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Preface

Subject and Purpose of This Book

Over the last decade a significant paradigm shift in systems and analog IC design
was initiated with new market demands and the availability of emerging technol-
ogies. The rapid evolution of the handheld and mobile device market segment,
dramatic increase of electronic content in automotive products, and the substantial
progress in industrial and medical applications created a new need for on-chip
protection against system level ESD stresses. The expansion of this trend is not
limited to only the ESD specification. Compliance with other, system level elec-
tromagnetic compatibility (EMC) standards might also be required. It can include
surge protection, EMI compatibility, overvoltage protection (OVP), and even added
ability to withstand longer electrical pulses specific to defibrillator equipment or
lightning strikes.

This new trend in combination with high level system on chip (SoC) and system
in package (SiP) integration, a substantial increase in data rates, electronic system
portability, lower power consumption, and lower operation voltages has initiated
intensive research and design activities. As a result, an understanding of the need
for development of the new test methodologies, adaptation of the system level test
standards and procedures toward the IC components, and ESD IP design on test
chips has significantly changed the ESD development landscape and the overall
research and development investment today. As a result, the engineering of new
high current capable ESD on-chip devices and more advanced transient voltage
suppressors (TVS) with precise electrical characteristics has emerged.

Essentially, a new on-chip system level protection ESD design culture has been
formed. It includes physical design of the high current capable devices taking into
account a variety of latchup and transient latchup scenarios, the print circuit board
(PCB) and future systems design, and the understanding of the correlation of the
characteristics of different devices, stress types, and setups. As an ultimate goal,
this activity is now targeting a new system-IC co-design approach. The creation of
this new system level ESD design culture is getting more and more acknowledged
not only by the authors of this book, but by many leading experts in the ESD, IC,
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and system design community. So far, however, the overall understanding of the
on-chip system level design is greatly dispersed across multiple papers, tutorials,
white papers, and IC product application notes.

With its main purpose, this book represents a first attempt to organize, to
structure, to simplify, and to bring to the reader the understanding of the major
aspects of this system level on-chip ESD design culture. The authors pursue this
attempt at the level of the most possible logical and simple way of understanding
that requires no specific previous knowledge which makes it compatible for a
broad audience.

During the work on this book the authors have made a joint effort to combine
and summarize their research and industrial design experience, accumulated in the
field, to bring the understanding to the next level. The material of this book is
composed to present the on-chip system level ESD design within the scope of five
chapters. They are logically focused on the introduction of the system level on chip
design principles, presentation of the major test methods, on-chip ESD design
solutions taking into account latchup phenomena, and finally on bringing the
outline for an IC-system co-design approach.

Although many original research papers are referenced across the book chapters,
the overall purpose of this book is not to deliver a review of the most up-to-date
publications or standards in the field. Instead, the challenging task, as targeted by
the authors, was to find and bring under each aspect or design step a logical
emphasis of the basic physical principles behind the solution, design, or method-
ology. This is done to enable readers to apply the in-depth physical understanding
generated by reading of the book material toward the solution of their own specific
system and chip ESD design problems. The authors expect that creativity and
innovation required for solving future system level ESD design problems will
be substantially supported by this book. In particular, the readers will see the
advantage of physical design approach supported by a mixed-mode device-circuit
simulation methodology that uses parameterized devices, circuits, and processes.

The authors carry on a genuine hope that this book will be found useful not only
by dedicated ESD design practitioners, but also by a broad audience of IC and
system designers, application and product engineers.

The Book Structure

The book has a five-chapter structure. The first introductory Chap. 1 defines major
principles and methodologies for the on-chip ESD design. Chapter 2 focuses on
ESD test standards and methods. Chapter 3 describes the device and clamp level
solutions for the on-chip system level ESD protection, which is extended in
Chap. 4 toward the remaining aspects of the chip design, latchup, and tran-
sient-induced latchup. Finally, Chap. 5 leverages the previous chapter’s knowledge
outlining the new chip-system co-design approach.
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The introductory Chap. | is an important step to understand the material of the
following chapters. The chapter sets the terminology that is used throughout the
book. It starts from the basic understanding of an ESD event as a transfer of energy
between two connected objects and continues with the description of the on-chip
ESD protection strategies as well as the differentiation of on-chip and off-chip
ESD protection approaches. A more detailed specification of the understanding for
the system level ESD pulses, standards, and test methods is further summarized in
Chap. 2. The material in Chap. 1 outlines an understanding that the demand of new
age electronics creates a significant design paradigm shift both in on-chip system
level design with integrated system level ESD protection devices and off-chip PCB
design. New precision Si TVS solutions provide now electrical characteristics for
significantly more accurate voltage clamping in comparison to the commonly used
polymer or zinc-oxide multilayer varistors under very low capacitive load. A more
detailed device level description for Si TVS devices is given in Chap. 3, while the
understanding of the on-chip and off-chip co-design aspects with Silicon TVS is
discussed in Chap. 5. An important aspect to pass certain system level tests is
related not only to power-off, but also to power-on stress conditions. Thus, those
pins need to be protected for an order of magnitude higher current level than the
standard component specifications Charge Device Model (CDM), Machine Model
(MM), and Human Body Model (HBM). Chapter 1 emphasizes that the ESD
“solutions” for the system are no longer a simple choice of a suppressor com-
ponent to be connected at the system port. An effective solution requires the
application of a design methodology that takes into account the layout of the
circuit board, the electrical characteristics of the suppressor, and the ESD char-
acteristics of the IC itself. The chapter also brings up a number of design aspects
that should be taken into account during the challenging design of a functional and
reliable product. An elevating complexity of the required design solutions requires
innovation and novel approaches.

The last two sections of Chap. 1 introduce two key simulation methodologies to
support physical ESD design relying on the ESD compact modeling and the new
Technology CAD approach based on the parameterized mixed-mode analysis with
the DECIMM tool. The approach enables an automated mixed-mode device-
circuit analysis with both parameterized process profiles and device templates.

After the main terminology and the direction of the book is set, Chap. 2 brings
the background for the physical aspects of key test methodologies and their
applications for the on-chip ESD system level design at each development stage.
Focus is made on the understanding of the ESD gun testing on board level,
followed by the package and wafer level test methods toward an approach for a
more effective on-chip design. This chapter focuses first of all on system level tests
like the commonly used IEC 61000-4-2 and ISO 10605 standards. This material is
followed by the explanation of the key methodological approach of Human Metal
Model (HMM) testing, which is the first component-level emulation of system
level ESD stress. For completeness, the chapter covers the understanding of other
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practically used test methods for the on-chip design as the transmission line pulse
methodology (TLP), ESD waveform capturing and analysis, and the physical bases
behind the correlation factors for different pulses, device types, and test conditions.
The testing methodologies presented in this chapter are widely applied in the
remaining chapters of the book.

On-chip ESD solutions and the process technology aspects are discussed in
Chap. 3. The chapter targets a structured and logical understanding of rather
cross-disciplinary subjects required for the successful design of pins protected with
system level requirements. These topics include principles of ESD device opera-
tion in the breakdown state, under injection and conductivity modulation condi-
tions, clamp layout design, process technology options, the safe-operation area
(SOA), the self-protection capability of standard devices, and the co-design of the
on-chip ESD network and analog internal circuit blocks. Thus, the chapter chal-
lenges the structural presentation of the high-level introductory material for device
design, the ESD devices, and clamp design principles specific for rather advanced
system level on-chip protection. The major challenge, covered here is the high
voltage (HV) system level ESD cell design focused on achieving the proper
pulsed-type independent width scaling for high current performance, taking
advantage from available process technology features. The nonlinear effects
impacting the performance of the structure due to current crowding, improperly
balanced layout, the multifinger turn-on effect, or an undedicated “sneak” current
path formed in a particular cell and product layout are discussed. The chapter is
based on a substantial physical experimental verification and validation of the final
solutions, TCAD mixed-mode analysis of the ESD devices, clamp circuits, and
analog peripheral circuit blocks based on the new approach enabled by the
DECIMM™ tool [19, 20]. The chapter concludes by a discussion of the critical
topic related to process capability for ESD solution design and confidence of ESD
protection window targeting.

In wafer-level packaging (or micro surface mounting devices) design, the flip
chip bonding bumps is evenly distributed on the top of the entire active layout
area. At a high current from a system level ESD event, the injection from an
analog circuit clamp area can disturb the operation of many more connected active
devices. A “sneak” latchup current path can form deep inside the layout of the
internal circuit components. Therefore, clamp latchup isolation is an important
part of the design. These latchup phenomena are summarized in Chap. 4 as a
logical continuation of the previous chapter’s material. The key point of Chap. 4 is
that the chip-level integration of a validated standalone ESD clamp for system
level requirements is not a simple problem. Application specifications and chip
functionality need to be thoroughly taken into account to avoid clamp interaction
with internal circuit blocks during both system level ESD stress and normal
operation. In high injection conditions induced by the system level ESD current,
parasitic devices capable of supporting the conductivity modulation regime may
also turn on. From this perspective, a system level ESD event in power-on
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conditions can conceptually be treated as similar to latchup phenomena. Here,
differentiation is done between three major latchup scenarios that represent
physically different phenomena. The conventional CMOS Latch-up is represented
as a high-current turn-on of a parasitic SCR formed by a PMOS-NMOS inverter
pair as a result of current injection in the form of two subcases: an I/O buffer with
internal injection and a core circuit with injection from a remote injector. The HV
Nepi-to-Nepi Latch-up, the turn-on of the parasitic n-p-n structure in a high current
state, is a result of the current injection in one of the pockets. The understanding of
the electron injection from a low-side pocket and the hole injection from a
high-side pocket are explained. Finally, the Transient induced Latch-up is intro-
duced as a combination of the physical phenomena where the ESD clamp turns on
as a result of a short-term voltage overstress. Thus the chapter covers many
important industrial design aspects that make a bridge for on-chip integration of
validated standalone ESD clamps, taking into account the chip functionality,
internal circuit blocks interaction, during both system level ESD stress and normal
operation. The latter is demonstrated on the example of a highly integrated
smart-power IC with a CAN transceiver.

The final Chap. 5 combines the tools and methodologies of the previous chapters
to develop an effective and robust ESD co-design for system level IC pins and
systems. The chosen approach combines transient device characterization with test
boards and on-wafer setups, and device and circuit simulations. The combination of
simulations and on-wafer characterization enables the design and verification of
system level ESD protection solutions during an early stage of the IC design and
even long before a final system is designed or built. The first section introduces the
available off-chip ESD protection devices. This is followed by a study of the
available simulation tools for the ESD protection design. Methodologies and
examples for the device and circuit modeling are provided. The simulation models
are used for two system level ESD design methodologies: datasheet-based design
and co-design. The required input for each methodology is discussed together with
the advantages and disadvantages of each methodology. Through several case
studies, recommendations for the design of ESD protection structures for system
level IC pins are provided. The chapter concludes with a comparison, bench-
marking, and discussion of the introduced design methodologies. Simulations and
transient device characterization are essential for the analysis and development of
ESD protection solutions for system level IC pins. ESD device models can be
simplified to reduce the modeling effort and the simulation time of large protection
networks. Mixed-mode ESD simulations enable higher accuracy or the simulation
of devices with a complex behavior during ESD stress. Highly accurate FEM
models allow the simulation and extraction of the device behavior in the transient
domain. SPICE and compact models can be added to the mixed-mode simulation
setup to enable circuit-like simulations. The presented simulation approaches are
applied to different case studies to analyze and benchmark system level ESD design
concepts. The chapter introduces the datasheet-based system design with TVS
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on-PCB components as a methodology which is based on designs experience or the
request of higher ESD protection level by the IC supplier. The application of the
datasheet-based approach leads in many cases either to an overdesign on the system
side and/or costly overdesigned ESD protection solution on IC-level. In some
applications this approach can create additional challenges to design simulta-
neously an ESD robust and functional system. As a result many more off-chip
components than necessary might be added.

The alternative methodology is an [IC-system co-design approach which
involves obtaining the pulsed device characteristics. TLP testing and TLP I-V
curves are used to provide information about the on-chip and off-chip ESD pro-
tection to the system designer. The material in this chapter is greatly based on case
studies which combine TLP testing results with transient simulations required to
identify the transient behavior of the on-chip and off-chip ESD protection devices
during system level ESD stress. An important extension of the IC-system co-design
methodology is achieved by adding extensive HMM characterization data,
obtained from the external IC pins to the design flow. The information is used to
verify if the residual currents into the on-chip ESD protection do not exceed the
standalone HMM failure level. It is concluded that the co-design approach will
stay as a challenge for future SiP and SoC due to the continued scaling of CMOS
technologies, novel device concepts like 3D transistors (multi-gate-FET, FINFET),
as well as new integration principles like 2.5 and 3D integration which are defined
with new backend of line structures like through-silicon-vias.
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Chapter 1
System Level ESD Design

1.1 Understanding of ESD Events
1.1.1 IC and System-Level ESD Stress

An ESD event represents the transfer of energy between two connected objects
with different electrostatic potentials until the potentials become equal or the
connection is removed. The “connection” assumes the current path provided by
any media including air. An ESD event results in a decaying current pulse pro-
portional to the level of the electrostatic potential difference and the rise time and
current level determined by the impedance of the connection. The transfer occurs
either through contact or via an ionized ambient discharge (a spark). This transfer
is modeled in various standard circuit models for testing the compliance of device
to corresponding passing level. Typically, these models use a capacitor charged to
a given ESD pulse voltage and a network which acts as a current-limiting resistor
(or ambient air condition) accompanied by inductive and capacitive loads to
control the pulse rise time and waveform parameters. The specifications of the
ESD pulses, standards and test methods are summarized in Chap. 2.

ESD transient current pulses have ~ 1-200 ns duration with the rise times from
a few hundreds picoseconds to a few tenths of nanoseconds and current amplitudes
from ~1 to over 50 A. Unless special protection measures are taken, at certain
critical amplitude the ESD transient current pulses may directly impact the reli-
ability of both the systems and components. This can result in a reduction of the
manufacturing yield or loss of consumer products.

In real life, ESD discharges can strike the system or devices during their
product lifetime by the end user, during manufacturing and assembly or mainte-
nance, as a result of a discharge after triboelectric charging, interfacing with other
charged systems or devices in form of mechanical connection of the conducting
surfaces or by air discharge. For example connecting charged cables or connectors
to a system input and output port can create a discharge current that must be
dissipated inside a system through a dedicated ESD current path (Fig. 1.1).

V. Vashchenko and M. Scholz, System Level ESD Protection, 1
DOI: 10.1007/978-3-319-03221-4_1, © Springer International Publishing Switzerland 2014


http://dx.doi.org/10.1007/978-3-319-03221-4_2

2 1 System Level ESD Design
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The clamping voltage and residual current realized in an IC are functions of the
breakdown voltage and the dynamic resistance of the protection device. The
clamping voltage can be extrapolated by multiplying the current on dynamic on-
resistance of the circuit involved in the ESD current path.

To guarantee the reliability and certify of the systems both the component and
system-level ESD qualification tests are carried out based on a set of corre-
sponding standardization documents. This qualification tests conduction is an
undividable part of both the IC and system design and production. Passing these
tests is a requirement to obtain different product certifications, for example the CE
mark in Europe, necessary for the introduction of products in the consumer market.

Meantime the ESD protection strategy itself is based on a rather simple
approach. It consists of an implementation of a dedicated current path for the
discharge by means of either on-chip protection structures in case of IC compo-
nents or/and embedded into a system ESD protection network. The network
protects the system itself in addition to other isolation measures. This protection
network is usually composed using active and passive on-chip and off-chip on
board components. Altogether the components and interconnects essentially rep-
resent a pulsed power network circuit that remains passive during normal opera-
tion, but becomes active during ESD pulse providing the discharge current path.
The ESD pulse protection network activation is typically realized by a combina-
tion of the rise time and overvoltage detection. In this case on-chip and off-chip
ESD protection network components turn on if a critical voltage at the IC pins or
system ports exceeds a certain threshold value.

1.1.2 Trends in the IC Component and System ESD Design

The level of ESD that an end-user can generate and introduce into an electronic
system product during its lifetime is much more severe than the typical level
generated in a controlled manufacturing environment. Moreover, since the intro-
duction of the S20.20 procedure [1] in year 1993, the ESD pulse levels detected in
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real ESD controlled environments have a continuously reduced trend. As a result,
the EOS/ESD Association (ESDA) has proposed a corresponding reduction of the
qualification requirements (Fig. 1.2). This initiative has not been fully accepted by
the industry yet and the standard corporate requirements from IC manufacturers
and particular product specifications are often dictated by customers. They typi-
cally include 2 kV HBM and 100-200 V MM ESD pulses for the component-
level. However, the fact of the significant reduction of the ESD stress event
amplitudes in the ESD protected areas hardly causes any doubts and it is widely
used at least for the passing level waiver justification.

ESD control programs significantly reduce the accumulation of charges in a
manufacturing place. For example in case “A” (Fig. 1.3) the voltage on the person
is measured when no specific ESD control method is in place. It can reach over
2 kV. If the manufacturing place is equipped with an ESD floor the electrostatic
induced voltage is reduced down to ~200 V level (“B”, Fig. 1.3). If the operators
wear ESD footwear the walking on the ESD floor generates only ~20 V (“C”,
Fig. 1.3). Thus the voltages generated by the person can be reduced by two orders
of magnitude by implementation of the ESD control programs.

An opposite trend over recent two decades was observed for the system-level
protection where a number of new standards have been introduced to support the
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Fig. 1.4 Illustration of the robust system-level design approach for automotive products

elevated ESD protection requirements of systems. One of the typical examples is
to address requirement for zero defect part per million failure rate in automotive
applications (Fig. 1.4). In addition to the system level ESD pulses a number of
new for IC manufacturing standards have been propagated down to the component
level. This includes power surge specifications (Chap. 2). Thus a major paradigm
shift had occurred when these, originally system-level standards, have been
propagated down to the requirements of the passing level of selected pins of IC
components.

To some extent the emphasis on ESD protection has been shifted from the chip-
level ESD robustness to the system robustness. In the past the original attempt to
address this was made by intuitive requirements of just a higher passing level of
the standard component-level ESD tests. The IC manufacturers were requested to
supply IC with some pins protected up to for example 8 kV or even 15 kV HBM.
Even today such an unreasonably high (comparing to Fig. 1.2) components HBM
stress level can be found in datasheets of some new product listed together with the
system level passing data. However, the passing level for the specific system-level
standard pulses became a dominant approach.

In general the component passing level for CDM, MM and HBM standard
pulses at the chip level do not guarantee a system-level added robustness of the IC.
The discharge through the IC during chip-level ESD qualification is applied in
power-off conditions. In general the resultant ESD current path is not the same
during a system-level ESD test in a powered-up system. Therefore the capability
of IC to withstand at least a fraction of the system-level ESD current needs to be
verified. This should be done for the IC pins directly interfacing with the system
ports unless a board-level ESD protection network guarantees the appropriate
limitation of the current into the IC pin.

The original purpose of the chip level verification is to guarantee the reliability
of the chip itself during the manufacturing processes and assembly of the system
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itself, rather than during the life cycle of the system in the field. A system might
experience rather high failure rates in the field and unlikely will pass certification
unless the system is specifically designed to dissipate any ESD discharge by an
intentional implementation of a system-level ESD protection network.

The most optimal design approach today to implement ESD robust system-level
design involves both the IC component and the system board protection levels.
On-chip ESD protection network is typically composed of ESD clamps, diodes,
self-protected power devices and robust metal busses and interconnects to conduct
the component-level ESD currents. The system-level ESD protection networks
rely on passive components in addition to optional transient voltage suppressors
(TVS). The major strategies to combine both networks will be reviewed in the
following two sections.

There are two important trends leading to fundamental changes in ESD pro-
tection strategies at the system design level—increased susceptibility of system-
level ICs to ESD with migration toward more advanced process technology nodes
and increasingly stringent signal integrity requirements as data rates continuously
increase [3].

The traditional approach to deal with higher data rates is to reduce the
capacitive load in the transmission line. This includes the capacitance of the ESD
protection device. However the capacitance of the ESD device is proportional to
the device active regions width. A reduction of the ESD protection capability of
the device is an expected undesired side effect. As a result, system designers
become under pressure to make tradeoffs between their system reliability and
signal integrity or involve matching networks and ESD protection co-design
strategies.

For certain signal integrity requirements the traditional system-level ESD
approach cannot deliver suitable protection solutions due to the limitation in the
semiconductor process technology used. Therefore an off-chip ESD protection
design becomes unavoidable. In general the clamping voltages and residual current
levels that were acceptable in previous generation of application specific ICs are
no longer suitable for the new generation circuits implemented in the scaled
semiconductor processes. Adoption of high speed data interfaces USB, HDMI and
Display Ports adds to the complexity of maintaining the signal integrity under
robust ESD protection. Similar trends can be observed in RF antennas, automotive
networks, medical, industrial and even emerging servers for cloud computing
applications.

