subsequent to the development previously shown (Fig. 9.4).
Note that the edge of the etched material is not vertical and there is significant
undercut in mat 2 under resist. This is normally the case when wet etch is done
by spraying wafers with or dipping wafers in the etching chemical.

This undercut in etching is a problem which increases some features and
decreases the others. Etch rate for layers below mat 2 could be significant
depending on etch selectivity which is defined as the ratio of the rate of material
to be etched (mat 2) to that of the material blow it (mat 1). In such cases,
precision time control or use of etch stop layers below material to be etched
becomes essential.

With advances in plasma etching technology, it is possible to maintain
vertical edges or well-controlled angle at the edges for etching features. Also,

resist

i . mat 2

i i mat 1
1
1

Si Wafer

Fig. 9.4. Profile after etching mat 2.
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very deep and narrow features can be etched. In some cases, etching process
may leave polymer residues which are hard to remove. Hence, a recipe needs to
be optimized depending on the chemistry of the reaction. Good etch selectivity
between oxide and polysilicon/silicon is possible. However, it may not be that
good between polysilicon and silicon, as well as nitride and oxide pairs. In a
harsh etching environment, the resist is again baked after development and
this step is known as hard bake so that it does not heavily erode or Peel off
during the etch.

There is a variety of dry etching methods but Reactive Ion Etching that uses
specific chemistries is the most popular technology. Typical reactive gases are
halogen based compounds or molecules such CF4, SF¢, Cly, HBr [Oehrlein
and Rembetski, 1992]. They are mixed with O;, He, Ar, H; to enhance etch
rate or facilitate removal of solid by-products. These chemistries are useful in
many materials involved in semiconductor processing. The etching is done in
a process chamber under vacuum typically 200 mTorr. A plasma gas discharge
is produced by applying high RF voltage up to kV level between the substrate
and the chamber wall. The plasma contains reactive radicals which react with
Si or SiO; and form volatile product which are pumped out.

9.1.3. Deposition

There is a variety of chemistries available for depositing commonly used
materials in silicon/SiC/GaN technology such as nitride, oxide, metal, and
polysilicon. Normally, deposition rate determines the processing time. The
processing conditions such as total chamber pressure, temperature, reactant
concentration, deposition method, and deposition chemistry primarily deter-
mine the rate.

One would like to have uniform cover of deposited material on the sur-
face of the wafer. It is quite easy to get uniformity if the surface on which
deposition is done is planar. However, a typical deposition pattern with a
CVD isotropic deposition system on a nonplanar substrate will be as shown
in Fig. 9.5.

One can easily notice nonuniformity of the deposited layer. In fact, the
layer is very thin on the vertical walls of the initial surface. This may pose
some problems for metal layer reliability as metal layers normally carry a fixed
current and a thinner layer will have a much higher current density. If the width
of the hole is reduced, an isotropically deposited material can actually fill the
trench as the middle tall feature and sidewalls merge as shown in Fig. 9.6. It
is also possible to achieve a thin layer conformal deposition of the materials
used in technology as shown in Fig. 9.7. This is achieved when reactants are
able to migrate on the surface rapidly. Atomic Layer Deposition (ALD) also
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Fig. 9.5. Profile after deposition on nonplanar surface.
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Fig. 9.6. Filling of trench using deposition.
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Fig. 9.7. Conformal deposition.
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yields conformal deposition of many dielectric films of extremely high quality
and reliability but the rate of deposition is low.

9.1.4. Oxidation

This is one of the most important steps in silicon processing as oxide can be used
as a block for impurity diffusion, as a dielectric for capacitance or interlayer
insulation or electric field redistribution, or as a protective layer to guard silicon
against contamination. Oxide can also be selectively grown using nitride as a
mask, as the nitride oxidation is much slower than silicon oxidation, or some
other methods. Thus the areas of silicon covered by nitride will not oxidize.

The oxide is normally grown in dry oxygen, steam, or high-pressure oxygen
in 800-1200°C range. The main reactions are

Si + 0, — SiO;. ©.1)

Si 4+ 2H,0 — SiO; + 2H>. 9.2)

The wet oxidation is much faster than dry oxidation at a given temperature
and pressure. Oxidation occurs, via a flow of oxidants through existing oxide
layer to the oxide-Si interface. There are certain general guidelines on which
methods to use.

The oxidation is a function of both the ambient and temperature as well as
crystallographic orientation of silicon. For accurate growth rate and shape cal-
culation, simulation tools are required. However, simple analytic calculations
are also feasible. The analytic growth rate calculation for thermal oxidation is
based on Deal-Grove model (Deal and Grove, 1965) that uses the concept of
oxidant diffusion through oxide. Under Deal-Grove model, the oxide thick-
ness dox 1S given by

d2 + Adox = B(t + 1), 9.3)

where B/A and B are the linear and parabolic rate constants and 7 is the time
required to grow the initial oxide under the present ambient. The rate constants
B/ A and B are reasonably described with Arrhenius relationships of the form

E
B = Cpexp [—k—;] , 94
B EL
—=C —-—— . 9.5
1 LeXP[ kT} 9.5)

For a pressure of one atmosphere, Table 9.1 (Plummer et al., 2000) lists typical
values of the relevant constants.
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Table 9.1. Oxidation parameters.

Ambient B B/A(111) silicon B/A(100) silicon
Dry oxygen Cp=772um?>h™! €71 =623 x 10 umh~! ;=371 x 10 um h~!
Ep=123¢V E;=2.0¢eV Ep=2.0eV
Steam Cp=38um?h™! Cc; =1.63x1083 umh™! ¢ =0.97 x 108 um h~!
Ep=0.78¢eV E;p=2.05eV E;p =2.05eV
Added
thickness

Original Si surface

Oxide
PN i
Oxidation

- Si

Si

Fig. 9.8. Increased elevation due to oxidation.

When very high quality, thin oxide is needed such as the gate oxide in
MOS processing, only dry oxidation is used. Nowadays, in short channel tech-
nologies, nitrated oxides are used. In wet oxidation, there is a possibility of
creating OH groups which makes oxide porous so that it becomes susceptible
to premature breakdown.

When good thick oxide is needed for purposes of isolation, e.g. the field
oxide in MOS processing, dry oxidation followed by wet oxidation is used. This
reduces the time for oxidation by a factor of about 10. This is the only method
for growth of good quality thick oxides of thickness around 1 um in practice.
The high-pressure oxidation also can be used to enhance the growth rate.

Deposited oxide layers are normally used for intermetal isolation, as metals
such as aluminum cannot sustain high oxidation temperatures and there is no
Si easily available for oxidation.

There are many consequences of oxidation which alter processing some-
what. These will now be discussed briefly.

9.1.4.1. Nonplanarity

While oxidizing, about 50% of Si layer is consumed. Hence the oxide layer will
have higher elevation than original Si and will eventually lead to nonplanar
starting surfaces (Fig. 9.8).
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If the alignment of the original Si and new oxide surface is important,
recessed oxide growth is often used. In this method, silicon layer, of about half
the thickness of the oxide to be grown, is etched and then oxide grown so that
the surface is at about the same level as original Si.

9.1.4.2. Bird’s Beak Formation

Nitride is an effective mask for oxidation. If it were a perfect mask, the oxida-
tion after patterning nitride will look as shown in Fig. 9.9.

In reality, due to high stresses near oxide—nitride interface, oxide encroaches
under nitride and lifts it off to produce bird’s beak structure (Fig. 9.10).

9.1.4.3. Impurity Segregation

Due to high temperature during oxidation, the impurities tend to diffuse
deeper. The redistribution, however, is affected by the presence of oxide-Si
interface. The concentration of boron near the interface is reduced in Si com-
pared to the normal concentration (Fig. 9.11). This leads to boron penetration
from p+ polysilicon to the channel of p-channel devices in a typical shot chan-
nel MOS technology. To suppress this effect, nitrated oxides are used. The

Nitride re=—-- — Nitride

Oxidation
B

Si

Fig. 9.9. Selective oxidation with perfect nitride.

Nitride . Nitride
e

Oxidation
> Si

Fig. 9.10. Bird’s beak formation.
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Fig. 9.11. Boron redistribution due to segregation.
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Fig. 9.12. Phosphorus redistribution due to segregation.

concentration of P and As is increased as shown in Fig. 9.12. High-pressure
oxidation alters the level of segregation.

9.1.5. lon Implantation

This is a process of introducing impurity or other ions into Si by giving them
enough energy to penetrate into Si. Higher energy ions will penetrate deeper
into silicon. Hence the ion energy and the number of ions to be introduced
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measured by dose determine the impurity profile. If the scattering of impurity
projectiles is random, it is possible to find the average depth of penetration
(range Rp), the standard deviation in the depth (A Rp) (also known as straggle),
and the standard deviation perpendicular to beam direction (A Ry ). The typical
values of range are in 0.01-2 um interval.

Accurate implant profiles that take into account detailed physics can only be
estimated using process simulators. In 1D, the simplest model treats the depth
profile as a Gaussian with peak located at a distance given by the range R, and
straggle (standard deviation) o, = ARp. The data on R}, and o}, is available
and is explained by Lindhard, Scharff, and Schiott (LSS) theory (Lindhard
et al., 1964). Under this profile model,

__ @ (x = Rp)”
n(x) = mop €xXp [—T} s (96)

where n(x) is the dopant concentration at depth x and & is the implant dose. R},
and o}, are the function of the implant energy and the implanted material and
are given in Figs. 9.13 and 9.14 (Trapp et al., 1993). The peak concentration is
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Fig. 9.13. Projected range (Rp) as a function of implantation energy.
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Fig. 9.14. Projected standard deviation (A Rp) as a function of implantation energy.

given by
d 0.4
ny = A —. 9.7
~2moy Op ©.7)

For P, As, and Sb, the distribution of ions is a Gaussian. For boron, it is found
that the distribution has a long tail which is modeled by a Pearson IV or V
distribution function. High-energy oxygen implants used to be popular for
forming oxide deep inside silicon for silicon on insulator (SOI) devices.

Precise control of doping profile and integrated doping concentration is
possible by ion implants. However, it is not totally free of problems, which will
be discussed in brief.

9.1.5.1. Channeling

The incident ion beam could sometimes be perpendicular to one of the crys-
tallographic planes in Si. In this case, due to less scattering along the path, the
ion may penetrate much deeper than the normal depth predicted by random
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Fig. 9.15. Channeling in single crystal Si.

scattering (Fig. 9.15). To avoid channeling, the beam may be sent at 3-7° to
the normal.

9.1.5.2. Damage

Crystalline structure of Si is damaged by implants as silicon atoms are scattered
randomly and displaced from their normal positions. This damage is to the
extent that silicon becomes amorphous in a short span. Hence a post-implant
anneal becomes essential to give enough thermal energy to Si to restore original
crystal structure. Normally, an anneal of about 30 minutes at 850-900°C is
adequate to remove the crystalline damage and activate dopants by moving
them into substitutional sites. Nowadays, rapid thermal annealing (RTA), spike
anneal or flash anneal is often used as thermal budget is quite limited for short
channel MOSFETs. RTA for 30 seconds at around 980°C is typically sufficient.
This anneal, however, will redistribute the impurities by diffusion and some of
the implant advantages are adversely affected.
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The removal of the damage alone is not the only reason for the thermal step.
The dopant activation is also carried out in this step. The dopant activation is
normally limited by the solid solubility of the dopant in Si and increases with
increasing temperature. The highest achievable activation is normally on the
order of 1020 cm—3,

9.1.6. Epitaxy

Epitaxy is the ordered crystalline growth which bears a definite relation to
underlying monocrystalline substrate. It is normally used to grow silicon lay-
ers in which devices will be fabricated. The main advantage of epitaxy is that
the doping of the epitaxial layer is not much affected by the substrate dop-
ing. Hence it is straightforward to get abrupt changes in the doping with the
epitaxial growth. There are many methods to grow these layers such as gas
phase epitaxy, liquid phase epitaxy, and molecular beam epitaxy. Fairly high
growth rates at reasonably low temperature are possible. Also, these layers can
be grown selectively on crystalline substrate where the layer does not grow on
the areas covered with amorphous materials like oxide or nitride.

9.1.7. Diffusion

This is a natural phenomenon due to the tendency for impurities to move from
a region of high concentration to a region of low concentration. Hence if some
impurities are introduced near silicon surface, they will diffuse deeper into
silicon at higher temperature. Diffusion was a very popular way of selectively
introducing impurities in silicon before implants came along. Due to slow
impurity diffusion in SiO,, oxide was used as a mask for selected introduction
of impurities (Fig. 9.16).

Even if this technique is not so much used for introducing dopants in
the present implant age, the diffusion is still a part of processing life. The

Impurity ambient

Oxide )
L Slight lateral
000 00000 — » diffusion
o oo ®000 Impurities enter
here
No impurities
Si Under oxide

Fig. 9.16. Oxide as diffusion mask.
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Fig. 9.18. Effect of impurity on diffusion.

post-implant anneal makes the implanted impurities redistribute by diffusion
as shown in Fig. 9.17.

The diffusion takes place at any time when silicon is heated. The presence
of lateral diffusion at about 70% of depth decides some of the critical device
features and inherently limits some of the device features and properties.

For very deep diffusions, the profile is a near Gaussian. For very shallow
ones, it is a near error function. The characteristic depths are determined by
the diffusion coefficient D which is an exponential function of the temperature
and the time ¢ of diffusion. +/Dr is typically the characteristic depth for the
distribution. The diffusion coefficient D is a very strong function of concen-
tration of vacancies and interstitial within the crystal. It also depends on the
presence of other impurities and the other materials. One such effect we saw in
segregation before. The other one is commonly known as emitter push effect
because this structure occurs in the fabrication of bipolar junction transistor.
Here, phosphorus is diffused into a region where boron was previously doped
asshownin Fig. 9.18. Boron is pushed deeper into the region where phosphorus
is present. The diffusion also affects the steepness of epitaxial layer — substrate
junction.

Simple estimation of 1D depth profile after diffusion with a very thin initial
layer of dopants is possible. D in this simple model depends on impurity type
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Table 9.2. Diffusion parameters for common dopants.

Element Dy (cm2/s) E a (eV)
B 10.5 3.69
Ga 3.60 3.51
In 16.5 3.90
P 10.5 3.69
As 0.32 3.56
Sb 5.60 3.95

and temperature.

E.
D= Dyexp| —— |, (9.8)
kT

where E, is the activaAtion energy, k is the Boltzmann constant (here, k = 8.62 x
107> eV/k). Dy and E, are tabulated in Table 9.2 (Sze, 1988). The parameters
do not depend on spatial coordinates.

In specific case when a wafer is exposed to a gas source of a dopant so
that diffusion with a constant surface concentration Cs occurs, the dopant
concentration C(x) at a depth x is given by

_ X Vel 2
C(x) = Cserfc (25) _Cs{l ﬁ/o exp(—z )dz}, 9.9

where erfc is the complementary error function.

In case the dopants are first introduced in a thin layer with integrated

dopant concentration O,
52
Clx) = exp|——|. (9.10)

P
~ Dt 4Dt
If this is done by a very shallow ion implantation, & is basically the dose.

If the implant depth is significant, the combined implant and diffusion
profile in an inert ambient annealing as a function of depth is given by

2
n(x) = ”—Oexp< M). 9.11)

" 2(c2 +2Dr)
J(e38)

This simple profile does not take into account point defect-diffusion link-
age, electric field effects, different contributions to D from a variety of Dy and



Fabrication and Modeling of Power Devices 439

E, and effect of the presence of other impurities (Fig. 9.18). Here, boron is
pushed deeper under heavy phosphorus doping and is called as dopant push
effect. Accurate profiles taking into account all the effects can only be obtained
with process simulators (Synopsys; Silvaco).

9.2. Basic Models for the Simulation of
Unit Process Steps

9.2.1. Thermal Oxidation Models
9.2.1.1. 1D Model

As process simulation programs solve the problem numerically, the oxidation
is treated as an incremental step and differential form of Eq. (9.3) is useful.

2dox Adox + AAdox = BAL, (9.12)

where an additional oxide of thickness Ad,, grows in time Ar. Hence the
present oxide thickness is

dox = dox ota + [ 9.13)

—} At
2dox_old + A

This will give the same oxide thickness as the normal Deal-Grove model (Deal
and Grove, 1965) if no corrections are made and the time step is small. However,
this equation is normally modified to include a term that contributes only in
the thin oxide regime.

ie.
B
dox = dox_old + [m + rthinox] At, (9.14)
0X_0
where
E pi \Fm —d
Tthinox = & €XP <_k_T> (1 atm) exXp < LOX> . (9.15)

Here, T is the oxidation temperature and Pi is the oxygen partial pressure.
a, E, P, L alldepend on the ambient and crystallographic orientation. This cor-
rection becomes negligible once dox exceeds 3L due to exponentially decreasing
term.

The rate constants B/A (linear) and B (parabolic) are continuous func-
tions of T, oxygen partial pressure, average carrier concentration at Si surface
(100 nm average) and chlorine concentration and/or surface impurity concen-
tration. The functional dependence is quite elaborate and is not included here.
It can be found in program manuals (Synopsys; Silvaco).
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Similarly, the polysilicon oxidation is modeled in a similar fashion with
changed parameters if needed.

Silicon nitride oxidation, however, is modeled in a very different way, i.e.

doxnitride = Tnitride (10 + At)F s 9.16)

where rpitride 18 the oxidation rate, F is a constant and

1

o = (_dOX—°1d> " 9.17)

Tnitride

Obviously, nitride oxidation is very slow as it is an effective mask for selective
oxidation.

9.2.1.2. 2D Models

1D model cannot give the shape of oxide around a nitride edge. Also, it cannot
correctly describe the oxidation of a nonplanar structure.

In 2D, away from nitride or a mask edge (presumably at oco) the oxide
growth equation is the same as 1D, i.e.
ddx,) B
dt 2dex, +A

=+ Tthinox> (9.18)

where doy ., is the oxide thickness far away from the nitride edge. However, in the
simplest 2D oxidation analytic model, the 2D oxide growth rate is modeled by

(9.19)

ddox0) _ 1 . (¥2  x—x d(dox,.)

dt 2 §  dox,, — doxinitial dt =’
where xg is the half oxide thickness point, normally coinciding with the nitride
edge in a standard MOS device, the parameter s controls the length of the
Bird’s beak in a standard MOS technology, doxinitial 1S the stress relief oxide
thickness, and erfc is the complementary error function.

To get accurate oxide shape, one has to invoke numerical models. The
important models are the viscous flow model and the elastic model. The
viscous flow model dominates at higher temperatures when oxide can flow
easily. At lower temperatures, the newly grown oxide forces the previously
grown/deposited oxide and nitride to orient (deform) according to the laws of
elasticity. There are models which combine viscous and elastic models. These
models are numerical and use the finite element method. They generally
account for oxide shape and crystal orientation changes at the interface.
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Calculation also can give approximate or accurate values of stress buildup.
All simulation packages typically have models that account for several effects
at a reasonable simulation speed and over all temperature ranges. Such models
are important for the detailed study of silicon trench oxidation or oxide reflow
in planarization in power devices. Oxide can actually be doped with boron
and phosphorus to form borophospho silicate glass (BPSG) which can reflow
at much lower temperature around 850°C. This is quite useful in planarizing
surfaces if needed.

9.2.2. Diffusion Models

Simple analytic models for diffusion profile calculation are described here.
Usually, 1D or multidimensional diffusion profiles are found by solving

aC
- = DV>C, (9.20)

where D is the diffusion coefficient. The parameters do not depend on spatial
coordinates. C is the impurity concentration.

In 1D, (9.20) becomes

aC ¥?C

vl D PR (9.21)
This simple profile does not take into account many effects. The diffusion
coefficient D is a very strong function of the concentration of point defects
in silicon, namely, vacancies and interstitials. These are quite often generated
because of implant damage and other physical phenomena during thermal
steps. To include the effects of point defect—diffusion linkage, electric field
effects, different contributions to D from a variety of Dy and E,, Eq. (9.20) is

modified to
C - >

= = Ve (DVO). (9.22)
Since D depends on the electric field and the point defect concentrations,
it is now specially changing. Also, point defect diffusion equations need to
be solved as their concentration changes with time, making D time depen-
dent. A point to note that the point defects diffuse much faster and much
deeper than the dopants and hence much deeper grid to the tune of hun-
dreds of microns is required for their simulation although grid spacing can be
large. However, advanced model can only be numerically solved in simulators
(Synopsys; Silvaco).

For arsenic this calculation is different due to clustering especially in high
concentration regime.
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The segregation effect between material i and j modifies the dopant flux
from i to j by

J:h(9 —cj), (9.23)
m

where C; and C; are chemical interface concentrations in materials i and j
respectively, & is the interface transport coefficient and m is the equilibrium
interface segregation coefficient. The segregation affects impurity concentra-
tions significantly as shown previously in Figs. 9.11 and 9.12.

9.2.3. lon Implantation Models
9.2.3.1. Analytic Models

In 1D the simplest model treats the profile as a Gaussian with peak located at
a distance given by range R, and straggle (standard deviation) o}, as discussed
before. Analytic models in simulators have options of using Pearson I'V or Dual
Pearson IV distributions to accurately describe profiles to account for channel-
ing tail and other physical effects. Two additional parameters which describe
the tilt of the profile (skewness y) and the flatness of the peak (kurtosis ) are
required to characterize Pearson IV distribution. These are also accompanied
with analytic model for damage to correctly deal with transient enhanced dif-
fusion. For more accurate profiles with progressive damage evolution and
detailed damage and impurity distribution, Monte Carlo simulation is needed.
In simulation of most process steps in power devices, this model is not needed.
But it is useful when a shorter channel MOS structure is used.

9.2.3.2. Monte Carlo lon Implant Model

In this model, the trajectories of motion of individual particles are tracked to
find the implant profile. Random numbers determine current state of lattice,
scattering by nuclei, and direction of flight of implanted particle p.

During a collision-free distance without nuclear scattering, the projectile
ion looses energy due to inelastic electronic scattering but this does not alter
the direction of motion much due to light electrons. This loss dominates when
projectile energy is high.

The treatment of amorphous materials such as resist, oxide, nitride, and
damaged silicon is simpler. However, Si needs to be treated differently before
severe damage. There are damage models normally included in process simu-
lators with this objective.

Once the projectile ion looses sufficient energy, it comes to a halt. By sum-
ming the number of particles at the locations, it is easy to find doping density
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at a given location. The calculation of scattering related parameters is mod-
ified to incorporate crystalline structure of silicon. Thus, the channeling is
automatically modeled by this technique.

The number of projectile ions whose motion is tracked must be above 10,000
and profile accuracy is improved by increasing the number at the expense of
computer time.

9.2.4. Optical Lithography

The simulation of optical lithography involves three steps, namely,
Optical computations — calculation of intensity distribution in the resist and
elsewhere; Exposure — modeling of changing composition of resist with
exposure, and Development — rate of dissolution of resist depending on
exposure state and solvent properties.

9.2.4.1. Optical Computations

The basic approach to calculate the optical intensity in a 2D system assumes
separable expression, i.e.

I(x, y; 1) = Lincident (0) Isw (33 1), (9.24)

where Iincident (X) 18 dependent on the imaging system, i.e. wavelength, source,
mask and quality of lenses, etc. x-direction is along the surface, y is along the
depth, and ¢ is the time.

For Iincident (x) calculation, there are several parameters of interest. One of
the important parameter is the illumination wavelength A. The other important
parameter is the numerical aperture of the objective lenses (NAg). NA is the
measure of the ability of a lens to capture diffracted rays. Of course, the mask
pattern is also playing a major role in determining the intensity distribution
along with defocus denoted by §. The final important parameter is the degree
of coherence . An incoherent source is a source of infinite dimension (o = 00)
and coherent source (6 = 0) is a point source. A large value of sigma gives
a smooth intensity distribution around an edge but has a poor intensity low
in the opaque area. Low o typically has a large overshoot in open areas that
dampens slowly and may give proximity effect problems. However, open area to
adjacent opaque area intensity transition is quite sharp in low o case. Normal
acceptable range for o is between 0.4 and 0.9.

9.2.4.2. Exposure

The exposure modeling depends on the treatment of the changes in the optical
properties of resist with depth and time based on I, (y; f) and photochemical
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changes. The positive photoresist normally contain a base resin, a solvent, a
photoactive compound (PAC), and a reaction product. PAC reduces the devel-
opment rate of the resist and is hence called as inhibitor. Three parameters:
(A) exposure dependent absorption, (B) exposure independent absorption (by
resist) and (C) representing rate of exposure or PAC destruction define expo-
sure.

9.2.4.3. Development

The final relative inhibitor (PAC) concentration m (x, y) after an exposure gives
the exposure state. The development process is modeled as a surface controlled
etching reaction, that is determined by the local value of m. If R(x, y) is the
development rate at a point P(x, y), the position of P at a time t+ At is given by

At
P(x, y;t+ At) = P(x, y; 1) + / R(x, y)l/’;dl‘, (9.25)
0

AN . . .
where n is the surface normal unit vector. R(x, y) is the development rate in
pum/minute calculated from one of the known models.

9.2.5. Etching

Due to complex process involved during etching and deposition, the problem is
treated as a geometrical problem in which material segments move in response
to the processes involved. Any material surface is represented by a set of points
and each segment by line joining the points. Depending on the shape, the
number of points will change as the surface evolves. Several different models
are available for etching in simulators.

In isotropic etching, every point on the surface of the structure exposed to
the etchant moves at the same rate normal to the surface tangent at the point.
The rate maybe different for different materials, i.e.

Isotropic etch rate = R;j(x, y) = — n R;, (9.26)
where 7 is the unit normal pointing outwards. This type of etching is normally

present in wet etch.