The changes of the application environments directly contribute to the ESD
vulnerability. For example various handheld and mobile devices are now being
used in everyday harsh and uncontrolled environments with real life ESD events
generating system-level ESD pulses up to 30 kV, power surge and EMI. The
devices must regularly withstand multiple cable connections and disconnections to
the system ports, accumulation by the isolated portable device triboelectric charges
in different application conditions like for example in the pocket of a running or
biking person.
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With traditional ESD architectures, an inverse relationship between robust ESD
protection and low parasitic capacitance negatively impacts the signal integrity.
This results in an increasing difficulty of maintaining capacitance and impedance
matching. On the other hand, the combination of multiple specifications, standards
and testing criteria are often quite cumbersome. Identifying which ESD protection
approach and device provides the best results is rather difficult due to unclear
voltage clamping waveform realized by the off-chip devices under system-level
ESD discharge conditions and by the on-chip devices at the residual current
propagated to the IC pin.

1.2 On-Chip ESD Protection Strategies

The original role of an on-chip ESD protection is to guarantee that an IC is capable
of withstanding the ESD stress through its entire manufacturing process in an ESD
Protected Area (EPA). This includes both chip foundry and system assembly.
Respectively the qualification of each chip includes requirements for certain
passing level for the pulses defined by the various standards. The component level
standards have been established to verify the immunity of the IC’s in the con-
trolled ESD environment. The major standards include: The Charged Device
Model (CDM), Machine Model (MM) and Human Body Model (HBM) (Fig. 1.5).

CDM testing verifies the susceptibility of the IC to a discharge event from the
charged package to a grounded metal object. This pulse has a fast rise time
~ 100 ps, very short 1-5 ns, and its amplitude is proportional to the IC component
size. The IC package can accumulate charges at a given electrical potential. The
typical test levels for CDM are between 250 and 750 V.

The MM ESD event physically represents the discharge of pre-charged metal
tools that are suddenly connected to an IC pin. It is assumed that the IC has
connection to the discharge ground path. Due to inductance of the metal tool the
pulse has an oscillatory waveform. It is expected that in an EPA the metal tools
unlikely can be charged up to a too large electrical potential due to their low
resistance and if proper grounding procedures are in place. Therefore typical test
level for MM is either 100 or 200 V. The 200 V pulse produces ~3 A peak
current.

The HBM standard physically represents the discharge of a charged person to
an IC pin with another IC pin grounded. It is agreed that the electrostatic potential
generated by person within EPA is between 0.5 and 2 kV. The generated current
pulse is limited by a 1.5 kQ discharge resistance which results in a peak current of
~1.33 A for a stress level of 2 kV.

These IC component test voltage levels (Fig. 1.2) are only meaningful in a
controlled manufacturing environment within an EPA, where precautions are taken
to ensure that static electricity levels on personnel and equipment are minimized.
System-level stress pulses at the same pre-charge voltage result in significantly
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larger pulsed current amplitudes (Fig. 1.5) and total charges (Fig. 1.6). The sys-
tem-level standards are discussed in details in Chap. 2.

On-chip ESD protection network is represented by an embedded power circuits
that provide different reversible current paths for each IC pin-to-pin combination.
At the discharge through these current paths an appropriate voltage limitation is
realized in order to prevent any irreversible changes of the protected internal
circuit. In spite of the high variety of analog circuits, the network can be con-
structed based on rather common simple principles. Typically networks are dif-
ferentiated as the local clamp based or as the rail-based network. The first may also
include self-protection capability of the on-chip active circuit components.

The local protection network relies on a dedicated ESD protection clamp
attached either between the protected IC pin and IC ground or between two IC
pins. In this case the current path is expected to be realized for each pin to pin
combination through the local clamp. The alternative rail-based network delivers
the protection of the same power domain IC pins through the diodes connected to
the ESDPLUS and ESDMINUS rails with core clamp connected. The current path
between two pins is realized through the diode and the core clamp network. Both
approaches have advantages and drawbacks (Table 1.1).
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Table 1.1 Comparison of two major ESD protection strategies

Local clamp network Rail-based network
Advantages: Independent of bus resistance  Area efficient
Local to every pin Highly process portable
Suitable for multiple pin count SPICE-based design
Does not require pad ring Optimal for small pin count IC
SoC and system-level design
Drawbacks More area intensive Performance based on
Highly process sensitive bus resistance
Difficult to simulate and account Distributed ESD network requires complex chip
for “sneak” current path level implementation and verification

Design of the ESD protection network includes an appropriate selection of ESD
clamps developed for a given process as an intellectual property (IP) and com-
patible with the process design kit (PDK), design metallization routing adequate to
conduct the large ESD currents, and accounting for the alternative current path(s)
throughout the internal blocks of the analog circuitry. The choice of the local or
rail-based clamps for different power domains is an application-specific task. Due
to interaction of analog I/O blocks with the active internal circuitry both mixed-
mode simulations and circuit ESD simulations with compact modeling tools are
used to provide an important design verification and optimization.

Overall on-chip ESD protection network strategies are described in details in
[5]. The major function of the network is to react on high transient voltages by
enabling a discharge current path. Depending on the internal circuit specifications,
both transient-triggered and voltage-reference ESD clamps can be used to
implement the on-chip protection network. Design of the protection clamps for the
component-level specifications is broadly discussed in [5]. The specific of ESD
clamp design for system-level pins is discussed in Chap. 3.

The term ESD pad ring is often used in digital circuit design or in small pin
count analog circuits where the periphery of the chip is used for I/O and power
supply pads, ESD clamps and I/O circuit placement. Any ESD pad ring includes
pads and a distributed ESD protection circuit created near the pads from a com-
bination of cells. ESD protection network components can be embedded in the I[/O
cells too. In most cases, the ESD pad ring can be decoupled from the internal
circuitry and then practically reused to support different internal circuit blocks.

For analog circuits, understanding of the ESD pad ring design is not always as
straightforward as for digital circuits. The complexity is the result of a greater level
of interaction of the current path with the internal power circuit. Often, an analog
circuit pin can interface with many connected active devices. Thus inside of the
internal circuit some, especially power, components may see a significant residual
ESD stress.

In the case of micro SMD or wafer level flip chip packaging design the bump pads
are arranged in form of ball grid array on top of the whole silicon die area. In this flip-
chip package the implementation of the ESD pad ring becomes impractical.
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Although ESD network generally may not be decoupled from the internal analog
integrated circuit the ESD current path and voltage limitation can be still analyzed to
a certain level using hierarchical and mixed-mode simulation methods.

Depending on the internal circuit design, the absolute maximum voltage of the
internal components may significantly vary due to different coupling of the control
electrodes of the output devices. From this prospective, power analog circuits and
ESD protection networks often may require custom co-design, especially when
system-level requirements are specified for certain IC pins.

1.2.1 Rail-Based ESD Protection Network

To pass the ESD qualification each IC pin must rely on either self-protected by the
internal power devices or must be connected to the ESD protection network. Local
ESD protection is independent of bus resistance, as well as of other network
components. It provides a relatively easy accountable local voltage waveform at
every pin. But it is not an optimal space-saving solution and more process-sen-
sitive especially in case of high voltage tolerant analog IC pins.

In general a rail-based ESD protection network can be composed of diodes and
so-called core clamps connected between ESD rails. In principle ESD rails can
share the power supply busses or be independent from them. The core clamps can
have either snapback or non-snapback characteristics. However when snapback
clamps are used the total accumulated voltage drop might become excessive to
limit the voltage at the pin at the appropriate level. Therefore the approach has a
limited use, for example for amplifiers with large ESD protection windows.

Rail-based protection can be implemented with the core clamp acting either as a
power and core clamp or just as a core clamp. In the first case the ESDPLUS and
ESDMINUS rails are the same as ground and power supply, for example VDD and
VSS (Fig. 1.7a). For the core clamp functionality the power supply can be con-
nected similarly to the I/O through the rail diode pair (Fig. 1.7b). In this case, if an
active clamp is used, a charge “bleeding” resistor must be used from the ESD-
PLUS rail to any other pad in order to avoid the internal charge accumulation and
corresponding disabling of the active clamp as a result of multiple ESD pulses.

A rail-based ESD network can be identified by the presence of ESD busses
(rails) with the shared core clamp and the ESD diodes connecting the other pins to
the rails unless the diode function is accomplished by the body diodes of the
appropriately large internal devices connected to the pin. ESD diodes can connect
input/output (I/O) pins or other control pins, including power supply pins. The
power supply pins connected to the rails typically share the metallization routing.
However, in principle, the network can be organized with ESDPLUS and ESD-
MINUS busses that separate the power supply and ground for the domain.

ESD protection can be embedded in the input/output (I/O) cells. Under this
approach, a set of ESD and latch-up rules must be taken into account to provide a
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non-conflicting operation of ESD elements and I/O cell components. The latch-up
physics and related design aspects are discussed in Chap. 4.

One of the major advantages of the active clamp network design is a direct
applicability of circuit analysis for ESD pulse operation with regular active device
compact models. In the case of the rail-based network, there are several steps in
the complex chip verification. They usually include: verification that every IC pin
has ESD protection; analysis of the dedicated ESD discharge paths and pin-to-pin
voltage drop; extraction and verification of interconnect robustness for the ESD
current density level (in contacts, metal and vias); verification of ESD cells types,
their dc voltage and pin signal tolerance as well as compliance with ESD design
guidelines.

In rail-based ESD protection, the ESD diodes are expected to conduct pulsed
ESD current only in the forward bias mode and have high reverse breakdown
voltage protected by the ESD network. To avoid interference with the major ESD
current path, the voltage tolerance of the ESD diodes is an important parameter.
An appropriate breakdown voltage of the rail-based protected domain—above the
power supply level—should be provided to avoid ESD diode burnout due to
avalanche breakdown mode and to minimize direct impact on circuit functionality
during normal operation.

An example of the simplified 4-pin rail-based circuit (Fig. 1.7a) combines the
protection of the input (INP), output (OUT), POWER, and ground (GND) pins.
Additional pins can be added to the network by reusing similar diode connections
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to the I/O pins. For each pin-to-pin combination the network delivers an ESD
current path through the forward-biased ESD diodes, corresponding parts of the
rails and the core power clamp. Both the high-voltage current path and the reverse
path through the clamp diode are realized in the power clamp. For example, at
positive ESD zap of INP versus OUT, the current path is formed through the upper
diode D1, the upper part of ESDPLUS bus, then through the snapback clamp, the
corresponding part of the ESDMINUS bus, and the forward-bias diode D4.

Rail resistance should also be taken into account at ESD current level, the total
voltage drop on the circuit and the voltage drop at each pin relative to the ground
can be estimated for the clamp voltage drop V, forward-biased diodes voltage
drop V), and the contribution of bus resistances Rgsp and Rgsp_ depending on the
current path (Table 1.2). Certainly more complex multiple pin count cases require
CAD automation tools for the automatic extraction of multiple current path
resistances [6].

In the distributed network the clamp components can be shared. For example
the distributed core active clamp includes multiple instances of NMOS arrays with
shared RC-timer (Fig. 1.8). The advantageous low on-state resistance of the dis-
tributed network of RC-controlled power NMOS devices delivers rather low
clamping voltages across the pad ring area that is proportional to the number of
distributed cells used.

If the system-level requirements are important the chip-level protection with
active clamps becomes rather challenging since active clamps are disabled when
the power supply voltage is present. To limit the voltage at the input pins, anti-
parallel diode clamps with a number of diodes that corresponds to the desired
differential signal level are used to protect the differential BJT input pins
(Fig. 1.9).

1.2.2 Local Clamp Network and Two Stage Protection

The rail-based network for IC inputs and outputs is usually inefficient in case of
system-level ESD stress due to the high voltage drop accumulated by the network.
Under power-on conditions the active clamp is disabled and thus may not suffi-
ciently react on the ESD pulse. Other cases preventing the active clamp approach
involve the protection of the pads with a voltage tolerance above the rating of the
available active devices, for example in the case of amplifiers realized in a 5 V
semiconductor process with high common mode 65 V tolerant differential input
pins connected to thin film input resistors [7]. Additional examples include circuit
pins with dual-direction high voltage tolerance. Protection solutions for such pins
may not tolerate the lower diode-to-ground rail and thus require also an exclusion
of the upper diode-to-power-supply rail. Therefore the local clamp approach
represents the only practical solution (Fig. 1.10). In the local ESD protection
network approach every pin is protected by a dedicated local ESD clamp that
delivers a current path either from pin to the ground or directly another pin.
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A two-stage on-chip ESD protection principle is applicable for local clamp
protection. In general the two-stage network consists of a combination of two ESD
clamps separated by a resistive current path or a delay component. The resistor-
based two-stage network (Fig. 1.11a) combines the primary clamp that limits the
operational voltage to Vp, while the smaller secondary clamp limits the voltage at
the internal node to V,. The second stage resistor Ry is selected depending on the
second stage clamp current I»: Rg = (Vp— V))/Ic,. The two stage clamp is very
efficient in filtering the short pulse overstress which is typical for CDM events due
to the R¢C, time constant. C; is the equivalent capacitance of the internal node. The
use of secondary clamp becomes optional if the internal device can support an
adequate pulsed current level.

The two-stage protection against system-level ESD pulses is similarly applied
both on-chip and on board. On PCB the advantage lies in the high capacitance and
inductances of discrete components, while transient voltage suppressor may
function as a primary protection stage.

An example of the two stage network is a first stage snapback clamp separated
by a resistor from a second stage and a voltage limiting avalanche diode
(Fig. 1.11b) or two stage diodes with a matching resistor (Fig. 1.11c). The primary
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Fig. 1.11 Two-stage ESD protection for CMOS input (a), the local based network with the
second stage avalanche diode (b) and ESD protection for a high-speed receiver with a two-stage
matching resistor (c)

clamp directly interfaces with the input PAD. It limits the voltage only to certain
extent and conducts the most of the ESD current. However the primary camp can
be designed to target the clamping voltage waveform only approximately. This
separated function is addressed by a more precise, but less robust secondary clamp.
The result of the separation of the current and voltage limiting function between
the local protection stages is an overall decrease of parasitic capacitance, leakage
and noise.
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An additional advantage can be taken from implementation of non-linear
resistors used in the stage. For example it can be implemented as a saturation
resistor (Rg Fig. 1.11a) that provides an additional voltage drop starting from some
saturation current level.

The principle of the two-stage network is widely used across both the com-
ponent and the system levels protection for inputs and outputs. In case of outputs
the internal circuit power arrays may provide an appropriate matching current for
the second stage protection even in cases where the stage separation is only
accomplished with metallization resistors (Fig. 1.12). The complexity of local
ESD protection is related to generally unknown conditions of the control elec-
trodes of the devices interfacing with the pad during ESD pulse. As a result the
triggering voltage of the internal devices can become comparable to the triggering
voltage characteristics of the ESD clamp.

Under power-on system-level test conditions the local snapback clamp needs to
be chosen by taking into account the potential transient latch-up issue. For
example various silicon controlled rectifier (SCR) devices (Chap. 3) generally
produce a relatively low holding voltage below the power supply level and thus
provide a latch-up risk.

The two-stage principle can be implemented also at the device level. An
example of a compact solution is represented by a three-terminal diode structure
(Fig. 1.13a, b). It incorporates two-sided diodes that form a three-terminal struc-
ture. One side of the diode is used for power ESD operation (a power diode
connected to the I/O pad) and the other side just holds the lower potential in the
internal circuitry (a potential diode connected to the internal circuitry). Both
internal diodes share the same well, thus creating a two-stage ESD protection
circuit with a corresponding “built-in” internal well-resistor. An important feature
of the diode structure is the internal potential sharing during ESD operation.

The ESD protection of the I/O pin can be realized using a corresponding circuit
presented in Fig. 1.13c. Operation of the two-stage components can be analyzed
using numerical simulations of the device cross-sections (Fig. 1.13d) demon-
strating over two time’s lower voltage at the internal node.

The two stage approach can be effectively used to resolve the issues in the
entire ESD pulse time domain. For example it can be used to limit the residual
voltage at the internal after the snapback device triggering off. This can be
illustrated by an “Erase” pin protection case in an EEPROM memory module with
external programming.
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voltage drop the pad at the internal node for the nWell diode as a function of the pad current (d)

The failure was observed in form of a reprogramming of the memory cells as a
result of ESD stress due to combination of the high residual voltages at the erase
pin with other nodes potential at the remaining ESD stress steps after ~ 800 ns
from the beginning of the pulse. The measured waveform at the original SCR-
based erase pin protection delivered different load dependent residual voltages
(Fig. 1.14). With the small load with only one EEPROM cell the reprograming as
a result of ESD stress was observed in comparison to the case of higher load with
48 EEPROM cells.

To reduce the residual voltage the original HV SCR based circuit (Fig. 1.15a)
has been modified with a second stage component and additional feedback loop
(Fig. 1.15b). An enable module has been added to disable the second stage
clamping during normal operation.

The local on-chip protection is not only limited by the local clamping of the
peripheral pins. In addition to the goal of achieving a good ESD performance the
local clamps can be included in the internal circuit. One of the most typical
examples of the impact of ESD stress on the internal pins in high voltage circuits is
the internal voltage regulator of low side control circuits, logic and drivers for
switching devices. Because of the relatively low impedance of internal regulators,
a second stage resistor often cannot be used in order to realize the two-stage
protection approach. As a result, the regulators can exhibit increased sensitivity to
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ESD damage and therefore must be designed to withstand certain ESD current
levels. Usually, the internally generated VDD voltage node requires an internal
voltage clamp capable of handling high ESD current. Such a clamp is applied even
if the VDD node is not connected to the external pin at all.

The most typical locations of failure in internal voltage regulator designs are the
high-side high-power components. In the high-side PMOS-based regulator the
high-voltage PMOS fails (Fig. 1.16a). In this case, the gate clamping diode may
not provide a substantial improvement (Fig. 1.16b). A similar ESD current failure
path was observed in bipolar and stacked regulators. In this case, due to the
domino effect, damage in both stacked components might be observed
(Fig. 1.16¢). ESD protection of the high-voltage PMOS used in VCC regulators
(Fig. 1.16) is based upon the expected ESD path formation between the VIN and
CBOOT pins.
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Fig. 1.17 Simplified circuit
of the DC-DC voltage
regulators with three possible
ESD current path scenarios
for VIN to CBOOT ESD zap

In general, there are three current paths that could be realized for ESD pulse
current (Fig. 1.17). The first current path is provided by the large switching
NLDMOS controlled by the driver. The NLDMOS turns on for a short period of
time due to the drain-gate coupling that may be sufficient enough to discharge the
ESD current. This current is directed to the switch pin SW, followed by the reverse
current path through the BOOST-SW clamps. The clamp’s reverse path ESD diode
provides this remaining current path. This current path is reversible in properly
designed ESD protection clamps. The second alternative current path is realized
through the high-voltage ESD clamp to the power ground, followed by the ESD
diode between the BOOST and ground. This current path is also reversible.

Finally, the third, and generally irreversible, current path is provided by the
high-voltage PMOS and other stacked components of the regulator (for example,
the NPN diode shown in Fig. 1.17) directly to BOOST pin. If this current path is
dominant, the PMOS is exposed to failure. This current path explains the scenario
demonstrated by Fig. 1.16a, b.

At low level of array coupling and a small ESD protection window, ESD
failures are related to the internal voltage regulators and they require product-
specific measures to overcome the triggering voltage variation in the HV ESD
protection VIN clamp, dependence of the NLDMOS array self-protection capa-
bilities upon layout and internal circuit driver design, variation of the pulsed SOA
of high-voltage PMOS and NLDMOS devices.

The specific way to improve ESD protection depends on the dominant ESD
current path realized in the particular product circuit. Perhaps, the first, most
logical solution is to improve ESD protection by reducing the VIN clamping
voltage to a lower level, thus limiting the voltage drop on the PMOS device.
However, this adjustment of the parameters of the high-voltage ESD protection
clamp might not be an option in case of relatively low safe-operating area (SOA)
margins of the power-optimized components. In this case, the most robust way is
to implement ESD oriented co-design of the VCC regulator, which provides a
much higher pulsed absolute maximum voltage for the circuit pins. Design mea-
sures may include stacked or oversized components or application of less power-
efficient components with higher voltage tolerance, if allowed by the process. To
protect the low side driver an additional internal power clamp may be required.
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1.2.3 Multiple Voltage Domains

When the analog circuit has different voltage domains, the ESD protection net-
work can be constructed using several approaches that depend on circuit specifi-
cations. The most typical example of a multiple voltage domain circuit is in the
combination of the digital, analog, and power domains. Since the ESD protection
of a chip is required to withstand each pin-to-pin combination, all domains should
be connected into a network.

Consider an example of analog and power domains. The inter-domain con-
nection in the network is usually realized between the power and analog grounds.
The simple reason for this arrangement is that the power supply voltages cannot be
shared. To avoid cross-talk due to the potential drop on the ground busses, the
grounds can be connected using a back-to-back diode clamp. This clamp decou-
ples the ground bus interference on the voltage drop on the forward-bias diodes
and, at the same time, will provide a low voltage drop at ESD current level
(Fig. 1.18). In this case, the stress on the pins from the different domains will
include the additional voltage drop on the diode. A similar approach is used in the
case of a two-voltage domain with a distributed active clamp network.

The case of back-drive compatible pins is one of the examples of when a rail-
based ESD protection network with diode clamps is not possible. The pin must be
independent from power and thus the diode-to-ESD+ rail is not suitable.

An example of multiple voltage domains with level shifts used in LCD display
applications is presented in Fig. 1.19. This application is designed to operate at a
substrate voltage of —8 V with power supply pins of —8, —6, 0, 6, and 12 V.

The analog circuit is completed using 3.3 and 6 V isolated CMOS devices. The
ESD protection network combines five blocks with separate ESD clamps: distributed
active clamp (AC) blocks, with a clamp width of W~ 500 um, Lg = 0.8 pm, and an
RC timer with RC = 4 ps; 6 VNMOS snapback clamp; dual-direction ESD devices
for 3.6 V inputs and dual-direction ESD devices for 20 V inputs (level shifter).

The £6 V-tolerant input pin V, is protected by the dual-direction DIAC ESD
clamp (Fig. 1.19) or by the substrate-isolated stacked back-to-back snapback
NMOS clamp. The parasitic resistance and parasitic diodes in the internal circuit
(Fig. 1.19, dotted lines) can provide the additional voltage drop and the alternative
current path, respectively. These parasitic components of the network should be
accounted for.

1.3 Off-Chip ESD Protection Strategies

Passing the component-level low energy ESD (CDM, MM, HBM) standard ESD
tests do not guarantee withstanding of high energy ESD transients introduced by
the system-level ESD pulses up to 30 kV in the field application that could impact
real products reliability. The most common test methodology to validate the ESD
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Fig. 1.18 ESD protection VDD1 VDD2
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network for LCD driver using
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immunity (susceptibility) of the products is IEC 61000-4-2 [8]. It defines the ESD
pulse waveform, voltage/current values, test conditions and procedures. The
standard is discussed in detail in the following Chap. 2.

The trend towards smaller form factors of the systems is propagated to the IC
product specifications and further supported by scaling of the semiconductor pro-
cesses down to the advanced technology nodes both for active devices and inter-
connects. The implementation of the power optimized high-speed circuits that
brings overall more susceptibility and damages at already low ESD stress levels.
Under those conditions the on-chip protection design for system-level ESD stress
becomes increasingly challenging. For many cases the off-chip protection becomes a
more cost effective approach. A detailed off-chip protection overview is described in
Chap. 5. In this introductory section some material towards an overall off-chip ESD
protection strategy is provided to help further understanding of the on-chip and
off-chip ESD protection aspects discussed in the following Chaps. 2 3 and 4.

1.3.1 Trend Toward High Level Integration: SoC and SiP

The trend towards high level of the system functional blocks integration on-chip
resulted in removing the barrier between the components and systems. System-
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Fig. 1.20 Illustration of
building blocks in a system
on a chip
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on-chip (SoC) and system-in-package (SiP) designs now can combine a variety of
analog and digital circuit blocks that directly interface with system ports. The trend is
supported by emerging manufacturing options like the 2.5D and 3D packaging
techniques. This creates a significant paradigm shift and in particular results in the
definition of system-levels ESD passing specifications for selected IC pins.

This trend requires the implementation and integration of different ESD design
strategies for RF, high-voltage analog, and low voltage digital circuits on the same
die or in the same IC package. While the majority of the SoC or SiP IC pins are
still required to pass only component-level ESD specifications, the presence of the
pins with system-level requirements significantly impacts the overall ESD design
strategy. This is mainly because of the possible interaction of the IC blocks.

Many of the SoCs are used in handheld and mobile devices like smart phones
and tablet computer. Next to the central processing unit (CPU) and memory
controller interfaces like USB and flash memory, the power management, display
and sensor ICs and the radio for wireless communication are integrated in one IC
(Fig. 1.20). The challenge of predicting the system-level ESD robustness of an IC
before it is mounted in a system is combined with the trend to minimize the
number of (off-chip) components in an application board. As a result IC suppliers
are expected to deliver system-level ESD robustness without a detailed knowledge
of the final application board, block or system design. At the same time the system
designers expect a more robust component (IC)-level ESD protection to ensure
higher system-level ESD robustness.

1.3.2 ESD Voltage Suppression

One of the major approaches for the off-chip protection is based on discrete ESD
pulse clamping components that act similarly to the on-chip protection clamps.
The off-chip protection strategy is significantly enhanced by the opportunity to use
different PCB components in the ESD protection network. Thus, in general the off-
chip ESD protection strategy is based on a similar to on-chip two- or multi-stage
distributed networks. The primary port protection usually relies on active discrete



1.3 Off-Chip ESD Protection Strategies 23

Fig. 1.21 Concept of Component-level ESD
system-level and component- ... =====
level ESD protection design: ! |

example of an application
board with IC, decoupling
network, off-chip ESD

protection and connectors

System-level ESD

Fig. 1.22 Tllustration of the (a)
system-level ESD protection
design concept for TVS
system-level off-chip ESD
protection of two circuits

(a) and a buffer amplifier (b)

w
z circuit 1 circuit 2
|

TVS Deso

ESD protection components, while the secondary network components are rep-
resented by either on PCB passive or on-chip active components (Fig. 1.21).

Off-chip protection can involve numerous options including isolation and fil-
tering circuits and transient voltage suppressor (TVS) components. The variety of
the suppression components includes multilayer varistors, silicon diodes or poly-
mer-based suppressors.
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System-level ESD protection is only implemented on the external IC pins that
typically include input, output and supply pins of ICs which are connected to a
system port. The internal pins usually do not require any additional off-chip ESD
protection. The ESD protection concept for the external IC pins integrates at the
system-level discrete off-chip ESD protection devices placed from the input and
supply connector to ground for the circuit 1, while circuit 2 remains not connected
to any system port (Fig 1.22a).

An example of the system-level ESD protection of a buffer amplifier for RF
applications is shown in Fig. 1.22b. It uses on-chip ESD protection diodes
“DESD” a power clamp “PC” and an off-chip TVS. The RF input of the amplifier
is protected on system-level with a TVS diode. The supply pins VCC positive and
VEE negative are protected using the board-level supply network with decoupling
capacitors. The amplifiers output pin is considered as an internal pin that requires
no system-level ESD protection device.

Suppression components protect the circuit by clamping the ESD voltage to a
safe level with respect to the protected circuit. Connected in parallel with the
signal lines (Fig. 1.23), the suppressors clamp the ESD voltage and shunt the
majority of the ESD current away from the protected chip to the appropriate
reference bus.

The intrinsic electrical characteristics of a TVS that must be considered are not
only the size, pin out, the leakage current, but must include the clamping voltage
waveform. Depending on the TVS the voltage waveform at the internal IC pin can
be substantially different and directly impact the passing level (Fig. 1.24).

Intentionally or unintentionally the end-result of the off-chip protection is
related to operation of both the off-chip and on-chip ESD protection components in
the same network. In the simplest case an additional isolation resistor between off-
chip and on-chip protection part of network can be added to limit the current into
the on-chip ESD protection (Fig 1.25a). A more efficient design example for
multi-stage ESD protection combines TVS diode, decoupling capacitor (Cx) and
ferrite bead (FB) (Fig. 1.25b). In this network the TVS component diverts to the
ground only part of the ESD current while the passive components in the
decoupling network act as a filter for the remaining residual current.
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From cost and performance perspective the number of ESD protection com-
ponents on board of system-level must be reduced. Thus, a logical approach is the
on-chip implementation of system-level ESD protection structures (Fig. 1.26).
The trade-off between the off- and on- chip ESD protection strategies is related to
the required on-chip area versus the cost of the PCB components assembly.

The latter is the major cost component since typically the cost of the discrete
components itself is rather low. An ESD clamp with an intrinsic current capability
of 5 mA/pm and passing 2 kV HBM in assumption of linear width scaling must be
designed at least 13 times wider to be able to pass 8 kV IEC 61000-4-2 stress. In
addition to the larger ESD clamp size also the metal routing needs to be improved
to carry safely the high system-level ESD stress current to the protection device.
The larger device and metal area goes along with a significant increase of the
overall parasitic capacitance. This aspect is discussed more in the following
section.

i
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In more details the on-chip design for the system-level pins from the protection
devices perspective is described in Chap. 3. The system-level ESD protection for
external IC pins with on-chip and off-chip protection devices is addressed in the
Chap. 5.

1.3.3 Capacitance and Signal Integrity

In the past ESD energy has been traditionally shunted away from the IC pins using
devices with equivalent capacitances of ~10-100 pF. Due to the trend towards
higher signal frequencies this parasitic capacitance level unfortunately introduces a
significant signal distortion. At the same time modern high speed data ports can
only tolerate a very limited increase of the line capacitance allocated for ESD
protection devices.

Implementation of the integrated on-chip ESD protection devices with a pulsed
current carrying capability of over 30 Amps and less than 1 pF equivalent
capacitance often is simply incompatible with the integrated process technology.
Indeed, to achieve a low equivalent capacitance the blocking junction requires the
incorporation of a rather large depletion region. For example to achieve a system-
level ESD robustness for an asymmetrical p-n junction with the 0.1 pF capacitance
and 5 V breakdown, the diode requires an isolated n-region of ~8 pum with the
doping level of ~1-15 cm ™ (Fig. 1.27).

This combination of parameters is hard to find in integrated processes, espe-
cially, if substrate isolation is required. Therefore for high data rate system-level
protection the main off-chip protection approach includes a discrete off-chip
suppressor with optimized characteristics based on its vertical device architecture.

For low signal frequencies the overall implementation of the protection with the
suppressor can utilize a separation between the signal frequency domain and any
undesired frequencies domains like EMI and ESD transient pulses. Thus the TVS
capacitance still enables filtering by forming a low band pass filter with the PCB
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Fig. 1.27 Depletion-layer width and depletion-layer capacitance per unit area as a function of
net potential for one-sided abrupt junctions in Si; doping N is from the lightly doped side; dashed
lines represent breakdown conditions [9]

trace inductance. In this case the suppressor provides both the clamping functions
for transient suppression and simultaneously EMI noise filtering against unwanted,
high-frequency signals that couple into the protected data line. For example the
headset terminals on a cell phone operate at relatively low audio frequency, while
the ESD and the cell phone operating frequencies (0.8—1.9 GHz) are much higher.
For these applications a high capacitance TVS can be a more appropriate choice to
provide system-level ESD protection by the filtering out the radiated cell phone
signals from the headset lines.

However, the advantages of low pass filtering are vanishing when the signal
data rate is high. The high-speed data lines include the USB2.0, IEEE 1394,
Gigabit Ethernet, and Infiniband protocols, etc. The data rates of all these protocols
exceed 100 Mbps to guarantee a high throughput for video, audio, and data sig-
nals. The corresponding wide bandwidth of the transmission line cannot tolerate
high TVS capacitances used for filtering, since the side-effect is a filtering of the
data signals themselves or distortion of data waveforms causing system
inoperability.

The distortion is realized in form of rounding leading and trailing edges of high/
low state transitions due to slower rise and fall times. The slower rise/fall times
introduce timing issues in the circuit functionality mixing the expected “high” and
“low” states at the specific times. With the signal components degradation, the
ability of the circuit to recognize the intended information is decreased making it
much harder to maintain the data signal integrity. Therefore over recent years a
number of low parasitic capacitance TVS components with the equivalent
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Fig. 1.28 Signal response waveforms of different devices and capacitors at USB 2.0 High Speed
at peak to peak voltage amplitude 480 mV and signal frequency at 480 Mbit/s from data [10]

capacitance ~0.1 pF have been developed and released by many industry leading
TVS production companies.

An example of the signal distortion by the discrete active and passive com-
ponents in case TVS devices and ceramic capacitors is presented in Fig. 1.28 for
the suppressor with 0.05 pF, ML ceramic capacitor of 1 pF, ML ceramic capacitor
of 10 pF and multilayer varistor of 660 pF [10].

For the 480 Mb/s data rate the 660 pF varistor capacitance causes a distortion that
completely prevents the reaching of the signal operating voltage. Even the capaci-
tance value of 10 pF is high enough to cause substantial distortion to the waveform,
the decrease in the amount of level time and significant changes in the leading and
trailing edge shapes. The capacitance value of 1 pF shows a small amount of edge
distortion, while the 0.05 pF capacitance value allows the data waveform to pass
without distortion. The rise time (10/90 %) data for each capacitance value for the
bit rate of 480 Mbps demonstrate the corresponding effect [10]. For the measure-
ment setup with either no devices or 0.05 pF Suppressor 10/90 % rise time was at
225 ps, while ceramic SMD capacitors of 1 and 10 pF impacted the rise time up to
275 and 526 ps, respectively. Thus the capacitance characteristic of an ESD sup-
pressor is extremely important when protecting high speed data lines to maintain the
integrity of high-speed data signals.

1.3.4 ESD Suppressor Considerations for Off-Chip Network

In addition to the two major factors, the clamping voltage waveforms and the
capacitance realized in the off-chip ESD protection network with transient voltage
suppressors (TVS), a number of other important considerations must be taken into
account.



1.3 Off-Chip ESD Protection Strategies 29

(a)

3: =TT T T T T

7 —— 100 ns 3

6F 1
<of - o
3 : g
E .E 2
33k E =

2f ]

1E ) P T

F 20 £ : ; Current
0 b = == mrrarill I I ! L 1y H A T
0 20 40 &0 80 100 0 50 100 150 200
Voltage [V] Tima [ns)

Fig. 1.29 TLP I-V characteristics (a) and 200 ns TLP voltage and current waveforms of varistor
S10k40 for the stress level 120 V with marked measurements windows I and II (b)

Some aspects of TVS device design are discussed in Chap. 3 and their appli-
cation for co-design in Chap. 5. The majority of TVS components can be subdi-
vided into three categories: polymer, varistor, and semiconductor diode
suppressors. The polymer suppressor diodes are based upon tunneling and
breakdown conductivity modulation effects between conductive nanoparticles
introduced into the polymer. They provide an advantage in extremely low parasitic
capacitance, but cannot limit voltage at low level. The varistors (or voltage var-
iable resistors) have different designs. Most of them are zinc oxide metal-oxide
varistors. The varistor operation principle is based upon the combination of
thermo-ionic emission and electron tunneling. The varistors are usually effective to
protect against very strong ESD events—for example street lights against lightning
strike. For the semiconductor systems the disadvantage of varistors is their high
capacitance and low amount of zaps they can withstand. Similar to polymer
suppressors the varistors clamping voltage is usually rather high.

For example varistors are made of metal electrodes and Zinc-oxide (ZnO)
ceramic layers. ZnO grains on the ceramic layer form diode-like junctions which
allow the flow of current only in one direction. During normal circuit operation the
varistor is off. The capacitance of a varistor is typically rather high due to the large
amount of junctions. The varistor starts conducting if during ESD stress the
breakdown voltage of the varistor is exceeded. The current conduction spreads
uniformly throughout the varistor which allows a very high robustness also to
surge currents. According to TLP characteristics the positive feedback in the
device does not provide S-shape -V characteristics (Fig. 1.29a) [5].

The clamping voltage in the I-V characteristics of the varistor varies with the
TLP stress duration is due relatively slow turn-on (Fig. 1.29b). After a TLP stress
of 100 ns the varistor is not reaching the quasi-static state. The large capacitance
varistors have a rather poor long-term reliability. After a few ESD zaps varistors
degradation can be noticed in form of an increased off-state leakage current.


http://dx.doi.org/10.1007/978-3-319-03221-4_3
http://dx.doi.org/10.1007/978-3-319-03221-4_5
http://dx.doi.org/10.1007/978-3-319-03221-4_5

30 1 System Level ESD Design

Another alternative solution—spark gap is usually composed by two electrodes
with a certain distance to each other. This “gap” is filled with air or another gas
that allows sparking between the two electrodes. When the (usually very high)
breakdown voltage is exceeded, the gas in between the electrodes becomes ionized
creating an arc discharge with low resistance. In addition to the high breakdown
voltage the spark gap needs a certain time for the ionization of the air or gas used.
This delays the breakdown or triggering of the spark gap. Ones triggered, spark
gaps show a “snapback-like” behavior with a very low clamping voltage. The use
of spark gaps and varistors can be justified mainly for high voltage application
with several hundreds of volts tolerance.

Similar characteristics are delivered by polymer voltage suppressor (PVS)
devices. The principle design is somewhat similar to a spark gap with the dis-
charge realization in a polymeric material instead of air. The polymer material has
a very low dielectric constant which results in a capacitance below 200 fF for a
device in SMDO0603 form factor. However the main drawback is related to high
triggering and clamping voltages above 100 V.

Passive board-level components were historically used as primary current path
components in system-level ESD protection. Two commonly used devices are
capacitors and ferrite beads. Both devices are able to either conduct or block the
ESD current by filtering.

A capacitor in parallel to an IC pin conducts large part of the ESD current under
very low clamping voltage. However, all discrete capacitors have metal electrodes
and pins with a parasitic inductance. An inductance of a few nH may be present
depending on the length of the connector pins and the design of the capacitor case.
The capacitor parasitic can cause an unwanted voltage drop across the ESD device
during the fast rising edge of ESD currents. These voltage peaks must be taken into
account when using a capacitor as an ESD protection device in parallel to an IC.

Ferrite beads are passive devices that represent a functionality similar to a band
pass filter. Depending on the ferrite bead model, either the lower frequency or the
higher frequency components of the ESD current are filtered. Ferrite beads are
used in series to the protected pin. Depending on the model, a ferrite bead can
suffer from saturation at large stress currents thus limiting its suitability for ESD
protection.

Table 1.3 summarizes the electrical parameters of the devices that can be used
for off-chip system-level ESD protection with the parameters: Rpy: on-resistance,
Vpp: DC breakdown voltage (at current / = 1 mA), Vu,,,: clamping voltage after
30 ns @ 8 kV IEC 61000-4-2, toy: turn-on time, C: at | MHz. TVS diodes trigger
at low breakdown voltages and are available with comparable low parasitic
capacitance. This makes them the most suitable candidates for the system-level
ESD protection for low-voltage and high-speed applications. For analog and high-
voltage applications high-breakdown TVS diodes, varistors and capacitors repre-
sent the most suitable off-chip protection devices.

When a TVS is chosen for appropriate suppression level and other electrical
characteristics including a good match with the system circuit parameters, the
remaining design steps include the choice of the on-board TVS location for most



1.3 Off-Chip ESD Protection Strategies 31

Table 1.3 Overview on electrical parameter of common system-level ESD protection devices

Ron (©) Vep (V) Vclamp (V) C (pF) ton (ns)
TVS diodes <1 >3 >10 >2 <1
1...15 >3 >10 <2 <1
Varistors >20 >30 >100 >2 <40
>20 >50 >200 <2 <40
Polymers <1 >250 >200 <0.1 >5
Capacitors <1 Full range <1
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Fig. 1.30 Simplified block diagram for protection with TVS on PCB (a) and corresponding
voltage waveforms measured at TVS and I/O nodes (b)

optimal performance to take advantage of the parasitic inductance of the PCB
traces.

Similar to capacitance, low frequency signals will be unaffected by the
inductance that is presented by the board traces. However, at high frequencies, the
inductance will be present as an impedance component that can affect signal
integrity: R; = wL. Even a relatively short trace inductance can provide rather high
impedance if the frequency is high enough. Therefore the more distance is between
the ESD suppressor and the protected chip pin on PCB the lower is the voltage at
the pin. In the diagram (Fig. 1.30a) the inductance LI physically represents a
connection between the port and the ESD suppressor; L2—between the ESD
suppressor and the I/O pin of the chip, L3—between the I/O line and the ESD
suppressor. This strategy provides a significant suppression of the voltage wave-
form at the IC pin (Fig. 1.30b).

The inductance L2 provides attenuation of the ESD pulse voltage and current as
the energy is stored and dissipated in the electromagnetic field around the board
trace. The attenuation of the ESD pulse propagates down the board trace. Thus the
TVS placement location is favorable to be installed at a connector which is usually
one entry point for ESD transients.
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In the case (Fig. 1.30) a TVS is chosen with a rather high voltage overshoot and
clamping voltage. The waveform at the suppressor for the 1 kV TLP pulse at the
connector has the measured peak voltage ~350 V and the holding voltage of 75 V.
It is clear that a voltage of 650 V at a PCB trace may create a substantial coupling at
high frequency. If a 3-inch long trace (L2) is connected to the ESD suppressor site
and the input pad for the IC the attenuation of the overshoot peak voltage is ~ 6 times
and “clamping” voltage is reduced from ~60 V to approximately 25 V. The
reduction corresponds to the frequency dependent impedance of the PCB line L2.