In directional etching, only those points on the structure, which are illumi-
nated by a columnar beam of incoming energetic ions, are eroded. If the beam
makes an angle of ¢ with the y-axis, the

Directional etch rate = Ry(x, y) = Rq(— X sin ¢+ ; cos ). (9.27)

This model is applicable in some plasma assisted processes and is the other
extreme of the isotropic case.
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In angle dependent etching, each point on the surface moves in accordance
with its orientation and angle dependent sputtering yield. This yield depends
on the angle at which ions strike the surface.

9.2.6. Deposition
Several models for the deposition are available and used in the simulation.

In the isotropic deposition model, the material is deposited uniformly over
the surface. This situation occurs in chemical vapor deposition (CVD) pro-
cess where reactants migrates rapidly along surface resulting in uniform reac-
tant concentration regardless of the surface topography. The deposition rate
is opposite to the isotropic etch and is given by

Ri(x.y) = n Ry. (9.28)

The CVD deposition of SiO;, Si3Ny, polysilicon follow this pattern.

There are other deposition models such as cosine law deposition and plan-
etary source deposition available.

9.3. Advances in the Processes for Power Devices
9.3.1. Modifications to Improve Gate Oxide Reliability and
Breakdown Performance

In power device fabrication, trench gate structure or planar structure are used
to define MOS device regions. Such a planar structure is shown in Fig. 9.19.
While performing polysilicon etch to define gate stack, the corners of the

Polysilicon

'

W

Gate Oxide

Si Substrate

Fig. 9.19. Planar device gate stack.
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gate oxide are damaged due to harsh etching environment. If the gate stack
was left as it is, there will be a premature breakdown of the gate oxide at
these edges and the device will fail to meet specifications. If one decides
to increase the gate oxide thickness to surmount this problem, the device
current is reduced and the device effective resistance increases which is not
acceptable. Polysilicon oxidation is an important additional process step,
which surmounts this problem with improved gate oxide reliability without
much penalty on the device resistance.

In polysilicon reoxidation step, an oxidation is performed after the gate
stack etch. Due to tendency to form bird’s beak type structure (Sec. 9.1.4.2),
the oxide will be thicker at the polysilicon edges as shown in Fig. 9.20. Oxygen
diffuses through the oxide below polysilicon to a distance approximately equal
to the additional oxide thickness grown on polysilicon sidewall and thickens
the oxide in this region. Typical oxide thicknesses used in power devices in
this step are around 10 nm. Increased gate oxide thickness at the edges also
improves the hot carrier reliability with reduced gate current. Hot carriers are
normally generated near the gate edge at the drain end due to high electric field
when large voltage is applied to the drain. Thicker oxide reduces the amount of
carriers reaching the gate as the carriers now have to surmount much thicker
oxide barrier.

Similar steps also need to be taken when trench gate structure is used as
shown in Fig. 9.21. After a trench etch is done, a slight wet etch is performed
to round the edges at the bottom of the trench. Otherwise, the electric field
at the corners will be too large and premature breakdown can happen at the
corner. The oxide at the corner is thicker after oxidation and improves break-
down voltage. Further steps in forming the gate involve isotropic polysilicon
deposition to fill the trench and chemical mechanical polishing to planarize

Poly-oxidation
Polysilicon

Gate Oxide Thicker
Oxide

Si Substrate

Fig. 9.20. Oxide thickening with poly-reoxidation.
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Fig. 9.21. Trench gate structure with polysilicon overetch and oxide rounding at the
bottom.
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Fig. 9.22. Oxide thickening at edges with poly-reoxidation.

the surface. Again, in order to improve the oxide thickness at the top edges,
polysilicon is over etched by 50 nm or so (Fig. 9.21) and oxidized to thicker
oxide at the top edges as seen in Fig. 9.22.

9.3.2. Use of Selective Epitaxial Growth for Performance
Enhancement

The superjunction devices described in Chap. 6 require uniformly doped p- and
n-columns. The best quality columns of this type can be formed using selec-
tive epitaxy. An ideal version of PEFVDMOS structure shown in Fig. 6.21 can
be implemented using the selective epitaxy process taking advantage of the
presence of oxide at the top and sidewall of the n-type drift region. During
selective epitaxy, silicon can be in situ doped with the required p-type doping
concentration and it will not grow on the top and sidewall of the oxide. Hence
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p-type uniformly doped vertical column of the superjunction structure can be
formed. The process step is described well in (Chang and Sze, 1996).

Surface preparation before epitaxial growth is of utmost importance (Celik
and Ozturk, 1999; Carroll ef al., 2000). An ex situ thorough clean just before
introducing wafer into ultra-high vacuum epitaxial reactor chamber is essential
so that the silicon surface has no native oxide and it is atomically flat. Usually,
a final clean with 1:1000 Hf(49%):deionized water is sufficient. Once the wafer
is loaded into the chamber, an in situ bake at 800°C for 2 minutes in hydrogen
ambient or 10seconds in high vacuum removes any native oxide or carbon
contamination. If hydrogen is present, surface dangling bonds are passivated
improving surface quality. Once the clean is finished, epitaxy is done using
dichlorosilane and chlorine mix or alternating cycles. In the latter alternating
cycle technique, a thin layer of single crystal silicon is grown on the substrate
and amorphous silicon deposits on the oxide or nitride during growth cycle.
During chlorine cycle, a part of the single crystal film is etched. Since amor-
phous silicon etches much faster, it is completely removed achieving selective
growth. If this clean is not complete, there may be nucleation around amor-
phous centers randomly occurring in the silicon area and serious pitting will
occur which is localized near these centers similar to one shown in Fig. 9.23.

Fig. 9.23. Pitting due to improper cleaning of the surface.
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Fig. 9.24. Initial structure to etch silicon.

Oxide

/4

Channel region

Si Substrate

Fig. 9.25. silicon in the channel region is etched.
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Fig. 9.26. SiGe channel region is grown with selective epitaxy.

One important use of selective epitaxy is in forming a thin 50 nm SiGe
layer only in the channel region by using a process sequence depicted
in Figs. 9.24-9.26. A special care needs to be taken for uniform surface as a
slight facet with dipping of SiGe near sidewall oxide interface may form as
silicon may be etched faster in that region. If SiGe material is used everywhere,
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the breakdown voltage is significantly reduced as the critical field for break-
down in SiGe is much smaller than that in silicon. On the other hand, use of
SiGe in the channel region reduces device resistance as the electron mobility in
SiGe is much higher. Hence by selectively growing SiGe in the channel region,
lower device resistance can be achieved without disturbing the drift region and
break down voltage.
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Practica. Case Stupies N Siuicon Power Devices

After introduction to fabrication steps involved in implementation of power
semiconductor devices, we move on to two detailed case studies. Using Poly-
Flanked Vertical Double-diffused Metal Oxide Semiconductor (PFVDMOS)
presented in Sec. 6.5 of Chap. 6 and Tunable Oxide Bypass MOS (TOBMOS)
presented in Sec. 6.8 of Chap. 6 power devices as vehicles of demonstration,
use of the simulation tools and unit process steps described in Chap. 9 will
be demonstrated through detailed description of process integration, process
and device simulation, design, and measurements. Throughout this chapter,
specific issues regarding power device fabrication with built-in robustness, per-
formance enhancement, and self-alignment are discussed. In order to increase
probability of success after fabrication, it is advisable to use modeling and sim-
ulation software tools to verify device performance fabricated using realistic
processing steps. Simulation results on the examples are also presented. This is
then followed by layout strategies and design of splits while carrying out devel-
opment work using polysilicon flanked vertical double-diffused metal oxide
semiconductor (PFVDMOS) transistor as well as tunable oxide bypass MOS
power device.

10.1. Case Study I: Process Integration and Design
of PFVDMOS

The superjunction concept behind minimizing R,, for a given breakdown
voltage in LMOS and VMOS devices has been explained in Chap. 6. The
first device successfully fabricated using the novel idea was a vertical MOS
device (Deboy et al., 1998). However, the 600 V COOLMOS™ device suffers
several disadvantages. The multi-epitaxy process adopted in COOLMOS™

451
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Fig. 10.1. Basic PFVDMOS device structure.

design is expensive and cannot achieve a uniform distribution of dopants as
interdiffusion between n- and p-columns will occur due to the high temper-
ature cycles in multi-epitaxy process and device realization. Thus, an opti-
mal doping concentration as specified by the superjunction theory cannot be
achieved.

With this problem in mind, a novel technology of PFVDMOS was devel-
oped. In this device, each n-drift region is flanked by two p-poly regions, hence
the name Poly-Flanked VDMOS (PFYDMOS), as shown in Fig. 10.1.

PFVDMOS structure has the following advantages:

(1) The use of trench etching and Polysilicon refill enables simpler process
steps and increase process robustness.

(i1) The use of thin oxide as diffusion barrier yields more uniform doping
profile and thus enables shrinking of p- and n-column size as there is no
interdiffusion and makes feasible much increase of n/p doping.

(iii) As established by simulation results, addition of thin sidewall oxide
does not affect the device operation as long as p-poly is contacted to
p-body/source and n-epi is contacted to N+/drain as shown in Fig. 10.1.

10.1.1. Process Integration to Implement PFVDMOS Device

A process flow for PEVDMOS rated at 250 V has been drawn up prior to device
fabrication. One important distinction between the process flow of PEVDMOS
and conventional VDMOS is the insertion of additional process steps to realize
the p-poly in PFVDMOS (Fig. 10.1).
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The additional p-poly column can be realized by the process steps given
below at the start of device fabrication:

(1) Starting from N+ substrate, n-epi with suitable doping and thickness is
grown.

(i1) A blanket thick oxide is deposited.

(iii) A trench of the required dimension is etched in the oxide and silicon.

(iv) A thin layer of oxide is grown/deposited on the silicon sidewall to act as
diffusion barrier.

(v) Oxideisetched away at the bottom of the trench just above the n+ region
with reactive ion etching to facilitate formation of a junction between
p-poly and n+.

(vi) A polysilicon is deposited to refill the trench.

(vii) Ton implantation is used to supply the necessary doping.
(viii) Drive-in with suitable time and temperature is used to obtain the required
doping profile.

(ix) Etch back of oxide and polysilicon is done to planarize the surface.

(x) From this point onward, conventional process (i.e. gate, p-body and
source formation) is used to complete the device fabrication. The first
step is gate oxidation followed by the in situ heavily doped poly-gate
formation using gate mask.

(xi) P-body deep implant of boron is carried out with patterned resist still
present to block implant in unwanted regions, and then the resist is
stripped. This way p-body implant is robustly aligned to the gate edge.

(xii) P-body drive-in that also anneals the implant damage follows.

(xiii) Source arsenic implant and post-implant anneal: this arsenic implant is
blocked by the gate polysilicon and hence is self-aligned to the gate edge.

(xiv) BPSG deposition and contact pattern to open contact areas. Borophos-
pho silicate glass (BPSG) is boron and phosphorus doped oxide that
helpsin planarization asit can reflow at lower temperature around 900°C.

(xv) Metallization to complete device formation.

Process and device simulators are normally used to determine process param-
eters and assess device performance.

Since MOSFET in off-state is essentially a diode, short loops involving
diode fabrication have been tried where MOSFET elements are excluded. A
Merged-PiN (MPS) diode like device has also been attempted by depositing
Schottky contact directly after the p-poly formation without going through
Gate poly/P-body/Source N+/P+ process steps. To provide control device for
comparison with PFVDMOS, both conventional VDMOS and PiN diode
have also been incorporated into the mask with two types of gate length
at 2.5 and 3 um, respectively. Completed floor plan is shown in Fig. 10.2.
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Fig. 10.2. PFVDMOS floor plan. The boxes [ EE are poly trench with 0,
0.1, 0.2, and 0.3 um undercut, respectively. A, B, C, D, and E are variations for oxide
isolation trench; 0, 1, 2, 3 are variations to ensure proper N+/source contact and p-body
spacing.

Mask layouts have to conform to design rules and implement desired device
structures.

After assessing the feasibility of PFEVDMOS with fabrication of PiN diode
structure, actual device fabrication was carried out. Both PFVDMOS and
conventional devices were fabricated on 20 um thick, 7 x 1015 cm~3, n/n+-epi
wafer. The starting lot consists of a total of eight wafers with several variations
in design. Listed below are the details of these eight wafers. Unless otherwise
stated, there is no oxide below p-poly.

Wafer # 1: Schottky diode (bottom p-poly oxide still remains)
o Wafer # 2: MPS diode
Wafer # 3: Schottky diode (bottom p-poly oxide still remains)
o Wafer # 4: MPS diode
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o Wafer # 5: PEFVDMOS

o Wafer # 6: PFVDMOS

o Wafer # 7: PEVDMOS with special pad design

o Wafer # 8: PEFVDMOS with special pad and lower dose N LDD implant

All diode wafers had a simpler 4 mask process with Oxide Isolation, P-Poly
trench, Contact, and Metallization. PEFEVDMOS with standard pad wafers was
a 10 mask process while PEVDMOS with special pad was a 12 mask process.
The two additional masks in special pad design were to put additional via
and second metallization so that the gate and source pads could be seated on
top of the device area in separate metallization layers. This reduces parasitic
resistance contribution to on-resistance and saves device area at the expense
of increased complexity by the two additional masks.

The MOS part follows a standard DMOS fabrication process. The whole
process sequence along with important Scanning Electron Microscope (SEM)
cross-sections as well as considerations is described in detail.

10.1.2. Simulation and Process Parameter Determination
of PFVDMOS Device

Although process flow gives individual process steps, practical process param-
eters to achieve the desired doping profiles and oxide thicknesses can only
be obtained through simulations. Process simulation using TSUPREM4
(Synopsys) was first carried out using the above process flow. Then, device
simulator MEDICI (Synopsys) was used to obtain both on- and off-state char-
acteristics of PFVDMOS. The input file with explanations is first described
to indicate model choice and input deck setup followed by results of these
studies.

10.1.2.1. Process Parameters and Doping Profiles

The novel device as proposed in Fig. 10.1 was simulated. The device was
designed to support a breakdown voltage of 250 V. The smallest possible n- and
p-layer width, that met the requirement that all the source contacts, channels
must be seated inside the n-epi layer of 5 um, respectively was chosen. Using
the superjunction theory equations given in Chap. 6, the doping concentration
in p- and n-layers were calculated to be at 7 x 10'> cm™3. Using these values,
both process and device simulation (Synopsys) were used to study and compare
the DC characteristics of PEVDMOS and conventional DMOS.

This is the input file for process simulator with detailed explanations. Important
process steps were optimized by changing the process parameters to obtain the
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best results. The simulation commands are in capital letters and descriptions
are in mixed case.

$ TSUPREM4 — PEFVDMOS Process Simulation file. Time is in minutes and
temperatures in degree centigrade.

PFVDMOS specification (P Poly: Dose=8E12, tilt=10; P Poly drive-in:
time = 500, temp = 1150; Source implant: Energy = 200)

$ Specify x mesh. In the ohmic n™ region, specify large spacing of 1 um. In the
device region, specify spacing of 0.25 um for a reasonable grid. Since program
has adaptive triangular grid, it will introduce grid points where there is a lot
of change. Y-direction is all ohmic n+ drain region, so the spacing is large.

LINE X LOCATION = -5 SPACING = 1.0
LINE X LOCATION = -3.75 SPACING =0.25
LINE X LOCATION =0 SPACING = 1.0
LINE X LOCATION =3.75 SPACING = 0.25
LINE X LOCATION =5.0 SPACING = 1.0
LINE Y LOCATION=-3.5 SPACING=1.0
LINE Y LOCATION = -3 SPACING = 1.0

$Initialize the structure (n+ sub) with low resistivity of 0.02 € - cm.
INITIALIZE PHOSP = 0.02 RESIST

$ n-epi deposition for n-type superjunction drift region. The region is
phosphorus doped with desired concentration and has thickness of 18.5 um
and 40 grid spaces within. The thickness is finalized at the minimum value
at which desired breakdown voltage can be attained from device simulator
MEDICI.

DEPOSIT SIL THICK=18.5 SPAC=40 PHOS=7El5 DY=0.1

$ Masking Oxide
DEPOSIT OXIDE THICK=0.5 SPAC=2

§ p-type Polysilicon Trench definition. First oxide and then epi-silicon is etched
to create this trench. Structure is ideal as TSUPREM4 has only simple lithog-
raphy, etching, and deposition models.
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ETCH OXIDE START X=-25, Y=-30
ETCH CONTINUE X=-25 Y=-70
ETCH CONTINUE X=2.5, Y=-7.0
ETCH DONE X =25, Y=-30

ETCH SIL START X=-25 Y=-30
ETCH CONTINUE X=-25 Y=-70
ETCH CONTINUE X=25 Y=-70
ETCH DONE X=25 Y=-30

$ Plot grid and profiles for complete structure
PLOT.2D SCALE GRID

$ Sidewall oxidation to grow oxide of sufficient thickness that acts as an inter-
diffusion barrier. Since edges are straight, compress model is adequate as there
is no nitride. If stress calculation is needed, VISCOELA (Viscoelastic) model
can be used.

METHOD COMPRESS

DIFFUSE TIME =100 TEMP = 1000 DRYO2

$ Etch bottom oxide. This removes only the oxide at the bottom of the trench
completely. Original top oxide being thicker, the sidewall oxide is not affected
as the etch is only in the vertical direction.

ETCH OXIDE THICK =0.1

$ Poly deposition of 1 um thickness which does not fill the trench. This is done
so that poly can be doped in the depth of the trench using tilted implant later.
If trench is filled at this stage, the p-type dopants will be only in the top region
and may not be able to reach the bottom poly even after prolonged diffusion.
DEPOSIT POLY THICK=1 SPAC=5

$ Plot grid and profiles for complete structure
PLOT.2D SCALE GRID

$ P-poly Boron tilted implant to dope it with the right dose to give correct final
boron concentration. Dose may need to be optimized. To avoid shadow region
issues with 11°, implant, use accurate Monte Carlo model that individually
tracks each ion profile.

IMPLANT BORON DOSE=8E12 ENERGY=90 TILT=11
MONTE N.ION = 10000

IMPLANT BORON DOSE=8El12 ENERGY=90 TILT=-1I
MONTE N.ION = 10000
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$Save intermediate output file so that simulation can be resumed from this
point. This is needed to find adequate diffusion time that makes boron con-
centration uniform in p-type poly-trench in the final structure.

SAVEFILE OUT.FILE =PPOLY

$ Now do isotropic poly deposition to fill up the trench. Dopants in previous
1 um poly are distributed everywhere uniformly in the next thermal cycle.
DEPOSIT POLY THICK=3 SPAC=10

$ Cap oxide deposition to prevent out-diffusion of dopants toward surface.
DEPOSIT OXIDE THICK=0.5 SPAC=2

$ P-poly drive-in to achieve dopant uniformity. Basically, diffusion is long
enough to remove any concentration gradients. Since there are no concentra-
tion gradients, it becomes uniform. Minimum time to achieve this must be
selected as n+ drain region will diffuse into n-epi reducing its effective thickness
if the timeis too long. The simplest model with simple treatment of point defects
isused (PD.FERMI). This is adequate as diffusions are long enough that point
defects reach their equilibrium concentration quite early. For short diffusions,
PD.TRANS should be used, and for VLSI devices with ultra-shallow junc-
tions, PD.FULL/ACT.FULL should be used for high accuracy.

DIFFUSE TIME=500 TEMP=1150

$ Now the top cap layer of oxide is etched so that p-body and source regions
can be formed later.
ETCH OXIDE THICK =0.7

$ Etch top poly-layer so that poly is only left in the trench.
ETCH POLY THICK =4.5

§ Etch original masking oxide that was used to form trench.
ETCH OXIDE THICK =0.7

$ This completes the formation of p- and n-alternating columns.

$ Plot grid and profiles for complete structure. Different materials are given
different colors. 2D doping contours are plotted between 104 and 10'8 with
five lines in each decade of concentration.

SELECT Z=DOPING TITLE=“MOSFET”
PLOT.2D SCALE

COLOR  SILICON COLOR =7

COLOR OXIDE COLOR =5
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COLOR POLY COLOR =3
COLOR ALUMINUM COLOR =2
FOREACH X (14TO 18 STEPO0.2)
CONTOUR VALUE=(10"X) COLOR =4 LINE.TYP=2
CONTOUR VALUE=(—(10"X)) COLOR=2 LINE.TYP=5
END

$ Vertical profile at X = 1 um is plotted to check uniformity near the center
of poly. To avoid interpolation, it is better to use grid line at x = 1 instead of
using any X.

SELECT Z=LOGI10(doping) TITLE = “Vertical Profiles at x=1"
LABEL = “Log(conc)”

PLOT.ID X.V=0COLOR=2

$ Again save profile so that simulation can be resumed without doing 5 hours
diffusion simulation.
SAVEFILE OUTFILE =PDIFF

$ Simulate only half of the structure. This is because there are two DMOS
devices symmetrically placed around the center at X = 0. No need to simulate
both. This saves half simulation time.

STRUCT TRUNCATE LEFTX=0

METHOD COMPRESS

§ Grow gate oxide. Time is decided by the desired thickness and ambient of
dry oxygen is dictated by high gate oxide breakdown voltage needed in power
devices and good quality of the oxide.

DIFFUSE TIME =76 TEMP=1000 DRYO2

$0.6 um Gate polysilicon deposition and pattern using gate mask. Poly remains
to the right of source/p-body region. Poly should be thick enough to block
source implant so that only lateral source profile defines the channel length.
Also, this assures that channel length of the device is the same despite mis-
alignment of gate poly mask. Source and p-body implants are automatically
self-aligned with the poly gate edge as resist defines poly feature.

DEPOSIT POLY THICK =0.6 SPACES=1

ETCH POLY P1.X=3.5 LEFT

$ Plot grid and profiles for complete structure
PLOT.2D SCALE GRID

§ Since p-body implant is deeper, it is better to leave resist on top of the poly.
Hence this step is added to emulate resist as there is no detailed lithography
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simulation in TSUPREM4. Gate mask is patterned.
DEPOSIT PHOTORESIST THICK =1.2 SPACES=2
ETCH PHOTORESIST LEFT P1.X=3.5

$ P-body implant with boron at high energy and reasonable dose is done.
Dose is determined by the level of p-type doping needed to get desired MOS
threshold voltage.

IMPLANT BORON DOSE =4E13 ENERGY =90

§ Remove resist before anneal to drive-in boron as the resist cannot stand high
temperature.
ETCH PHOTORESIST ALL

$ P-body boron drive-in is now done to anneal implant damage and get enough
lateral diffusion of boron in the n-epi to get reasonable channel length of the
device.

DIFFUSE TIME =20 TEMP=1100

SAVEFILE OUT.FILE =PBODY

$ Source resist deposit and pattern is done so that the implant does not enter
other regions not in the device. The mask opens poly in some area so that
alignment of source to the gate edge is assured.

DEPOSIT PHOTORESIST THICK =1.2 SPACES=2

ETCH PHOTORESIST START X=2.75 Y=-30

ETCH CONTINUE X=275 Y=-30
ETCH CONTINUE X=35 Y=-30
ETCH DONE X=35 Y=-30

ETCH OXIDESTART X=2.75 Y=-30
ETCH CONTINUE X=275 Y=-30
ETCH CONTINUE X=35 Y=-30
ETCH DONE X=35 Y=-30

$ Source implant is now done with high energy and high dose to give low
resistivity source region.
IMPLANT AS DOSE=5El5 ENERGY =200

$ Remove resist before anneal.
ETCH PHOTORESIST ALL
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$ Source anneal to cure implant damage.
DIFFUSE TIME =30 TEMP =900

SAVEFILE OUT.FILE =VDMOSO0
$ 1 um thick BoroPhospoSilicateGlass is deposited and contact holes are now
etched to connect all source, p-poly and p-body regions using aluminum. BPSG

reflow step can be added here if needed to planarize the structure.

DEPOSIT OXIDE THICK =1

ETCH OXIDE START X=0 Y =-30
ETCH CONTINUE X=0 Y =-21.75
ETCH CONTINUE X=29 Y=-21.75
ETCH DONE X=29 Y=-30

$ Aluminum metallization to connect regions.
DEPOSIT ALUMINUM THICK =1.7

ETCH ALUMINUM RIGHT PI1.X=3.5

$ Passivation oxide is now deposited. Since only device is simulated here, bond-
ing pad formation steps can actually be skipped here as pads never overlap
device areas.

DEPOSIT OXIDE THICK =0.1 SPAC=1

SAVEFILE OUT.FILE = VDMOSI

§ Reflect to obtain complete structure so that full structure with both DMOS
devices is generated.
STRUCT REFLECT RIGHT

$ Define electrodes. A single point electrode is adequate as region connected to
the point will become an electrode. Since metal connects to two poly sidewalls
at X =4.25 um and X = 14 um at oxide—poly interface, put an electrode there.
Also, put source electrode at the same level at the left end where Al connects
source. All of Al automatically becomes source. Also connect p-poly column
to source and p-body at X =8 and X =18. Add drain contact at the bottom
n+ region.

ELECTROD NAME=Gate X=425 Y=-225
ELECTROD NAME=Gate X=14 Y=-225
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ELECTROD NAME = Source X=8
ELECTROD NAME = Source X=0 Y=-225
ELECTROD NAME = Source X=18

ELECTROD NAME = Drain BOT

$ Final device details are saved for further device simulation in MEDICI.
SAVEFILE OUT.FILE = VDMOS.spu4 MEDICI ELEC.BOT

$ Plot grid and profiles for complete structure

SELECT Z=DOPING TITLE = “SOI-MOSFET”
PLOT.2D SCALE

COLOR SILICON COLOR =7

COLOR OXIDE COLOR =5

COLOR POLY COLOR =3

COLOR ALUMINUM COLOR =2

FOREACH X (14TO 21 STEP0.2)

CONTOUR VALUE =(10"X) COLOR =4 LINE.TYP=2
CONTOUR VALUE=(—(10"X)) COLOR=2 LINETYP=5
END
PLOT.2D GRID SCALE C.GRID=2

The simulated final doping concentrations of both conventional VDMOS
and PFVDMOS drift region of 18 um thickness are shown in Fig. 10.3. From
the figure, it is clear that the doping concentration of p- and n-layers in PFVD-
MOS are matched around the value of 7 x 10'> cm™3. The p-poly layer con-
centration is uniform in the region of interest due to long thermal cycle used to
remove any concentration gradients. The “bulge” in the doping profile near the
edge of the p-poly actually arose due to the difference in incident angles of the
tilted implants on the sidewall and the bottom wall. From the figure, it is also
apparent that the doping concentration of the n-drift region in PFEVDMOS
was nearly an order of magnitude higher than the n-drift region in conventional
VDMOS (7 x 101 em™3 vs 8 x 1014 cm—3). This would obviously translate into
much reduced R, in PFEVDMOS structure. Clearly, process uncertainties can
give rise to variations in these uniform concentrations. However, these should
be less than 10% as both the epi-growth and implant dose are fairly well con-
trolled. After achieving the desired doping profiles using process simulators
such as TSUPREM4 or ATHENA, the next step is to evaluate off-state and
on-state performance of the device using device simulators such as MEDICI
or ATLAS (Synopsys) (Silvaco).
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Fig. 10.3. Doping profiles in conventional DMOS and novel PEVDMOS device.

10.1.2.2. Simulation of Off-State Performance

Off-state simulation was performed with MEDICI using the following input
file where the details are included in comments as before in Sec. 10.1.2.1.

$ MEDICI-off-state simulation.

$ Read mesh from TSUPREM4 save file. This way a triangular grid from
process simulation is imported. Also read doping profiles.
MESH IN.FILE = VDMOS.spu4 TSUPREM4 PROFILE "POLY.ELE

$ Plot the device again to ensure everything looks right.

PLOT.2D BOUND JUNC DEPL FILL SCALE

PLOT.2D SCALE GRID BOUND TITLE = “Initial Grid”

PLOT.2D SCALE BOUND FILL TITLE = “Impurity Contour”
CONTOUR DOPING LOG MIN =14 MAX =22 DEL=0.1 COLOR =2

CONTOUR DOPING LOG MIN=-14 MAX=-22 DEL=0.1
COLOR =1
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$ Check doping profile for verification purposes.

PLOT.ID DOPING X.START=10 X.END=10 Y.START=-22
Y.END = -5

+ Y.LOG POINTBOT=1El4 TOP=1E20

+ COLOR =2 TITLE = “doping profile”

$ Model statement. Models have to be carefully selected. IMPACT.I model
includes impact ionization due to high electric field that is responsible for
breakdown in the devices. CONMOB models electron and hole mobility
changes with local doping concentration. FLDMOB models mobility reduc-
tion due to high parallel electric field to account for the velocity saturation
effect. SRFMOB2 models effects of oxide interface roughness and perpendicu-
lar gate field on mobility. Other three parameters model three physical effects of
concentration-dependent Shockley—Read—Hall recombination, Auger recom-
bination, and bandgap narrowing.

MODELS IMPACT. I CONMOB FLDMOB CONSRH AUGER BGN
SRFMOB2

$ Symbolic and method statement. By default, Gummel method is chosen as
carriers are 0 and only Poisson’s equation is numerically solved in 2D. This is
always a starting step. The voltages then can be progressively increased.

SYMB CARR =0
METHOD ICCG DAMPED

§ Initial solution with all voltages zero is found.
SOLVE V(Source)=0.0 V(Drain)=0.0

$ Obtain solution using previous one with 2-carriers and change method to
Newton as reasonable initial guess is available.
SYMB CARR=2NEWTON

§ Bvdss simulation sequence. Save voltage and current data in log file
BRDATA. Initially take small drain voltage steps. Then increase steps. Oth-
erwise solution cannot be obtained. Once two good low voltage solutions are
available, good initial guess is generated using linear projection of the solutions.

LOG OUT.FILE = BRDATA

SOLVE ELECTROD = Drain V(Drain) =0 VSTEP=0.1 NSTEP =2
SOLVE ELECTROD = Drain V(Drain)=0.5 VSTEP =0.5 NSTEP =2
SOLVE ELECTROD = Drain V(Drain) =1 VSTEP =5 NSTEP =2
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$ Continue solving using continuation method till breakdown is reached. Con-
tinuation method automatically selects the drain voltage steps.

SOLVE ELEC=Drain CONTINU C.VSTEP=0.001 C.VMAX =_800
C.IMAX=1E-9 C.TOL=0.1

$ Plot breakdown I — V curve with a scale of 0-300 V.
PLOT.1D X.AX =V(Drain) Y.AX =I(Drain) POINTS "ORDER TOP =
8E-10 LEFT =0 RIGHT =300 TITLE = “Vbr”

$ Full flowlines, V and impact ionization for last solution to see where break-
down occurs. For superjuncion concept, it should not occur at p-body and
drain junction. Plot potential contours to see if field is uniformly distributed.

PLOT.2D BOUND JUNC DEPL FILL SCALE TITLE = “Struct at
Breakdown”

CONTOUR POTENTIA DEL.V =10 COLOR =2

CONTOUR FLOWLINE COLOR =1

CONTOUR II.GEN COLOR =4

$ Lot of other physical quantities such as E-field vector, hole distribution,
electron distribution, etc. can be plotted.

The results of simulation are shown in Fig. 10.4. It is clear from the figure that
both devices with concentrations shown in Fig. 10.3 were capable of support-
ing a breakdown voltage of 280 V. Notice that the peak ionization contour was
concentrated at the p—n junction in the conventional case, whereas ionization
contour was evenly spread out in the n-layer in PFVDMOS indicating effective-
ness of superjunction structure. Remembering that the n-doping concentration
in PFVDMOS was about an order of magnitude higher than conventional
VDMOS, this result is very significant as it means that a higher n-drift concen-
tration can still be used in PFEVDMOS without compromising the breakdown
voltage. Thus, PEVDMOS has provided a way of overcoming the ideal silicon
limit (Chap. 6) for conventional devices (Gan et al., 2001, 2002).

10.1.2.3. On-State Simulation Results

In order to verify the fact that PEVDMOS has indeed a better on-state per-
formance than conventional VDMOS, on-state simulations have to be carried
out on both conventional and PFVDMOS devices. The input file is similar
to the one in Sec. 10.1.2.2. In this case, the gate voltage is first stepped to a
value, followed by the drain voltage. IMPCT.I is not required in the model as
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Fig. 10.4. Simulated conventional and PFVDMOS devices at breakdown (280 V).

voltages are low. The results for the two devices are compared in Fig. 10.5.
From the figure, it is clear that PEVDMOS has better on-state characteris-
tics compared to conventional VDMOS. A summary of DC characteristics is
given in Table 10.1 below. From the table, it is clear that Ry, sp of PEVDMOS
is only one-third of the corresponding value in conventional VDMOS. Since
Ron,sp of the PEVDMOS device is even better than the ideal limit, it can be
safely concluded that PEFVDMOS has indeed broken the ideal silicon limit
(Chap. 6).

10.1.2.4. Process Sensitivity and Edge Termination

There are always some variations in doping profiles and oxide thicknesses due
to inherent statistical process variations. The performance of superjunction
devices is highly sensitive to any charge imbalance present in the device. A
detailed analysis on these based on a nominal breakdown voltage of 600V
has been reported by Shenoy et al. (1999). A similar sensitivity analysis of
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Fig. 10.5. On-state simulation results of conventional and PFVDMOS.

Table 10.1. Comparisons of simulated DC characteristics between conventional and
PFVDMOS.

PFVYDMOS Conventional VDMOS
BV4ss/V 280 280
Ron,sp/mS2 - cm? 3.7 11.7

charge imbalance on PFVDMOS device off-state performance has also been
performed using simulators, and this is shown in Fig. 10.6.

From the figure, it is clear that to obtain a breakdown voltage of above
250V, a charge mismatch tolerance of about +7% is required, whereas for a
breakdown voltage of above 180V, a charge mismatch of about +15% can
be tolerated. Thus, 180 V PFVDMOS should be achievable with the current
technology, and with a perfect process control, a 250V device can even be
achieved.

One of the greatest advantages of simulations, apart from optimization
of device structures, is evaluation of effects of possible scenarios and poten-
tial problems. A possible problem inherent in PEVDMOS process flow is the
formation of a narrow air gap in the middle of a poly trench due to noncon-
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Fig. 10.6. Effects of charge mismatch on PFVDMOS device breakdown voltage.

formal deposition of poly. The effect of this was investigated and the result has
shown that a narrow 0.1 um air gap at the middle of the poly trench does affect
the device off-state performance much as it drops the breakdown voltage to
230V from 280 V. The degradation is mainly due to the loss of charge in the
air gap resulting in a slight mismatch in p- and n-column charge. Since the
current technology cannot achieve a perfect charge balance, this degradation
can generally be treated as an additional charge mismatch.

In contrast to the conventional case, the background doping of PFVDMOS
is much higher (in the present case, it is 7 x 101> cm~3 instead of 8 x 10'* cm~3).
Thus, even though the active area of the PFVDMOS device is capable of sup-
porting a high breakdown voltage, the rest of the silicon area fails to achieve
this. If no proper edge termination is found, the device will breakdown prema-
turely at the edge of the device. In order to prevent this problem, a proper edge
termination scheme must be adopted. An edge termination scheme with oxide
trench filled with p+ poly surrounding the edge of the active device, as shown
in Fig. 10.7, was designed. By using the termination scheme, breakdown volt-
age of novel VDMOS as simulated earlier is attainable as confirmed through
simulation results.

10.1.3. Experimental Results
10.1.3.1. Process Flow and Run Sheets

As explained in the previous section, after assessing the feasibility of
PFVDMOS and determining process parameters with simulators, actual
device fabrication was carried out. Both PFVDMOS and conventional devices
were fabricated on 20 um thick, 7 x 1013 cm =3, n/n+ epi-wafer.
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Fig. 10.7. Edge termination scheme.

There are 11 masks in total used for the fabrication of PEVDMOS. These
are listed below.

(1) Mask 1: Oxide isolation
(2) Mask 2: Trench termination
(3) Mask 3: P-poly trench
(4) Mask 4: Poly gate
(5) Mask 5: P-body
(6) Mask 6: N+ source
(7) Mask 7: P+ P-body contact
(8) Mask 8: Contact
(9) Mask 9: Metal 1
(10) Mask 10: Via
(11) Mask 11: Metal 2.

Variations were introduced to Masks 1 and 2 to take into account possible
undercuts during trench-etching. Other variations were made to Masks 3, 5, 6,
and 7 mainly to ensure proper source/N+ contact and also dielectric isolation
between source metal and gate poly while ensuring maximum p-body spacing
to reduce resistance contribution from the narrow neck region formed between
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Fig. 10.8. Partial mask layout showing the top view of PF-VDMOS structure.

two p-body regions (Fig. 10.1). Sufficient splits always have to be designed so
that despite process variations, some devices will work. Here, the most tricky
step is of p-poly doping. Hence, some splits have to be designed with implant
angle and dose, so that best charge balance can be found.

The layout of a PEVDMOS device is shown in Fig. 10.8.

The run sheet of the process looks very different from the regular process
flow as it includes all cleaning/inspection steps. As a sample, a few entries in
the run sheet for PEVDMOS are included in Table 10.2.

10.1.3.2. On- and Off-State Measurement on First Run of PFVDMOS

Figures 10.9 and 10.10 show the typical measured off-state and on-state results
obtained from various wafers. Generally, the results have shown that the fab-
ricated devices were functional even though their off-state results were less
than satisfactory (about 100V for the best results as shown in Fig. 10.9 com-
pared with the expected value of 280 V). Conventional devices have lower
breakdown voltage, about 50V for PiN structure. Also, the leakage current
of PEFVDMOS is about 1-2 orders of magnitude higher than PiN diode, and
is undesirable as high leakage current would lead to higher static power loss.
This increase in leakage current could be attributed to the numerous p-poly



Table 10.2. Typical process run sheet.

Step Process description # wfs Date and time/signoff Remarks
TRACK IN TRACK OUT
Date and time Init. Date and time Init.

1.  Lotstart

e 8 wafers: n—/n+ epi, (100), thick 18-22 um

p=0.6-0.8Q -cm 18

e 10 wafer: n(100) p = 10-80 2 - cm, for test wafer

2. Wafer marking and pretreatment

Mark backsides of wafers. (Lot and Wafer No.),
#1-8 for the epi. wafers; #9—18 for the test wafer

Mask 0: Fiducial mask

RT: 1.7 um, PR/CT/SB Prg#: 1/2/1, Stepping distance:
ST Prg.#:, Mask ID 9800 pm x

Exp: 180 mJ/cm? 8890 um Fiducial:
PEB/DP/HB Prg. #: 1/2/1 (2500 pm, 200 pm)
Inspection:

Fiducial etch Si _6000 A
Sequence: MARK
Time: 160s
Inspection:

(Continued)
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Table 10.2. (Continued)

Step Process description # wfs Date and time/signoff Remarks
TRACK IN TRACK OUT
Date and time Init. Date and time Init.
5. Resist strip

Sequence: PRS

Piranha II 10+10 m — DR(6X) — SRD#6
Meas. Alphastep (Check fiducial depth)
Etch depth (C)7534 (E)7450 A

(spec.: 5500-6500 A)

6. SRO-1 Growth_600 A (ASM-B2)
SC-1 10 min — DR(6X)
Piranha I 100°C 5 min — DR(12X)
15:1HF#1, 10 s — DR(6X) — SRD#6
Recipe: SRO-600
Tube #B2
Meas. Rudolph pgm#FOXIDE<500T
Tox(tw) =582 A, (Spec: 580-620 A)

Nitride-1 deposition_2500 A (ASM-C2)

Recipe: NIT_1500, Tube #C2
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Meas. Rudolph pgm#FNIT <6000TN
Tnit(tw) =2450.8 A, (Spec: 23002700 A)

Darkfield Inspection:

7. LPCVD oxide 0.5 um (ASM_C4)
Recipe: , Tube: C4
For #1 and #2 wafers only
Meas. Rudolph pgm#FTEOS
Tox(tw) = A, (Spec: 4500-5500A)

8. LPCVD polysilicon deposition _0.8 um
(low stress poly)
Recipe:
Tube: C3
Tox (tw) =7930 A
(Spec:um)
Inspection:

9. POCL3 doping
Recipe: POCL-930
15:1HF#2, 90 s etching until
dewet — DR(10X) — SRD#6

(Continued)
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Table 10.2. (Continued)

Step Process description

# wfs

Date and time/signoff

TRACK IN TRACK OUT

Date and time Init. Date and time Init.

Remarks

10. Boron tilted implant
Recipe: B/90K/8E12
Species: Dose:
Energy: , Tilt angle: 11°
with two twists implants (0° and 180°)

33. Poly-Si deposition — 2 um (ASM-C1)
Piranha I 100°C 10 min —
DR(12X) — SRD#6

33,5 Recipe: , Tube: Cl
15/1 HF 1 min, 10 W stress

Meas. Rudolph pgm#FPOLYSI
T=19407 A
Tpoly(tw) 9825 A, Spec: (1.8-2.2 um)
34. Boron diffusion
Recipe:
Note:
1. Thermal budget:1150°C, 500 min
2. 1000 A oxide grows before diffusion
Meas. Rudolph pgm#FOXIDE>500T
Tox (tw) = 1293 A, (Spec: A)

#03, #04 Tilt: 9°
#05, #06  Tilt: 10°
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57. BPSG reflow (ASM A3)
Paranha I 100°C, 5min — DR(6X) — SRD#6
Recipe: , Tube: A3
900°C, N2, 30 min

58.  Si-AL PVD deposition 2.5 um
SC1 80°C 10 min — DR(6X) — 15:
IHF#2,20s — DR (6X) — SRD#6
Recipe:
Rsheet =

59. Mask 9 Metal 1 (B Field)
RT: 2.0 um Msk ID:
PR/CT/SB Prg #: 1/8/1
Step Prg. #: , Exp: @m]/cm2
PEB/DP/HB Prg #: 1/2/1
OL Prg #: manual
Spec: £0.20 um, WH#:

(Continued)
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Table 10.2. (Continued)

Step Process description # wfs Date and time/signoff Remarks

TRACK IN TRACK OUT

Date and time Init. Date and time Init.

X
Y

Inspection:

60. Dry etch
Sequence: 2.5u-AL
(e/p) Time: 620 S

Inspection:

61. Resist strip Testing Diode
Sequence: PRS first, then test
ACT 690, 65°C, 20min — DR(6X) — SRD#6 MOSFET
Inspection: later

62. Pad dielectric deposition
Sequence: Pad
Thk: (scb) (c) (e)
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63. Mask 10 passivation (DK-FIELD)
RT: 2.0 um, Msk ID:
PR/CT/SB Prg #: 1/8/1
Step Prg. #: , Exp: 250 mJ/cm?
PEB/DP/HB Prg #: 1/2/1
Inspection:

64. Pad etch and resist strip
Sequence: Pad
e/p (alg#41) time: s
Meas. Rudolph pgm#
Patterned-thin SiO,
Thk: (scb) (¢) (e)
(spec <50A)

ACT690, 65°C, 20 min — DR (6X) — SRD#6
Inspection:

65(a) Alloy (Tube, A4)
Sequence:
Temp =420°C, t = 30 min, N + Hp

65(b) Backstrips

Ll SO9IA8( JomOd UODI|IS Ul SaIpNn)S ased) [eanoeld



478 Power Microelectronics

||||||4|||||||

Conrventional
o
PEVDMMOES
500000 [y 1 L 1 | L L 1 L | I L L 1
0.000 50,00 100.0 180,
VD
Fig. 10.9. Measured off-state characteristics of PFVDMOS.
ID
{ma)
2276
f ,.;.'-J:;_ri i -
a2.2760 P
Jdiv] P
. QGO0 . L " N i g E
0000 20 .00
VD 2.000/div (V)

Fig. 10.10. Measured PEVDMOS on-state characteristics with Vgs from0to7Vin1V
step.
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columns in PFVDMOS that have large defect densities. Since both conven-
tional and PFVDMOS are fabricated on the same substrate, only on-state
result of PFVDMOS was characterized and is shown in Fig. 10.10. With the
device area of (40 x 400) ,umz, the measured Rop,sp Was calculated to be about
35m$2-cm?. This is much larger than the simulated values as the drain contact
at the top of the wafer was probed resulting in a 2X increase in the on-state
resistance. A more accurate Ro, can be obtained by introducing a deep n+
which makes a low-resistance contact from the pad to the n+ substrate.

10.1.3.3. Investigation of Causes Behind Degraded Performance

As seen from Fig. 10.9, even at the best measured breakdown voltage of about
100 V, PEVDMOS still did not reach the expected value of 280 V. It is important
to analyze the reasons behind the measured on- and off-state performances
and then do necessary changes to achieve improvements. Both hot spot and
SEM images (Fig. 10.11) were examined to investigate the cause of much worse
performance than the prediction of simulators.

Hot spot images revealed that breakdown originated from n-epi regions,
especially from those at the edge of the device. An examination of SEM images
has suggested that this might be due to the over-etching of p-poly resulting
in very uneven structures (Fig. 10.11(a)) and source metal encroaching into
p-poly Fig. 10.11(b). This would then cause field crowding to occur at the
corner of p-poly as shown in Fig. 10.12.

Other possible site of problem might be at the n-epi next to the oxide
column. Remembering that phosphorus would segregate out of oxide into sil-
icon during wet oxidation, it is expected that n-epi next to the oxide column
would have higher n-doping. If doping of p-poly is smaller than n-epi doping,
these n-epi regions with higher doping would breakdown first. In fact simula-
tion with p-poly doping near sidewall oxide (3 x 10> cm~3) < n-epi doping
(7 x 1013 cm~3) has shown that breakdown voltage has significantly degraded
to 110 V with the failure point located at the middle of n-epi. Such verification
with simulations is critical in ascertaining the causes of the loss in performance
after fabrication.

Even though previous simulation results have shown that the poly can be
doped to the required profile, due to charge-trapping effect at the poly grain
boundary, the actual free carrier profile might deviate largely from the doping
introduced. This is especially so when doping in poly is low as in the present
case. In fact, there exists a critical dopant concentration N* in poly below
which virtually every dopant is trapped in the poly grain boundary (Kamins,
1998). At a poly grain size of 1 um, N* is about 1 x 10'®cm=3. Thus, it is
possible that majority of the dopants introduced into p-poly are trapped in the
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Fig. 10.11. (a) SEM images of PEVDMOS columns, (b) SEM images of PFVDMOS.

grain boundary. Thus, even though these trapped charges might be released in
local high field region during off-state, the amount of free charge available in
poly need not be as expected. This will lead to a charge imbalance and reduced
breakdown voltage (Fig. 10.6).

From the above discussions on the likely causes of device failure, the process
problem of source metal encroachment into p-poly and the dopant segregation
problem can be overcome by using a better recipe in planarization and other
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Fig. 10.13. PFVDMOS with Metal-Thick-Oxide (MTO) as edge termination.

active edge termination that reduces electric field at the n-epi edge. Both these
remedies were implemented and the results will follow. The third likely cause
of dopant-trapping in the poly is more fundamental and difficult to solve. The
modified scheme uses better planarization and modified isolation, as shown in
Fig. 10.13. Much better planarization is clearly seen from the SEM image of
Fig. 10.14.

10.1.3.4. Measurement on Modified PFVDMOS Devices

Figure 10.15 shows measured off-state results of PFVDMOS with MTO edge
edge termination of Fig. 10.13 that could achieve a breakdown voltage at 184 V
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Fig. 10.14. The SEM picture showing the PFVDMOS structure with thick
oxide-bypassed termination and better planarization compared to Fig. 10.11.
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Fig. 10.15. Measurement results on device breakdown for conventional VDMOS and
PFVDMOS devices.

at a reverse current level of 30 uA. The measured Ron sp Was calculated to be
about 3.68 mS2 - cm?2. As can be seen in Fig. 10.15, the device suffers from high
leakage current (~10 wA) compared to similar-sized “normal” device (~1 nA).

At the breakdown voltage of 184 V, the PFVDMOS device still fell short
of simulated breakdown voltage of 280 V. This was found to be due to the
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failure of edge termination as the 1.5 um oxide thickness used in the MTO
could only sustain a breakdown voltage of about 200 V. By increasing the oxide
thickness further, this problem might be solved but a more fundamental and
difficult problem with PFVDMOS is its relatively high leakage current that
could arise due to charge-trapping in p-poly. Thus, methods that could mini-
mize this charge-trapping must be employed for PEVDMOS to be viable. These
include low-temperature poly deposition that results in large grain formation
and fewer grain boundaries, hydrogen passivation that terminates dangling
bonds in poly-grain boundary, and selective epitaxy growth (SEG) that allows
silicon-epitaxy to occur selectively only on exposed silicon area without the
simultaneous growth on areas covered with oxide. The latter approach is par-
ticularly attractive as it could solve the poly-grain boundary problem while at
the same time prevents interdiffusion between n- and p-columns by having a
thin oxide layer between n- and p-columns. However, the process cost will be
much higher and throughput will be adversely affected as SEG is a single wafer
process.

Even though all the above methods might be used to minimize
charge-trapping, the methods are under active research. Thus the use of the
above methods to the PFVDMOS device might entail a lot of uncertainties.
While not excluding their use in future, a more effective approach would be to
find an alternative that is more robust and simpler to implement.

10.1.3.5. Alternatives to PFVDMOS

Remembering that the current research focus of superjunction device is geared
toward achieving precise charge balance that might be difficult to achieve with
current technology, other ways that might do away with this stringent require-
ment must be explored. In this regard, a new device structure that will shift
the emphasis from controlling the doping to controlling the oxide thickness
that yields much better control has been developed and called as Oxide Bypass
MOSFET and introduced in Chap. 6. The structure is further modified to Tun-
able Oxide Bypass MOSFET to control off-state characteristics even better
and improve on-state performance (Liang et al., 2001; Yang et al., 2003) as
described in Sec. 6.8. We explore more details in the case of 100 V TOBUMOS
device in the remainder of this chapter.

10.2. Case Study IlI: Tunable Oxide Bypass MOSFETS

The principle and theory behind OB structures have been presented in Chap. 6,
Sec. 6.6. Both OB and TOB structures are shown in Fig. 6.32. In the stan-
dard Oxide Bypass Vertical Doublediffused Metal Oxide Semiconductor
(OBVDMOS) structure, poly-contact of the Oxide-Bypass, p-body and n+
source are all shorted using a metal line, as shown in Fig. 6.32 (left). However,
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if the poly-contact is separated as shown in Figs. 6.32 (right) and 10.16, it
potentially provides an additional control voltage that can affect the device per-
formance. In principle, using simulations, an optimum device can be designed
to achieve the lowest on-state resistance at a given breakdown voltage. How-
ever, process variations are inevitable and will alter desired device parameters.
As described in Sec. 6.8, TOBMOS provides an avenue to compensate process
variations to achieve optimum performance.

Due to the consideration of application in automotive industry, 100 V V},
TOBUMOS device shown in Fig. 10.16 was selected for fabrication. In UMOS
structure, the MOSFET is implemented using a trench gate and the inversion
layer forms on the vertical wall of the n-drift region.

10.2.1. 100V TOBUMOS Fabrication

Due to the requirements for current power MOSFETs applications, 100 V
Power MOSFETs are especially effective in both conventional and high-density
isolated DC/DC power supplies for communications, automotive electrical sys-
tem and industrial markets. As most of the SJ devices cannot break the ideal
silicon limit to show better performance in this voltage range, TOBUMOS
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Fig. 10.16. TOBUMOS structure.
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becomes more attractive for medium power applications. This part covers the
development of 100 V TOBUMOS, which includes the numerical simulation
to arrive at optimum device structure with enough process margin, proposed
fabrication process flow, and mask layout design.