By increasing the trace length between the ESD suppressor and the chip the
stress at the IC pin can be dramatically reduced. The ESD suppressor should be
located directly behind the connector. It should be the first board-level component
that the ESD transient encounters.

Extrapolating this empirical analysis the optimal location can be derived as
follows:

(1) Inside connectors to the system shielding (chassis),

(ii) At the point where circuit board traces interact with the connector pins,
(iii) On the circuit board immediately behind the connector,

(iv) On robust, unprotected lines that may efficiently couple to I/O lines,
(v) Before a series resistive element on a data line,

(vi) Before a fan-out point on a data line,

(vii) Near the IC pin.

Another placement consideration is the distance from the board data signal
trace to the TVS itself represented by the inductance L3 (Fig. 1.29). This trace
inductance should be minimized to reduce the voltage drop in the signal line cross-
point of the circuit where all inductors are connected. If the L3 is high the TVS
becomes isolated from the signal line by the inductance impedance. Thus the ideal
placement for the TVS solder pad is on top of the data line trace.

Respectively the chassis or frame ground is expected to work as ESDMINUS
bus. To avoid the coupling the ESD stress signal with the data signal two different
current paths implemented by design is the most optimal approach. By referencing
the TVS to the chassis ground, unintentional noise effects and ground bounce can
be reduced to maintain signal integrity.

The most useful suppressors that started to dominate over recent year for
portable semiconductor systems are based on Si material. The design is somewhat
similar to other on-chip ESD devices combining the precise breakdown charac-
teristics and high performance with multiport integration. However most of the
design advantages can be taken from the discrete approach using vertical device
architecture supported by the dedicated process technology.

The comparison of the ESD protection devices using only data sheet parameters
with ESD level ratings and cost is not always optimal. For example, device “A”
may have in its datasheet a level of IEC 61000-4-2 robustness ~5 kV, while
device “B” can guarantee ~20 kV. However this range represents only the level
of survivability of the TVS devices rather than a diode clamping waveform
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characteristic. If device “A” provides a more appropriate ESD operation wave-
form the system design can be substantially better rather than when using device
“B”. At the same PCB trace connection the waveforms realized at the TVS
connection will determine the magnitude of the secondary current through the IC
pin.

Unless provided in the datasheet, the clamping voltage and residual current
estimation in the ESD time domain may not be simple. The clamping voltage
parameter in the suppressor datasheets, if it is present at all, might be misleading,
since it can only indicate the clamping voltage after the voltage overshoot at the
beginning of the ESD pulse. At the same time the residual current can be only
calculated based on the PCB trace design.

Polymer based TVS seem to be attractive for high-frequency applications due
to their low capacitance of 0.05-1.0 pF. However, they usually have triggering
voltages that are significantly higher than the clamping voltage. A typical poly-
meric suppressor breakdown is around 300-500 V with a clamping voltage after
the snap back of up to 150 V. In addition polymer suppressor may have a very
long recovery time up to a few hours of even a day to transit to the high-impedance
state after the ESD pulse.

Varistor type suppressors are low cost, but have too high triggering and
clamping voltages, as well as a high resistance. Typical low capacitance varistor
TVS have the clamping voltages range 150-500 V and a dynamic resistance of
above 20 Q. Another side effect is the possible degradation with multiple stresses.
Most varistors can reversibly operate for 10-20 zaps only.

The most optimal method used for systems ESD protection is based upon the
semiconductor TVS diodes. ESD protection diodes are characterized by low
clamping voltages, low resistance, fast turn-on times, and good ESD reliability. In
general, semiconductor diodes offer the best ESD protection, and now available
with capacitances below 0.1-1 pF to guarantee a good signal integrity.

Current industry practice is to publish clamping voltages based on a pulse with an
8 ps rise time and duration of 20 ps. This is the specification for the power surge
rather than ESD event. Most datasheets document clamping voltage using a 1 A
pulse and sometimes a higher current pulse as well. This pulse is not equivalent to a
fast transient ESD system level pulse with below 1 ns rise time and duration of
100-150 ns. The TVS clamping voltage during a level 4 IEC 61000-4-2 pulse with a
peak current of ~30 Amps is in general different from the microsecond time
domain at 1-3 A surge current provided in the TVS datasheet. Thus the IC-system
co-design methodologies involve additional pulsed characterization (Chap. 5)

In general, semiconductor diodes deliver the lowest peak clamping voltages,
while suppressors and polymers have significantly higher clamping voltage
characteristics. Typically the low voltage semiconductor TVS diodes are rated to
clamp the voltage at the level of 8—15 V range for 8 kV IEC 61000-4-2 stress. This
is achieved in significant contrast with varistor and polymer suppressors that can
have clamping voltages in the range of 150-500 V. Consequently the secondary
current through the IC pin depends on the dynamic resistance of the entire off-chip
network with the voltage limited by a TVS placed at the system port.
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There are various options available for ESD protection with Si suppressor devi-
ces: SCR diodes, TVS Avalanche diodes and punch-through BJT devices. The board-
level ESD protection design varies from system to system. Factors that influence the
design include board layout, the ESD capabilities of the IC, and the physical ability of
ESD transients to get on the data lines. Empirical testing can also be done to deter-
mine the system’s susceptibility. If it is determined that a supplemental ESD pro-
tection is desired, the next step is to identify the appropriate suppressor. There are
many characteristics that should be considered including: capacitance, peak and
clamping level, leakage current and the system operating voltage.

Another consideration is the number of lines to be protected. This is determined
by the system’s data protocol. For example, USB buses have two data lines, RS
485 uses two lines per differential pair, 10/100BaseT Ethernet uses four lines, etc.
In cases where multiple data lines are protected, it may be desirable to use a multi-
port suppressor to save board space and assembling costs.

Recognizing that a radically new approach is required to meet today’s ESD
requirements a number of companies has introduced the new Si TVS architecture
getting significantly better ESD performance than traditional off-chip ESD pro-
tection devices.

1.4 Network Simulation with ESD Compact Models

A significant progress in the predictability of system-level ESD design can be
achieved by circuit simulation when ESD compact models are available for the on-
chip and off-chip ESD devices. Typically ESD compact models are not provided in
a standard process design kit. However they can be developed using standard
device models and sub-circuit components to model snapback regimes with ava-
lanche breakdown and injection.

The sub-circuit components for ESD compact models include parasitic BJT
structures, an avalanche current source, and saturation resistors. Development of
the accurate snapback model is generally not an easy task. Due to complicated
extraction methods for ESD current conditions, the construction of the scalable
model requires advanced expertise in the field. One of the most helpful ways of
developing a snapback model is to use the physical process and device simulation
to generate the reference data for model extraction. Such an approach provides a
significant acceleration of the extraction procedures under reasonable accuracy.

The generated compact models can be used for both ESD and functional
simulations of large circuits, using standard circuit simulation tools such as
HSPICE and Spectre, as well as for mixed-mode simulators, for example using
DECIMM™ (see next section).

A number of original studies have been done to support the snapback model
development [11-15] including the snapback ESD compact model for a low-
voltage NMOS [15]. This section presents an understanding of a general approach
for custom ESD compact development principles to support the on-chip and
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off-chip ESD protection co-design. The following section is addressing the same
goal based on the alternative approach of mixed-mode device-circuit simulation.

1.4.1 ESD Compact Model for LV Devices

The simplest ESD compact model example is represented by the snapback NMOS
device. The cross-section and the equivalent circuit representing the low-voltage
NMOS device combines the standard NMOS represented by a non-snapback
N-MOSFET circuit model, calibrated for a particular technology node, the para-
sitic n-p-n BJT represented by the transistor compact model and the avalanche
current source (Fig. 1.31a). The bipolar device requires extraction of the current
gain, forward ideality factor, reverse ideality factor, equivalent high-current col-
lector resistor, and equivalent high-current emitter resistor [15].

The current-controlled voltage source VRSUB (Fig. 1.31b) represents the sub-
strate resistance modulation analytically implemented as

Ve — Isus(L + Ls + SWS)“fa-Rsub
Rsup — a_Rsub x W — b_Rsub % Isyp s

(1.1)

where L, Ls, SWS and W are geometrical structure parameters (Fig. 1.31), and
a_Rsub, b_Rsub, alfa_Rsub are extracted from the experimental data model
parameters [15]. The avalanche breakdown current source component lavc is
described by:

[avc - (Mb - I)Ic + (Mch - 1)’ch7 (]2>

where the current components /. and [, and M, and M., (Fig. 1.31) are the
avalanche multiplication factors due to the bulk and channel regions with a high
electric field in the vicinity of the drain-substrate junction depletion area.

The structure of the snapback PMOS model is essentially the same as that of the
NMOS model above, with the changes from NMOS to PMOS and NPN BJT to
PNP BJT.

The similar snapback NMOS module can be further reused in the compact
model for the LVTSCR ESD device. To provide SCR-type positive feedback on
the device level additional p-n-p BJT device is added in the sub-circuit (Fig. 1.32).
Together with already included in the circuit parasitic NPN, this circuit creates a
typical Ebers equivalent of an SCR. Additional components are the resistors:
Rbpnp to control the base resistance, Repnp to control the emitter resistance, and
Rcpnp to control the collector resistance of the effective PNP device. The
remaining components represent the part of the Pwell current (and associated
potential) that does not contribute to the operation of the NPN device and has a
rather large value.



36 1 System Level ESD Design

(b) | | |
S CH i1_out i1_in )
_» - !
. vl g
S | Re IC RC D
plus
lsus Vasus
+
e minus
SuB

Fig. 1.31 Cross-section and ESD layout parameters (a) and the equivalent circuit (b) for the
compact model with the avalanche current source AHDL of the snapback NMOS device

Fig. 1.32 Equivalent circuit
for an LVTSCR compact
model

1.4.2 ESD Compact Model for HV Devices

ESD compact models for extended drain high voltage devices can be composed
using the same sub-circuit approach. In case of NLDMOS (Fig. 1.33a) and
NLDMOS-SCR (Fig. 1.33b) devices the extraction of several important parame-
ters can be made using TLP I-V characteristics at different gate bias (Fig. 1.33c, d)
[16]. The equivalent circuits of the snapback compact models for the NLDMOS
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Fig. 1.33 Simplified cross-section of 12 V NLDNMOS (a) and 12 V/20 V NLDMOS-SCR
(b) devices and corresponding measured TLP characteristics (7, = 100 ns, tz = 10 ns) at
different gate bias for W = 200 pum (c, d). Simulation of the Kirk effect inside the NLDMOS
device as a change of impact ionization region localization for the condition of the avalanche
breakdown (e) and the high current in snapback mode (f)

and NLDMOS-SCR are similar to low voltage counterpart NMOS and NLVTSCR
devices with one major exception.

For the NLDMOS device at high drain-source bias, the breakdown is initiated
in the depletion zone of the Nyg;;-Pwgrr junction, as illustrated in the TCAD
simulation shown in Fig. 1.33e, f. Increasing the drain bias causes a significant
voltage drop across the low-doped Ny, drain region, since it is depleted of
carriers. This is seen in the /-V characteristics after junction breakdown. When the
high-field depletion region expands with increasing drain bias, it touches the
highly doped N+ drain region. The conductivity of the Nyg;; region becomes
completely over-modulated by the generated electrons and holes. This results in a
shift of the maximum electric field (and impact ionization generation) toward the
N+/Nygy interface (Fig. 1.33f). Often, this effect is attributed to the Kirk or base-
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push out effect [9]. In this regime, the parasitic bipolar device is activated, trig-
gering the structure into snapback.

This behavior of the device has been used to develop circuit models for
NLDMOS and NLDMOS-SCR structures operating in ESD conditions [16]. Ini-
tially, at low drain bias, the equivalent bipolar device and avalanche current source
12T representing the impact ionization at the N+/Ny;, junction, are not active.
The 2" avalanche current source describes the breakdown of the Nygr — Pwerr
junction and is expressed as IaNV”Z= nls, where M, is the multiplication factor for
the channel current. It is given by the standard model

1
My=—F———-1, (1.3)
- (k)
VarNW
where V™" represents the voltage drop across the carrier-modulated Ny 1 region.

It accounts for the modulation of Nwgp 1 resistance with the increase of injected
carriers and is modeled as

VNW _ Iach WZW
AN
Aeﬂqﬂn (Nd + Ag_ffq')vm)

(1.4)

In (1.4), I,, and A4 represent the effective length and cross-section of current
flow in the Ny, region and are treated as fitting (extracted) parameters; g, i,
and vy, are the electron charge, mobility, and saturation velocity, respectively
while N, is doping. A similar equation is used for modeling the voltage source
VRSP that represents the increase of substrate potential in junction breakdown
conditions.

The avalanche current source /52! represents the shift of the avalanche region
from the Nygr-Pwerr to the N+/Nyg;; region, which leads to the activation of the
parasitic bipolar structure. /52 is described as I52 = My (kls+ Ic). Mgy is
described using a similar equation, as My (with different breakdown parameters)
and k are parameters used to control the gate coupling effect in snapback operation.
Note that when vajf is activated, IQVVWC consistently self-deactivates due to the bias
V¥ This voltage drop reduces the effective bias across the Nygr;—Pwgr, junc-
tion and, correspondingly, the avalanche multiplication that generates Ihs Such
model behavior is equivalent to the above-mentioned shift of the avalanche region
inside the NWELL'

A properly calibrated compact model can provide rather good correlation of
both the TCAD I-V characteristics calibrated to the experimental data and the
circuit simulation characteristics generated by the model [16]. The model also
accurately represents the breakdown and trigger behavior for different structure
dimensions.

Similarly to LVTSCR, the NLDMOS-SCR model can be constructed by
attaching a PNP bipolar device to the NLDMOS snapback model, as shown in
Fig. 1.34b. The equivalent emitter and base resistance R,,, and R;,,, are used to
control the activation and the high-current operation of the equivalent PNP
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transistor. R, represents the Py, resistance and substrate current flow that
does not contribute to the operation of the NPN device.

An example of simulation with ESD compact models is represented by a
simplified schematic (Fig. 1.35a) of an open drain driver circuit, which combines
HV NLDMOS and NLDMOS-SCR structures. The NLDMOS device has an
attached 30 kQ gate resistor to mimic the dynamic coupling load from the driver
circuit. In ESD conditions, depending on the circuit and structure parameters, the
ESD current can discharge either through the NLDMOS-SCR ESD protection
clamp or through the NLDMOS device. As can be seen from the comparative
analysis of the waveforms (Fig. 1.35b, c), two different scenarios are realized.
When Rgatg = 10 kQ, under given circuit parameters for a 2 kV HBM, the gate
coupling on the NLDMOS-SCR gate is sufficient to provide the early turn-on. As a
result, the SCR clamp takes over the ESD current (Fig. 1.35b). On the contrary, in
the case of insufficient gate coupling where Rgatg = 1 kQ, the clamp does not
turn on and the current path is formed through the 5 mm NLDMOS device
(Fig. 1.35¢).

Thus, depending on the circuit parameters and the HBM pulse amplitude, the
critical regime can be determined as a condition of where the current changes
direction in the turning-on circuit from the SCR clamp path to the NLDMOS path.
If the current through NLDMOS is uniform, the high-current operation will be
non-destructive. However, in a real 3D situation, the local snapback turn-on might
result in irreversible failure [17].
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Fig. 1.35 Simplified schematic of ESD protection for open drain output driver (a) voltage
current waveforms for two values of Rgate—10 kQ (b) and 1 kQ (¢), representing two possible
circuit designs

A similar scenario of competition between the snapback clamp and array turn-
on can result from the substrate potential effect. The substrate coupling technique
is also one of the most useful methods in controlling ESD devices [18].

1.5 On-Chip ESD Design with Mixed-Mode Circuit
Simulation

This section presents the key simulation-based methodology for industrial on-chip
and off-chip system level ESD design. The examples of this methodology appli-
cation are widely presented across the book chapters.

1.5.1 Industrial ESD Development Workflow with TCAD

Industrial ESD IP development for a new mixed-signal process technology is
usually initiated simultaneously with the process specification definition. Typi-
cally, several learning cycles toward the physical development of ESD devices and
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Fig. 1.36 Illustration of the industrial ESD development workflow for new technology process
development

clamps are required and combined with an extensive test chip experimentation to
target the desired parameters. When all the development objective choices are
finalized, the ESD design and collateral are released together with the process
development kit. The ESD IP typically combines layout, schematic and symbol
views supported by the ESD library datasheet and design guidelines. In addition
latch-up, IC-level ESD scheme and layout verification decks are often provided. At
the process development and qualification states design and verification of the lead
analog products are conducted. After this development period a number of custom
ESD solutions are often added across the entire life span of the process technology,
which targets additional optimization and specific product cases.

With each next step of this ESD process development workflow (Fig. 1.36),
redesign involves a significantly elevated cost. The design of experiment choices
and the changes in layout design of test chip structure are of a relatively low cost,
the changes to the PDK library require substantially more resources, while a
redesign and re-qualification of the IC product result in significant cost penalties.
The incurred penalties are not just directly related to the resources consumed by
the redesign. Often, the delay can impact time-to-market for the product, thus
subtracting a significant fraction of the planned revenue. The delay in production,
downward trends in overall sales price or sometimes even loss of the product to
competitors may follow.

Therefore any proactive measures to improve the efficiency, verification and
validation of the physical design solution become an important part of the
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Fig. 1.37 Illustration of the mixed mode simulation approach with FEM devices

development approach. Among these measures a special role is dedicated to the
numerical simulation due to virtually real time predictability and response on the
development needs in comparison with experimental approach. The properly set
numerical experiments allow the developer to target the design goals at reduced
cost at all workflow stages (Fig. 1.36).

Successful design of ESD solutions requires a combination of conventional
circuit operation with rather specific device operation transient conditions that
include avalanche breakdown, strong injection and conductivity modulation.

To address these needs the mixed-mode simulation becomes the TCAD
approach of choice. To realize this approach, at each time step, the simulator
simultaneously solves a single matrix that represents both the circuit equations
with compact models similarly to SPICE simulators and the carrier transport
equations in the finite element model (FEM) semiconductor structures introduced
into the circuit (Fig. 1.37). For active devices the non-ESD compact models
devices can be used in case if they are operating in a small signal non-breakdown
conditions. Simulation analysis with FEM devices that support accurate physical
solutions for breakdown, injection and conductivity modulation is the main
methodological breakthrough for ESD design problems. It eliminates the limita-
tions or even the need of the ESD compact models development based upon
empirical characteristics matching as described in the previous section.

After many years of industrial use the mixed-mode simulation approach appears
to be logical and simple. However it presents several challenges. The primary
challenge is in the generation of FEM devices for the mixed-mode simulation
framework. A secondary objective is the simulation setup itself, which should be
transparent and user-friendly for an involved ESD practitioner or analog circuit
designer that cannot afford to dedicate a full time effort for TCAD analysis.
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There are two known ways to generate FEM devices for mixed-mode TCAD
numerical experiments. The first is based upon accurate physical process simu-
lation steps with calibrated process flow if it is originally available as part of the
process technology integration. The main process simulation steps involve depo-
sition, implantation, diffusion, epitaxy and etch. The second is based upon an
approximate analytical definition of the regions and diffused doping profiles of
semiconductor device structure using an input file script.

1.5.2 New Approach with Parameterized Device and Process

The physical process simulation flow is usually supported by companies that develop
new process technology as a standard industrial development procedure. This is done
both by foundries and the companies with in-house fabrication. Unfortunately,
overtime the level of calibration typically represents the process at the initial stage of
development only. As soon as the process integration team receives more-or-less on-
target silicon results, TCAD-based numerical experimentation is usually substituted
by experimental data. As a result, the calibration of TCAD process flow is often not
up to date with the most recently recorded variations. Another typical problem is a
lack of consolidated process flow that has a flexibility to support all the standard
devices for the process. Instead, often there are parallel TCAD process flows opti-
mized and calibrated separately for different devices.

A more critical situation with calibrated process flow is in case of relatively
small fabless IC development companies. It is practically impossible to obtain
access to a calibrated TCAD process flow due to extreme confidential policies
enforced by major foundries to protect their IP. At the same time, most foundries
provide almost no relevant analog ESD IP. When needed for analog design such IP
has to be developed by either fabless companies themselves using expensive
TCAD-less experimentation on the shuttle test chip runs or acquired from external
IP development parties. Thus, the traditional TCAD approach of generating FEM
devices based on physical simulation is not directly applicable in this case. Ulti-
mately it can be used only by combining the best guess approach for the process
steps with SRP, SIMS profiles and TEM pictures obtained using external services.

The next challenge is the setup of and running the simulation. It is critical that
the tool supports a user-friendly interactive GUI for circuits, parameterized FEM
devices and data analysis. These features are not commercially available in tra-
ditional TCAD tools. Historically they are based on a few-decades-old university-
produced code.

With traditional commercial TCAD tools, assuming a feasible use of the tra-
ditional TCAD approach, the simulation workflow can be visualized according to
Fig. 1.38.

With physical process simulation approach to obtain a new version of FEM
device after even one parameter change the process steps must be completely
redone. Any new variations of the mask parameters require re-run of the entire



44 1 System Level ESD Design

Fig. 1.38 Mixed-mode ‘Physical process
simulation workflow with simulation
traditional industrial TCAD

tools

Device simulation

for initial solution RSPy

Optimization

PLORMIXEC Loop
mode circuit with

FEM import

Optimization
~ Simulation for

transient solution

" Data Import into
visualization tool
and analysis

physical process deck again for deposition, etching, implantation, diffusion and
other steps. If the change occur in the process recipe itself, then the calibration for
the physical simulation steps is likely required too. This rather challenging task
requires a substantial TCAD engineering effort to adjust the flow and introduce
mask and mesh parameters especially for large HV analog devices.

After it is generated by the process simulator, the FEM device file is imported
into the simulation (with corresponding conversion of the activated species to
donors and acceptors) to be solved in a static regime to obtain the initial condition.
The electrode conditions of this regime correspond to the initial conditions of this
particular device in the circuit. At this step, the mesh usually needs to be redefined
to eliminate unnecessary multiple nodes generated by the physical process simu-
lation and to bring down the total mesh point count of the mixed mode circuit to a
reasonable level. At the same time, the initial static solution for the mixed circuit is
not always known and may require several iterations or even limit the type of
problems that can be solved. Similar FEM files for the mesh and initial solution
must be obtained for every different device type included in the mixed mode
circuit, through tediously rerunning the entire physical process simulation flow
(Fig. 1.38).

Finally the mixed-mode simulation input file script is rewritten to import the
FEM files and DC solutions. This concludes the mixed-mode simulation setup for
the currently popular old generation TCAD tools implementing the traditional
simulation approach.

During the mixed-mode simulation, the transient solution for a mixed-mode
circuit generates output files that need to be imported into another program for
visualization and data analysis. As well, new device/circuit optimization loops
require repeating the entire tedious workflow (Fig. 1.38).

Apparently, such a cumbersome and time-consuming approach is rather chal-
lenging even for full-time dedicated TCAD professionals. So, it is no wonder why
TCAD simulation is not so popular among the majority of ESD engineers and
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Fig. 1.39 Mixed-mode simulation workflow with DECIMM™ [19]

analog IC designers, who desire rapid outcome and can afford to run TCAD only
on part-time a casual basis. Thus, in spite of good accuracy of results obtained with
a well-calibrated physical process simulation the methodology in general is
impractical.

Fortunately for ESD engineers, a new tool DECIMM [19] has emerged over last
few years. This tool completely replaces the physical process simulation by gen-
erating parameterized FEM devices in real-time during the mixed-mode simula-
tion, using as input the diffused profiles and device templates. Similarly, fully
parameterized circuits support mixed-mode simulation analysis, while real-time
data extraction, visualization, and analysis are integrated in this single GUI
simulator.

This simulation tool enables a revolutionary mixed-simulation workflow
(Fig. 1.39) that combines procedures which must be accomplished for the entire
process technology only once for each semiconductor device type. Thus, the
mixed-mode analysis can be done for any circuit and FEM device parameters
through a one-time input.

The first step of this approach is to obtain the diffused profiles for the given
process. This can be done in several ways. For in-house processes, a single mask
process simulation can be followed interactive extraction of the profile parameters
supported by DECIMM tool. This is described below in more details. For
foundries or in-house processes without physical process simulation flow data,
alternative approaches consist in (i) receiving the profile information from the
foundry; (ii) obtaining profiles from SIMS and SRP data by using external services
and one-time test chips (iii) defining profiles manually using adjustments based on
electrical results.
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This IP “investment” enables developers to simulate the entire process tech-
nology. Creation of interactive FEM parameterized templates and circuit is sup-
ported by the DECIMM tool. The transient mixed-mode solution combined with
real-time data visualization and analysis enable optimization loops at both circuit
and device level (Fig. 1.39).

A few more details of this approach are provided below. The parameterized
device generation is interactively defined in the tool by providing a set of physical
device parameters supported by the interface and script-derived variables for
related template regions and doping profiles (Fig. 1.40). Device regions and
electrodes are set using an interactive device editor. All device regions, doping,
and even semiconductor material parameters can be changed in the mixed-mode
simulation since FEM generation is done in real-time, rather than by imported
mesh and solution files. The parameterized device is equivalent to a device gen-
erated by the physical process simulation. The procedure of interactive automatic
fitting and extraction from a single mask process simulation cross-section is
illustrated in Fig. 1.41.

In this example, a two-component Gaussian profile for the n-Well donor
implant is obtained from the cutline after importing the single mask process
simulation profile into the DECIMM tool. The two points on the cutline profile
(Fig. 1.41b) define the fitting region. After running fitting iterations, the extraction
results are shown in a fitted plot together with the set of extracted parameters for a
two-peak analytical Gaussian profile (Fig. 1.41c). A table of diffused profiles is
compiled with one-by-one cutline and extraction of the lateral and vertical profile
parameters for each implant (Fig. 1.41d). This table shows a complete analytical
representation of the process technology, combining the vertical Gaussian profiles
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Fig. 1.41 Process simulation cross-section for single mask diffused profiles (a) and fitted
analytical profiles (b) with extraction of implant parameters (c¢) and the process definition table (d)

for the implant and the error functions with the lateral profile parameters similarly
extracted using horizontal cut lines (Fig. 1.41d). Unlike traditional process sim-
ulation, once the process parameterization implant table is obtained, any FEM
device in the process can be generated in real-time using parameterized device
templates.

Once the mixed-mode circuit is set, the simulation will run for any variation in
physical devices or circuit parameters. An example of the TLP simulation for an
NMOS device is presented in Fig. 1.42.

There are several experimentally verified theorems that support this new
methodology [20]. A 2D FEM device with analytical profiles is equivalent to an
FEM device from calibrated process flow within a desired accuracy of ~5 %. The
results are simulator-independent when compared to traditional TCAD tools for
the same imported process files and the same set of activated models. Appropriate
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Fig. 1.42 Automated mixed-mode analysis: circuit with automated TLP pulse source demon-
strates the tester parasitic effect for the source resistance

resultant implant profiles can be defined by a linear combination of diffused
implant components using vertical Gaussian and lateral error functions. The
parameterized FEM structure can be defined relative to real mask coordinates and
device region boundaries—no mask bias is needed. Analytical diffused profiles
extracted separately using the single mask approach can adequately generate FEM
devices for the entire process.

So far, it has not been found that the user-friendly DECIMM tool [19] is indeed
helpful in proceeding with simulation compared to the widely used empirical
approach with its many costly re-design cycles. The material of the following
chapters will include many examples of the DECIMM-based mixed analysis
involved to provide an in-depth understanding of the subject.

1.6 Summary

There are many design aspects that should be taken into account during the
challenge of a functional and reliable product design. The trends towards portable
system design, higher data rates, faster signal speed, lower power consumption and
lower operation voltages combined with high level SoC and SoP integration
trigger an elevating complexity of the required design solutions, substantially
based on innovation and novel approaches.

The demand on new age electronics creates a significant design paradigm shift
both in on-chip system-level design with integrated system-level ESD protection
devices and off-chip PCB design with new Si TVS solutions that deliver both low
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parasitic capacitance and more accurate clamping voltage waveforms in com-
parison with outdated polymer or varistor type TVS components. The transient
voltage suppression components are now designed to combine a more precise
transient voltage waveform, appropriate dynamic characteristics with a record low
parasitic capacitance of ~0.1 pF to support the board design.

At the same time the IC product pins interfacing with the system-level ports
experience the secondary ESD current stress partly dissipated by TVS and PCB
network. Often those pins are required to pass certain levels of system ESD test
under power-on and power-off conditions in order to provide a predictable second
stage current conduction. Thus those pins need to be protected for an order of
magnitude higher current level than standard component specifications CDM,
MM, and HBM.

In contrary to the trend of lowering component-level ESD target levels from
2 kV HBM below 500 V HBM, the severity of ESD stress in the real-user envi-
ronment is much higher. It impacts the reliability of the consumer products directly
unless a system-level protection is implemented.

ESD “solutions” for the system are no longer a simple choice of a suppressor
component to place at the system port. An effective solution requires application of
a new design methodology that takes into account the layout of the circuit board,
the pulsed electrical characteristics of the suppressor and ESD characteristics of
the IC itself.

System-level protection strategies for the ESD protection network design were
already preliminary discussed in Chap. 1. They will be further elaborated across
the remaining chapters of this book. They need to involve an understanding of the
test methods and the correlation factors for the on-chip components (Chap. 2).
Engineering of the on-chip ESD protection devices (Chap. 3) and overall on-chip
design including latch-up (Chap. 4) is an important part for the IC manufacturing
and the IC specification. The off-chip and on-chip system-level co-design meth-
odology (Chap. 5) becomes a logical step to address the expectation from the new
era consumer, medical, automotive, industrial and other electronic applications.
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Chapter 2
System Level Test Methods

In Chap. 1 the major trend toward SoC and SoP integration with system level pins
was emphasized. This trend results in the design paradigm shift toward integration
of the system level ESD protection capability on-chip. By providing the second
stage ESD current capability the on-chip ESD protection can be both used for the
IC-system co-design with the PCB components (Chap. 5) or provide a complete
system level compliant pin protection.

To support this trend a significant gap between component and system level test
methods and standards is bridged. The system level standards, for example IEC
61000-4-2, have been developed to support ESD and EMI compliance qualifica-
tion of the systems rather than to validate the passing level of IC components. The
accomplished system design in general significantly impacts the ESD test results
and pulse waveforms. However not only the system blocks, but also the PCB
design are usually not finalized or communicated to the IC developers and
included in the initial specification of the component product.

Needless to point out that the ESD clamp solution development prior to the IC
design itself creates a challenge on the predictive experimental validation. Thus
both from technical realization perspective and from overall methodological point
of view, the on-chip system level ESD design requires at least a good under-
standing of the test standards, procedures and their adaptation for the component
level and on-wafer verification. The aspects of such understanding include the
measurements of the quasi-static I-V characteristics, transient ESD pulse current
and voltage waveforms, and the establishing of the correlation factors between
particular device types, ESD protection capability and different pulse types.

This Chapter describes the physical aspects of the key test methodologies and
their applications for the on-chip ESD system level design at each development
stage. The focus is made on the explanation of the ESD gun test on board level,
followed by the package and wafer level test methods towards an approach for a
more effective on-chip design rather than just make a citation of the standard
documents or to provide a reference guide.

The first section focuses on system level tests like the commonly used IEC
61000-4-2 and ISO 10605 standards. This material is followed by the key meth-
odological approach of Human Metal Model (HMM) testing as the first
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component-level emulation of system level ESD stress. The following section
presents the transmission line pulse methodology as a very common tool for the
on-chip design. The next section introduces the ESD waveform capturing as an
essential approach for analysis and verification of the transient device and circuit
characteristic. A discussion of the correlation factors for different pulses, devices
and test conditions concludes this chapter.

2.1 Board Level Test Methodology

The purpose of ESD testing in the laboratory environment is both to emulate the
real life ESD event and to verify the protection capability of a component or a
system in order to comply with the corresponding IEC and ISO standards. In case
of on-chip system level design the differentiation can be made between the printed
circuit board (PCB) level test and the stand-alone component-level IC tests. The
further expansion of the methodology is the on-wafer validation of either an IC or
even standalone ESD structures from a test chip. As discussed in Chap. 1, the
application of the component level standard pulses (HBM, MM and CDM) even
with elevated pulse amplitude is not an adequate experimental and qualification
approach to verify the system level ESD robustness. This is mainly due to the
different ESD pulse waveforms, absence of power-on conditions and in general
different ESD current paths through the IC. The component-level HBM, MM and
CDM tests are performed to ensure the robustness of an integrated circuit or
discrete component during IC and system manufacturing in the ESD protected
environment. This is done under expectation that future designed systems or
system blocks reliability will not be impacted during assembly and manufacturing
rather than to add an ability to pass the system level ESD tests. Therefore sys-
tem-level ESD qualification to obtain the certification is carried out at least for an
equivalent of a system to ensure the functionality during operation, handling and
maintenance.

2.1.1 General Electrical Equipment IEC 61000-4-2 Standard
and Test Methodology

IEC 61000-4-2 [21] is the most commonly used standard released by the Inter-
national Electrotechnical Commission (IEC). It defines electromagnetic compati-
bility (EMC) for test and measurement techniques for the electrostatic discharge
immunity test. The document defines the corresponding system level ESD pulse
waveform parameters, that should be delivered by ESD tester, and outlines the
corresponding test methodologies. Since the standard is originally defined for
system tests, it brings no straight forward understanding on how to apply it for the
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Fig. 2.1 IEC 61000-4-2 Ideal contact discharge current waveform at 4 kV with defined
parameters: 1, 3.75 A/KV £ 15 %, I30,s 2 A/KV £ 30 %, Ispns 1 A/KV £ 30 %, t, rise time of
0.7 ns + 25 %

verification of the protection capability of IC pins with system level ESD
requirements. It is even more undefined how to apply the test for standalone on-
chip ESD protection clamps.

The major difference between the component and system ESD pulse waveforms
and the energy of the pulses was already compared in Chap. 1. The waveform of
the ESD current supported by this standard (Fig. 2.1) physically represents an
event of a discharge of a conductive object through a system port. The double-peak
waveform (Fig. 2.1) represents the physical discharge produced by a conductive
distributed object suddenly connected or approached to the discharge point. The
first short peak corresponds to the discharge of the conductive peripheral region of
the object in the immediate vicinity connected to the port. The second peak rep-
resents the discharge of the remaining body of the object. Assuming a constant
object resistance, the periphery is quickly discharged with a short rise time and low
resistance forming the first high amplitude peak. The remaining discharge of the
object body has a bigger pulse propagation delay and higher current path
impedance thus forming a longer, but smaller amplitude second peak.

The ratio between peak amplitudes and duration is defined by the standard
itself. In the IEC 61000-4-2 short circuit contact discharge current waveform the
amplitude of the first peak Ip is defined at ~3.75 A/kV £ 15 % with rise time of
0.7 ns £ 25 %, while the current levels after 30 ns and 60 ns from the beginning
of the pulse I39,;, ~ 2 A/kV £ 30 % and Is),; ~ 1 A/kV % 30 %, respectively.
Thus in general according to the standard the pulse waveform has significant
margins to be varied in different test setups.
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The real life system level stress in uncontrolled environments has much higher
energy than an ESD event in an ESD protected areas (EPA). However, the overall
difference between the system and the component level standards are not only
based in the much larger stress current level and the corresponding higher energy
(Fig. 1.5). Another major differentiating factor for the system standard in com-
parison with the component level standards is that the tests are accomplished both
under power-on and power-off conditions. This is done to reflect the real life
applications where the system can experience an ESD event both under power-on
and power-off conditions. Thus when a component is subjected to ESD stress the
stress may result in a failure which causes irreversible changes in the device and
interconnects.

Four possible system states are classified by IEC 61000-4-2 standard as a result
of system-level ESD stress:

A normal performance within given limits;

B  temporary loss of function or degradation of performance which ceases after
the disturbance ceases, and from which the equipment under test recovers its
normal performance, without operator intervention;

C temporary loss of function or degradation of performance, the correction of
which requires operator intervention;

D loss of function or degradation of performance, no recovery possible.

The goal for most of the system designs is to pass the qualification test with the
system state class A. Classes B and C represent so-called soft failures that are
either self-restored or require a system reset. The classes B and C bring another
major differentiation to component-level testing which correlates only the failure
classes A and D.

Since the waveform is defined by the Standard, a number of testers have been
manufactured by ESD equipment vendors to enable the test in laboratory or even
in a field environment. In the standard the simplified discharge circuit uses a
150 pF capacitor and a resistance of 330 Q to create the system-level ESD stress
pulse (Fig. 2.2). Although the standard proposes the equivalent circuit (Fig. 2.2a)
for the test setup, it is obvious that this simplified circuit cannot support double-
peak standard waveform. The exact tester schematic is usually more complex to fit
to the pulse waveforms. However the circuit (Fig. 2.2b) provides a relatively good
waveform to meet the standard with the component parameters for example:
L; =4.5 uH; C; = pF; Cp = 20 pF and L; = 200 nH.

The results of stand-alone IC test or packaged ESD component verification
unlikely can be extrapolated to predict an arbitrary system passing level. Perhaps,
a more realistic goal can be set to understand the aspects of the “worst case
scenario”, the impact of the test conditions and the test methodology. This is an
important part of the IC-System co-design approach presented in Chap. 5. The
critical step toward this goal is to build an understanding of the contact and air
discharge methods in case of the bench test setup specific for the IEC 61000-4-2
standard with the test methodology.
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Fig. 2.2 Simplified (a) and
real tester (b) schematic of an
IEC 61000-4-2 compatible
discharge circuit, the L-C
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tester discharge circuit L
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The ESD pulse current waveform as defined in the standard (Fig. 2.1) is mostly
reproduced only during tester calibration with a dedicated target tool. In the
majority of other test conditions the waveform shape is dependent on the ESD
protection components used in the object under test, system or PCB design.

A significant deviation of the ideal standard waveform is observed for the air-
gap test. Originally, both contact and air gap discharges are defined as a
requirement when testing for IEC 61000-4-2 specifications with the preference of
the contact discharge. However, typically by manufacturers the requirement for IC
pins to pass a given level during both the contact and air discharges are specified.
Air discharge is usually defined at a higher level than contact discharge. A com-
mon requirement for the level 4 of IEC 61000-4-2 specification is the passing of
8 kV contact and 15 kV air gap discharge. Thus to avoid “surprises” with inad-
equate performance at the system-level an IC with system level pins must be
verified by a methodology that would adequately predict this performance or at
least cover the worst case scenario.

Contact discharge is applied to conductive surfaces (e.g. connectors) and air
discharge to insulating surfaces (e.g. housing) of system blocks. In case of air
discharge, the current level and rise time are less reproducible and more related to
environmental conditions (humidity, speed of the tip approach, etc.). For the air
discharge test the round ESD gun tip is used (Fig. 2.3a). When the test voltage is
set the ESD gun is moved towards the discharge point until a spark appears and
then further until the ESD gun tip touches the discharge point on the system
surface. This action is usually repeated with positive and negative polarities
depending on the applied test procedures, for example, ~ 10 times. Touching the
systems surface is important for the removal of the residual induced charges from
the system since only some guns have an integrated charge remover. To remove
the residual charge the system must be grounded, brushed, etc. The gun must touch
the object because it is intended to model the event when the user, after the first
air-gap discharge, will or can eventually touch the apparatus.
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Fig. 2.3 Examples of the contact (a) and air-gap (b) discharge gun testing on PCB

At the contact discharge test the sharp ESD gun tip (Fig 2.3b) is used to obtain
a good electrical contact with the conductive system surface. Similarly to the air-
gap test about 10 discharges are typically applied with positive and negative
polarities.

The test setup for the system level ESD verification is recommended in the
standard (Fig 2.4a). These main components critically impact the current pulse
waveforms. If inappropriately used, they may significantly change the outcome of
the test. In the standard, two different types of tests are distinguished: tests per-
formed in laboratories and post installation tests performed on equipment in its
final installed conditions.

When the system is not grounded, for example in case of battery powered
systems, there is no self-discharge like in grounded equipment. If the charge is not
removed before the next ESD pulse is applied, it is possible that the EUT or part(s)
of the EUT are stressed significantly lower than the intended test voltage level or
higher if the polarity of the stress pulse is reversed. To avoid the charging of EUT
to an unrealistically high charge the test setup is modified (Fig. 2.4b). The possible
additional charges are removed prior to each applied ESD test pulse by increasing
the time interval between successive discharges or by sweeping away the charges
from the EUT through a grounded carbon fiber brush, or with bleeder resistors (for
example, 2 x 470 kQ) in the grounding cable.

In general the components form a very large scale capacitor Cy ~ 56 pF
between the ground reference metal plate and the upper metal plate, mounted on
the table with a specified height. Also there is a capacitance Cy between the upper
metal plate and the board. The distance between the corresponding upper plate and
board is determined by the dielectric mat defined by the standard.

The value of capacitance Cr is practically fixed by the design of the setup. The
value of the board capacitor Cp is limited by the mat parameters, but otherwise
variable depending on the board size and coupling with the upper metal plate.

The pulse waveforms are sensitive to the ground connection of the plates, tested
boards and the gun. In the IEC 61000-4-2 standard the ground connection has very
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Fig. 2.4 Example of IEC 61000-4-2 standard test setup for floor-standing equipment laboratory

tests (a) and for ungrounded table-top equipment (b)
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Fig. 2.5 3D FEM electrostatic simulations for electric potential carried out for IEC standard
setup with the upper plate positioned in the middle of the table (a) resulting in with calculated
capacitance ~ 56 pF (b) and an incorrect custom setup with upper plate shifted to the corner of
the table calculated capacitance ~ 25 pF (courtesy of Augusto Tazzoli)

high impedance through two 470 kQ charge bleeding resistors and additional
inductive wire impedance. These bleeding resistors are only capable to remove the
residual charge from the system during the long time between the stress events.
Therefore the major ESD current path is provided by low impedance of the
capacitors formed by the test setup. This impedance is only a few Ohms for the
first current peak. The major difference in the ground connection for the power-on
test is translated from the power supply source implementation that can be battery
or power grid based.