10.2.2. Simulation on 100V TOBUMOS

A 100V TOBUMOS structure (shown in Fig. 10.16) was generated and sim-
ulated using synopsys process simulator and device simulator (Synopsys) (Sil-
vaco). The simulation was done on the device with dual epi-layers. The width
(W) of n-drift region is 4 um. The oxide thickness in the OB region is 0.525 um.
The first phosphorous epi-layer (Epil) above 0.003 - cm antimony-doped
substrate acts as the impurity out-diffusion source and has resistivity of
0.02 Q- cm. As this layer has higher resistivity and lower doping, out-diffusion
of dopants into the second Epi2 layer is suppressed and more uniform doping
profile can be maintained. Epi2 layer mostly sustains high reverse-blocking
voltage.

In the consideration of possible variability of parameters between simula-
tion and fabrication, detailed simulation of TOBUMOS at certain ranges of
epi-thickness and resistivity was performed. The outcome of Vi, and Rop,sp of
TOBUMOS at 0V control bias and maximum allowed positive bias is given in
Table 10.3.

The bias on the control electrode of TOBUMOS is used to tune the Rop sp
vs Vir point to the farthest better performance location from ideal silicon limit
line. Because most of the cases listed in Table 7.6 can break the silicon limit
line, it is safe to choose the second epi-thickness of 8.5 um with resistivity of
0.55 and 0.7 2 - cm, respectively. The latter case with resistivity of 0.7 2 - cm
is selected to test the performance of TOBUMOS, while the former case is
selected for optimal OBUMOS comparison.

According to Table 10.3, the relationship between V;, and resistivity for
TOBUMOS on 8.5 um epi-layer is shown in Fig. 10.17. It is clear that, with
the optimal epi-resistivity of 0.55 - cm, there is no advantage of tunable
voltage applied on the control electrode. With the nonoptimal epi-resistivity of
0.7 2-cm?, positive control bias is able to reach up to 17 V. Hence, the ability to
tune the device performance using the control voltage helps in expanding the
process and yield window, but it is not so useful if nominal device has reached
optimum performance.

The minimum Ron sp obtained for the device with such epi-resistivity is
6.04 x 1074 - cm2. Most importantly, Ron,sp Vs Vi relationship at this
point is better than that on the optimal OBUMOS with epi-resistivity of
0.55Q - cm.



Table 10.3. Relationship of epi-resistivity (pep;), epi-thickness (Zep;), control bias, Vi, and Ron,sp at Vgs = 15V and Vpg = 0.1V
listed for 100 V TOBUMOS at W = 4 um and fox = 0.525 um.

Pepi (§2 - cm) Tepi = 8.0 m Tepi =8.5pm Tepi =9.0pm
Control Vbr Ron,sp Control Vor Ron,sp Control Vbr Ron,sp

V) V) (@ - cm?) V) V) ) ™) V) )
0.5 0 76.9  481x10~% 0 80.3 428x10~4 0 743 5.58x10~%
0.55 0 929  431x1074 0 100.6  5.57x10™4 0 103.2 5.97x10~4
0.6 0 99.2 5.55x10~4 0 100.5 5.99x10~4 0 101.3 6.41x10~%
2 101.0 5.45%10~4 7 106.3 5.69x10~4 8 108.5 6.03x10~4
0.65 0 97.3 5.86x10™% 0 98.8 6.39x10~% 0 99.6 6.86x10~%
7 103.8 5.57x10~4 13 110.9 5.85x10~4 12 111.0 6.27x10~4
0.7 0 96.3 6.22x10~4 0 97.3 6.77x10~% 0 97.9 7.23x10~%
9 1046  5.83x1074 17 1132 6.04x1074 24 120.7 6.17x10~4
0.75 0 94.3 6.60x10~% 0 96.3 7.14x10~% 0 96.7 7.65x10~%
17 110.8 5.93x10~4 21 1160  621x10~4 23 118.6 6.51x10~4
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Fig. 10.17. Vy,; vs resistivity plots for OBUMOS and TOBUMOS at the second epi-
depth of 8.5 um.

10.2.3. Process Flow and Cross-Sections

The simplified process flow of 100V TOBUMOS is best described in
Fig. 10.18 using evolution of a set of TOBMOS cross-sections as the process

proceeds.

(a)

Wafer Pre-treatment

n- Epil 4— 1.5 pm

nt Substrate

Fig. 10.18(a). Starting wafers with required epi-layers and wafer cleaning before

fabrication.
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(b) 3000 A Mask Dry Oxide Growth 3000 & Oxide
.‘_
n- Epi2
n- Epil
nt+ Substrate

Fig. 10.18(b). Grow oxide to protect active device area where there will not be any

trench.

Mask 1: OB trench Mask

(c)
MIask Oxide Etching, Si Trench Etching (Trench depth = 10 pm), Resist Strip

- Epi2 - Fpi - Epi2
- EP n-Epi2 P Irench Width
= 1.0A.5/2.0 pm

— -4
| |

‘ n- Epil

n- Epil

n- Epil

nt+ Substrate

Fig. 10.18(c). Etch trench to form OB oxide (Must be wide to accommodate 500 nm
oxide each side and poly).
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(d) 100 A Dry Oxide growth & 0.5pm Wet Oxide growth
8000 A Oxide
1_

n- Epi2 n- Epi2 n- Epil

n- Epil n- Epil n- Epil

nt Substrate

Fig. 10.18(d). Grow 10 nm high quality dry oxide and then remaining OB oxide leaving
space for poly-fill.

(2) LPCVD PolySi deposition_1.0 pm; POCL3 doping (900C, 60min)

NN RNNe NNy

-+4— 1.0 pm Poly

n- Epi2 n- Epi2 n- Epi2

n- Epil n- Epil n- Epil

nt Suhbstrate

Fig. 10.18(e). 1000nm poly is deposited and doped with phosphorus to make
low-resistance connection.



490 Power Microelectronics

(f)  (Global PolySi removal (Stop on Oxide and then over etch 0.6pm)
Backside PolySi etch; POCL3 doping (1050C, 60mmin)

VL

n- Epi2

n- Epil

n+ Substrate

Fig. 10.18(f). Etch poly from the surface.

(2] Maslk 2: Active Region
0.8pm Oxide etch and Resist strip; Dry oxidation_200 &
—I |—
L —
n- Epi2
| n- Epil ||
nt+ Substrate

Fig. 10.18(g). Etch oxide from device area and oxidize again to begin process on active
device areas.
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(h)  Boron implant (21013 em-2, 90KeV, tilt = 7), Resist Strip
Drive-in (Time = 100min, Temp = 1125), Dry Oxidation_200 A

—| |—
L —
n- Epi2
|| n- Epil | ]
n+ Suhstrate

Fig. 10.18(h). Epi-layers form the drain region. Define p-body region of UMOS device
with boron implant. This step is very robust as it is a blanket implant in the device area.

(1)  Mask3: n+ Mask: As implant (531015 cm-2,120EeV, Tilt = 7); Resist Strip
Maskd: p+ Mask: BF2 implant (31015 em-2, 80KeV, Tilt = 7); Resist Strip;
SRO (200 A) + LPCVD TEOS (2500 A)

{(In one 2D cross section, only one of nt+ or p+ Mask can be seen)

—| I—
— —

Fig. 10.18(i). Do As implant that defines source. Also do boron difluoride implant to
define shallow heavily doped p-body contact regions. This p-type implant is hidden in
this 2D view.
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il Mask 5: Gate Trench

{Oxide etch; Si Trench etch_2pm; Resist Strip;
Sacrificial dry oxidation_200 A

— —

n- Epil n- Epi2 n- Epi2

n- E]]l]. n- Epl]_ n- El]l]_

n+ Substrate

Fig. 10.18(j). Expose gate area and etch oxide and shallow silicon trench to define MOS
device. Oxidize trench and wet etch to remove plasma etch damage before high-quality
gate oxide is grown.

(k) Mask 5-1: Gate Pad Shield

Sacrificial Oxide etch; Hesist Strip;
(Gate oxidation 430 A (Time = 40min, Temp = 1000}

T— —

n- Epi2 n- Epi2 n- Epil

n- Epil n- Epil n- Epil

n+ Substrate

Fig. 10.18(k). Grow high-quality oxide that covers trench walls. Oxides normally thin-
ner on sidewall and right processing conditions based on simulation should be selected.
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(1) Conformal Poly8i deposition_0.2pm; Poly5i deposition 0.9pum
POCL3 Polysi dope (Time = 30min, Temp = 930)

vebedbi b bbn b

L Y s ull
n- Epi? n- Epi2 n- Epi?
n- Epil | | | n- Epil || n- Epil
nt Substrate

Fig. 10.18(1). Deposit polysilicon gate material and do a heavy phosphorus doping for
low-resistance gate.

{m) lohal PolySiremoval, stop on Oxide and then over etch 0.1pm

1000 A Poly re-oxidation: Time = 10, Temp = 900 DRY(2
Time =30, Temp = 900 WET

Time = 10, Temp = 900 DRYO2

L __
n- Epi2 n- Epi2 n- Epi2
n-Epil | | | n- Epil || n- Epil
nt Substrate

Fig. 10.18(m). Etch poly to stop on oxide. Etch further below trench level to avoid
accidental shorts, still maintaining enough source overlap of the gate. Oxidize again to
reach the surface level.
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in) TEQS/BPSG deposition_9000 A

T NI A 5

n- Epi2 n- Epi2 n- Epil

n- Epil n- Epil n- Epil

n+ Substrate

Fig. 10.18(n). Deposit thick borophosphosilicate glass (BPSG) as low-capacitance
dielectric below metal. BPSG reflows at a lower temperature that helps in planarization.
=) Mask6: Contact Mask
Oxide dry etch and Resist strip
BPSG Reflow (Time = 30, Temp = 900)

R o

n- Epil n- Epi? n- Epi?

n- Epil n- Epil n- Epil

n+ Substrate

Fig. 10.18(0). Reflow BPSG for planarization. Expose contact mask to open metal
connection areas. Only source contact that connects two sides of the trench device is
seen here.
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(p)  PVD Barrier Metal Deposition; RTP Silicidation; PYD AT, 1.7 pm

n- Epil n- Epil n- Epi2

n- Epil

n- Epil n- Epil ||

n+t Substrate

Fig. 10.18(p). Deposit and pattern metal (Aluminium) to define actual connections.

Mask?: Al Etch Mask
Al dry etch and Resist strip; Passivation Oxide deposition
No etch regions are seenin this 2D crooss section as here Al covers whole device

@

Mask8: Passivation Mask

Pad opening and Resist sirip; Backside strip; Alloy

Source
Control Control
= Gate Pol: by
E ate Poly E
s =
. ==} . .
n- Epi2 n- Epi n- Epi2
n- Epil | | | n- Epil || n- Epil

nt+ Suhstrate

Drain

Fig. 10.18(q). Deposit thick passivation oxide to protect all device areas. Expose pas-
sivation mask and etch passivation oxide to expose only the metal pads for probing.

Fig. 10.18. Schematic cross-sections of TUBMOS device.
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10.2.4. Key Precautions in TOBUMOS Fabrication
10.2.4.1. Oxide Profile in OB Region

The breakdown voltage is affected by the oxide thickness and profile at the
trench bottoms. Because the breakdown always happens near the corner of the
bottom trench oxide, a thicker oxide at the bottom than that at the sidewall
will increase the breakdown voltage. On the other hand, if the trench corner
is rounded by isotropic etching before oxidation, the oxide grows uniformly
around the trench during the oxidation. Thus device off-state performance can
be improved as well.

Figure 10.19(a) shows the desired oxide profile after fabrication where
the trench corner is rounded by short-time isotropic etching. Compared to
Fig. 10.19(a), 10.19(b) does not have such a rounding treatment before oxi-
dation. The oxide in Fig. 10.19(b) becomes thin at the trench corner after the
oxidation. In this case, electric field generated by the reverse bias is likely to be
crowded at the corner region, which leads to a premature breakdown.

10.2.4.2. Optimum Doping Profile in Drift Region

As given in Fig. 10.17 and Chap. 6, owing to OB structure and tunable control
voltage, 100 V TOBUMOS simulation has successfully shown the superior
performance over conventional MOSFETs and SJ devices. This simulation
was done on 0.02 Q - cm? phosphorous-doped substrate. Phosphorous in the
substrate is likely to diffuse into the epi-layer during thermal cycles, which is
known as out-diffusion. Therefore after the thermal fabrication processes, the
doping profile in the epi-layer of the device becomes nonuniform. The doping
concentration is gradually reduced from the bottom to the top.

It has been proposed that a lower on-resistance can be obtained by using
a nonuniform epitaxial doping profile to obtain the same breakdown voltage
(Baliga, 1998). Some experiments trying different impurities and doping

Oxide Oxide

Round corner — Sharp corner

Fy

(@) (b)

Fig. 10.19. Comparison of two different trench profiles of after oxidation.
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concentrations have been done to find the optimum epi-doping profile for 100 V
TOBUMOS. It was established through simulations that, by using 0.02 2 - cm
phosphorous-doped substrate, the best performance of 100 V TOBUMOS can
be obtained. However, the wafer with phosphorous-doped substrate is com-
mercially unavailable. In this case, wafers with multi-epi-layers are selected.
Same performance can be achieved by using this wafer instead of the previ-
ously designed one. As shown in Figs. 10.16 and 10.20, the new wafer contains
two epi-layers. The first epi-layer right above the substrate is doped with phos-
phorous, which has the resistivity of pepii = 0.022 - cm. The resistivity for
the second epi-layer above the first epi-layer is in the range between 0.55 and
0.75 Q2 - cm. The substrate material and doping are allowed to vary in a large
range to explore if this helps in optimization. Here we choose antimony-doped
substrate with pg,, = 0.003 © - cm. Figure 10.20 shows the post-fabrication
doping profile of 100V TOBUMOS with epil thickness = 1.5 um, epi2 thick-
ness = 8.5 um, tox = 0.525 um, half-drift region width = 2 um, and half
OB structure width = 1um (Fig. 10.25). The simulation result for this struc-
ture is Vi, = 100.6 V and breakdown occurs at (2.43 um, —2.4 um), with
Ronsp = 5.57 x 1074 Q- em?.

10.2.4.3. Oxide Over Etch at Termination

Asinthe case of PEFVDMOS, the first OBUMOS fabrication yielded low break-
down voltage compared to prediction. Also, some of the gates were found to be
open circuits in the sense that the gate pad did not connect to the trench gate and
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Fig. 10.20. Vertical doping profile along the drift region and substrate pre-fabrication
(solid line) and post-fabrication (dashed line).
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OB Termination at the side of Gate Pad Active Region

7 b i Trench Gate

-

Silicon

PolySi

Fig. 10.21. Failed structures with slight oxide etch at gate region before and after gate
formation.

OB Termination at the side of Gate Pad ] .
ﬂ \ Active Region
A / ' 1 Ji Trench Gate

I

Oxide -

Silicon

4—— Polysi

Fig. 10.22. Functional structures with oxide over etch of 1 ~ 2 um at gate region before
and after gate formation.

the device never turned on. This was most likely due to the discontinuity of Gate
poly at OB termination, as shown in Fig. 10.21; the Gate is electrically open
since the Gate contact is only on the OB termination. Therefore, oxide etch in
OB region is required to be deep enough to allow Gate poly to go across. Nor-
mally, 1-2 um oxide over etch (see Fig. 10.22) is desired for 2 um Gate trench.

To check the oxide over etch depth at the termination mentioned above,
a test structure shown in Fig. 10.23, was designed for SEM. Thus, by simply
cutting the wafer along any horizontal line, the cross-sectional view of Gate
trench at OB termination can be seen clearly using SEM. Design of such test
structure is of utmost importance so that proper completion of a designed
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Fig. 10.23. Gate trench test structure.

" Photoresist Photoresist
~ N | Gate Poly
' Gate Poly V' Gate Poly
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Oxide Oxide Oxide
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Fig. 10.24. Gate poly removal by using resist-assisted etchback technology.

process step can be verified by running a test wafer initially, and corrected if
required.

10.2.4.4. Resist-Assisted Etchback Applied on PolySi Removal

Chemical Mechanical Polishing (CMP) is nowadays used extensively for a blan-
ket etch that planarizes structures. Although in principle, polysilicon CMP is a
straightforward technology applied on Gate poly etching for UMOS devices,
it is actually quite complex in practice. Proper controls must be guaranteed to
yield a uniformly polished surface. Instead, resist-assisted etchback is a sim-
ple way to remove Gate poly, and the outcome is a relatively planar surface.
As shown in Fig. 10.24, photoresist is deposited onto polysilicon. By using
photoresist to fill up the notch of polysilicon, a smooth surface profile can be
patterned easily by adjusting relative etch rates of polysilicon and the resist.

10.2.4.5. Additional Precautions

To avoid problems encountered in the first fabrication, some additional pre-
cautions were taken.

(1) Some variations should be made in the consideration of mask alignment
and process offset issues.
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(2) The trench Gate and Gate oxide formation should be performed with
extreme care, because the quality of the Gate oxide surface and the shape
of Gate trench at the termination area will affect the on-state perfor-
mance significantly.

(3) The distance between Gate trench mask and Source contact mask should
be more than 0.8 um, to avoid the short of Gate and Source.

(4) There should be enough space between the Source and Control contact.

With these concerns in mind, the final process and masks for 100 V TOBUMOS
were designed.

10.2.5. Device Structure and Mask Layout Design

The proposed device cross-section view and fabrication masks are shown in
Figs. 10.25 and 10.26, respectively. The abbreviations used in the figures are
elaborated just after the figures. Compared to conventional UMOS fabrication
steps, only one additional mask (POLY 1 Mask) is required. Figure 10.26 shows
the top views of mask layout with different POLY 1 masks. They were designed
to check the effect of two different schemes of termination on OB functionality.

Vasks8: PAD
Mask7: MET1 k
Mask6: CONT
MaskS: POLY2
Maskd: P+
Mask3: N+
MaskZ2: DIFF

Mask1: POLY1

Metal
Oxide - - - - Oxide
1 +l_) 4 l)b [\ (l}-' | 1_)]_) o d}r i 11—|—.,-"l_)—|—
poly 1 tox ¥ poly
4—— (Fate
- W >
n-epil n-epi n-epi2
n-epil L — n-epil — | n-epil
n+ substrate

Fig. 10.25. Cross-sectional view of 100 V TOBUMOS together with masks.
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(a) Termination type 1

Fig. 10.26. Top view (mask) of 100 V TOBUMOS with two types of OB trenches at top

termination.
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Fig. 10.26. (Continued )
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Table 10.4. Parameter variations of TOBUMOS mask layout.

Parameter Wgcon Lgcon Wob Wgob Gobl Gob2
Range 0.8/0.9/1.0 2.8-7.0 1.0/1.52.0  1.52.0 1.25/1.75/2.0 0.8-1.8
(m)

Parameter Wtol Lg Ws Dsg Dobs

Range 3.0-6.0 0.8/1.0 0.6/0.8/1.0 0.3-1.05 0.1-0.7

(pm)

It is to be noted that Control voltage contact of TOBUMOS is only
located below the OB trench in the layout due to the space limitation in lateral
dimension. This will not affect the device performance, because only voltage
bias is applied on Control contact. There is no current conduction in the highly
doped polysilicon region of OB structure. There are totally nine masks in the
process, and no additional mask is needed compared to the fabrication of
OBUMOS.

There are totally four electrodes for TOBUMOS. Except for Drain elec-
trode, which is deposited at the bottom of the wafer, all the other three elec-
trodes are on the top of the wafer. The schematic of mask layout and parameter
variation are shown as in Fig. 10.26 and Table 10.4, respectively. Separated
contact windows are made on Source contact and Control contact as needed
by TOBUMOS device structure.

The explanations for the parameters and abbreviations shown in Fig. 10.26
are as follows:

Wgcon:  Gate contact width
Lgcon: Gate contact length
Wob: OB trench width
Wgob: Width of OB trench on the Gate side

Gobl: Gap of OB trench for termination type 1
Gob2:  Gap of OB trench for termination type 2
Wtol:  Total width between neighboring OB trenches
Lg: Gate length
Ws:  Width of Source contact
Dsg: Distance between Source contact and Gate trench
Dobs: Distance between OB trench and Source contact.

10.2.6. Mask Floorplan and Splits for 100V TOBUMOS Fabrication

The mask floor plan and wafer splits were designed so that in spite of process
variations, there will be good device yield. Layout floor plan achieves three



504 Power Microelectronics

TOR/GR i Glate trench
UMOS i width=08pm
Termination 1 ¢
. Gate trench
¢ width=1.0pm
TOB/OR Gate trench
TMOS © width=0.8pm
Termination 2 i
* Gate trench
1 ) | =  width=1.0pm
TOB/OR Diode 9 1 LELEEES
Cany TMOS 7 i
g‘— Conv Diode
TOR/OB —
TMOS with A
small Gate/OB :
trench gap

Desired devices Test structures for SEM

Fig. 10.27. Mask floorplan design for 100 V TOBUMOS fabrication.

different OB trench widths and has TOB diode structures without any n*
source or trench gate so that V4, tenability without MOS structure interference
can be assessed. These results will be presented in the measurements.

In real fabrication, mask misalignment (0.2-0.3 um) and some parameter
variations must be considered into mask layout design, as shown in Fig. 10.27.
The desired devices with exact parameters as in simulation locate in columns
4 and b only and are enclosed in rectangles. Variations such as n-drift region
width (Wtol) from 3.0 um to 6.0 um are made within each region (column
1-7, column 8-¢, or column f-1), at 0.5 um interval. Conventional UMOS and
Diode are also fabricated on the same wafer for comparisons.

The following are the wafer splits used that give varying epi-layer resistiv-
ities to evaluate tuning and different OB oxide thicknesses and p-body dose
in the MOSFET channel region in case there is process variation that changes
desired OB thickness or threshold voltage of the trench gate MOSFET.

#01-#10: Dual epi wafers, Antimony-doped substrate

(Epi layerl: 0.02 € - cm Phos, 1.5 um; Epi layer2: 0.55 Q2 - cm Phos, 8.5 um)
#11-#20: Dual epi wafers, Antimony-doped substrate

(Epi layerl: 0.02 © - cm Phos, 1.5 um; Epi layer2: 0.70 © - cm Phos, 8.5 um)
#21-#29: Test wafers.
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Table 10.5. Oxide thickness and p-body implant splits for TOBUMOS fabrication.

Wafer no. Oxide thickness — OB Boron implant dose — p-body
01 & 11 0.4 um 2x1013 cm—2
02 & 12 0.4 um 2x1013 ¢cm—2
03 & 13 0.4 um 4x1013 cm—2
04 & 14 0.5 um 2x1013 ¢cm—2
05& 15 0.5 um 2x1013 ¢m—2
06 & 16 0.5 um 2x1013 ¢cm—2
07 & 17 0.5 um 4x1013 ¢cm—2
08 & 18 0.6 um 2x1013 cm—2
09 & 19 0.6 um 2x1013 cm—2
10 & 20 0.6 um 4x1013 ¢cm~—2

Considering the parameter offsets in fabrication, some wafers are split for
oxide thickness in OB region and p-body implantation dosage variations, as
in Table 10.5.

10.2.7. 100V TOBUMOS Measurement Results and Discussions

The fabrication of TOBUMOS was performed on two types of dual epi sili-
con wafers. As described previously, simulated TOBUMOS devices show good
performance on both on- and off-state in comparison to conventional power
MOSFETs. It is verified through simulations on tunable OB-Diode that the
tuning effect functions well on improving the breakdown voltage. In the same
way, Drain current at on-state can be improved as well under certain control
bias. This effect allows the non-optimized OB devices to have a superior perfor-
mance after being tuned. This subsection deals with the details of fabrication
and analyses on measurement results.

10.2.7.1. Physical Parameter Measurements on Fabricated
TOBUMOS

Figure 10.28 is the SEM picture showing the cross-sectional view of TOBU-
MOS after OB trench etching. The 10 um deep trench sidewall is straight and
it has a rounded trench corner at bottom as expected due to the additional
short isotropic etching step.

The SEM picture of the test structure for oxide over etch at termination is
shown in Fig. 10.29. As described in Fig. 10.22, at termination region, -2 um
oxide over etching is required to make the connection of PolySi in both Gate
trench and OB trench regions. It is measured that, the oxide over etching depth
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Fig. 10.28. SEM picture for TOBUMOS cross-section after OB trench etching.

Thick L,
Oxide | : : - Cate

trench

Fig. 10.29. SEM picture for Gate trench test structure.

is about 2.06 um, while the measured Si trench depth in the Gate region is
about 2.5 um. When performing the Si etching in the Gate region, the etch
rate for PolySi is higher than that of Si. This results in a deeper PolySi trench
depth of 3.34 um, as shown in Fig. 10.29.
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Fig. 10.30. SEM pictures for fabricated TOBUMOS.

SEM pictures were taken for the final TOBUMOS structure, as shown in
Fig. 10.30. This cross-sectional view is obtained by cutting the device along
the line perpendicular to the Gate trench in the active region. The entire struc-
ture and enlarged picture for the Gate region are shown in Fig. 10.30(a) and
10.30(b), respectively. It is clear that the Source metal strides over the active
region and the Source contact is separated from the Gate and OB trenches.
Both Gate and OB trenches have round oxide profile at the trench corner. The
oxide thickness 74 is designed to vary from 0.4 to 0.6 um. The spacing between
OB trenches is in the range of 3-6 um.



508 Power Microelectronics

10.2.7.2. Tunable Effects on Breakdown Voltage of TOB-Diode

Fabrication of TOB-Diode was done to verify the TOB concept. Except for the
absence of Gate structure, the device structure and dimensions are the same
as in TOBUMOS. This is achieved by eliminating the masks responsible for
forming MOSFETs selectively. Without external bias, the breakdown voltage
of TOB-Diode based on the epi-resistivities of 0.55 Q-cm and 0.7 Q-cmis 83 V
and 82V, respectively. The comparisons of measured blocking characteristics
of TOB-Diode under positive bias and conventional Diode fabricated on the
same wafer of 0.55 2 - cm epi are shown in Figs. 10.31 and 10.32, respectively.
The V4, for both cases of of as-fabricated TOB-diodes are not much higher than
that of the conventional Diode. However, the control voltage has significant
impact.

The maximal Vj, that TOB-Diodes can reach are 103V at 20V Control
bias on the epi-resistivity of 0.55Q - cm and 112V at 30V Control bias on
the epi-resistivity of 0.7 2 - cm, respectively. The OB structure is sensitive to
the dimensions of W, t,x and n-drift doping concentration (Ng) as described
in Sec. 6.6, but accompanied with the tuning effect as in TOB devices, some
variations of parameters in fabrication will not bring too much influence on
the device performance. Most probably due to the variations of epi-doping, the
Vior of fabricated TOB-Diode without Control bias is about 15V lower than
the result expected by simulation. However, adjusted by the Control voltage,

110
105
100
85
80
85
g0
75
70 4 Cony p-i-n (fabricated)

TOB-p-i-n (simulated)

ted)

Vbr M

OB-p-i-n on single epi layer
{simulated)

5 94— Conv p-i-n (simulated)
B0

o 5 10 15 20 25
Control Bias (V)

Fig. 10.31. Breakdown voltage under positive control bias for TOB structure and con-
ventional structure on the same epi-wafer.
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Fig. 10.32. Measured blocking characteristics of TOB-p—i—n structure under 0, 20, and
25V control biases on epi-resistivity of 0.55 2 -cm in comparison with the conventional
structure fabricated on the same wafer.

%109

a Vpr higher than 100V can be obtained. It is clear that, the introduction of
TOB structure represents good tunable characteristics without bringing any
additional leakage current to the device. Theoretically, TOB structure also has
the ability of enhancing on-state resistance and transconductance if applied on
the MOSFET. The successfully fabricated TOB-Diode forms the foundation
for successful TOB-MOSFETs fabrication.

10.2.7.3. Experimental Measurement Results on TOBUMOS
First Run

TOBUMOS devices are fabricated together with TOB-Diode on the same
wafer. Unfortunately, the first separate run of TOBUMOS fabrication was not
fully successful. Though the fabricated TOBUMOS shows good IV character-
istics and improved specific on-resistance under certain Control voltage, it was
found that the breakdown voltage is always about 30 V and the breakdown
measurement is unrepeatable. By performing the electrical test and analysis on
Gateregion, the Gate oxide breakdown near termination region was suspected.
Therefore, follow-up efforts were performed in order to solve the problem of
premature breakdown.

Fabricated TOBUMOS was tested having normal IV characteristics.
Figure 10.33 shows the Drain current vs Drain voltage on wafer # 06 at
different Gate voltages from 0V to 10V at 1V interval, without Control
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Fig. 10.33. IV characteristics of TOBUMOS with W = 4.0 um, Wob = 1.5 um, and
Lg = 0.8 um (refer to Table 10.4) on wafer #06 at Vg in the range of 0—10 V.

voltage. Measured threshold voltage as in Fig. 10.34 is about 2V, which is
higher than the simulated value of 1.2 V.

10.2.7.4. Tuning Effects on TOBUMOS

It was found that by applying positive voltage on Control electrode, the on-state
performance of TOBUMOS is enhanced. As given in Fig. 10.35, the plots of
IV characteristics of TOBUMOS under 20 V Control bias are shown in com-
parison to the original IV performance without external bias. The enhanced
Drain current under bias can be obtained in both the linear region and the
saturation region of the MOSFET. The enlarged IV curve at Vgs = 10V at
smaller Vpg below 0.1 V is shown in Fig. 10.36. Obviously, with the augment of
Ips, on-state resistance is improved when increasing the Control bias from 0 to
20V and the decrease is larger between 0 and 10 V compared to that between
10 and 20 V Control bias.

10.2.8. Investigations for Off-State Failure

Measured breakdown voltage for most fabricated TOBUMOS was below 30 V.
Only on wafer #19, one or two devices were found to have the breakdown
voltage of about 80 V. There is no device showing an expected Vi, of about
100V as desired. Moreover, in any case, the breakdown test is unrepeatable.
As shown in Fig. 10.37, the breakdown test shows that the device has a Vy,
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Fig. 10.34. Drain current performance of TOBUMOS on wafer #06 at Vgg in the range
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with W = 3.5 um, Wob = 1.5 um, and Lg = 0.8 um (refer to Table 10.4) on wafer #19,
at Vgs =4, 6, 8, and 10V, respectively.
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of 78V at first. Afterward, V4, reduces to below 5V for the repeated test.
It was suspected that the dielectric breakdown takes place at Gate oxide
region. Some measurements were then performed in sequence to confirm this
suspicion.

As shown in Fig. 10.38, a TOBUMOS on wafer #16 was tested, having
a normal IV performance at first. When testing the Gate current vs Voltage
performance, it shows Gate breakdown voltage of about 15 V. In theory, with
430 A Gate oxide, the TOBUMOS should have at least 30 V Gate breakdown
voltage. When the Gate current limit is set to be very small, normal IV curves
are still observable afterward, as shown in Fig. 10.38(c). However, after the
Drain breakdown test, Gate leakage current becomes very large at very small
Gate bias (Fig. 10.38(f)), and there is no good on-state performance that can
be measured. Hence, Gate oxide thinning at some locations is suspected to be
a possible reason.

10.2.8.1. Hot Spot Analysis on TOBUMOS

To further investigate the mechanism resulting in the premature breakdown,
the devices were imaged using an infrared photoemission microscope (IRPEM)
operating in the wavelength range of 800-2400 nm. The hot spot images using
this method clearly established that the breakdown always happens at the
top termination region. Thus, it is concluded that early breakdown happens
most probably because of the weakness of Gate oxide at the top termination
region.

10.2.8.2. Termination Checks and Modifications

Device parameters for TOBUMOS at termination were checked to analyze the
possible way to solve the problem of early breakdown. It was found that the
minimum perpendicular OB trench gap at top termination region is 0.8 um,
which is still larger than the required maximum oxide thickness of 0.6 um
in the OB region. Therefore, after the thermal oxide growth, there is at least
0.2 um gap left in between the thick oxide. This may result in the current
leakage and a high electric field near the Gate oxide region at the termination.
In addition, due to the phosphorous segregation effect during oxidation, the
doping concentration nearby the termination is higher. Both the above reasons
are likely to cause the electric field crowding at Gate region, which leads to the
premature Gate breakdown.
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Fig. 10.38. Measurement in sequence on TOBUMOS with W =4.0 um, Wob= 1.5 um,
and Lg = 0.8 um (refer to Table 10.4) on wafer #16.
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Fig. 10.39. Release etching mask added for TOBUMOS on two types of terminations.
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Fig. 10.40. Images under microscope after release etching for both types of termina-
tions.

To avoid the effect of high electric field acting on the termination region,
4 pm silicon trench dry etching followed by 2—-3 um silicon release etching and
oxide refill were added into the process at the top termination region.

The mask layout is shown in Fig. 10.39. In the gap of perpendicular OB
trenches, there is a set of square window openings for the above-mentioned
silicon etching. Depending on the space, the width of opening varies from 0.5
to 0.8 um.

The images under microscope after release etching process are shown in
Fig. 10.40. The recipe for silicon wet etching is selected so that it has high
selectivity of silicon to oxide. Therefore, the etching process has no effect on
Gate oxide region. It is obvious that, after release etching, Gate trenches at top
termination region are surrounded by a silicon cavity underneath, which will be
filled with oxide afterward. Thus, the Gate region is isolated at termination and
will not be affected easily by high electric field and phosphorous segregation
effect. OB-MOSFETs undergoing the process of silicon release etching have
the distinct improvement on breakdown voltage.
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10.2.9. Measurement Results on New Modified TOBUMOS
Fabrication

TOBUMOS devices with breakdown voltages ranging from 70 to 80V are
found on Wafer #01 with the epi-resistivity of 0.55 2 - cm in the device drift
region. The best result obtained on wafer #01 is the device, which has width
W of 3.5 um (Fig. 10.25). The breakdown voltage measured on this device is
76 V without Control bias and 79V under 5V Control voltage, while on the
same wafer, breakdown voltage for conventional Diode is 66 V. The electrical
on- and off-state performance tested on this device is shown in Fig. 10.41.

As shown in Fig. 10.41(a), measured threshold voltage at Vpg = 0.1V is
similar to the value obtained from the first separate run. It is 0.6 V higher
than the simulation result. This TOBUMOS has normal IV curves at the
on-state as in Fig. 10.41(b). The off-state performance of TOBUMOS is given
in Fig. 10.41(c).

The reason why Vi, of TOBUMOS is lower than that of TOB-Diode
is probably due to the increased depth of trench Gate. Though 2 um deep
Gate trench is desired from simulation, real process results in a 0.5 um deeper
Gate trench compared to the intended depth. According to the simulation,
increase of Gate trench depth leads to the premature breakdown occurring
near the corner of the Gate oxide due to the high electric field nearby. As the
positive Control voltage squeezes the depletion region into the upper part of
the n-drift region causing the electric field crowding near the p-body—n-drift
junction, TOBUMOS with the trench Gate structure in p-body region also
severely restricts the increase of Control voltage. For better results, precise
control on the gate trench depth is needed, which can be achieved in produc-
tion by reliably tuning a recipe. Unlike the TOB-Diode structure, the tunable
Control voltage is only helpful in the range of 0 to 5V. When the external
Control bias is higher than 5V, breakdown voltage of TOBUMOS tends to
drop. Since at 5V bias, there is no improvement of breakdown voltage com-
pared to that at 3V bias, further increase of Control voltage is not presented
in Fig. 10.41.

Experimental result shows that, maximum V;,; measured on TOBUMOS
with W = 3.5um is 79V under 5V Control voltage. It is clear that, the
introduction of TOB structure represents good tunable characteristics without
bringing any additional leakage current to the device. The corresponding Ron sp
is tested to be 0.674mS2 - cm? at the current density of 100A/cm?.

With this, the description of two case studies is complete. In a nutshell, any
student should never get discouraged by negative results in a first round of
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Fig. 10.41. Measurement results on TOBUMOS with W = 3.5 um, Wob = 1.0 um, and
Lg = 1.0 um (refer to Table 10.4) on wafer #01: (a) Gate performance at Vpg = 0.1V;
(b) On-state IV performance; (¢) Off-state performance at Control voltage varying from
0 to 5V compared to that of conventional Diode on the same wafer.
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fabrication even if it does not workout despite taking extra care while designing
the process and masks. It is also heartening to note that after using diagnostic
tools such as SEMs, the hot spot analysis and careful study of electrical charac-
teristics as well as failure modes help researchers reach the desired goal. Clearly,
simulation results set the optimal performance to achieve and are extremely
useful.
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Practicar Case Stupies in Wipe Banncar
Power DEevices

As silicon carbide (SiC) and gallium nitride (GaN) based devices described
in Chapters 7 and 8, respectively are becoming increasingly important, two
detailed case studies on these devices with process and device considerations
and characterization are included in this chapter.

11.1. Case Study I: Process Integration and Design
of SiC DIMOSFET

In this section, the design and process flow are presented for a self-aligned SiC
Double Implanted MOSFET (DIMOSFET) with a 30 um thick 2 x 101> cm ™3
doped epilayer which is capable of supporting more than 3.3 kV, together with
some experimental data. In Chapter 7, the problems related to the poor inver-
sion channel mobility of SiC MOSFETs were addressed. In order to reduce the
channel resistance and to fully explore the potential of SiC MOSFETs, several
approaches have been proposed, one of which is to use a self-aligned process
to produce a short channel length in the device. The typical cell structure for
a multi-finger SiC DIMOSFET is shown in Fig. 11.1. The source electrode,
which should be laid over the dielectric surrounding the gate electrode and
connecting the n+ source, is not shown in the figure. Also note that the p+
contacts to short the b-base to the source electrode are also displayed. The
locations of the p+ contacts are critical in order to mute the parasitic BJT and
improve ruggedness of the device.

11.1.1. Process Integration to Self-Aligned SiC DIMOSFET

Before fabrication began, the process flow for a self-aligned SiC DIMOSFET
was planned using some typical SiC processing equipment. The major steps
for the fabrication process are described below.

521
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Fig. 11.1. The typical cell structure for a multi-finger SiC DIMOSFET without showing
the source electrode which should be laid over the inter-layer dielectric connecting the
n+ source and the p+ base contact.

(i) Start by creating a 4H-SiC Si-face epi-wafer using a suitable doping and
thickness for the epilayer.
(i1) Deposit a blanket thick polysilicon, then define it using lithography
followed by a dry etch.
(iii) Perform p implantation for the p-base using the remaining polysilicon
as the mask.
(iv) Form a spacer with an appropriate width through the oxidation of the
polysilicon.
(v) Use lithography to define the mask for the n+ source.
(vi) Perform n+ implantation for the source, which is self-aligned to the
p-base, with the channel length defined by the spacer width.
(vii) Use lithography to define the mask for the p+ base contact.
(viii) Perform p+ implantation for the p+ base contact.
(ix) Remove the polysilicon mask.
(x) Deposit a blanket thick PECVD oxide, then define it using lithography
followed by a dry etch.
(xi) Perform p implantation for a single-zone p-JTE using the remaining
PECVD oxide as the mask.
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(xii) Remove the PECVD oxide mask.
(xiil) Aneal all implantations and activate them using a graphite cap.
(xiv) Remove the graphite cap.
(xv) Form a gate dielectric using thermal oxidation followed by a nitridation
anneal.
(xvi) Deposita polysilicon gate, which is then doped and defined using lithog-
raphy and a dry etch.
(xvil) Form an interlayer dielectric by oxidizing the polysilicon gate.
(xviii) Deposit the contact metal on the front surface for the source and the
body.
(xix) Deposit the contact metal on the back surface for the drain.
(xx) Anneal the contact metals.
(xxi) Deposit and define the source electrode.
(xxii) Open the polysilicon gate window.

It should be noted that a typical process flow for a SiC DMOSFET is
listed here, but the process has not necessarily been optimized. There are alter-
natives to some of the key processes since SiC DMOSFETs are still under
extensive development, as discussed in Chapter 7. At present, for example,
the formation of the gate dielectrics in step (xv) is most frequently accom-
plished through thermal oxidation, followed by a nitridation anneal in NO gas.
However, several innovative gate dielectrics that are able to further enhance
the MOS interface properties have been proposed in recent years, and we can
be certain that others will be developed in the years to come since this issue
currently remains critical and unsolved for SiC MOSFETs. In step (xiii), a
graphite cap is used to preserve the surface morphology, but other thin film
that is able to stand the high temperate anneal (~1650°C) could serve as an
alternative for this purpose. It is also possible to rearrange the sequence of this
process, or even omit some of the steps in order to reduce cost and increase
throughput.

11.1.2. Simulation of a Cell Structure for a Self-Aligned SiC
DIMOSFET

Using a two-dimensional (2D) process simulator ATHENA (Silvaco), pro-
cess simulation was carried out based on the process flow described in the
previous section, employing the targeted doping profiles and dimensions in
order to identify the key process parameters and verify the cell structure. Sub-
sequently, a device simulator ATLAS (Silvaco) was used to predict the DC
characteristics of a SiC MOSFET based on this cell structure to determine
whether the design requirements could be met and to identify the key design
parameters.
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11.1.2.1. Process Parameters and Cell Structure

The cell structure depicted in Fig. 11.1 was simulated based on a cell pitch of
18 um and a channel length of 0.5 um, created using a self-aligned process.
The width of the JFET region is 5 um, and the width of the polysilicon gate
is 9 um. This device was designed to support a breakdown voltage of more
than 3.3 kV. The input file for the ATHENA process simulator is shown below,
with the notation “#” indicating comments and explanations related to the
process. The process parameters included in this example have been tuned so
as to obtain satisfactory results.

# Simulation of the fabrication processes for a cell structure of a 4H-SiC
DMOSFET

# Configure the environment for the device simulator using up to 8 CPUs
go athena simflags ="—P 8"

# Define the mesh in the x-direction
# Half-cell pitch = 9 um

line x loc = 0.00 spac = 0.20

line x loc =1.00 spac = 0.20

line x loc = 2.50 spac = 0.05

line x loc = 5.50 spac = 0.05

line x loc = 7.50 spac = 0.05

line x loc = 9.00 spac = 0.20

# Define the mesh in the y-direction
# Starting wafer thickness = 2 um
line y loc = 0.00 spac = 0.5

line y loc = 1.00 spac = 0.5

line y loc = 2.00 spac = 0.5

# Create the starting n-type substrate
init sic_4h c.nitrogen = le21
structure outfile = 1_initl.str

# 30 um thick n-type epilayer
deposit sic_4h thick = 30 c.nitrogen = 2e15 div =50 dy = 0.01 ydy =1
structure outfile = 2_deposit.str

# Sacrificial oxidation
deposit oxide thick = 0.05
structure outfile = 3_depositxodie.str
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# Polysilicon deposition

# JFET width = 5 um

deposit polysilicon thick = 2.5 div = 10
structure outfile = 4_depositpoly.str

# Mask 1: p-base implant mask
# Polysilicon etch

etch polysilicon left pl.x = 6.50
structure outfile = 5_poly.str

# p-base implantation

implant aluminum diverg = 0.1 n.ion = 40000 dose = 6¢10 tilt = 4 rot = 0
energy = 10 bca

implant aluminum diverg = 0.1 n.ion = 40000 dose = 5el3 tilt =4 rot =0
energy = 360 bca

structure outfile = 6_impalumi.str

# Self-aligned spacer

# Spacer width = 0.5 um

deposit oxide thick = 0.5

etch oxide dry thick = 0.5
structure outfile = 7_etchoxide.str

# Mask 2: n+ implant mask

# n+ opening = 2 um

deposit photoresist thick = 1

etch photoresist right pl.x = 1.0
structure outfile = §_etchphoto.str

# n+ source implantation

implant nitrogen diverg = 0.1 n.ion = 40000 dose = 7e14 tilt = 4 rot =0
energy = 30 bca

implant nitrogen diverg = 0.1 n.ion = 40000 dose = 1.2e15tilt =4 rot =0
energy = 80 bca

etch photoresist all

structure outfile = 9_nitrogen.str

# Mask 3: p+ implant mask

# p+ contact width =2 um
deposit photoresist thick = 1

etch photoresist left pl.x = 1.0
structure outfile = 10_etchphto.str
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# p+ contact implantation

implant aluminum diverg = 0.1 n.ion = 40000 dose = 6e14 tilt = 4 rot = 0
energy = 20 bca

implant aluminum diverg = 0.1 n.ion = 40000 dose = 7.5e14 tilt =4 rot =0
energy = 60 bca

implant aluminum diverg = 0.1 n.ion = 40000 dose = 8.5¢14 tilt = 4 rot =0
energy = 120 bca

implant aluminum diverg = 0.1 n.ion = 40000 dose = 9.5¢14 tilt = 4 rot = 0
energy = 180 bca

etch photoresist all

structure outfile = 11_etchphoto.str

# Polysilicon and oxide etch

etch oxide dry thick = 1

etch polysilicon all

etch oxide all

structure outfile = 12_etchoxideall.str

# The process used for edge termination is not included in this simulation
# The following process steps were omitted

# 1. PECVD oxide deposition

# 2. Mask 4: JTE implant mask

# 3. PECVD oxide etch

# 4. P-JTE implantation

# 5. Oxide stripping

# The implant activation processes for SiC were not available in the Silvaco
simulator

# The following process steps were omitted, and 100% activation for all
dopants was assumed

# 1. Graphite cap formation and implant anneal

# 2. Graphite stripping

# Gate oxidation

# Gate oxide thickness = 50 nm
deposit oxide thick = 0.05

structure outfile = 13_depositoxide.str

# Polysilicon gate deposition

# Mask 5: Polysilicon gate definition
# Polysilicon etch

# Polysilicon gate width = 9 um
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deposit polysilicon thick = 1.50
etch polysilicon left pl.x =4.5
structure outfile = 14_etchpoly.str

# Interlayer oxide formation

# Mask 6: Contact definition

# Open contact window

# Interlayer oxide thickness = 0.5 um
deposit oxide thick = 0.5

etch oxide left pl.x =4

structure outfile = 15_etchoxide.str

# Mirror to expand to a complete cell structure
struct mirror right
structure outfile=16_mirror.str

# Define the source contact metal
# Top metal thickness = 0.7 um
deposit aluminum thick = 0.7

# At this point, the cell structure is complete.
# The following process steps can be omitted without causing any concerns
regarding the characteristics of the cell structure.

#1.
#2.
# 3.
#4.
#5.
#6.
#.
#8.

Contact metal deposition and lift off
Front side protection

Backside etch and metal deposition
Contact metal anneal

Mask 7: Gate window definition
Gate window etch

Mask 8: Pad metal definition

Pad metal deposition and lift off

# Define the source electrode
electrode name = Source x =4 y=—32.2

# Define the gate electrode
electrode name = Gate x = 9.00 y=—31.00

# Define the drain electrode
electrode name = Drain backside
structure outfile = 17_athenaelectrode.str

quit
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Fig. 11.2. Simulated half-cell structure for a SiC DIMOSFET from the output file
“11_etchphoto.str”.

The structure for half-cell following the p+ contact implantation is shown
in Fig. 11.2, as generated by the Tonyplot viewing tool using one of the output
files, “11_etchphoto.str”. The channel length, which is defined by the SiO,
spacer under the effects of lateral straggling from the implantation, is indicated
in the figure. Some peculiar p-type islands that appeared in the n- epi-layer can
be eliminated at the expense of a larger grid density and a longer computing
time. In this example, however, these islands do not have any significant effect
on the DC characteristics.

The doping profile in the vertical direction, along a cutline A-A, is shown
in Fig. 11.3. The total implantation dose for the n+ source is 1.9 x 10! cm~2,
with a maximum energy of 80 keV. The total implantation dose for the p-base
is 5 x 103 cm~2, with a maximum energy of 360 keV. After accounting for the
compensation from the n+ source and the n-epilayer, the effective dose in the
base is about 3.9 x 103 cm™2, which should be more than sufficient to prevent
any punchthrough in the base under the operating conditions, assuming an
activation percentage of 50%.
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Fig. 11.3. Simulated doping profiles from the n+ source and p-base implantations into
the n-epilayer.

The complete cell structure after the simulation of the entire fabrication
process is shown in Fig. 11.4. A critical design parameter is the width of the
parasitic JFET region, as indicated in the figure, and the effects of this will be
discussed in a later section. The widths of the p+ base contact implantation
and the n+ source implantation are identified. An opening in the n+ source
region is created, and the p+ implantation for the p-base contact is formed
through this opening in the two dimensional simulation. However, in the real
design, this opening can be hidden inside the n+ stripes in a multi-finger layout,
as shown in Fig. 11.1, where a polysilicon gate, an interlayer dielectric, and an
overlaying source metal electrode are shown at the top.

11.1.2.2. Simulation of the Off-state Characteristics

Off state simulation was performed using ALTLAS based on the input file
shown below. If a command line is too long, it is terminated using the notation
“\” and continued on the next line. It is worth mentioning that the bandgap
was adjusted to 1.12 eV for Si rather than 3.26 eV for 4H-SiC to facilitate con-
vergence. By doing this, the intrinsic carrier density and hence the leakage
current are increased. The multiplication of carriers at avalanche breakdown
is easier to trigger. Otherwise extended precision with more bits to represent a
number in the simulation will be needed, which takes up more memory space
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Fig. 11.4. Simulation of the complete cell structure for a SiC DIMOSFET from an
output file.

and computation time. The impact ionization parameters were adjusted using
Konstantinov’s model, so the prediction in breakdown voltage, potential con-
tours, and electric field distribution should still be accurate. Also note that this
can only be used for breakdown voltage simulation. For accurate on-state sim-
ulations, particularly those involving build-in voltage W, the bandgap cannot
be modified.

# Simulation of the OFF-state characteristics for the cell structure of a
4H-SiC DMOSFET

# Load structure file generated by the process simulator
go athena
init infile = 17_athenaelectrode.str

# Set the environment for the device simulator using up to 8 CPUs
go atlas simflags = "—P 8"
log outfile = test01_for.log
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# Define the 4H-SiC material properties
material material = 4H-SiC eab = 0.210 edb = 0.065 eg300 = 1.12 permitti
= 9.8 vsat = 2e7 \

bgn.e = 9.000e-3 bgn.n = 1.000e17 \

kaugdn = 0 kaugdp = 0 kaugen = Se-31 kaugep = 9.9¢-32 \

nc300 = 1.669¢19 nv300 = 2.459¢19 \

n.sch.max = 50E-9 n.sch.nref = 3E17 n.sch.gamma = 0.3 \

p.sch.max = 50E-9 p.sch.nref = 3E17 p.sch.gamma = 0.3

mobility material = 4H-SiC mun = 947 mup = 124 tmun = 2 tmup = 2
mtn.minl = 0 mtn.pc =0\
mtn.max = 947 mtn.min2 = 0 mtn.cr = 1.94E17 mtn.alpha = 0.61 \
mtn.mu = 0 mtn.cs = 3.43E20 mtn.beta = 2 mtp.minl = 15.9 \
mtp.pc = 0 mtp.max = 124 mtp.min2 = 0 mtp.cr = 1.76E19 \
mtp.alpha = 0.34 mtp.mul= 0 mtp.cs = 6.1E20 mtp.beta =2 \
n.beta0 = 1 n.betaexp = 0.66 p.beta0 = 1.213 p.betaexp = 0.17 vsatn = 2E7

# Define the simulation models
models srh conmob bgn fermi print incomplete

# Define the impact ionization parameters

impact selb an1=1.14E9 an2=1.14E9 bn1=3.8E7 \
bn2=3.8E7 ap1=6.85E6 ap2=6.85E6 bpl=1.41E7 \
bp2=1.41E7 betan=1 betap=1

# Define the numerical methods
method newton autonr itlimit=30 ir.tol=1e-30 ix.tol=1e-30 trap

# Solve for an initial solution
solve init
log outf=bv.log master

# Ramp the drain voltage

solve previous

solve vgate=0

solve vdrain=0 vstep=0.05 vfinal=0.5 name=drain

solve vstep=0.25 vfinal=10 name=drain

solve vstep=2.5 vfinal=100 name=drain

solve vstep=20 vfinal=5000 name=drain compliance=1e-9 cname=drain
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log off

# Save and plot the output

save outfile=DMOSFET_cell_bv.str
tonyplot bv.log

tonyplot DMOSFET _cell_bv.str

quit

The reverse current versus voltage curve is shown in Fig. 11.5. The
simulation was automatically terminated when the reverse current reached
1x 10~ A/um, corresponding to a current density of 5 m A/cm?2. The extracted
breakdown voltage was 4680 V, which leaves a more than sufficient safe margin
for the targeted voltage of 3300 V. The electric field distribution is illustrated in
Fig. 11.6. The peak electric field is about 2.6 x 10° V/cm, located at the corners
of the p-base implantation beneath the polysilicon gate.