The stress waveform depends on the current path during the discharge. In case
of no direct ground connection to the upper plate and to the board, the bleeding
resistors cannot conduct any large system level current. Thus the discharge path is
realized through the two serial capacitors Cr and Cg. In this case, the position of
the metal plates and the dimension is directly impacting the discharge capacitance
which changes the waveform of the ESD current pulse. A simple electro-magnetic
simulation of the equivalent capacitance of the table and the ground reference plate
demonstrates a significant variation of the test setup capacitance depending on the
upper plate—Horizontal Coupling Plate (HCP) size and position (Fig. 2.5).

An important part of the system level test is the test board design. The devices
for customer systems that require either IEC 61000-4-2 or ISO 10605 are expected
to be tested in conditions that more or less accurately emulate the system in the
final application. Thus at least the board level stress is an approach to meet a more
ideal expectation for robust ESD design without redesigning the final system.

Initially the test boards can be either demo boards or actual customer boards
(Fig. 2.6). To enable the gun test in case of present standard connectors, a port pin
extenders is introduced. However it is ideal to understand the customer board
environment and to clarify how the case/housing is grounded. The following
question should be answered before the design:
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Fig. 2.6 Example of the
industrial evaluation board
design with the ground plane
and extended connectors

(i) Does demo board need a ground plane?
(ii) Is the case floating?

(iii) Are cables being connected?

(iv) Are there any other specific requirements?

Through evaluation of the current waveforms the capacitor Cp, which is formed
by the board ground plane with the upper metal plate, is now well understood in
the industry. This understanding has been translated into the supported practice to
mount all custom boards on an additional ground metal plane. In addition, metal
pins extended from the board surface are spaced apart about ~ 10 mm. Additional
pins of ~5 mm are introduced to guarantee the discharge of the current pulse
through the tested pins rather than through non-dedicated PCB components.

Gun verification techniques, practical aspects and recommendations are
described by the gun manufacturers [22]. They cover the parameters which must
be measured. Those parameters are the tip voltage, the contact discharge current
waveform which is defined for its peak, rise time and the currents after 30 and
60 ns, and in case of air discharge the rise time and time constant.

For stress waveform verification a low impedance shunt (<2.1 Q) is used. It
represents a discharge into a large metallic object rather than just a piece of wire
(Fig. 2.7). A new calibration target design with a frequency response flatness of up
to 4 and a 2 GHz oscilloscope was introduced in IEC 61000-4-2:2008. Environ-
mental factors also affect the calibration results. Therefore no air discharge veri-
fication procedure was included due to too high variability of the approaching
speed, humidity, and the arc and ionization length.

A few simple experiments can be used to demonstrate the impact of the test
setup grounding on the air gap test current waveforms. In the setup for the
packaged component test on PCB with no external ground (Fig. 2.8) the current
often can be a source of miscorrelation between the contact and the air discharge.
It largely depends on both the PCB ground plate dimension (Fig. 2.9a) and the
bleeder resistor value (Fig. 2.9b).

Certainly the presence of the high value bleeder resistor is negligible for the
alternative current path. A significant change in the pulse waveform results in
formation of the negative current peaks that may result in a damage of the device
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Fig. 2.7 ESD simulator (a)
verification setup (a) and the
verification target (b)
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Fig. 2.8 Setup for system level test with the bleeding resistors connected to the upper metal plate
only

in rather unexpected conditions. For example a blocking junction of a dual-
direction protection design can be destroyed during a positive air discharge rather
than negative, as it would be originally expected.

An ideal air discharge waveform for different load conditions is not defined
even by the standard. It is realized only when the gun ground is connected directly
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Fig. 2.9 Current waveforms for 8 kV air gap discharge realized in the set up (Fig. 2.8) for the
conditions of different PCB plate size (a) and the resistors values (b) (courtesy of Yunfeng Xi)

to horizontal coupling plane (HCP, Fig. 2.10). In this case the waveform with a
good accuracy can be assumed similar to the standard pulse (Fig. 2.1) with simply
eliminated first peak. In this conditions according to the experimental waveforms
the only peak has the slow rise time until the maximum current of ~20-40 ns with
the same current levels after 30 and 60 ns from the beginning of the pulse
I30,s ~ 2 A/kV % 30 % and I49,; ~ 1 A/kV % 30 %, respectively. To reproduce
this waveform in simulation namely the circuit (Fig. 2.2a) can be used, rather than
(Fig. 2.2b). The additional parasitic components and circuit parameters can be
adjusted to form the single peak pulse.

2.1.2 Automotive Standard ISO 10605

Another widely used common standard for system-level ESD test was released by
ISO (the International Organization for Standardization) as a major guidance in the
automotive industry. This ISO 10605 standard [23] defines the road vehicles test
methods for electrical disturbances from electrostatic discharge.

While IEC 61000-4-2 is created to establish a common and reproducible basis
for evaluating the performance of electrical equipment subjected to ESD, the ISO
10605 Standard is created to specify ESD test methods necessary to evaluate
electronic modules intended for vehicle use based on IEC 61000-4-2.

This Standard has many similarities with IEC 61000-4-2 especially if it is
compared to the packaged level component tests (HBM, MM, CDM). However
there are a number of differentiating aspects. First of all the ESD stress level that is
usually required to be passed in the automotive industry is much higher. A passing
level of 30 kV is often requested.
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Fig. 2.10 The non-standard setup with the IEC gun ground connected directly to the HCP
(a) and the 8 kV air gap discharge current waveforms if the gun ground is connected to HCP and
GRP (b) (courtesy of Yunfeng Xi)

The equivalent circuits for this test setup (Fig. 2.11a) include four discharge
networks composed of a 150 or 330 pF charging capacitor and a 330 or a 2000 Q
discharge resistor. These are the only two combinations required by the standard in
spite of that some gun manufacturers offer the option of 330 pF charging capacitor
with 330 Q resistor. Physically 150 pF-330 Q combination represents the dis-
charge of a human body through a metallic part to the system port, while 330 pF-

2 kQ combination represents a discharge of a human body directly through the
skin.
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Fig. 2.11 Principle schematic of an ISO 10605 discharge circuit, (a) the L-C parasitic may vary
in a real discharge circuit, and (b) defined stress level [23]

Unlike in the IEC 61000-4-2, in the ISO 10605 the upper table plane (HCP) is
directly connected to the gun ground. Another differentiation aspect of this stan-
dard from IEC 61000-4-2 is the preferred test levels. Although in addition to the 4
main levels IEC 61000-4-2 defines any arbitrary level x, many IEC test guns and
ESD stress generators had 16 kV pre-charge limit. ISO 10605 clearly states test
severity levels (Fig. 2.11b). The test severity levels are differentiated for the direct
and indirect discharge.

Among more detailed vs. IEC 61000-4-2 definitions in ISO 10605 the speed of
the gun tip approach speed should be between 0.1-0.5 m/s for any test. Because
the approach speed is not trivial to measure, in practice the ESD generator should
approach the DUT as quickly as possible until the discharge occurs or the dis-
charge tip touches the discharge point without causing damage to the DUT or
generator.
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Similarly the charge removal measures are defined as the charge build-up can
be eliminated by briefly connecting a bleeder wire with high resistance (1 MQ) in
the following sequence: (i) between the discharge location and ground, and (ii)
between the ground point of the DUT and ground. If there is evidence that the wire
does not have any impact on the test result, it can remain connected to the DUT.

The evaluation test results are similar to IEC 61000-4-2, but according to
Section C of the standard reports in detail on “function performance status clas-
sification (FPSC)”.

Two waveforms into a short circuit load (Fig. 2.12) have much longer discharge
duration in comparison with the IEC 61000-4-2 stress when using the larger pre-
charged capacitor. The ISO 10605 standard is not directly intended to be used in
component-level testing, but it is a requirement of many automotive manufacturers
to their suppliers.

The longer stress durations of some of the ISO 10605 discharge currents directly
impacts the design of on-chip ESD protection structures. Figure 2.13 shows the
current and the maximum temperature in an ESD diode during IEC 61000-4-2 and
ISO 10605 discharge. The latter is created with a 330 pF/330 Q network. Because of
the longer stress duration the device self-heating is significant higher for ISO 10605
discharge stress conditions and needs to be taken into account during the ESD
protection design to prevent unexpected failure during ESD qualification. One
approach for the on-chip ESD protection design has been used by [24] where long
duration TLP testing emulates the longer duration of an ISO 10605 stress.

To summarize the above two sections the comparison of the major specifica-
tions of the IEC 61000-4-2 and ISO 10605 standards is compiled in Table 2.1. The
specific characteristic of IEC 61000-4-2 is that the ungrounded DUT cannot dis-
charge itself like grounded equipment. Therefore the charge shall be removed prior
to each applied ESD test pulse either by waiting a sufficient time between zaps
through 2 x 470 kQ bleeding resistors or by a carbon fiber brush. During Air-
discharge test methods, the gun should approach the DUT as fast as possible and
touch it after the discharge occurred.

In ISO 10605 the speed of approach should be between 0.1-0.5 m/s for any test.
Charge build-up can be eliminated by briefly connecting a bleeder wire with high
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Fig. 2.13 Current and temperature in an ESD clamp during system-level ESD stress: a IEC
61000-4-2 and b ISO 10605 with 330 pF/330 Q discharge network, stress level: 8 kV

resistance (1 MQ) in the following sequence: (1) between the discharge location
and ground, and (2) between the ground point of the DUT and ground. If there is
evidence that the wire does not have any impact on the test result, it can remain
connected to the DUT.

2.1.3 The Surge Standard IEC 61000-4-5

Similar to the ESD pulses the trend to propagate system level requirements for on-
chip solutions has involved the specification of the surge requirements. The surge
pulse specification is captured in the standard Electromagnetic compatibility
(EMC) standard IEC 61000-4-5 Part 4-5 [25]. The standard formalizes the testing
and measurement techniques for the surge immunity test.

In real life the surge events are represented by systems switching transients or
lightning strike events. The power system switching transients are associated with
major power system switching disturbances, such as capacitor bank switching;
minor local switching activity or load changes in the power distribution system;
resonating circuits associated with switching devices, such as thyristors; various
system faults, such as short circuits and arcing faults to the grounding system of
the installation [25]. The major mechanisms of lightning surge include direct
lightning strikes to an external (outdoor) circuit injecting high currents producing
voltages by either flowing through the ground resistance or the impedance of the
external circuitry; an indirect remote lightning strike which produces electro-
magnetic impulses that induce voltages/currents on the conductors outside and/or
inside a building; lightning ground current flow resulting from nearby direct-to-
earth discharges coupling into the common ground paths of the grounding system
of an installation. The rapid change of voltage and flow of current which can also
occur as a result of the operation of a lightning protection device can induce
electromagnetic disturbances into adjacent equipment [25].
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Similar to other standards the simulation of the transients in the laboratory
environment is defined in the standard for the test generator to simulate the above-
mentioned phenomena as close as possible to real physical conditions. This
requires a corresponding surge generator in comparison with ESD pulse
generators.

Respectively to the direct and indirect physical events, mentioned above, the
surge testers simulate surge events to target both the direct and the indirect cou-
pling conditions. During direct coupling the source of interference is in the same
circuit, for example in the power supply network. Inductive spikes or load dumps
can be another source. In those cases the generator simulates a low impedance
source at the ports of the equipment under test. In case of an indirect coupling the
source of interference is not in the same circuit as the victim equipment. In such
case the generator simulates a higher impedance source.

Unlike system and component level ESD pulses, the surge tests standard
waveforms are specified both as open-circuit voltage and short-circuit current.
Similarly to the system level ESD guns the waveforms for surge tester are verified
without the equipment under test (EUT) connected. The output can be also
specified for the cases of AC or DC powered products.

The surge generator is intended to generate a surge having an open-circuit
voltage front time of 1.2 ps; an open-circuit voltage time to half value of 50 ps
(Fig. 2.14a); short-circuit current front time of 8 ps; and a short-circuit current
time to half value of 20 ps (Fig. 2.14b).

A simplified circuit diagram of a generator as provided by the standard is
presented in (Fig. 2.15) with the high voltage source U, the charging resistor R,
the energy storage capacitor Cc, the pulse duration shaping resistors Rgs, the
impedance matching resistor Rm, and the rise time shaping inductor L,. The values
for the generator components are selected so that the generator delivers the cor-
responding standard pulses for the 1.2/50 ps voltage surge at the open-circuit and a
8/20 ps current surge into the short circuit conditions. Most surge pulse generators
produce pulses with peak currents in the range from 250 A to 2 kA.

For convenience, the ratio of peak open-circuit output voltage to peak short-
circuit current of a combination wave generator may be considered as the effective
output impedance. For this generator, the ratio defines an effective output
impedance of 2 Q. The resulting waveform of the voltage and current is a function
of the EUT input impedance. This impedance may change during surges to
equipment due to either proper operation of the installed protection devices, or due
to flash over or component breakdown if the protection devices are absent or
inoperative. Therefore, the 1.2/50 ps voltage and the 8/20 ps current waves have
to be available from the same generator output as required by the load.

The circuit simulation for the surge tester in a Spectre simulator environment
has been done in [25] for a circuit (Fig. 2.16a) with the components value
Cc = 6.038 uF, Ly = 1037 pH, R;; = 25.105 Q, R;; = 198 Q, R,, = 0.941 Q
and U = 1082 V, demonstrating adequate short and open circuit waveforms
(Fig. 2.16a).
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Fig. 2.14 Waveform of open-circuit voltage (1.2/50 ps) at the output of the combination wave
generator with no Coupling-Decoupling Network (CDN) connected (waveform definition
according to IEC 60060-1) (a), waveform of short-circuit current (8/20 ps) at the output of the
generator with no CDN connected (waveform definition according to IEC 60060-1) (b)

The waveforms into a short circuit load (Fig. 2.16) have much longer discharge
duration in comparison to the IEC 61000-4-2 stress. ESD pulses surge tests create
the stress in a different time domain where not only adiabatic electrical phenomena
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Fig. 2.15 Simplified circuit diagram of the combination wave surge generator

are responsible for the passing level but also the electro thermal phenomena are
dominating. In general, ESD protection devices originally designed to withstand
the electrical, rather than thermo-electrical current can only provide the ESD
protection. In experimental results the typical correlation for SCR type of ESD
protection devices results in a 10 times lower passing current.

According to [25] the selection of the source impedance of the combination
wave generator depends on the type of cable, conductor or line. The differentiation
is done for a.c or d.c. power supply networks, interconnections, the length of the
cable lines, indoor/outdoor conditions, and the application of the test voltage for
either line-to-line or lines-to-ground.

As for the Coupling Decoupling Network (CDN), the impedance of 2 Q rep-
resents the source impedance of the low voltage power supply network. Therefore
in the equivalent cases the generator with its initial internal effective output
impedance of 2 Q is used directly. The impedance of 12 Q with additional 10 Q
serial resistor represents the entire low voltage power supply and ground network.
The effective impedance of 42 Q is provided by an additional 40 Q resistor that
represents the source impedance between all other lines and ground (Fig. 2.17).

Although the current of a surge can be lower, the total energy is much higher.
Highly specialized ESD protection schemes can be ineffective against such slow
transient, low voltage, but high current stresses. Stressing devices using relatively
low level (up to 10-20 A) surge stresses can be also based on the IEC 61000-4-5
specification. Specialized surge protection may need to be added. A number of
Transient Voltage Suppressors (TVS) have been characterized using the IEC surge
stress for years. Their performance during an IEC surge stress is frequently found
in TVS datasheets.

For the on-chip standalone devices surge-IEC correlation study TESEQ surge
tester (NSG3040) was used with 1 kQ resistor in series with tested device to limit
the current down to reasonable level of indirect surge scenario. The majority of
SCR devices passed at least 3 kV stress with corresponding current ~3 A dem-
onstrating ~ 10 times pulsed current reduction in comparison with the ESD current
level. Failures from surge were open, while the typical failure signature from ESD
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Fig. 2.16 Spectre simulation circuit for the combination wave generator (a) and the simulated
waveforms for short circuit current (b) and open circuit voltage (c) [26]

stress is short circuit or elevated leakage (Table 2.2). In snapback mode the cor-
relation factor between the surge current and standard component level test cur-
rents was ~0.1. In forward mode the backend limitations were dominant during
the surge test.

A similar ~ 10 times correlation factor between ESD and surge pulse peak
current was measured for the snapback NMOS (SNMOS). The increasing of the
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Fig. 2.17 Example of a coupling/decoupling network for symmetrical high speed communication
lines using 1.2/50 ps surge [25] with Rc = Rp = 80 Ohm and the decoupling capacitors C;4 and C;p

Table 2.2 Comparison of the ESD passing level upon for different HV SCR device types

Device type Breakdown Positive

Positive surge

Negative surge

voltage TLP IT2 kV/1 kQ kV/1 kQ
@ 1 pA
Dual-direction SCR 60 V >15 A Pass 3 kV(~3 A) Pass 3.5kV
(DIAC) Fail 3.5 kV (~35A)
Fail 4 kV
HV NLDMOS-SCR 40V >15 A Pass: >4 kV Pass: >4 kV (>4 A)
>4 A)

Table 2.3 Comparison of the ESD pulse and surge pulse performance for the snapback NMOS

with width 800 pm for two drain silicide blocking regions

TLP current HBM MM pulse HMM pulse Surge voltage
1T2 pulse over 1 kQ
Positive stress (snapback mode)
SB=29um 46A 7kV 450V ~ 6.7A 2kV/ ~ 6.1A 450 vV
4.6 A
SB=1.6um 28A 5kV 400V ~67A 08kV ~24A 400V
33A
Negatives stress (body diode)
SB=29um 11A >8kV 600V ~ 9 A 56kV ~>17A 25kV
SB=1.6um 11A >8kV 550V ~ 82A 44kV ~ 133 A 25kV
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silicide block (SB) length in the drain ballasting region provided practically no
improvement of the surge pulse passing level in spite of the significant effect on
standard component and even HMM test results (Table 2.3). The description of the
SNMOS and SCR ESD devices is presented in Chap. 3.

2.2 HMM Testing

A significant progress for the on-chip system level IC protection design was
achieved by implementing the component and on-wafer test methods. These
methods simulate the system level ESD discharge pulse waveforms with a margin
which is acceptable for initial design steps. In particular, an understanding of the
IEC 61000-4-2 standard requirements led to the development of a component-level
test method using the same stress waveform.

The system-level ESD test standards do not guide directly how to apply system-
level ESD stress on the IC component level. Nevertheless, there was a critical need of
characterizing components and on-chip ESD clamps with a system-level equivalent
stress. Thus, a new measurement method—the Human Metal Model (HMM), has
been proposed. While the system level IEC and ISO standards for the contact dis-
charge define the tests for the system ports, the HMM methodology is on the contrary
primarily targeting the evaluation of the IC pin robustness. It was also successfully
used for the evaluation of the standalone ESD solutions placed on test chips.

The methodology is done under the assumption that, if the HMM pulse
waveform repeats the system level waveform, a certain passing level correlation
can be expected. Several studies demonstrated that in many cases there is a cor-
relation between standard system level gun test and HMM stress [51]. In spite of a
number of reported miscorrelations, today HMM represents the most useful
approach for the on-chip system-level design. This triggered the release of many
industrial HMM laboratory tools [28, 29] now offered by variety of vendors. The
details of the setup and associated issues are described in the following sections.

A complementary angle of view on the HMM practice is related to the prop-
agation of the system level stress across the PCB. This results in a possible current
overstress at the IC pins directly interfacing with the system port under stress. It is
logical to expect that the ability to withstand this system level test is not auto-
matically guaranteed just by the passing the standard component level stress
(HBM, MM, CDM). Instead, such capability should be added by the dedicated on-
chip design, discussed in Chaps. 3 and 4.

HMM tester applies stress waveforms with similar characteristics to the IEC
61000-4-2 standard waveforms. Perhaps the only parallel in physical under-
standing between the HMM test and the standard component level tests can be
roughly drawn by a physical representation of HMM current pulse waveform as a
superposition of the component-level CDM pulse, representing the first peak, and
HBM pulse, representing the second peak, after both scaled in a right proportion.
Although certain attempts can be made to find the correlation factors between
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HMM pulse and these two component pulses unlikely this approach can provide a
replacement for HMM. This is mainly because the current paths of the single pin
stress CDM are not in general the same to the path during HMM stress. Also the
duration of an HBM event is much larger than the duration of e.g. the second peak
current during an HMM event.