ATLAS
Data from bv.log

* X Drain Current (A) |

Id (A/um)

Fig. 11.5. Simulated reverse characteristics of the cell structure for a SiC DIMOSFET
from the output file “bv.log”.
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Fig. 11.6. Simulated electric field distribution at Vq = 4680V from the output file
“DMOSFET _cell_bv.str”.

11.1.2.3. Simulation of the On-state Characteristics

The on-state characteristics of the 4H-SiC DIMOSFET were simulated using
ALTLAS based on the input file shown below. Important material properties
such as bulk mobility were adjusted to those of 4H-SiC. The inversion chan-
nel mobility model proposed by Lombardi et al. (1988) was used to account
for the effects generated from bulk transportation, acoustic phonon scatter-
ing, and surface roughness. Also, the existence of single-level traps at the
MOS interface with a density of 1 x 10!2cm~2 was assumed. These models
are critical in determining the properties of the MOS interface and inver-
sion channel. However, since extensive development is still being conducted
on the MOS interface in 4H-SiC, its properties are varied to a large degree
by different processing conditions. The parameters provided here are for ref-
erence only and should be adjusted accordingly for different gate dielectric
processes.
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# Simulation of the on-state characteristics for the cell structure of a 4H-SiC
DMOSFET

# Load the structure file generated by the process simulator
go athena
init infile=17_athenaelectrode.str

# Configure the environment for the device simulator using up to 8 CPUs
go atlas simflags="-P 8"

# Define the 4H-SiC material properties
material material=4H-SiC eab=0.210 edb=0.065 eg300=3.26 permitti=9.8
vsat=2e7 \
bgn.e=9.000e-3 bgn.n=1.000e17 \
kaugdn=0 kaugdp=0 kaugcn=>5¢-31 kaugcp=9.9¢-32 \
nc300=1.669¢19 nv300=2.459¢19 \
n.sch.max=>50E-9 n.sch.nref=3E17 n.sch.gamma=0.3 \
p-sch.max=>50E-9 p.sch.nref=3E17 p.sch.gamma=0.3 \
taun0=>50¢e-9 taup0=>50e-9

mobility material=4H-SiC mun=947 mup=124 tmun=2 tmup=2
mtn.min1=0 mtn.pc=0 \
mtn.max=947 mtn.min2=0 mtn.cr=1.94E17 mtn.alpha=0.61 \
mtn.mu=0 mtn.cs=3.43E20 mtn.beta=2 mtp.min1=15.9 \
mtp.pc=0 mtp.max=124 mtp.min2=0 mtp.cr=1.76E19 \
mtp.alpha=0.34 mtp.mul=0 mtp.cs=6.1E20 mtp.beta=2 \
n.beta0=1 n.betaexp=0.66 p.beta0=1.213 p.betaexp=0.17 vsatn=2E7

# Define the 4H-SiC inversion channel mobility model using Lombardi CVT
mobility material=4H-SiC muOn.cvt=0 pcn.cvt=0 mumaxn.cvt=947
gamn.cvt=2 \

crn.cvt=1.94E17 alphn.cvt=0.61 muln.cvt=0 \

en.cvt=1 bn.cvt=1E6 cn.cvt=1.74E5 taun.cvt=0.0561 dn.cvt=0.5 \

kn.cvt=2 deln.cvt=5.82E14 feln.cvt=1E40

# Define the interface trap density and location
inttrap e.level=0.1 acceptor density=1.e12 degen=2 \
sign=2.84e-15 sigp=2.84¢-14

# Define the simulation models
models cvt fermi schsrh print incomplete
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# Define the numerical methods
method gummel newton autonr itlimit=30 ir.tol=1e-30 ix.tol=1e-30

# Extract the Id-Vgcurve for V4 =1V

solve init outf=solve_init

solve vdrain=1

log outf=idvg.log

solve name=gate vgate=0 vfinal=20 vstep=0.5
save outf=idvg.str

log off

# Extract the I4—Vy4 curves for different Vg values
load infile=solve_init
log off

#I1dVd(Vg=0)

solve vgate=0 outf=solve_vg00

log outf=vg00.log

solve name=drain vdrain=0 vfinal=20 vstep=0.5
save outf=vg00.str

log off

#1dvd(Vg=3)

load infile=solve_vg00

solve vgate=3 outf=solve_vg03

log outf=vg03.log

solve name=drain vdrain=0 vfinal=20 vstep=0.5
save outf=vg03.str

log off

#1dVd(Vg=6)

load infile=solve_vg03

solve vgate=6 outf=solve_vg06

log outf=vg06.log

solve name=drain vdrain=0 vfinal=20 vstep=0.5
save outf=vg06.str

log off

#1dVd(Vg=9)

load infile=solve_vg06

solve vgate=9 outf=solve_vg09
log outf=vg09.log
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solve name=drain vdrain=0 vfinal=20 vstep=0.5
save outf=vg09.str
log off

#1dvVd(Vg=12)

load infile=solve_vg09

solve vgate=12 outf=solve_vgl2

log outf=vgl2.log

solve name=drain vdrain=0 vfinal=20 vstep=0.5
save outf=vgl2.str

log off

#1dvVd(Vg=15)

load infile=solve_vgl2

solve vgate=15 outf=solve_vgl5

log outf=vgl5.log

solve name=drain vdrain=0 vfinal=20 vstep=0.5
save outf=vgl5.str

log off

#1dVd(Vg=20)

load infile=solve_vgl5

solve vgate=20 outf=solve_vg20

log outf=vg20.log

solve name=drain vdrain=0 vfinal=20 vstep=0.5
save outf=vg20.str

log off

# Plot the output

tonyplot idvg.log

tonyplot -overlay vg00.log vg03.log vg06.log vg09.log vgl2.log vgl5.log
vg20.log

quit

The simulated I3—Vg curve for V4 = 1V generated by the output file
“idvg.log” is shown in Fig. 11.7, where the threshold voltage is about 6 V. The
14—V4 curves for Vg values up to 20 V generated by overlaying several output
files “vg00.log”—“vg20.log” are shown in Fig. 11.8. The Rop sp is 25 m2 - cm?,
extracted through Vy/I3 ata Vg of 1 Vand a Vg of 20 V. The channel resistance
contributes a significant portion of the Ron sp because of the poor channel
mobility in SiC, even though the channel length was shrunk to 0.5 um using a
self-aligned process.
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Fig. 11.7. Simulated Ip-Vg curve for Vg = 1V from the output file “idvg.log”.

11.1.2.4. Design Trade-offs

Once the device structure and characteristics have been verified via simula-
tion, we are ready to investigate some of the design trade-offs that will be
required in order to optimize the device performance, or to determine the pro-
cess parameters if the models are accurate. One of the critical design issues for
a DMOSFET is the width of the JFET region, as depicted in Fig. 11.4. In the
following analysis, the JFET width and the polysilicon gate width are varied,
while other design parameters, such as the channel length and cell pitch, are
retained.

The I3—Vq4 curves ata Vg of 20V for different JFET widths are compared in
Fig. 11.9. Itis clear that when the JFET width is reduced, the JFET region will
be pinched off by the depletion region in the lightly doped n- epilayer, which
significantly reduces the drain current. It can be concluded that the JFET width
should be as large as possible so as to facilitate the current conductions and
reduce the Rop sp.

However, other effects resulting from variations in the JFET width should
also be considered. Figure 11.10 shows the distribution of the electric field in
the gate oxide when the devices are biased at their breakdown voltage. In this
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Fig. 11.8. Simulated 74—V curves for Vg values up to 20 V by overlaying several output
files “vg00.log”—“vg20.log”.

case, the oxide field, £y, increases as the JFET width increases, since the pro-
tection for the gate oxide from the p-base is weaker. The dashed line indicated
in the figure represents an Eox of 3 MV/cm, which is generally accepted as the
maximum for reliable SiO, stress conditions. As can be seen in the figure, the
E ox exceeds 3 MV/em for JFET widths above 3 um, which may raise concerns
about long-term reliability for these devices. Therefore, when determining an
appropriate JFET width, a trade-off exists between the Rop sp from the on-state
characteristics and the Eox from the off-state characteristics, as indicated in
Fig. 11.11. However, a superior trade-off solution may be established by using
more innovative device structures.

11.1.3. Experimental Results
11.1.3.1. Process Flow, Layout, and Run Sheets

After performing simulations to identify the key design parameters and pre-
dict the device performance, fabrication was carried out to verify the process
sequences and demonstrate the capability of the 4H-SiC DIMOSFET. A total
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Fig. 11.9. I4—V4 curves for devices at a Vg of 20 V based on different JFET widths.

of nine masks were used for the fabrication of a self-aligned 4H-SiC DIMOS-
FET, as listed below. Rather than the deposited and etched spacer approach
that was implemented in the simulation, a self-aligned channel length of 0.5 um
was created during the experiment by expanding the implantation mask using
wet thermal oxidation of the polysilicon defined by Mask 1, as proposed by
Matin et al. (2004).

(1) Mask 0: Alignment keys

(2) Mask 1: p-base implant mask

(3) Mask 2: n+ source implant mask
(4) Mask 3: p+ contact implant mask
(5) Mask 4: JTE implant mask

(6) Mask 5: Polysilicon gate definition
(7) Mask 6: Contact definition

(8) Mask 7: Gate window definition
(9) Mask 8: Pad metal definition
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Fig. 11.11. Simulated Ron,sp and E ox for the 4H-SiC DIMOSFET structure presented
in Fig. 11.4 based on different JFET widths.
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Fig. 11.12. Mask layout for a typical 4H-SiC DIMOSFET.

The layout of a typical device is displayed in Fig. 11.12. Note that only
the most important layers are shown, meaning that Mask 0 Alignment keys
and Mask 6 Contact definition are omitted in order to make the layout easier
to understand. For the purposes of clarity, each of the layers indicated in
Fig. 11.12 is displayed as a digitized area inside a pattern. In reality, however,
not all the mask layers have the same polarity. All layers are “clear field”,
defined as chrome layers inside the patterns on a glass mask, but Mask 5 is
“dark field”, if a positive photoresist is used.

A run sheet was established, which is presented in Table 11.1 below,
describing the complete process details. The process parameters may vary
depending on the fabrication tools available. Even though simulation of the
termination was not included in the previous section, it should be noted
that edge termination must be included around the edge of the device. A
p-type implantation at 650°C with a total dose of 8 x 10'> cm~2 was included
in the process so as to create a 50 um wide single-zone JTE around the
device area, as shown in Fig. 11.12. This is necessary in order to enhance the
breakdown voltage. A microphotograph of the fabricated device is shown in
Fig. 11.13.
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Table 11.1. Typical process run sheet for a Self-Aligned 4H-SiC DIMOSFET.

Step Process Description Sample # Remarks
1. Lot start 1-4 2 cm by 2
* Wafer: n- epi on (0001) face, thick 30 um, 2E15 cm

fem?3

2. Wafer marking and pretreatment
* Mark backsides of wafers
* H»SO4:HyOy =1:1, 10 min
» DI water rinse

3. Polysilicon deposition

* Sacrificial oxidation, 1100°C, 90 min, wet O,
* LPCVD polysilicon, 585°C, 10 hrs, thick 1.8 um

4.  Mask 1: p-base implant mask (MJB-3) Alignment
* H,O remove bake: 120°C, 5 min tolerance
* LOR: 3000 rpm, 45 sec 1 pm

* LOR soft bake 170°C, 5 min

» S1813: 5000 rpm, 30 sec

* PR soft bake: 95°C, 2 min 30 sec
» Exposure: 18 sec x 6.3 mW/cm?
* PR Development: 24 sec

* PR hard bake: 120°C, 5 min

5. Polysilicon etch (Oxford 80 plus RIE)
+ 100 Watt, 30 mTorr, 6 min, SF6 40 sccm, Oy 5 sccm
* PR strip

6. p-base implantation
e Aluminum, 30 keV/360 keV,
6E10cm—2/5E13cm =2, 650°C

7.  Mask 0: Alignment keys
* H»O remove bake: 120°C, 5 min
* LOR: 3000 rpm, 45 sec
* LOR soft bake: 170°C, 5 min
+ S1813: 5000 rpm, 30 sec
* PR soft bake: 95°C, 2 min 30 sec
« Exposure: 18 sec x 6.3 mW/cm?
* PR Development: 24 sec
* PR hard bake: 120°C, 5 min

8. Alignment key etch (Oxford 80 plus RIE)
+ 100 Watt, 30 mTorr, 6 min, SF6 40 sccm, O 5 sccm
* SiC etch rate: 25 nm/min
* PR strip

(Continued)
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Table 11.1. (Continued)

Step

Process Description Sample# Remarks

10.

11.

12.

13.

14.

15.

16.

Self-aligned spacer/oxidation
* 1000°C, 9 hrs, wet Oy

Mask 2: n+source implant mask

* H,O remove bake: 120°C, 5 min
* LOR: 3000 rpm, 45 sec

* LOR soft bake: 170°C, 5 min

» S1813: 5000 rpm, 30 sec

* PR soft bake: 95°C, 2 min 30 sec
* Exposure: 18 sec x 6.3 mW/cm?
* PR Development: 24 sec

* PR hard bake: 120°C, 5 min

n+source implantation
« Nitrogen, 30 keV/80 keV, 7E14cm™—2/1.2E15¢cm 2
* PR strip

Mask 3: p+contact implant mask

* H,O remove bake: 120°C, 5 min
* LOR: 3000 rpm, 45 sec

* LOR soft bake: 170°C, 5 min

+ S1813: 5000 rpm, 30 sec

* PR soft bake: 95°C, 2 min 30 sec
» Exposure: 18 sec x 6.3 mW/cm?
* PR Development: 24 sec

* PR hard bake: 120°C, 5 min

p-+contact implantation

« Aluminum, 20 keV/60 keV/125 keV/180 keV,
6E14cm~2/7.5E14cm™2/8.5E14cm~2/9.5E14cm ™2

* PR strip

Polysilicon strip
* HNO3:HF =1:1, 10 min

PECVD oxide deposition (Samco)
* 300°C, 10 min, 1 um

Mask 4: JTE implant mask

* H,O remove bake: 120°C, 5 min
* LOR: 3000 rpm, 45 sec

* LOR soft bake: 170°C, 5 min

» S1813: 5000 rpm, 30 sec

* PR soft bake: 95°C, 2 min 30 sec

(Continued)
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Table 11.1. (Continued)

Step

Process Description

Sample# Remarks

17.

18.

19.

20.

21.

22.

23.

24.

* Exposure: 18 sec x 6.3 mW/cm?2
* PR Development: 24 sec
* PR hard bake: 120°C, 5 min

PECVD oxide etch (Oxford 80 plus RIE)

* 200 Watt, 40 min, CHF3 50 sccm, Ar 50 sccm,
30 mTorr,

+ Oxide etch rate: ~30 nm/min

P-JTE implantation
+ Aluminum, 40 keV/120 keV/240 keV/360 keV,

0.6E12cm™2/2.0E12cm~2/2.1E12cm™2/3.3E12cm ™2,

650°C

Ocxide strip
* BOE, 10 min

Graphite cap formation and implant anneal
* AZ4620: 4000 rpm, 1min

* Hard bake: 110°C, 30 min

* Furnace: 900°C, 30 min, vacuum

» Activation anneal 1650°C, 30 min, Ar

Graphite strip
* Furnace: 900°C, 30 min, O,

Gate oxidation

* RCA clean

* Thermal oxidation, 1300°C, 26 min
* NO anneal, 1300°C, 30 min

Polysilicon gate deposition

* LPCVD polysilicon: 585°C, 4 hrs, 0.7 um thick

* POCI3: 900°C, 60 min; drive-in, 900°C, 90 min,
~20 Q/square

Mask 5: Polysilicon gate definition
* H;,O remove bake: 120°C, 5 min
* LOR: 3000 rpm, 45 sec

* LOR soft bake: 170°C, 5 min

» S1813: 5000 rpm, 30 sec

* PR soft bake: 95°C, 2 min 30 s

« Exposure: 18 sec x 6.3 mW/cm?
* PR Development: 24 sec

* PR hard bake: 120°C, 5 min

(Continued)
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Table 11.1. (Continued)

Step

Process Description Sample # Remarks

25.

26.

27.

28.

29.

30.

31.

32.

Polysilicon etch (Oxford 80 plus RIE)

* 100 Watt, 30 mTorr, 2.5 min, SF6 40 sccm,
0O 5 sccm

* PR strip

Interlayer oxide formation
* 1100°C, 2hrs, dry O,, oxide 0.5 um thick

Mask 6: Contact definition

* H,O remove bake: 120°C, 5 min
* LOR: 3000 rpm, 45 sec

* LOR soft bake: 170°C, 5 min

» S1813: 5000 rpm, 30 sec

¢ PR soft bake: 95°C, 2 min 30 sec
« Exposure: 18 sec x 6.3 mW/cm?
* PR Development: 24 sec

* PR hard bake: 120°C, 5 min

Open contact window (Oxford 80 plus RIE)

+ 50 Watt, 30 mTorr, 10 min, CHF3 50 sccm,
Ar 50 sccm,

+ Oxide etch rate: ~6nm/min

Contact metal deposition and loft off

» Thermal evaporation Ti/Ni: 20 nm/100 nm
¢ Soak in PG remover: 10 min, 100°C

* Soak in Acetone: 10 min

Front side protection

* H»O remove bake: 120°C, 5 min
* LOR: 3000 rpm, 45 sec

* LOR soft bake: 170°C, 5 min

» S1813: 5000 rpm, 30 sec

* PR hard bake: 120°C, 5 min

Backside etch and metal deposition

» 200 Watt, 30 mTorr, 10 min, CHF3 50 sccm,
Ar 50 sccm, polysilicon etch

* 100 Watt, 30 mTorr, 10 min, SF6 40 sccm,
0, 5 scem, SiC etch

* Thermal evaporation Ti/Ni: 20 nm/100 nm

* PR strip

Contact metal anneal
¢ RTA: 1000°C, 3 min, vacuum

(Continued)
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Table 11.1. (Continued)

Step Process Description Sample # Remarks

33. Mask 7: Gate window definition
* H,O remove bake: 120°C, 5 min
* LOR: 3000 rpm, 45 sec
* LOR soft bake: 170°C, 5 min
+ S1813: 5000 rpm, 30 sec
* PR soft bake: 95°C, 2 min 30 sec
* Exposure: 18 sec x 6.3 mW/cm?
* PR Development: 24 sec
* PR hard bake: 120°C, 5 min

34.  Gate window etch
* 200 Watt, 30 mTorr, 10 min, CHF3 50 sccm,
Ar 50 sccm,
* Oxide etch rate: ~30 nm/min
* PR strip

35. Mask 8: Pad metal definition
* H,O remove bake: 120°C, 5 min
* LOR: 3000 rpm, 45 sec
* LOR soft bake: 170°C, 5 min
+ S1813: 5000 rpm, 30 sec
* PR soft bake: 95°C, 2 min 30 sec
» Exposure: 18 sec x 6.3 mW/cm?
* PR Development: 24 sec
* PR hard bake: 120°C, 5 min

36. Pad metal deposition and lift off
* Thermal evaporation Al: 700 nm
* Soak in PG remover: 10 min, 100°C
» Soak in Acetone: 10 min

11.1.3.2. On- and Off-state Measurement on Fabricated 4H-SiC
DIMOSFETs

After the fabrication was completed, an on-wafer probe of the devices was
carried out. The results of the probe showed that the n+ source sheet resistance
was 2.1 kQ/square, the n+ contact resistivity was 5.8 x 1077 - cm?, the p+
sheet resistance was 18.5kQ/square, and the p+ contact resistivity was 1 x
1074Q - cm?.

Figure 11.14 shows the measured on-state characteristics of a 4H-SiC
DIMOSFET that has an active area of 333 um x 145 um. The total channel
widthis 2.2 mm and the cell pitchis 18 um. The extracted Ron sp is 120 m2 .cm?,
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Fig. 11.13. Microphotograph of a fabricated 4H-SiC DIMOSFET.
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Fig. 11.14. Measured on-state characteristics of a 4H-SiC DIMOSFET that has an
active area of 333 um x 145 um.

which is much larger than the value predicted via simulation. This discrepancy
may be attributed to several factors, including:

1. The series resistance, such as the substrate resistance, not being included in
the simulation.
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Fig. 11.15. Plot of the measured /4 and g versus Vgata Vg of 0.1V for the 4H-SiC
DIMOSFET presented in Fig. 11.14.

2. Three-dimensional (3D) effects, such as the current spreading along the
fingers due to a large finger resistance, and

3. A large n+ source sheet resistance, which may have occurred as a result of
the nitrogen implantation, and should be able to be reduced by an order of
magnitude if a phosphorus implantation is used.

The plot for Iy and g, versus Vg at a Vg of 0.1V is shown in Fig. 11.15.
The threshold voltage is 5.34 V from the extrapolation of the Ip—V curve at
location of the maximum gp,.

The breakdown measurement was performed at room temperature with
the sample immersed in Fluorinert to prevent any arcing in air. The measured
reverse characteristics are shown in Fig. 11.16. It can be seen that the leakage
currentis less than 100 nA, which is equivalent to 0.21 mA/cm?. This device suf-
fered a catastrophic breakdown at a voltage of 2240V, which is much less than
the 4480V predicted by the simulation of the cell structure. A JTE structure
was then simulated to check the sensitivity of the breakdown voltage against
JTE dose and the results are shown in Fig. 11.17. The best breakdown voltage
is 3510V at a dose of 9 x 10'2 cm~2. From the measured breakdown voltage
results, it is estimated that the active JTE doseis 5.3 x 1012 cm~2, which is about
66% of the implanted dose of 5.3 x 10'2cm~2. This value is consistent with
those reported in the previous literature. A more advanced edge termination
technique to those described in Chapter 7 is suggested as a method of further
improving the breakdown voltage.



Practical Case Studies in Wide Bandgap Power Devices 549

- N

= S
4 &
1 1

Leakage Current (A)
5

Vg=0V

\
s

N
e
b
(<)

1000 12000
Reverse Voltage (V)

Fig. 11.16. Measured reverse characteristics of the 4H-SiC DIMOSFET presented in

Fig. 11.14.
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Fig. 11.17. Comparison of the simulated breakdown voltage versus the JTE dose and

the measurement results.

11.2. Case Study II: Design of Normally-off GaN HEMT
for Power Electronics Applications

The goal of this section on the device design and fabrication is to realize
normally-off GaN High Electron Mobility Transistor (HEMT) with a high
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threshold voltage which sustains at higher temperature. This is important in
power electronics applications as it leads to simplified gate drive circuit and
improved system reliability. As GaN HEMTs are normally-on, several device
structure modifications have been attempted in the past. This project intends
to overcome many of the limitations found in earlier approaches to raise the
threshold voltage.

One of the approaches to realize normally-off operation is of creating a
selective partial or full recess in the AlGaN layer by etching say 50-100%
thickness of the layer in the gate region. This leads to reduced 2D e¢lectron
gas (2DEG) carrier density and normally-off operation. 2DEG density can be
restored using gate field at positive gate voltage above the threshold voltage,
Vin, if recess is partial. However, there is also a strong side effect of damage to
the AlGaN-GaN interface which substantially degrades 2DEG mobility and
saturated drain current in the on-state for normally-off HEMT at the same gate
overdrive Vg (equal to Vgs — V) compared to that for normally-on HEMT.
In this project, the damage is minimized by using low plasma energy for etching
and removing only up to 70% of AlGaN layer so that damaging ions mostly
confine to AlGaN and do not reach the interface in large concentration. The
fabrication steps to realize such a HEMT are now described along with the
schematic cross-sections of the devices after every step. Some schematic layout
dimensions are also shown so that typical sizes are known to the readers. Do
note that the figures are not to scale and width dimensions perpendicular to
the cross-section plane not shown are much larger as the devices are typically
wide. Also some of the connections are done in the width dimension.

11.2.1. Fabrication of Partial AlIGaN recess
Metal-Insulator-Semiconductor (MIS) HEMT

Fabrication starts with a typical GaN wafer structure as shown with 20 nm
Alp25Gag 75N and a thin 1nm GaN capping layer above it. Different layers are
shown using colors and fill patterns so that materials used can be easily distin-
guished. These are summarized in Fig. 11.18. The wafer structure cross-section
is shown in Fig. 11.19.