2.2.1 HMM Setups with ESD Gun

The HMM standard practice document [30] describes three different measurement
setups to apply the stress waveform to a component. The setups are using both gun
type and 50 Q pulse generators. The gun based setups include an IEC 61000-4-2
compliant ESD gun as a stress source. The packaged DUT is placed on a PCB
which is mounted on a larger ground plane. The ground plane of the PCB and
ground plane of the test setup thereby form a continuing ground plane (Fig. 2.18a).
When stress is applied to the DUT, the ground wire of the ESD gun is connected to
the ground plane of the measurement setup. A variation of the setup uses a vertical
ground plane (Fig. 2.18b) which allows the shielding of the measurement equip-
ment from the electromagnetic fields send out by the ESD gun during discharge.

Both setups allow the application of HMM stress when the DUT is powered up.
In this case the supply pins of the DUT should be equipped with a by-pass
capacitor to ground to decouple the supply line.

Several miscorrelation cases between different ESD gun models have been
reported [31-33]. A common reason for most of the miscorrelation is related to the
rather flexible tolerance range of the waveform parameters defined in the standard.
For example the amplitude and rise time of the IEC 61000-4-2 stress current are
defined with rather big tolerance of 30 % for the currents after 30 and 60 ns.
Combined with the 25 % acceptable range for the rise time of the initial current peak
it is logical to assume that different model ESD gun pulses might impact the passing
level at the same equal conditions [33, 34]. In addition the electro-magnetic field
around the discharge point depends strongly on the shape of the ESD gun discharge
tip. Thus the gun based HMM measurement setups partially include some of the
limitations related to the flexibility of the IEC 61000-4-2 compliant ESD guns.

2.2.2 50 Ohm HMM Setup

The alternative third HMM setup uses a 50 Q ESD pulse source (Fig. 2.19). The
stress is applied with coaxial lines to a test board with the DUT mounted on. This
setup has been originally proposed in order to improve repeatability of the applied
stress pulses [35], to remove the ESD gun issues and to enable a reliable mea-
surement of voltage and current during the HMM stress. Similar to the other HMM
setups a DUT can be tested when powered up. In this case the supply pins of the
DUT are equipped with a by-pass capacitor to ground to decouple the supply line.
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Fig. 2.18 HMM measurement setup with ESD gun and horizontal coupling plane (a) and with
ESD gun and vertical coupling plane (b) [30]

The impact of reflections in 50 Q@ HMM setups is an important issue. The
source impedance of the 50 Q@ HMM tester is much lower than for ESD guns.
The difference in source impedance impacts the test results in 50 Q HMM setups.
The on-state of ESD protection devices typically results in a low impedance of a
few Ohms. This causes an impedance mismatch between the turned-on device and
the tester source impedance.

The HMM stress current is partially reflected back to the pulse generator which
causes a disturbance of the pulse generator circuit (Fig. 2.20). This results in an
appearance of a negative current after the decay of the HMM stress current. The
current waveforms with and without matching DUT resistance become different
(Fig. 2.21). Those reflections can impact the device failure level. Thus, there are
miscorrelations in comparison to testing with an IEC 61000-4-2 discharge circuit
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Fig. 2.19 50 Q HMM setup [30]
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Fig. 2.20 Principle schematic of a 50 Q HMM setup; TL/ one transmission line for pulse
shaping
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Fig. 2.21 Simulation of the impact of the DUT impedance on reflections in 50 Q HMM testers:
current through DUT (left) and current through TL1 (right); DUT represented with 1 and 50 Q
resistance

as HMM stress source. If a matched 50 Q impedance is connected as DUT, then
these disturbances do not occur. A detailed analysis of this phenomenon is pro-
vided later in this chapter.
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Fig. 2.22 Equivalent
schematic of a 330 Q@ HMM 330Q
discharge circuit l

T
il

The HMM setup with an IEC 61000-4-2 discharge circuit (Fig. 2.22) has an
impedance of 330 Q which is similar to ESD guns. Hence type of reflections as
observed in 50 Q HMM setups cannot occur. The main advantage of this HMM
tester over any ESD gun is the compact form factor of its discharge module. It can
be conveniently mounted into wafer-level measurement setups. This enables
HMM characterization in a very early stage during the ESD protection design.
Additionally the design of the module limits the radiation of electromagnetic fields
during the HMM test. Alternatively, the discharge can be applied via connectors to
application boards. The stress current complies with the IEC 61000-4-2 standard
and the HMM standard practice.

150 pF

2.3 Transmission Line Pulsed Characterization

Passing ESD qualification level for devices and systems under test is a primary
goal of any ESD design. However it would be rather difficult to rely only on the
passing level during the development of ESD solutions and ESD case studies.
Neither capturing of the current and voltage waveforms is always simple nor an
easy way to run comparative and conclusive evaluation of ESD solutions and the
internal circuit response. Therefore Transmission Line Pulsing (TLP) I-V char-
acterization becomes one of the major steps in the on-chip development process.
After more than two decades of evolution the TLP methods have significantly
improved. Many tools have been released by test equipment vendors and are now
widely applied both on the component and system level evaluation. The TLP I-V
characteristics measurement methodology including challenges and pitfalls related
to the on-wafer measurement techniques are addressed in this section.

2.3.1 TLP Test Method

TLP testing has been introduced for the first time in [36]. Today, commercial TLP
testers are available from several vendors and provide a variety of user friendly
features and GUIs. The original motivation for introducing TLP was to have a
measurement setup which allows the device characterization and the capturing of
voltage and current in the HBM time domain. Since then, it became the most
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important component-level ESD characterization tool for obtaining the device
parameters which are required for the design of on-chip and off-chip ESD pro-
tection circuits.

One typical TLP setup is the Time-Domain Reflected (TDR) TLP measurement
setup (Fig. 2.23a). Certainly the voltage measurements include the probes with
substantial attenuation. A transmission line of a certain length is charged by a
high-voltage source. The length of the transmission line defines the width of TLP
pulse. When the switch is closed the transmission line is discharged to the DUT.
The incident and reflected voltage and current in time are measured with an
oscilloscope. Typically the delay between incident and reflected waveform is not
long enough. Therefore incident and reflected waveforms can been seen “over-
laid” on the screen of the connected oscilloscope. The current and voltage at the
DUT are obtained by adding incident and reflected data. This is done either in the
control software of the TLP tester and/or during processing of the obtained
waveform data.

The second typical setup is the Time-Domain Transmission (TDT) TLP mea-
surement setup (Fig. 2.23b). Like before a transmission line is discharged to a
DUT. The incident and reflected current in time are measured with an oscillo-
scope. The voltage, however, is measured directly at the device under test. The
TDT setup can be also compared to a Kelvin type of measurement setup as the
voltage is not measured through the same wire where the stress current is flowing.

The principle of the voltage and current measurement with only 2-pin DUT
connection is illustrated in Fig. 2.23c. The main pulse from the generator G is
propagating in the line Zg. In the point “0” two small fractions are split out from the
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main pulse that is continuing to travel in the line Z; toward DUT. These two small
fractions are routed into the coaxial lines Z; and Z;. The attenuated pulses are
obtained using 1/200 dividers formed by the corresponding resistors R; and R, into.
All three coaxial lines Z;, Z;; and Z7 are matched to the same length thus introducing
the same propagation delay time. The line Z; has with the opposite end shorted to the
ground, while the coaxial delay line Z;, with the open circuit (Fig. 2.23c).

After corresponding propagation line delay time each split pulse reflected from
opposite ends of the lines Z; and Z; arrive at the points [ and U, respectively
meeting with the new two fraction of the main pulse reflected from the DUT.
Summation of the DUT pulse with the pulses in the reflected pulses in the lines
with shorted and open circuit ends form the signal proportional to the current and
voltage through the DUT, respectively. This signal are brought to the two channels
of the oscilloscope SO.

In case of low voltage devices at high current the voltage signal at DUT at high
current is the result of substraction of rather big values of the reflected signals.
This significantly impacts the accuracy of voltage measurements. To improve the
accuracy a direct voltage probe with corresponding transmission line delay can be
used as an alternative (Fig. 2.23b).

The typical current and voltage waveforms of the TLP discharge pulse are
rectangular with a user-defined rise time and pulse width. TLP pulses are usually
100 ns wide and rise within 200 ps to 10 ns which is partly equivalent to the rise
times of the HBM current (Fig. 2.24).

To obtain the quasi-static DUT response the TLP pulses are analyzed for each
stress level only in a selected time window that is usually selected between 70 and
90 % of the TLP pulse width. In this time window voltage and current are aver-
aged (Fig. 2.25, left plots). By plotting each averaged voltage and current value
the TLP I-V curve of a DUT is obtained after the corresponding multiple zap steps
(Fig. 2.25, right).

TLP evaluation is used not only for the confirmation of the maximum current
level provided by the clamp but also to deliver insights on the quasi-static char-
acteristics of the ESD device. This is achieved by extracting several figures of
merit from the TLP I-V characteristics. In industrial testers the TLP test is
combined both with the functional leakage test and with the automatic bias con-
ditions used for example for pulsed SOA measurements of the standard devices
[37]. The leakage current is measured between each pulse (Fig. 2.26) under power
down condition of the controlled pins prior to the measurement.

From a physical point of view, the ESD device in snapback mode operates
similarly to a voltage-controlled switch with a resistive load. The first pair of
parameters, the triggering voltage V; and triggering current I, is used as figures
of merit for the turn-on of the device into snapback. These parameters are
important when defining the device turn-on within a so-called ESD Protection
Window and to guarantee that during normal circuit operation the device does not
accidently turn-on thereby having the risk for transient induced latch-up.

The next important figure of merit parameter is the holding voltage Vg. This
parameter depends on the load impedance of the TLP tester and the snapback
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Fig. 2.26 Typical double plot for TLP snapback characteristics with major figures of merit
indicated

voltage of the device. Thus, for example, when using a 50 Q TLP system, the
measured holding voltage generally is higher than the real device holding voltage
which can be obtained by characterizing it with a waveform HBM system or a DC
measurement.

After turn-on into the high current state, the device provides a certain on-state
resistance due the internal positive feedback and a saturation region that deter-
mines the voltage waveform in the ESD pulse domain at a high current level.
Usually, this parameter is an important practical criterion. For standard package
level specifications it can be defined, for example for 1.33A (2 kV HBM). Finally,
at a certain stress level, the physical limitation of the device results in irreversible
changes to the devices structure. This equivalent TLP I-V curve point is usually
referred to as I, and Vp, (Fig. 2.26)

In general the parameters I, and Vi, cannot be seen from the pulsed I-V
characteristic alone. Even after irreversible changes the TLP I-V curve still may
show the same trend. A separate functional test is usually required to establish the
detection of device failure. In most TLP systems, this functional test is usually
implemented by a simple leakage current measurement at a given voltage level
with a defined parametric failure criterion, for example, a leakage deviation of one
order of magnitude from the original level. For example, in the case of data for the
20 V snapback device presented in Fig. 2.26, the left plot for pulsed I-V shows no
peculiarity associated with the irreversible failure that is already observed in the
leakage current obtained with the functional test at an I, current level of ~2.5A.

TLP characteristics are very convenient for comparative analysis. They are
widely used across this book both to represent the device parameters, pulsed SOA,
and for the debugging of the analog circuit product pin characteristics. Pulsed SOA
in the ESD time domain (further as ESD SOA) is a SOA measured for specific
pulse conditions. In principle, this SOA depends on the specific pulse waveform.
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Known miscorrelation expected a different SOA for HBM, MM, and CDM, as well
as for IEC and CDE system level test pulses. The most common characterization
technique for ESD SOA evaluation combines TLP measurements with constant
gate bias (Fig. 2.27). This technique applies TLP pulses to a DUT, for example,
NMOS devices under constant gate bias on the gate electrode (Fig. 2.27). The
setup includes a constant voltage source to provide gate-source bias, base-emitter
bias, or current. TLP stress is applied under different bias conditions to obtain the
DUTs SOA.

The impact of the TLP tester impedance on the failure level cannot always be
neglected. One example is the so-called very high voltage (VHV) switching
devices which can operate at voltages of several hundreds of volts up to more than
one kilovolt. E.g. triggering a 600 V SCR device into the snapback mode in a 50 Q
TLP setup can result in a current level above 10 A. This may be much higher than
the current capability of the device. An example of a device that passes 2 kV HBM
stress (1.33 A), but fails the 50 Q TLP stress is presented in Fig. 2.28. Another
important issue for the high-voltage devices is the precise measurement of the
holding voltage that is usually hidden by the load line of the 50 Q TLP tester.

An experimental methodology to overcome this issue is either to increase the
source impedance of the TLP tester [38] or to use a multi-level TLP tester [39].
The 100 ns TLP I-V curves of a HV nLDMOS-SCR were obtained with a 50 and a
500 Q TLP tester (Fig. 2.29). The device snaps back to a higher current value
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when using the 50 Q tester. Due to the different load line the current after snap-
back is lower when using the 500 Q tester. When using the 500 Q system even
points between the device turn-on around 150 V and the completed snapback
around 3 V can be captured.

2.3.2 Very Fast TLP Test Method

The very fast TLP (vfTLP) test methodology has been proposed for the first time in
[40]. The motivation for the VfTLP testing is to enable the device pulsed char-
acterization and voltage/current measurement in the CDM time domain. In the
standard practice document [41] vfTLP is defined as a TLP stress with less than
10 ns pulse width and 100-500 ps rise time. The fast rise time and short pulse
duration allows the measurement of transient device behavior in the nanosecond
time domain.

The TLP and vfTLP I-V characteristics of the same device are different due to
the pulse length. Conventional 100 ns TLP measurements represent a quasi-static
state of a device. The vfTLP I-V curves represent a more dynamic device behavior
which is related e.g. to the DUT triggering delay (Fig. 2.30).

The quasi-static characteristics of the device are accessed by means of TLP [-V
characteristics analysis. TLP waveform analysis enables the study of the transient
device behavior during ESD stress. Because of the transient nature of the TLP
pulses calibrating TLP and vfTLP measurements is an important step to obtain
accurate testing results. For example in on-wafer TDR TLP setups the parasitic
elements of the connection cannot be neglected due to distortion of the mea-
surement results. The probe needles contain the main contributing parasitic ele-
ments. They are represented by their resistance Rg < 1 Q and their inductance
Ls ~ 10-20 nH (Fig. 2.31) [42, 43].
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Fig. 2.30 Illustration of different averaging windows during extraction of vfTLP and TLP I-V
curves: a location of averaging windows and b I-V curves based on the different averaging
windows

In the high current region of a TLP I-V characteristics the parasitic resistance
of the probe needles causes a significant parasitic voltage drop due to the needle
resistance Rg. The additional voltage drop brings inaccuracy to the TLP waveform
analysis. The impact of the parasitic elements must be calibrated out from the
measurement data. To take into account the additional voltage introduced by the
needle resistance the TLP tester can be connected to a short circuit element. The I-
V characteristic is measured as an initial step of the calibration procedure. The
slope of the obtained I-V curve equals to the serial resistance of the probe needles.
By introducing the corresponding correction to the measurement data the real I-V
characteristics at the DUT can be obtained.

A more complex calibration routine for vfTLP testing setups is related to the
significantly faster rise time and shorter pulse duration. The corresponding mea-
surement setup with high bandwidth current and voltage probes results in a need
for high cost RF probes. Their main disadvantage in case of on-wafer vfTLP
measurements is the non-flexible probe pitch. The layout of the on-wafer test
structures has to be designed for available RF probe pitches.

A practical alternative with standard tungsten probe needles requires (Fig. 2.32)
a de-embedding of the parasitic from each measured voltage and current waveform
using a dedicated calibration/de-embedding methodology [44]. The method is
independent of the pulse shape generated by the tester. The vfTLP pulse can
feature different durations and rise and fall times.

The de-embedding/calibration methodology uses three loads to characterize the
full vfTLP setup: an open circuit, a short and a 50 € resistor. Voltage and current
are captured from those loads. With the data, a model for the needle parasitic and
the loss in transmission line are extracted.

The voltage and current for a short load measured by the oscilloscope were
calibrated. The needle inductance causes a voltage overshoot of 23 V (Fig. 2.33a).
After calibration this voltage overshoot is completely removed. As a result the
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voltage from a short load has eliminated the voltage overshoot due to the needle
parasitic (Fig. 2.33b).

The calibration methodology is applied to vfTLP measurement data, obtained
from a diode-triggered SCR (DTSCR). The impact of the test setup parasitic is
demonstrated for a diode-triggered SCR (DTSCR) by comparing the vfTLP I-V
characteristics before and after the calibration (Fig. 2.33c). Without calibration,
both the on-resistance and the holding voltage of the DTSCR are higher. The
additional voltage drop due to the parasitic is included in the extracted I-V curve.
After calibration, the on-resistance is much lower and a more accurate holding
voltage is extracted from the -V curve. The accuracy of the calibration meth-
odology is validated by comparison of the results with RF probe needles
(Fig. 2.33d).

For both TLP and vfTLP testing setups a Kelvin type of setup (TDT) can be
used with an additional DUT connection to eliminate the need for a calibration
procedure related to the probes parasitic [38]. However due to possible different
cable lengths of voltage and current measurement an alignment of the obtained
voltage and current waveforms might be required even if a Kelvin setup is used.
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Fig. 2.33 Application of vfTLP calibration routine to measurement data: the voltage and current
for a short circuit load (a), comparison of the voltage before and after calibration (b), 3 ns vfTLP
I-V curve of a diode-triggered SCR (¢) and comparison of measured current and voltage
waveforms during 5 ns vfTLP stress after calibration and when measured with RF probes (d)

2.4 Transient Waveforms Characterization for ESD Stress

While TLP characterization and the passing level for ESD pulses are the most used
tools for practical design, the analysis of the waveforms for the different transient
pulses often can reveal additional useful information and help to debug and
optimize different ESD solutions. For example using current and voltage wave-
form capture techniques for HBM pulses the phase-diagram like HBM I-V
characteristic can be reconstructed by plotting instantaneous current /(¢) over V(1)
over the entire HBM time domain (Fig. 2.34).

The analysis of such phase I-V characteristics reveals the region representing
the device turn-on, oscillations around the peak current and a stable monotonous
part during the remaining 150 ns HBM pulse discharge. The first two regions
represent the transient device behavior under ESD stress, whereas the latter rep-
resents the quasi-static device pulsed operation.

Similar analysis can be completed to represent the transient characteristics for
the system level pulse. To achieve this goal several important aspects must be
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Fig. 2.34 Voltage V(1) and current /() waveforms captured from a ESD diode at a HBM stress
level of 1 kV and plotted phase HBM I(t)—V(t) characteristics

taken into account. They are related to the required calibration procedures for the
waveform capturing, clamp operation specific and the setup itself. These aspects
are discussed in this section.

2.4.1 Calibration of ESD Waveforms

The example of a calibration procedure is described in this section for the case of
HBM tester. The methodology can be also applied to other two-pin component-
level tests like MM and HMM.

At the standard HBM pulse rise time of ~2-10 ns the voltage and current
waveform measurement is very sensitive to parasitic elements in the setup
(Fig. 2.35). The parasitic elements contributed by the probe needles and test setup
cause an additional voltage drop around the current peak and to the linear region of
the HBM I-V characteristic. They must be eliminated by an appropriate calibra-
tion procedure. The current transformers usually used as current probes have a
limited bandwidth, which is between 25 kHz and 2 GHz. This results in distortion
of the falling part of the measured current waveform.

To remove this low frequency distortion of the current transformer, the transfer
function TF of the current transformer needs to be determined for the calculation
of the real current I, out of the measured current I~ (2.1).

Low = TF -Icy (2.1)

This corresponds to a de-convolution problem, where the determination of an
unknown input signal is calculated from the measured output signal if the transfer
function of the system is known. The methodology allows to extract the transfer
function TF, the needle parasitic resistance R, and inductance L,. The extracted
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values are calculated from HBM voltage V., and current /., waveforms captured
for given resistive load R; and short circuit conditions (Fig. 2.36).

Measured voltage V,; and current /-7 are aligned in time and transformed to the
frequency domain. Two expressions of the transfer function of the current trans-
former are obtained - one for the load R; (2.2) and one for the short (2.3)
measurement.