Alignment of respective mask geometries with a reference alignment mark
is one important step to be carried first. This is not a part of device structure
but is essential to have successful device fabrication. This step forms 600 nm
deep alignment mark. Lithography process using mask#1 is carried out and
the deep mark is formed by Reactive lon Etching (RIE) using CF4 or CHF3/Ar
with etching depth 600 nm which maintains sidewall of the etched structure
vertical. The resist is removed after etching is completed. As lithography using
mask and removal of resist are common steps to all mask processes, they
will not be repeated for the other masks. Also, thin 1 nm layer and structure
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Fig. 11.18. Color and fill pattern convention used in schematic cross-section depictions.
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Fig. 11.19. Starting wafer structure.

below buffer layer will not be shown as the latter is not affected by fabrica-
tion. The schematic cross-section after alignment mark formation is shown in
Fig. 11.20.

The next fabrication step is of mesa formation to isolate different devices
from each other. Lithography process using mesa-mask#2 and etching is
carried out by RIE using CF4 or CHF3/Ar to a depth of about 100 nm with
sidewalls with slight slope to avoid any field crowding effects at the bottom
corners. It is important to ascertain that desired structure is obtained after the
fabrication steps. Hence, characterization is essential after important steps. In
this case, measurement on etching depth was carried out using surface profiler
and surface quality with low roughness was verified using Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM). The schematic
cross-section after mesa isolation formation is shown in Fig. 11.21.
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Fig. 11.20. Alignment mark formation.
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Fig. 11.21. Mesa isolation formation with depth d; of 100 nm.
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Fig. 11.22. Passivation with 30 nm nitride and 250 nm oxide.

Existence of surface traps degrades performance of HEMT devices with
effects such as current collapse, reduced breakdown voltage, and current insta-
bility. Use of nitride/oxide passivation is very effective in reducing number of
such states. Hence, the next step is carried out by deposition of passivation lay-
ers of 30 nm nitride and 250 nm oxide using plasma enhanced chemical vapor
deposition (PECVD). The schematic cross-section after passivation is shown
in Fig. 11.22.

Ohmic contact formation in the source—drain regions is now carried out
using lift off process where metal will be removed with resist in the resist
removal step. First lithography process using S/D-mask#3 is carried out and
wet etching of nitride/oxide is done using standard chemicals HF and H3POg4
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Fig. 11.23. Ohmic contact formation with 30 nm Ti and 250 nm Al.

as the mask dimensions are quite large. Electron beam (EB) deposition of Ti/Al
(30/250 nm) to form ohmic contacts is done. Resist is now removed which also
removes the metal in unexposed areas. The contacts are annealed in Nitrogen
at 650°C for 10 min to form better contact and diffuse metal in AIGaN. It is
important to include test structure and carry out measurement on ohmic con-
tact resistance using Transmission Line Method (TLM) to ensure low contact
resistivity. The schematic cross-section after ohmic contact formation is shown
in Fig. 11.23.

For benchmarking, it is very important to have several device structures
fabricated with different mask dimensions on parts of the wafer and different
drain—gate spacing so that effectiveness of novel approach can be evaluated. In
this case, the first cross-sections show two devices, one with metal-insulator-
semiconductor (MIS) gate with a partial recess and normally-on device with
the same MIS gate but without recess. This way we can estimate if 2DEG
electron mobility is degraded because of recess by comparing on-currents at the
same value of VgT(Vgs — V). As follow-up steps after this step are identical
to both devices, they will not be shown. Only the cross-sections of the normally
off device will be shown. The normally-on device basically has no recess in the
gate region where as normally-off device has around 50% of AlGaN etched.

The gate formation does lithography process using trench-gate-mask/
gate-mask and nitride/oxide removal using RIE etching so that there is no
undercut like wet etching as gate length feature is around 2 um. The gate to
drain spacing is varied in the range of 1040 um to fabricate HEMTs with dif-
ferent series resistance and breakdown voltage. Only for normally-off device,
gate trench is also formed using RIE etching by partial AlGaN removal.
Clearly, different masks are needed for these steps, but rest of the masks are
common. Then annealing at 600°C for 5 min is done to improve the sur-
face quality and cure possible etch damage to 2DEG. Like in the mesa case,
measurement on the etching surface before and after the annealing treatment
is done to confirm low roughness as this step is most crucial for proper
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Fig. 11.24. Gate formation in (a) normally-off with gate recess (b) normally-on HEMTs.

device function. The schematic cross-sections after gate formation are shown
in Fig. 11.24(a) and 11.24(b).

Now 30 nm nitride is deposited using PECVD as gate insulator in both
structures. Using lithography process and nitride-removal-mask#6, the nitride
is removed in the source—drain contact areas using wet etch at low etching rate
so that metal below the nitride is not affected. As usual, the resist is removed
after the etch. The schematic cross-section after nitride removal is shown in
Fig. 11.25.

The next step forms gate metal as well as field plate and additional metal
over source—drain contacts using lift-off process. The gate metal is extended
over oxide/nitride layers in the drain area to form a field plate that enhances
breakdown voltage through appropriate spreading of electric field. It also
extends in the source area to allow for full gate trench coverage by metal even
if this mask misaligns with the actual gate. As this is a lift-off process, first
lithography process using gate-FP-mask is done followed by EB deposition of
Ni/Au (30/1000 nm). Unwanted metal is removed with resist as in a standard
lift-off process leading to final cross-section shown in Fig. 11.26.

Subsequent masks of routing and pads cannot be seen in this view and
hence they are not included. It is important to note that edge termination is
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Fig. 11.25. Removal of 30 nm nitride in source—drain contact areas.
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Fig. 11.26. Gate metal and field plate formation using Ni/Au (30/1000 nm).

important in power devices to achieve desired breakdown voltages which is
not described here as methodology is similar in the devices.

11.2.2. Innovative Normally-off (MIS) HEMT Structure Using
Multi-fluorinated Gate Stack

Many measurements with the type of structure in Sec. 11.2.1 have been reported
in the literature. Here, we summarize results from (Anderson et al., 2010) on
the recessed gate device structure. The Aly25Gag 75N barrier layer thickness
was 25 nm. The thickness was 2 um for the GaN channel layer. The gate recess
was achieved using Clp/BCI3/Ar ICP-RIE. The largest threshold voltage Vi
observed was about 0.2V even when most of AlGaN was etched. Due to
etch damage and other effects, the 2DEG electron mobility degraded from
1350cm?V~1S~! to below 250 cm?V~'S~! when etch depth was increased.
Hence, itis clear that only partial recess can maintain 2DEG mobility at accept-
able level. However, this approach does not yield sufficiently high Vi;,. Hence,
several researchers tried to raise Vi by introducing negative charges in the
gate region by introducing fluorine ions using implant or plasma, using P+
GaN gate to deplete 2DEG and using MIS recess gate that also reduces gate
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Table 11.2. Performance of reported normally-off HEMTs.

Latest
Latest Reported
Advantages Disadvantages Reported Vy 1 gmax

Gate Recess Easy to fabricate Surface damage +1.7V (Ye 500 mA/mm

and control by due to plasma etal.,2013) (Yeetal.,
etching time degrades 2DEG +1.65V 2013)
mobility, (Woojin 650 mA/mm
introduces traps et al., 2014) (Woojin
High Ippax after  Lower Vi, than etal., 2014)
surface p-GaN

passivation as
additional plasma
or implant not

done
p-GaN cap High Vyy, is Difficult p-type ~ +2.44V 320 mA/mm
possible and can Dopant (Hwang (Hwang
be designed. Activation etal., etal,
requires 2013a) 2013a)
additional +3.03V 220 mA/mm
thermal steps of  (Hwang (Hwang
growth and/or etal., etal.,
activation 2013b) 2013b)
Gate surface Requires extra
protected as high quality
there is no epitaxial growth
plasma treatment  of p-GaN
needed.

Fluorine Easy to fabricate May damage the +0.6V (Yang 400 mA/mm

plasma and control lattice in etal., 2013) (Yang et al.,
treatment channel region +1.8V (Chen 2013)
Higher Ippmax Lower V};, than etal.,2011) 380 mA/mm
than p-GaN p-GaN +0.9V (Chen et al.,

(Nakajima 2011)

etal.,2008) 300 mA/mm
(Nakajima
et al., 2008)

effectiveness. The best reported results are summarized in Table 11.2 along with
related references. The advantages and disadvantages of these approaches are
also summarized in Table 11.2. Based on the reports, V4, is raised to maximum
of 3V at room temperature.



Practical Case Studies in Wide Bandgap Power Devices 557

Therefore, this project explored novel approach to achieve high positive
Vin- One idea was to use very low energy in RIE along with partial recess of
AlGaN to minimize etch damage near AlIGaN/GaN interface so that 2DEG
mobility is preserved. Another modification done was to the gate stack where
a possibility of multiple fluorine treatments using RIE plasma on successively
deposited Al,O3 dielectric layers as gate insulator after each deposition using
atomic layer deposition (ALD) was explored.

This novel approach of gate stack modification was first verified using
device simulation. The gate stack constituted a total of four layers of gate
insulator Al Oj3. For initial exploration using simulation, first three layers of
Al;O3 are 4nm thick and the last layer is 3 nm thick. First three 4 nm layers
of gate insulator Al,O3 had negative sheet charge density (SCD) distributed
within top 2nm of Al;Os. The last 3 nm layer had no F-treatment to ensure
that RIE plasma damage will not affect metal-Al,O3 interface. Figures 11.27
and 11.28 show simulated Ip—Vg characteristics. With a specific SCD induced
by F~ ions, simulations predicted that Vi, above 3V can be achieved. An
equal SCD of 10'2cm™2 on top of each of the three successive Al,O3 layers
yielded low but positive Vi;,. On the other hand, higher SCD of 3 x 102 cm—2
could achieve Vi, of about 3 V. The key advantage of this approach is that the
standard process described earlier in Sec. 11.2.1 is virtually intact except for
the gate stack formation.
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Fig. 11.27. Ip-Vg curves of the proposed devices with a fixed charge density of
1012 cm~2 at different Al,Oj3 dielectric layers.
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Fig. 11.28. Ip-Vg curves of the proposed devices with a fixed charge density of 3.0 x
1012 cm~2 at different Al,Oj3 dielectric layers.

For fabrication of such a device, it is important to know how much F~ is
incorporated in the gate insulator in RIE F-based treatment which will create
electron traps. Also, RIE must be carried out at sufficiently low energy to
minimize etch damage. Through short loops and simulations, we were able
to determine that SCD rate induced by F~ ions is fairly uniform at 4.65 x
10'9cm—2s~! for RIE at 30 W power using CHF3. Process treatment time for
each layer was determined based on how much SCD was to be achieved. The
full details of the experimental results are described in Sec. 8.8 and reported
in (Wang et al., 2015a) which show achievement of large positive Vyy,.

11.2.3. Obtaining Normally-off (MIS) HEMT Structure Capable
of Operating at High Temperature Using Ar and Single
F-Treatment

The demonstration of high Vi, AlIGaN/GaN on Si HEMT in Sec. 11.2.2
appears to have overcome many limitations of previous research and reached
the desired goal. However, one aspect still needs to be verified. One of the
key advantage of the GaN based HEMTs is their ability to operate at high
temperature in somewhat harsh environment such as automobile engines. Of
course, on-current is expected to degrade at high temperature due to reduc-
tion in mobility. However, Vi, is required to remain at a reasonable positive
value in normally-off devices and maintain its value in normally-on devices.
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This is generally true for normally-on intrinsic HEMTs and recessed gate MIS
HEMTs as variation of Vi, with temperature is quite small but Vi is not at
a required level for normally-off operation (Fig. 11.30). However, F- treated
gate stack HEMTs, that can achieve required Vi, like ones in Sec. 11.2.2, have
trapped negative charges which can de-trap at high temperature due to addi-
tional thermal energy which can significantly reduce Viy,.

High temperature Vi measurements were performed on HEMTs fabricated
in Sec. 11.2.2. It was found that the threshold voltage dropped a lot at high
temperature and even became negative at 200°C. This clearly showed that the
method used in Sec. 11.2.2 for F- incorporation mainly placed negative charge
in very shallow traps which emitted electrons at higher temperature and became
ineffective. Hence, a method to generate much larger density of deeper traps
compared to shallow traps when performing F-treatments will be needed to
overcome this problem. For a systematic solution, it is important to carry out
following investigations:

(1) Characterize trap distribution from high temperature Vy;, measurements
or other methods near conduction band edge of the gate insulator
AL Os.

(i1) Investigation on methods to create larger density of deeper traps to main-
tain reasonable positive Vi, at high temperature normally expected of
normally-off GaN devices.

(ii1) Design a device with process simplification and Ar pre-treatment of Al;O3
before F-plasma treatment that will help create deeper traps for electrons
to maintain high temperature operation and Vy,.

(iv) Determine the mechanism that improves thermal stability of Vi, to
guide device designers to optimize performance of the device at high
temperature.

All these steps are achieved through modifications described in this section.
Full processing conditions for the device fabrication are also given at the end
of this section.

11.2.3.1. Characterization of Trap Distribution in the Bandgap
Relative to Conduction Band Edge of the Gate
Insulator Al, O3

A method for trap characterization using gate stress voltage is used in this
work to estimate the deep trap states and densities (Dgq) induced by Fluorine
Plasma Treatment (FPT). The basic principle is that the trapped charge will
de-trap from progressively deeper states if increasing negative voltage is applied
to the gate to increase attractive electric field exerted on trapped electrons. As
negative gate bias voltage increases, it is possible to identify increasing £ T _MAX
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which is the deepest energy level from which the trapped charge will be emit-
ted. The Poole—Frenkel trap emission theory (Yeh et al., 2007; Mitrofanov and
Manfra, 2004; Cheong et al., 2007; Specht et al., 2004) governs this de-trapping
process. The theory leads to Eq. (11.1) in which increased attractive electric
field (&) leads to progressively increasing ET_M Ax. The negative gate bias pro-
vides the needed electric field (§) that enhances the emission of FPT-induced
negative charges trapped within Al;O3. A larger reduction of Vi, is observed
with increasing gate bias voltage (V) due to the stronger emission field. The
gate bias Vp is increased in steps from 0V to —40V and held for 50 s at 25°C.
Then pulsed Ip—Vg measurement described below can provide vital trap dis-
tribution information.

o kT
BT Max = L——ln<1—m), (11.1)
- TEALOE0 ¢ OEQ,VB

where

- ( Vo v )
IALO;  qIALLO;

Here ta1,0, is the gate insulator thickness, Vi is the applied negative gate
voltage, ¢y, is the barrier height at the gate insulator-AlGaN interface, g is
the electronic charge, T is the temperature, 41,0, is relative permittivity of
Al O3 and g is the permittivity of the free space. Also, Qgg,0 and Qgq, vB are
the effective FPT-induced trapped negative charge before and after the gate
stress is applied. These effective charge values are of total charge placed at the
dielectric-AlGaN interface that produces the same effective electrostatic effect
as multi-fluorinated gate stack with trapped charges at three different locations
within the dielectric.

The Qgqg,0 and Qgq,vB values are found from measured Vi, from pulsed
Ip—Vg measurement after the gate stress has been applied using model
Egs. (8.11) and (8.12) in Sec. 8.8. The changes in Vi, are due to reduction in
trapped negative charge. However, to perform /p—Vg measurement to mea-
sure Vi, positive Vg is applied which can inject electrons back in the traps
which causes error to the characterization. In order to minimize this error, the
positive gate voltage is provided in pulses as shown is Fig. 11.29. Initially, 50 s
of gate stress Vp to emit the trapped negative charge is applied. Then pulsed
positive gate sweep initiates and returns to the same Vg between pulses. The
time for Vg between two pulses is 18 ms and the time for positive Vg pulse is
2 ms for each pulse cycle. This ensures that the charges injected by the posi-
tive Vg are emitted in each cycle. Detailed time sequence of these Vg pulses is
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Fig. 11.29. Drain current waveform during the /p—Vg pulse when Vg is near the Vi,
at Vg = —40V and Vp = 1 V. It also shows the schematic Vg waveform, where the Vg
is held initially for 50 s followed by the pulsed signal with a period of 20 ms (2 ms pulse
Vg and 18 ms bias V) during each sweep. The device here has a negative Vy,.

shown in Fig. 11.29. A sampled drain current (/p) waveform from the charac-
terization is also shown in Fig. 11.29. The Ip—Vg characteristic are typically
measured with gate stress voltage of Vg = 0, —10, —20, —30, and —40V for
trap characterization.

It is possible to relate ET_M Ax from the gate stress measurement to temper-
ature effects through the deepest emission level of the FPT-induced negative
charge traps corresponding to different temperature. This can be modeled in
a straightforward way through Eq. (11.2) (Zafar et al., 2002; Schroder, 2006).
In Eq. (11.2), ET_MAX is the deepest energy level of the trapped charge that
will be emitted from the trap sites, ky, is the Boltzmann’s constant, and T is the
device temperature.

The y, is found from y, = (v /T%))(Ne/T13) = 3.25 x 102! (m, /my),
where my /my is the relative electron effective mass within Al,O3 which is 0.16
(Tapajna et al., 2013), vy, is the thermal velocity of carriers in Al,O3, N is the
effective density of states in Al,Os, & is the Planck’s constant. Furthermore,
OALO; = 10~19cm? is the capture cross-section of the electrons in Al,O3
(Ganguly et al., 2011), and r = 50 s is the device heating time. The 50 s time is
sufficient for stable device surface temperature and reaching quasi-steady state
(Yu et al., 2012; Jackson et al., 2013). The ET_MAX is relatively insensitive to
changes in the characterized time range, which is in tens of seconds.



562 Power Microelectronics

The thermal velocity vy, is found using vy, = (3kyT/(mumg))%> (Engel-
Herbert et al., 2010). Nc is calculated from N¢ = 2(2nmnmoka/h2)1‘5
(Engel-Herbert et al., 2010).

The E T max at different temperatures can be calculated and depicted in the
schematic energy band diagram of Al,O3. It is reasonable to assume that all of
the charges trapped shallower than ET_M Ax can be emitted due to the thermal
energy at the given temperature T. Similarly, the charges trapped deeper than
E T MAX at the same temperature 7 will not be emitted from the level. Thus, we
now have reliable methods for trap distribution and high temperature threshold
voltage behavior analysis.

E1 max = kpT In(y20AL,05120)- (11.2)

We will use this method for characterization of SCD induced by F-treatment
in this case study.

11.2.3.2. Investigation on Methods to Create Deeper Traps
to Maintain Reasonable Positive Vty at High
Temperature in GaN HEMTs

We can anticipate that increasing the RF power in the RIE system to increase
F flux may help replace multiple FPTs with a single FPT. Moreover, higher
power RF treatment may create deeper traps as energy transferred to Al, O3 is
much larger which will potentially break more Al,O3 bonds producing deeper
traps. This was investigated with multi-FPT gate stack HEMTs under three
different RIE conditions as shown in Table 11.3.

In Table 11.3, three different RIE recipes have been used for Dies A, B,
and C respectively, with gate processing parameters described briefly. Multiple
F-treatments are successively used. For Die A, 30 W of RF power with 50 sccm
of CHF3 gas is used in each of the treatments. Only higher RF power of 60 W
and 90 W are used for Dies B and C respectively, to enhance the breaking of
Al-O bonds. The flow of CHF3 gas was kept the same. As the higher RF power
enhanced the ion bombardment and the fluorine radical concentration ion-
ized from CHF3, we expect more trap creation. After correcting for the CHF3
plasma etching of Al,Os3, the final Al,O3 thickness was 18.1 nm. Scanning
electron spectroscopy (SEM) characterization was used to verify the thickness
of each deposited layer. As increase in surface roughness is generally a qual-
itative indicator of increased density of dangling bonds induced by FPT, the
change in surface morphology after the FPT was assessed through the AFM.
The surface roughness root mean square (RMS) was 0.648 nm for the unfluo-
rinated sample. It is increased to 1.138 nm for the fluorinated Die A. It implies
the increase in the amount of dangling bonds and possible trap sites after



Practical Case Studies in Wide Bandgap Power Devices 563

Table 11.3. Processing parameters and methods for gate stack fabrication for fluori-
nated normally-oftft MIS-HEMTs Die A, Die B, and Die C.

Steps Process Die A Die B Die C

1 AlL,O3 ALD 6.5nm 6.5nm 9.3nm
(thickness #1)

2 RIE F~ treatment 50 sccm CHF3 50 sccem CHF3 50 scem CHF3
(1405) @30W @ 60 W @90W

3 Al,O3 ALD 7.3nm 10.1 nm 12.8 nm
(thickness 7)

4 RIE F~ treatment 50 sccm CHF3 50 sccm CHF3 50 scem CHF3
(260's) @30W @ 60 W @90W

5 Al,O3 ALD 7.6nm 10.6nm 13.5nm
(thickness 73)

6 RIE F~ treatment 50 sccm CHF3 50 sccm CHF3 50 sccem CHF3
(2805) @30W @ 60 W @90W

7 Al,O3 ALD 8 nm 8 nm 8§nm
(thickness #4)

Total Al; O3 thickness 18.1 nm 18.1 nm 18.1 nm

after F~ RIE treatment

fluorination. For comparison, a benchmarking sample with 18 nm of Al;O3
deposited after gate recess without any FPT is also fabricated and labeled as
the “recess-only” device.

For all these 4 samples, V;;, was measured as a function of temperature in
the range of 25-200°C and results are shown in Fig. 11.30. The recess-only
device has relatively stable Vi;,. On the other hand, a decrease in Vyy, is observed
for all fluorinated Dies A to C. This clearly shows that the emission of elec-
trons from the gate stack is mainly from the FPT-induced traps within Al,O3.
For both Dies A and B, the Vi, becomes negative at about —1.9V at 200°C,
which is closer to the Vi, of recess-only device. Thus, most of the FPT-induced
negative charge has been emitted from the trap sites at 200°C. Vi, is 2V
for Die C at 200°C indicating deeper trap creation when higher RIE power
is used.

Using these measurements, trap characterization was done using the gate
stress method described in Sec. 11.2.3.1. To obtain data in Fig. 11.31, Vg in the
gate stress measurement is in the range of —40V to 0V with 5V increments.
The extracted trap density Dgqg mapping for Dies A, B, and C is shown from
0.4eV to 1.5eV away from the conduction band edge energy (Ec) of Al,O3.
We can only obtain electrostatically equivalent SCD as Vi, measurement can
only provide values of Qgg. The E T Max from Eq. (11.2) at different ambient
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Fig. 11.30. The Vi, obtained from the Ip-Vg transfer characteristics for
FPT-processed Dies A, B, C and the unprocessed recess-only device at temperatures in
the range of 25-200°C.
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Fig. 11.31. The distribution of Dg( within the Al O3 energy band for Dies A, B,and C.
It is quantified from the negative gate stress characterization.

temperatures are also indicated. Die A has the most Dgq at shallow energy
levels leading to the worse Vi, thermal stability. On the other hand, a lot of
traps are located deeper than the trap emission energy of ET = l.leV at
T = 200°C for Die C. It clearly illustrates the capability of using higher RIE
power to maintain Vi, at 2V in Die C under high temperature.

For further verification of the trap density extracted using the gate-stressing
method, the change to Qrqg, AQEq, can independently be extracted by
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integrating the Dgq measured points. Due to larger steps in the trap energy,
numerical integration can have large errors. To reduce numerical error, the
integration was done through the best-fitted sixth-order polynomial func-
tion on the data in Fig. 11.31. The comparison of changes in Qgq, denoted
as AQEgq, obtained from either the high-temperature measurement of Vi,
(AQkQ, Hight) in Fig. 11.30 or integration of Dgq mapping in Fig. 11.31
(A Qgq,15) for Dies A—C agree within 10% validating the gate stress method.
The mapping of FPT-induced trap charge distribution within Al,O3 energy
bandgap helps in predicting the Vy;, degradation at higher temperature.

However, using higher RIE power like in Die C damages the channel qual-
ity and degrades the on-state device performance. The main reason for this
is that the increase in density of RIE generated F-plasma to raise Vi, also
requires increased F-plasma ion energy. Hence, the RIE is replaced with a
single Inductively Coupled Plasma ICP-RIE to carry out FPTs on Al,O3 in
the case study presented in Sec. 11.2.3.3 inorder to overcome this problem.
Unlike conventional RIE system, the ICP-RIE is able to control the amount
of dissociated fluorine radicals in the plasma and the ion bombardment energy
through independent control of the coil and cathode power, respectively. This
method along with Argon plasma pretreatment modification to enhance deep
trap formation, which yields the best results, is described in much detail in
Sec. 11.2.3.3.

11.2.3.3. Device with Process Simplification and Ar Pretreatment
of Al,O; Before F-Plasma Treatment to Create Deeper
Electron Traps for High Temperature Operation

The fabrication process flow and the cross-sectional schematic of the device
using a single ICP-RIE step to carry out FPTs on Al,O3 dielectric stack are
shown in Figs. 11.32 and 11.33, respectively. The device uses the same wafer
and structure as in the earlier sections. Only the gate stack is simplified as
there is now only one FPT. The Lg, Lgs, Lrp, and Lgp are 3 um, 5 um,
1.5 um, and 5 um, respectively. The wafer has a standard AlGaN/GaN-on-Si
layer structure. The 2DEG carrier density and mobility are 8.5 x 102 cm—2
and 1450 cm?/Vs respectively. The first fabrication step of the device is mesa
isolation by BCl3-based ICP-RIE. It is followed by SiO; passivation dielec-
tric deposition by PECVD. Ohmic contacts for source/drain were formed after
etching the oxide in the contact regions using multi-metal stack of Ti/Al/Ni/Au
with respective thicknesses of 25/125/45/55 nm. Annealing was done by RTA
at 850°C for 30s. After gate patterning, 10 nm (50%) of AlGaN was etched
by low power BClz-based ICP-RIE. This step reduces the 2DEG density to
4.5 x 1012 cm—2 without damaging the AlGaN/GaN interface. This helps pre-
serve carrier mobility in the 2DEG channel (Wang et al., 2015a). 6.5nm of
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Fig. 11.32. The fabrication process flow of the normally-off Al,O3/AlGaN/GaN MIS-
HEMT with APT-then-FPT gate process.

ALD-Al,O3 gate dielectric layer deposition at 250°C was then performed. As
dielectric treatments were different for each die, they are separately described.
Finally, Ni/Au (15/150nm) gate-metal deposition followed by annealing at
400°C for 5 min are applied.

Table 11.4 gives summary of how each of the Dies A-E differs. Die A is
recess only control device. Die B is only ICP-FPT control device. The ICP-FPT
isachieved through ICP-CHF3 plasma treatment with fixed cathode/coil power
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Fig. 11.33. The device cross-sectional schematics of the normally-oft AlIGaN/GaN
MIS-HEMT with ICP-fluorinated Al,O3. The inset magnifies the gate region, where
the fluorine-induced negatively charged ions (F~) and the thickness of Al,O3 gate
dielectric stack (¢; and #,) are shown.

Table 11.4. Processing parameters for the gate dielectric of Dies A-E.

Steps Die A Die B Die C Die D Die E

ALD-Al; O3 (thickness t{) 6.5nm  6.5nm 6.5nm  6.5nm 6.5nm

Cathode Power (CEP) for N/A N/A S0W 75W 100 W
APT. Coil Power 100 W.

ICP FPT N/A Coil Power 200 W. Low Cathode Power 10 W.

ALD-Al, O3 (thickness t;)  15nm 15nm 15nm 15nm 15nm

AFM surface RMS 0.38nm 0.53nm 0.61lnm 0.78nm 2.29nm
Roughness

of 10/200 W for 4 min. Dies C-E have APT before ICP-FPT identical to that of
Die B. APT in Dies C, D, and E was done with 20 s ICP-Ar plasma treatment
with a fixed coil power of 100 W. This novel step is argon plasma treatment
(APT) before FPT.

The APT recipe implemented is based on the existing Al,O3 etching recipe
using BCl3/Cly/Ar ICP-RIE. It uses the same coil power and Ar gas flow as
the Al, O3 etching recipe to ensure the amount of dissociated Ar™ is sufficient.
The FPT recipe was obtained from various process short-loops. The resulting
surface roughness RMS was measured by the AFM to obtain a qualitative
signature of trap creation. It is found that by controlling the cathode power of
the Argon treatment below 75 W (Die D) is able to preserve the surface rough-
ness RMS within 1 nm. However, if the cathode power of the Ar treatment
is increased to 100 W (Die E), the surface roughness RMS will significantly
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increase from 0.53nm to 2.29 nm, indicating damage to the Al;O3 surface
which will degrade device performance. Due to very large RMS roughness,
Die E had much reduced drain current and hence was not analyzed further
although it had the highest V. Die C had lower Vy, than Die D but both had
otherwise similar good performance. Hence, detailed studies only focused on
Dies A, B, and D.

The process parameters for the gate formation and other process recipes are
all included in Table 11.5 in detail. In this table, major process steps are listed
first in four columns followed by sub-steps in a run sheet form in three columns
to achieve the major steps. Major process steps are numbered as 1, 2(a), 2(b),
etc. The sub-steps associated each major process steps are labeled with a dot
as 2(b).1, 2(b).2, and so on till all sub-steps are finished. In case these sub-steps
are shared between different major process steps, they are included below the
very first major process step and reference is made to this in the subsequent
major process steps. The structure achieved after some of the major steps is
linked to the cross-sections depicted in Fig. 11.32.

As mentioned earlier, detailed studies only focused on Die A, B, and D. The
main purpose for comparing three devices is to ensure that plasma treatments
for Dies B and D did not degrade the two main performance parameters of
on-current and breakdown voltage. The measurements showed that on-current
degradation was less than 30% for devices on Die B and D compared to Die A
for the same gate overdrive (Vg — Vip,). The breakdown voltages for devices on
Dies A, B, and D were measured to be 1110V, 670V, and 940 V. Clearly, FPT
only device has much worse breakdown voltage. APT-FPT device breakdown
is less affected compared to Die B. However, as devices on Die A have negative
Vin, they are not of much interest in this work. Hence, devices B and D are
now compared as regards to ability to create deeper traps and maintain Vi, at
high temperature of 200°C.

Ip—Vg and Vi, measurements up to 200°C were performed and Ip—Vg
characteristics are shown in Fig. 11.34. The reduction in Ip is fairly consistent
with mobility degradation at high temperature. Vi, measurements show that
APT-FPT device is able to maintain it at 2.5V at 200°C. This is the highest
reported value using FPT. Moreover, the reduction in Vi, of 1.9V compared
to that at room temperature is very low. This shows a good potential for fur-
ther optimization to raise Vi, at higher temperature by increasing its value at
room temperature assuming the same 1.9 V reduction can be maintained. The
guide to room temperature Vi, is provided by the dependence of it on trapped
equivalent negative charge in Fig. 11.35.

The low reduction in Vi, at high temperature gives a clear evidence that
electrons are trapped at much deeper level when APT before FPT is used.
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Table 11.5. Major process flow for fluorine-treated normally-off Al,03/A1GaN/GaN
MIS-HEMT fabrication.

Steps Process Equipment Used Process Outcome
1 Wafer Cleaning Fume Cupboard Cleaned wafer
with particles
removed
Sub-steps Process Parameters
1.1 Organic Dip in H»SO4+H»0» mix
Contamination (ratio of 3:1) for 2 min; then
Removal rinse with DI water
1.2 Native Oxide Removal Dip in Buffered Oxide Etch

(BOE) for 155; then rinse
with DI water
2(a) Lithography (Double  Karl Suss MA6 Mask Aligner Ti/Al/Ni/Au with
UV Exposure) thickness of
25/125/45/55 nm

Sub-steps Process Parameters

2 (a).1  HMDS spin-coating 3000 rpm for 20's
for adhesion
enhancement

2 (a).2  AZ-5214E Photoresist 3000 rpm for 20's
spin-coating

2 (a).3  Photoresist Pre-baking 120°C for 60s

2 (a).4 UV Light Exposure 2 s exposure under
after alignment with ~ wavelength = 320 nm
the mask pattern

2 (a).5  Photoresist 120°C for 90s
Post-baking

2 (a).6 UV Light Exposure 30 exposure under
without mask wavelength = 320 nm

2 (a).7  Pattern Development Dip into FHD-5 positive

photoresist developer for 50 s

2 (a).8  Lift-off after metal Dip into acetone and place in
deposition ultrasonic cleaner for 20 min
2(a).9 Acetone Removal Dip into Iso-Propyl Alcohol
(IPA) and placed in
ultrasonic cleaner for 10 min
2 (a).10 IPA Removal Dip into DI water and place in

ultrasonic cleaner for 10 min;
blow dry with Ny gun

(Continued)
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Table 11.5. (Continued)

Steps Process Equipment Used Process Outcome

2 (b) Drain/Source ULVAC EX-400 Electron-beam

Metal Film Evaporator
Deposition

Sub-steps Process Comments

2 (b).1 Sample and Load the required metal crucibles
Crucible with sufficient amount of metals
Loading within

2 (b).2 Chamber Wait until the chamber pressure is
Vacuuming under 4 x 107° Pa (~2h)

2 (b).3 E-beam location Ensure the electron beam is
adjustment bombarding the surface of the

metal crucible

2 (b).4 Metal Carefully control the speed of metal

Deposition deposition. Ensure the rate is

around 0.1 nm/s.

2 (b).5 Crucible Cooling Allow for about 3 min of cooling
time after each deposition before
changing the crucible

2 (b).6 Change of Change the crucible to the next
Crucible required metal and repeat from
Step 2(b).3.
2 (b).7 Chamber Vent ~ When metal deposition is
and Sample completed, vent the chamber and
Unloading unload the sample. Finally,

vacuum the chamber after usage
to avoid chamber contamination.
2 (c) Metal Lift-off Fume Cupboard

3 Rapid Thermal BPS Nextral ADAX 60 Formation of
Annealing ohmic contacts
shown in Step 1
of Fig. 11.32
4 (a) Lithography Karl Suss MA6 Mask Aligner ~600 nm etched
(Single depth in the
Exposure) mesa region
Sub-steps Process Parameters
4 (a).1 HMDS 3000 rpm for 20's

spin-coating
for adhesion
enhancement

(Continued)
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Table 11.5. (Continued)

Steps Process Equipment Used Process Outcome
4 (a).2 AZ-5214E 3000 rpm for 20's
Photoresist
spin-coating
4 (a).3 Photoresist 120°C for 90's
Pre-baking
4 (a).4 UV Light Exposure 30s exposure under
after aligned with ~ wavelength = 320 nm
the mask pattern
4 (a).5 Pattern Dip into FHD-5 positive
Development photoresist developer for 50 s
4 (a).6 Post-process Dip into acetone and placed in
photoresist ultrasonic cleaner for 10 min
removal
4 (a).7 Acetone Removal  Dip into IPA and placed in
ultrasonic cleaner for 10 min
4 (a).8 IPA Removal Dip into DI water and placed in
ultrasonic cleaner for 10 min;
blow dry with Ny gun
4 (b) Mesa Isolation STS Multiplex ICP-RIE System

Sub-step 4 (b).1: High Power Etch for fast etching speed

Gas Flow Argon
BCl3
Clp

Pressure

Coil Power

Cathode Power

Etch Time

15 sccm

2 sccm

8 scem
120 mTorr
100 W
175W
190s

Sub-step 4 (b).2: Low Power Etch for improved etched surface quality

Gas Flow Argon 15 sccm
BCl3 2 sccm
Clp 8 sccm
Pressure 120 mTorr
Coil Power 30W
Cathode Power 30W
Etch Time 300s
5 Surface Passivation Oxford Plasmalab 80 Plus ~200 nm of SiOy
PECVD System deposited
shown in Step 2
of Fig. 11.32

(Continued)
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Table 11.5. (Continued)

Steps Process Equipment Used Process Outcome
Gas Flow N;O 706 sccm

SiH4/N»y 158 sccm
Pressure 906 mTorr
RF Power 18W
Valve Position 26.3 deg
Temperature 300°C
Deposition Time 450s
6 (a) Lithography (Single Karl Suss MA6 Mask

UV Exposure) Aligner

Follow the same sub-steps 4(a).l through 4(a).8 of

major step 4(a).

200 nm SiO, etched at the
gate

6 (b) Gate Region STS Multiplex
Opening ICP-RIE System
Gas Flow Ar 5 scem
SF¢ 20 sccm
Pressure 50 mTorr
Coil Power 5W
Cathode Power 100 W
Etch Time 330s
7 AlGaN Recess at STS Multiplex ~10nm of AIGAN etched
the Gate Region ICP-RIE System at the gate shown in
Step 3 of Fig. 11.32
Gas Flow Argon 15 sccm
BCl;3 2 sccm
Cl 8 sccm
Pressure 120 mTorr
Coil Power 30W
Cathode Power 30W
Etch Time 30s
8 (a) Gate Dielectric Savannah 100 ALD  Plasma-treated Al,O3 gate

Deposition system

dielectric shown in Steps 4
and 5 of Fig. 11.32

Gas Flow Trimethylaluminum (TMA)
H,O

Temperature

Thickness per cycle

20 sccm

250°C
0.1 nm

(Continued)
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Table 11.5. (Continued)

Steps Process

Equipment Used

Process Outcome

8 (b) Plasma Treatments

STS Multiplex ICP-RIE

System/Oxford PlasmaPro 80

RIE System

A: RIE Treatment

Gas Flow CHF;
Pressure
RF Power

Treatment Time

50 sccm

37.5 mTorr

This is applicable
if only RIE
treatment is
done. Different
time variations.

B: ICP-RIE Treatment

Step 1: Argon pre-treatment

Ar 10 sccm

Pressure 15 mTorr

Cathode Power This is applicable
only if APT
treatment is
done by
ICP-RIE.
Different time

Coil Power variations.

Treatment Time (Variated) 20s

Step 2: Fluorine treatment

CHF; 36 sccm

Pressure 37.5 mTorr

Cathode Power 10W

Coil Power This is applicable
FPT treatment
is done by
ICP-RIE.
Different time

Treatment Time variations.

9 (a) Lithography Karl Suss MA6 Mask Aligner

(Double UV
Exposure) )
Ni/Au Contact

Follow the same sub-steps 2(a).1 through 2(a).10 of major step 2(a). (15/150 nm)

(Continued)
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Table 11.5. (Continued)

Steps Process Equipment Used Process Outcome
9 (b) Gate Metal ULVAC EX-400 Electron-beam shown in Step 7
Deposition Film Evaporator of Fig. 11.32
Follow the same sub-steps 2(b).1 through 2(b).10 of major step 2(b).
9 (c) Metal Lift-off Fume Cupboard
10 (a) Lithography STS Multiplex ICP-RIE System
(Single UV Exposing Pads
Exposure) for device
. characteriza-
Follow the same sub-steps 4(a).1 through 4(a).8 of major step 4(a). tions shown
10(b)  Pad Opening STS Multiplex ICP-RIE System in Step 8 of
Fig. 11.32
Sub-step 10 (b).1: Al,O3Etch
Gas Flow Ar 10 sccm
BCl3 25 sccm
Pressure 15 mTorr
Coil Power 100 W
Cathode Power 175W
Etch Time 180s
Sub-step 10 (b).12: SiO,Etch
Gas Flow Ar 5 sccm
SF¢ 20 sccm
Cl, 8 sccm
Pressure 50 mTorr
Coil Power SW
Cathode Power 100 W
Etch Time 300s

To verify this aspect, the trap characterization was done using the gate stress
method described in Sec. 11.2.3.1. Vp in the gate stress measurement ranging
from —40V to 0V with 5V increments is applied to obtain the trap density
Dgqg mapping for Dies B and D from 0.4eV to 1.4eV away from the con-
duction band energy (Ec) of Al,O3. The extracted trap density is shown in
Fig. 11.36. Figure 11.36 also shows the traps that will emit the charge at a given
temperature rendering them ineffective in maintaining high Vyy,. It is clear that
the trapped charge density peaks at about 1.02 eV for devices from Die B and
a lot of trapped charge is emitted at 200°C. On the other hand, the peak of
trapped charge SCD for devices from Die D is located beyond 1.2 ¢V and these
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Fig. 11.34. Ip—Vg characteristics of device from Dies B and D (for Vp = 1V) at
ambient temperatures of 25°C, 100°C, 150°C, and 200°C.
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Fig. 11.35. The relationship between the Qf and the Vi of Dies B-E using the
model and comparison with numerical simulations using accurate TCAD tools and
measurement.

high concentration trapped charges do not de-trap at 200°C which significantly
improves high temperature Vy, stability.

Although Vy, stability at high temperature is credibly established for
APT-then-FPT devices, physical mechanism that gives rise to such behavior is
not established. A sound scientific reason for such behavior is needed before
universality in application of APT prior to FPT can be confirmed. This par-
ticular aspect is addressed in Sec. 11.2.3.4.
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Fig. 11.36. The fluorine-induced trap state (Df) distribution along the Al,O3 energy
level from the E¢ for Dies B and D.

11.2.3.4. Determination of Possible Mechanism That Improves
Thermal Stability of Vry in APT-FPT Devices to Guide
Device Designers

As our purpose is to identify physical mechanism that leads to thermal stability
in HEMTs, an experiment was carefully designed to identify the cause behind
it. The characterization has to be done for Al,O3 stack with APT and FPT
treatment conditions same as those of devices in Dies B and D. Table 11.6
shows the steps designed to identify physical mechanism which also shows
purpose of each step.

The characterization methods used in this section include X-ray photo-
electron spectroscopy (XPS) and secondary ion mass spectroscopy (SIMS).
XPS can provide information on relative concentration of specific elements
and composition of bonds in the compound to be analyzed near the surface.
SIMS provides depth profile of concentration of the elements of interest.

To investigate the effect of APT to the F depth profile during the subse-
quent FPT process, the SIMS depth profile characterization is carried out on
Samples B and D as shown in Fig. 11.37. The APT and FPT processing recipes
are identical to the ones used for Dies B and C in Sec. 11.2.3.3 as mentioned
earlier. As SIMS characterization sputters away materials and destroys the
devices, these samples are fabricated separately from the same wafer used to
fabricate Dies A, B, and D in Sec. 11.2.3.3. Here 30 nm of Al;O3 is deposited
by ALD at 250°C before the plasma treatments and an additional 10 nm of
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Table 11.6. The parameters used for the gate plasma treatments for Samples A-D.

Sample A Sample B Sample C Sample D
This is the This sample This sample This sample
control has the same has the same has same
sample for FPT APT APT and
comparison. treatment as treatment as FPT
devices in devices in treatment as
Die B of Die D of devices in
Sec.11.2.3.3 Sec. 11.2.3.3 Die D of
to evaluate to evaluate Sec. 11.2.3.3
effect of only effect of only to evaluate
F-treatment. Ar treatment. effect of Ar
treatment
followed by
F-treatment.
First N/A CHF3-based Ar-based Ar-based
Treatment CEP: 10 W CEP: 75W CEP: 75W
CP: 200W CP: 100 W CP: 100 W
Time: 4 mins Time: 20s Time: 20s
Second N/A N/A N/A CHF3-based
Treatment CEP: 10 W
CP: 200 W
Time: 4 mins
Equivalence Die A Die B N/A as APT Die D
with HEMT alone is not
having the useful for
same gate device.
structure as
those of
Sec. 11.2.3.3

ALD-Al,O3 is deposited afterwards to avoid the inaccuracy of SIMS charac-
terization on the surface when characterizing the depth profile of F atoms. In
the SIMS depth profile shown in Fig. 11.37, an obvious increase in the peak
of the F concentration is shown for the sample with APT-then-FPT process
(Sample D). Additional F incorporation into the Al;O3 as compared with
Sample B which underwent only FPT process is a conclusive signature of the
additional dangling bonds created after Ar bombardment during APT. The F
depth profile is shifted towards the surface after APT, showing the depth of the
regions with additional dangling bonds created by APT and F incorporation
is shallow. This helps in maintaining mobility of 2DEG as F is further away
from it. The dip in O intensity where the F is present indicates the replacement
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Fig. 11.38. The O 1s (binding energy = 532 eV) XPS spectra of the ALD-Al,O3 sample
with no plasma treatments (o), FPT (A), APT (), and combined Ar then F plasma
treatments (x).

of O atoms by the F atoms within the Al,O3 dielectric. Hence, it also indicates
a larger concentration of dangling bonds responsible for trap creation.

Although SIMS provides depth profile of F and O, it does not characterize
concentration of the types of bonds that are absent or present. It gives only a
good quantitative measure of F incorporation that creates dangling bonds and
hence traps. Hence, XPS characterization was performed on Samples B and D
to determine relative reduction in AI-O bonds through O 1s spectra in these
samples as shown in Fig. 11.38. The data shows that APT actually breaks a
lot of bonds and hence APT followed by FPT breaks much larger percentage
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of bonds. This gives an indication of the possibility that deeper traps could
arise due to the potential of trap formation at sites where more than one F
atom bonds with Al. It is thus important to find efficacy of Al-F bond forma-
tion when different treatments are used. Relative concentration of Al-O and
Al-F bonds formed was characterized by fitting broad Al 2p spectra to their
respective bond energy as shown is Fig. 11.39(a) and 11.39(b), respectively.
It is observed that about 20% Al-F bonds are formed when only FPT is per-
formed whereas this number increase to 36% when APT is performed prior
to FPT.

Although data from Fig. 11.39 clearly shows formation of more Al-F bonds
due to Ar pretreatment, it is not clear why it should lead to deeper traps and
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Fig. 11.39. The Al 2p XPS spectra of the ALD-AIl,O3 sample with (a) F plasma treat-
ment only and (b) Ar plasma treatment prior to the F plasma treatment. The measured
spectrum is fit with the superposition of spectra ( x ) consisting of A1-O (A) and AI-F (0J)
chemical bonding spectrum.
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not just increased trap concentration. Extracted trapped charge density in
Fig. 11.36 not only shows increase trapped charge but also more trapping and
possibly trap creation at much deeper level. This, however, cannot be estab-
lished by the characterization methods as they do not reveal any information
on traps, only on relative concentration of AI-O and Al-F bonds. Hence, this
needs to be explored through fundamental first principle based simulations.

The key basis of simulation is that the AI-F bonds and lack of Al-O bonds
leads to the defects or dangling bonds that form the traps to capture electrons.
To evaluate the formation of trap states in Al;O3 bandgap, the Schrodinger
equation incorporating the effect of defects needs to be numerically solved.
In simulation framework, the defects basically modify potential term in the
Hamiltonian of the perfect crystal through a defect potential contribution V.
The Schrodinger equation incorporating effect of traps (Hjalmarson et al.,
1980; Yu and Cardona, 2010) is expressed as (Hy + V)® = E®, where Hy
is the Hamiltonian of the perfect crystal, V is the potential of the defects,
® is the wave function, and E is its energy eigenvalue. As defects are linked
to more Al-F bond formation, the additional potential V arises from this
phenomenon. In reality, when any impurities are introduced to the perfect
lattice to substitute the host atoms, an additional potential V arises. It is related
to the difference in the atomic electronegativity between original element and
impurity atom. This new defect potential term leads to states in the bandgap
of Al;O3 host with finite Density of States (DOS) forming the trap centers
(Hjalmarson et al., 1980; Yu et al., 2010; Jaros, 1982). Hence, when more F
atoms with larger electronegativity (electronegativity = 3.98) (Housecroft and
Sharpe, 2008) substitute the O atoms (electronegativity = 3.44) (Housecroft
and Sharpe, 2008) with lower electronegativity to form increased number of
Al-F bonds by the APT-then-FPT treatments, a larger V is expected.

To study the relationship between the number of Al-F bonds to the
trap state distribution within the bandgap quantitatively, the atomistic
first-principle simulations were numerically carried out by the Gaussian 09
software (Frisch et al., 2009) for a primitive cell with 2 Al atoms bonded to a
mix of O and F when F is introduced by FPT. The accuracy of such simula-
tion is strongly dependent on basis set. The Eigen energies of Al,OFy lattice
cell with different amount of Al-F bonds were found with the Hartree—Fock
self-consistent method with the basis set of 6-31G for a good accuracy (Becke,
1988). Since we are exploring on a few atoms, it is reasonable to assume single
crystal representation which is randomly distributed to form thicker amor-
phous Al,O3.

The numerical solution predicts the; relative DOS data in pure ﬁAleg with
no impurities. It has energy bandgap (E) of 8.6¢eV, similar to the Eg of 8.7eV
for reported crystalline a-Al,O3 (Miyazaki, 2001). Also, there are no states
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Fig. 11.40. (a) The bonding schematic of the Al,O3, AlLO, sF, Al,O,F(I), and
Aly Oy F>(I1) primitive cells used in the Gaussian 09 simulation, where the dashed line
represents the bonds connecting with adjacent primitive cells. (b) The simulated total
DOS distribution of Al;OxFy along the energy band with the bandgap of Al;O3
indicated.

in the bandgap in this pure Al,O3 case. The bonding schematics of Al,OxFy
primitive cells explored in simulations are shown in Fig. 11.40. Each of the
O atoms at the cell edge is counted as 0.5 O in the cell formula as they are
shared with adjacent primitive cells within the actual amorphous Al,O3 grown
by ALD. The same bandgap (Eg) of 8.6¢eV is obtained for Al4Og and AlgO9
cluster simulations. Therefore, the same £ ¢ is obtained regardless of the simu-
lated cluster size suggesting that the simulation results can be safely extended
to larger Al,O3 thicknesses. Trap states in bandgap can be formed when the
proportion of AI-F bonds against the total amount of bonds used in the sim-
ulation were similar to the AI-F bond composition of 20% and 36% of the
samples that underwent FPT with (Sample D) and without (Sample B) APT
shown in Fig. 11.40(a) and (b) respectively.
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The simulated total relative DOS of the cells are plotted by the Multiwfn
wavefunction analyzer (Lu et al., 2015) in Fig. 11.40(b). For Al;O» 5F simula-
tion that has single AI-F bond percentage of 17% with three O atoms shared
with adjacent primitive cells, a symmetric trap state distribution with peak
DOS at trap energy level E1 of about 0.96eV below Ec is found in this case.
For Al,O;F, simulation with Al-F bond percentage of 33%, there are two
possible bonding structures. In one case, the two F atoms can be bonded with
the different Al atoms and it is denoted as Al,O»>F» (I). When the two F atoms
bond to same Al atoms, the structure is denoted as Al,O,>F, (II). Both of the
calculated Et levels are deeper than that of Al,O; 5F. Deepest Et of 1.44eV
is obtained for Al,O,F; (I) as the adjacency of the two F atoms provides the
strongest local defect potential which hinders electron de-trapping.

The simulation now clearly identifies role played by APT in deeper trap cre-
ation. As APT leads to formation of a larger number of dangling bonds before
FPT, the probability of two F atoms bonding to a single Al atom substantially
increases which shifts the trap energy states in the bandgap to deeper level.
Clearly, formation of any AI-F bond leads to trap states and a mix of shallow
and deeper traps is always obtained but APT facilitates formation of deeper
traps through more Al-F and AlF, bonds.

11.2.4. Concluding Remarks

The GaN case study clearly shows a highly exploratory attitude, and thorough
analysis is essential to successfully achieve desired innovative research goals.
The initial success of obtaining high positive threshold voltage through mul-
tiple plasma treatments on successive dielectric layers was clouded by its loss
at high temperature neutralizing the key advantage of GaN-based HEMTs.
However, sheer exploratory attitude and thorough investigation finally lead to
realization of a good GaN/AlGaN HEMT with high temperature threshold
voltage of 2.5V using a single additional process step in fabrication.

With this, full descriptions of the wide bandgap semiconductor power
device case studies is complete. In depth analysis using different characteriza-
tion methods is extremely helpful in determining mechanism behind success
of novel device and process design as in the case of APT before FPT in GaN
HEMTs.
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