TFload _ Ii(())?’;j(w) _ Vcl'?ad(w) (2 2)
o Jload - R 7p) - Jload ’ '
ri(w)  (Re+Zp) - 187 ()
TFshort _ IZZ(r)r”(w) _ Vglhmt(w) (2 3)
o Ishurz( ) - Tp - Ishurt( ) ’ '
cr \@ p-ler (@

where Zp is the impedance of the needles. Both transfer functions are identical as
they are obtained with the same current transformer and on the same setup:
Vslhort (CO) Vload (0))
Ci

cl
— =TF. 2.5
Zo [(0) ~ (Re+ 20) - 1289 (w) 23)

From (2.5) Z,, is obtained as
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For a typical on-wafer measurement setup the series resistance R, is
~0.5-0.8 Q and the inductance L, is ~10-15 nH, extracted per a single needle.
Finally, TF is obtained by substituting (2.6) in (2.2) or (2.3). To obtain the real
current through a device under test (DUT), the measured current waveform
IpUTmeas 18 transformed to the frequency domain and multiplied with the transfer
function TF (2.7). A corrected voltage waveform across the DUT is calculated

referring to Eq. (2.8).
P () = TF - 1PV (), (2.7)

corr meas

VPUT () = VPUT () — Zp - IPYT (). (2.8)

corr meas corr

Due to limited power of the signal spectrum at high frequencies, the numerator
and denominator in Egs. (2.2) and (2.3) becomes very small. The result is unrealistic
values at high frequencies that have to be removed before the IFFT operation. To
reduce the noise level additional filtering of the obtained data is required. The cor-
rected current ICD(f,/,T (w) and voltage VQ,L,/,T (w) waveforms are transformed to the time
domain. The calibration data is independent of the pre-charge voltage. A calibration
needs to be performed only once before a full set of HBM waveform measurements.

The de-embedding of the HBM tester parasitic requires the application of the
calibration data to every captured voltage and current waveform. Also the data
needs to be filtered to remove the increased noise due to FFT/IFFT operations on
the data. As an alternative to the calibration procedure the voltages can be captured
in a Kelvin setup [38]. The advantage of the setup (Fig. 2.37) is that the voltage is
measured directly at the DUT using a second pair of probes. Since the stress
current has a separate path the parasitic voltage drop is not interfering with the
voltage measurement thus eliminating the need in calibration.

The comparison of the maximum voltage dependence upon the stress level for
the peak voltage with and without Kelvin technique is apparent (Fig. 2.38a, b) and
less noisy. It can be further used to validate the calibration procedure too
(Fig. 2.38c).
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Fig. 2.38 Application of Kelvin methodology for low-voltage-triggered SCR device measure-
ments: maximum voltage versus HBM stress level (a) and voltage waveforms for a 1 kV HBM
stress (b) and comparison with the calibration/de-embedding results

Additionally the frequency response of the current transformer can be modified
to improve the bandwidth of the current transformer. Changing the transfer
function of the current probe can significantly simplify the calibration procedures.
The lower frequency limitation of inductive current probes is changed to a level
which is acceptable for the measurements. The equivalent circuit of an inductive
current transformer typically used in ESD measurement setups includes the self-
inductance and the termination resistance (usually 50 Q) (Fig. 2.39). The formed
L-R filter has a lower frequency limit that can be reduced further by adding a low
value parallel resistor between the current transformer and the input of the
oscilloscope [45].

For example, by adding a resistor of 5 Q in parallel to a Tektronix current
transformer CT-6, the lower bandwidth limitation is reduced from 250 kHz (da-
tasheet) down to ~40 kHz (Fig. 2.40) impacting significantly the measured cur-
rent waveforms. As a result the negative current part of the current waveform is
strongly reduced (Fig. 2.41)
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The main advantage of modifying the current probe is the reduced effort during
the HBM tester calibration. If a modified current probe is used together with a
Kelvin setup no HBM tester calibration is required when measuring voltage and
current waveforms during HBM stress. Consequently no FFT is applied to the
measurement data and the increase of the noise in the measurement data is
prevented.

Once the waveform capture setup is done, the measurements of the transient
characteristics can be applied for comparative analysis of the ESD solutions. Such
application can be demonstrated on the example of a low-voltage SCR local clamp
operation as a function of the driver circuit design. The clamp design includes a
diode triggered SCR device. To evaluate the clamp performance an nMOS tran-
sistor has been added as a gate monitor device in parallel to the clamp (Fig. 2.42).

Three different variations A, B and C of the clamp design were used [44] for
comparative analysis. The type A was representing the baseline clamp composed
from the SCR device and the small width reference diodes. The diode controlled
only small local Anode-G2 junction (Fig. 2.42) of the SCR N-base. Thus the diode
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pull-down circuit was triggering the SCR locally and the delay of the turn-on was
expected to provide relatively large clamp voltage overshoot due to the turn-on
delay. Type B was representing an improved turn-on speed. This was achieved by
wider trigger diodes to control the entire width of the SCR N-base junction con-
nected to the Anode-G2 terminals [47].

Finally the further turn-on speed improvement was in implemented in the Type
C version, when the conventional shallow-trench-isolation (STI) diodes in the low
side reference circuit were replaced by poly-bounded diodes. Due to better on-state
performance of the poly-bounded diodes over the STI diodes the SCR triggering
speed was expected to be the best among the three types.
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To emphasize the informative value of the waveform capture analysis value the
TLP measurements were also performed for all three SCR clamp types with no
gate monitor present. As expected, no difference for the three clamp types can be
observed in the TLP I-V characteristics. There is a clear matching between the
TLP I-V curve and the linear part of the HBM I-V curve. The TLP characteristics
of each clamp were similar to the TLP I-V curve of type A (Fig. 2.43). A different
result for maximum TLP current was recorded when the gate monitor was con-
nected demonstrating the best performance for clamp type C.

This fact points on a critical role of the voltage overshoot that was damaging
the nMOS device gate oxide. The effect can be made visible by an overlay of a
calibrated HBM phase I-V characteristics (Fig. 2.43). Unlike in TLP I-V curves
the voltage overshoot is visible in a HBM I-V plot.

The comparison of the HBM I-V characteristics for the three clamp design
types demonstrated the expected level of voltage overshoot depending on the
clamp design (Fig. 2.44). Device type A is the slowest device and provides
the highest overshoot voltage. The combination of the DTSCR clamp type A and
the gate monitor fails at ~1.9 kV HBM.

The faster turn-on speed of the type B design results in an increased passing
level of 2.6 kV when the gate monitor is connected. Finally the biggest
improvement is achieved for clamp type C with poly bounded reference diodes. It
generates the lowest overshoot due to fastest turn-on. This leads to an increased
HBM robustness in the gate monitor experiment of about 4.6 kV.

2.4.2 Transient Characterization of HV Circuits

The high-voltage (HV) ESD devices include longer drift and blocking junction
regions in comparison to LV CMOS devices. Therefore a longer carrier transient
time from the anode to cathode is involved in the initiation of the conductivity
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Fig. 2.45 Calibrated TLP (a) and HBM (b) voltage and current waveform at a stress level of
~2 A for 100 V VDMOS-SCR device

modulation process. This results in slower device reaction during ESD (over-)
stress, non-uniform triggering, and filamentation [48, 49]. An example of the HV
devices realized in a 100 V BCD process technology is discussed below to
demonstrate the peculiarities. The voltage and current waveforms were captured
using the described calibrated methodologies for TLP and HBM ESD pulses. The
DUT was a vertical double-diffused MOS SCR (VDMOS-SCR) device stressed
with about 2 A equivalent current (Fig. 2.45).

A comparison of the TLP and HBM waveforms shows that during HBM testing
current and voltage overshoots are occurring but not during TLP testing. The TLP
trigger voltage is about 120 V (Fig. 2.45a), whereas in HBM an overshoot voltage of
about 180 V (Fig. 2.45b) is measured. Additionally, in HBM a delay between
voltage and current peak is observed. Through the measured device flows a HBM
current with a peak ~2.7 A. This is much higher than the nominal expected current
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of 2 A for 3 kV pre-charge voltage. What are the underlying reasons for these
results? The different testing environment in TLP and HBM influences strongly the
transient behavior of the ESD clamp. In a HBM test setup the 100 pF discharge
capacitor is in parallel to the board capacitance Cg. This results in a much larger
equivalent capacitance in parallel to the DUT in the HBM testing setup. The much
larger equivalent capacitance in the HBM setup interacts with the DUT and causes
the described behavior. The equivalent schematics for TLP and HBM measurement
setups show different ways how the Cp capacitor is charged and discharged
(Fig. 2.46). In the HBM setup the capacitor is charged to the level of the triggering
voltage. During the fast transient triggering of the HV SCR device in high con-
ductivity state, the capacitor Cp releases the major charge into the SCR device. This
generates CDM-like high current peak. The faster rise time of this initial peak is the
likely reason for the higher voltage overshoot. In case of TLP stress the C capacitor
is driven by the 50 Q load that limits the current through the capacitor.

It is important to note that the capacitive loading of the voltage probe impacts
the measured HBM waveforms. Typically commercially available voltage probes
have an input capacitance in the 8—10 pF range. These values in general cannot be
neglected. For example in case of the above devices the voltage probe capacitance
influences the device triggering and results in a growth of the current amplitude
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from ~0.8 A without voltage probe to 1.4 A with connected voltage probe
(Fig. 2.47).

To evaluate the influence of the capacitive load of the voltage probe on the
HBM waveform measurements, additional capacitors with different values are
placed in parallel to the DUT (Fig. 2.48a). In the described setup for HBM
waveform capturing the VDMOS-SCR device peak voltage and current depend on
the total capacitance across the device (Fig. 2.48b). The maximum voltage
obtained at a HBM pre-charge level of 4 kV remains practically unchanged with
increased capacitance, while the increasing capacitive load increases significantly
the current overshoot.

2.4.3 Transient Characterization with On-Wafer HMM
Setups

On-wafer HMM testing setups can be used not only to measure the ESD passing
level of the components for this pulse. Similar to the HBM methodology,
described above, this setup can be also modified to enable the voltage waveform
capturing. This enables both the preliminary validation of IC pins during ESD
stress and the research and design of ESD devices for system-level ESD protection
designs.

Due to the fast rise time of the HMM pulse first peak a more sophisticated setup
design is required in comparison to HBM waveform capturing. If the voltage
measurement is made across the probe needles a calibration and de-embedding of
the test setup parasitic required extracting the real voltage waveforms at the tested
device. The much larger voltage amplitudes during HMM stress combined with
the faster rise time in general results in much higher voltage overshoots. During
voltage capturing the scaling of the oscilloscope is usually set to capture the full
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amplitude of the voltage overshoot. This reduces the measurement resolution for
the part of the voltage waveform where the device is in the on- or holding state
after the first 5-10 ns time domain of the pulse. Hence, the preferable setup for
HMM on-wafer measurements is the Kelvin setup (Fig. 2.49). The voltage probe is
connected through a second pair of probes to the probe pads of the DUT which
decouples it from the HMM current path. This limits or even eliminates the cor-
responding waveform distortion.

For example, the voltage and current waveforms for on-wafer HMM stress of a
nL.DMOS-SCR measured in a Kelvin setup provide the realistic values for the

triggering voltage of the nLDMOS-SCR, holding voltage and the device turn-off
(Fig. 2.50).
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2.5 HMM Tester Correlation

The HMM standard practice document [30] outlines methods how system-level
ESD stress should be applied to components. “Components” are defined as both
single devices and integrated circuits. Two main tester concepts are proposed:
HMM testing setup using the IEC 61000-4-2 standard discharge circuit and 50 Q
HMM pulse generators. The 50 Q@ HMM pulse generators create the stress
waveform by shaping a rectangular pulse with transmission lines and filters. In
spite of a good correlation reported for 50 Q HMM (HMM-50) and ESD gun based
testers [50] for standard and advanced LV CMOS technologies, this section
demonstrates a miscorrelation case study. The impedance of HMM-50 tester can
lead to false results in comparison to testers which use a discharge circuit of the
IEC 61000-4-2 type.

2.5.1 Test Setup and Device Characterization

The HMM testers used for the comparison are connected to on-wafer test setups.
The gun based HMM tester is a HANWA HED-5000 M (HMM-IEC, Fig. 2.51a)
tester which uses an IEC 61000-4-2 RC type of discharge circuit to create the
stress current [51]. By design, the discharge module of this HMM-IEC tester does
not generate the typical electromagnetic fields produced by ESD guns during the
discharge. The tester form factor is compatible with on-wafer setup integration
which allows a short connection between the discharge module the DUT on the
wafer. The second tester is a 50 Q HMM tester HPPI 3010C/3011C (HMM-50,
Fig. 2.51b) which is based on a modified Transmission Line Pulse tester [52]. The
transmission lines and rise time filters are modified in a way that allows the
sourcing of a stress current which has a shape within the specifications of the IEC
61000-4-2 standard.
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Fig. 2.51 Block diagrams for HMM-IEC (a) and HMM-50 (b) on-wafer test setups with
connected voltage and current probes and comparison of their short circuit current waveforms for
1 kV HMM stress equivalent (c)

In spite of the difference in the output impedance, both testers provide current
waveforms into a short circuit load that are compliant to the IEC 61000-4-2
standard. In general the real tester pre-charge voltages cannot be used for the
comparison of failure level due to the different methods of creating the ESD stress
current. The use of the first peak of the HMM current waveform is neither an
adequate figure of merit for the comparison. The amplitude of this first peak
strongly depends on the parasitic load of the measurement setup, the DUT
impedance and the accuracy of the pulse source. In addition there can be a vari-
ation from pulse to pulse when repeating zaps at the same stress level and in the
same test setup. For tester comparison, the current after 30 ns is a more reliable
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Table 2.4 Devices under test

. Device name  Device type Technology
and process technologies
used LV N-SCR nLDMOS-SCR 90 nm CMOS
Diode ESD diode, forward 100 V BCD process
HV N-SCR nLDMOS-SCR 100 V BCD process
PNP Lateral PNP 100 V BCD process
NMOS Grounded-gate NMOS 5 V analog CMOS
Fig. 2.52 Summary of 10 -
obtained measurement E group 2 B HVM-EC| ]
results; three device groups: — £ o ]
group 1 lower failure level _>£ 8 E E
during HMM-IEC testing, D E E
group 2 higher failure level 3 6F E
during HMM-IEC testing, ] E E
group 3 similar failure level % 4 ]
when using HMM-IEC and = E E
HMM-50 tester S groupt group3 4
T 2t E
ol i

LV N-SCR diode HVN-SCR PNP ggNMOS

figure of merit. To comply with the standard the current level after 30 ns is
expected to be ~2 A/kV, although with £30 % variation.

To minimize waveform distortions the voltage waveforms were captured with a
Kelvin setup. The selected DUTs are typical ESD protection devices for analog,
high-voltage-tolerant and high-voltage/smart power applications (Table 2.4).

The experimental results obtained from all devices can be subdivided in 3
groups based on their correlation between the HMM-IEC and the HMM-50 testing
results (Fig. 2.53). The lateral PNP and the NMOS show similar failure level for
both testers (group 3). The diode and HV-SCR devices fail at two times lower
passing level when using the HMM-50 tester (Group 2, Fig. 2.52). In contrary the
LV N-SCR device fails at substantially lower level when using the HMM-IEC
tester.

The difference in failure level for the LV N-SCR (0.5 kV vs. 1.8 kV) can be
explained by the gate oxide breakdown effects due to a faster rise time of the
HMML-IEC tester. To support these conclusions mixed-mode simulations with
DECIMM™ [19] are carried out. The models of the two HMM tester are
implemented as well as the device TCAD model. The simulated voltage wave-
forms (Fig. 2.53) for the same equivalent stress level show a smaller voltage
amplitude and a slower rise time with the HMM-50 tester suggesting less gate
oxide stress.

To compare the impact of the HMM tester on the GOX stress the vertical
electrical field across the gate oxide (GOX) was also extracted from the device-
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Fig. 2.53 Simulated voltage
waveforms across the low-
voltage LV N-SCR during
triggering when stressed with
different HMM tester; stress
level: equivalent stress level

Fig. 2.54 Simulated cross
section of the LV N-SCR
(a) and simulated vertical
electrical field through GOX
for different HMM testers and
equivalent stress level (b)
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circuit mixed-mode simulations. The simulated cross-section of the LV N-SCR
(Fig. 2.54a) was used to extract the maximum vertical electrical field across the
GOX at different stress levels. For HMM-IEC tester pulse the electrical field is
significantly exceeding the value of the HMM-50 tester for the same stress level.
The peak value correlation of the 500 V HMM-IEC is matching the corresponding
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value for 1.8 kV HMM stress which supports the conclusion of the failure cause.
GOX breakdown occurs because of the faster rise time of the HMM-IEC tester.

A different reason for the miscorrelation was derived for the HV ESD pro-
tection diode for 100 V applications. The device passed 8 kV HMM-IEC tester
stress, but failed below ~3.7 kV during the HMM-50 tester stress. This unex-
pected result was explained by examining the current waveform. A negative
current through the diode at the end of the pulse was observed as a result of
reflections at the 50 QQ HMM transmission line. The low on-state resistance of the
diode causes an impedance mismatch with the 50 Q source impedance of the
tester. Part of the current through the DUT is reflected back into the HMM-50
tester [52]. The observed negative current forces the diode to switch fast from the
forward into the reverse biased state. When switching from forward to reverse
bias, the excess minority carriers, collected and stored in the diffusion capacitances
during forward conduction, need to be discharged. This takes a finite time for the
reverse recovery. It is visible in the negative part of the measured current wave-
form as a constant negative current flow (Fig. 2.55). During this reverse recovery
time the diode conducts although the voltage across the device is much lower than
the reverse breakdown voltage of 150 V. The amplitude of the reverse recovery
current is high enough to cause a failure of the diode since reverse biased diodes
can only withstands very small current densities.

Mixed-mode TCAD simulations are done for the same geometrical parameters
and doping profiles to understand and visualize the reverse recovery and resulting
stress in the device. During reverse recovery, the diode junction is in the transition
to the reverse biased state. The external negative voltage enforces the built up of a
high electrical field across the junction (Fig. 2.56a), the electrical field stimulates
impact ionization Fig. 2.56b) and at certain HMM stress levels the impact ioni-
zation leads to avalanche breakdown. The resulting current flow results in a current
density which exceeds the limits of the reverse-biased diode and causes device
failure.
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Fig. 2.56 Mixed-mode
simulation of ESD diode
during HMM stress applied
with the HMM-50 tester for
the current and voltage

(a) and the current and impact
ionization rate (b) at HMM
stress level 3.7 kV
(equivalent)

Fig. 2.57 Measured voltages
and current through
nLDMOS-SCR when stressed
with HMM-50 tester, zoom-
in on moment of reverse
recovery; stress level: 5.6 kV
(equivalent)
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The 100 V tolerant HV nLDMOS-SCR has failed at 5.6 kV HMM-50 and at
7.5 kV HMM-IEC stresses. Similar to the ESD diode case described above the
likely reason of miscorrelation is the negative currents generated by HMM-50
tester (Fig. 2.57) and the corresponding reverse recovery effect.
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Fig. 2.58 Simulated cross-section of a nLDMOS-SCR (a) and simulated HMM current and
maximum impact ionization rate in the device during 5.6 kV (equivalent) HMM-50 stress (b)

The mixed-mode simulation with the nLDMOS-SCR device cross-section
(Fig. 2.58a) in DECIMM™ [19] was used to analyze the lower failure level during
HMM-50 stress. The simulated HMM current and the impact ionization rate of the
nLDMOS-SCR at the failing stress level (Fig. 2.58b) demonstrate the significant
increased impact ionization rate att ~ 150 ns in spite of a full decay of the HMM
current. The increased impact ionization rate after the decay indicates reverse
recovery in the nLDMOS-SCR device.

The location of the highest impact ionization during HMM stress during for-
ward conduction mode is the drain side of the device (Fig. 2.59a). During reverse
recovery, the impact ionization is concentrated mainly at the source side
(Fig. 2.59b). The negative external voltage forces the n+-to-p-body junction on the
source side of the nLDMOS-SCR into reverse bias thereby building up a strong
electrical field. This electrical field stimulates impact ionization along the junction.
The impact ionization does not spread uniformly across the junction. Instead there
are two hot spots where the impact ionization rate is locally higher (Fig. 2.60).
This induces locally a higher carrier and current density.

The impact ionization is also concentrated around the gate oxide of the nLD-
MOS-SCR. During reverse recovery, some of the free hot carriers move towards
the gate. They get trapped when they enter into the gate oxide. With increasing
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Fig. 2.59 Location (circle) of impact ionization peaks during HMM-50 stress: a after 20 ns
(forward conduction) and b after 150 ns (reverse recovery); stress level 5.6 kV (equivalent)

HMM stress levels, more carriers are trapped in the gate oxide which results in a
degradation of the gate oxide and an increase of the device leakage similar to the
hot carrier degradation effect at much longer stress in normal operation conditions.

The evolution of the device leakage current during HMM stress on the nLD-
MOS-SCR for both the HMM-50 and the HMM-IEC testers is different
(Fig. 2.61). On the contrary, an abrupt failure is observed during the HMM-IEC
tester stress. This supports the conclusion that different failure modes occur when
stressing the HV nLDMOS-SCR with the two different HMM testers. The device
fails thermally when using the HMM-IEC tester. Hot carrier stress induced by
reverse recovery causes a gate oxide failure during stress with the HMM-50 tester.

2.5.2 Impedance Matching and Impact on Failure Level

The observed device failures are directly related to the pulse source impedance of
the particular HMM-50 tester. The on-state resistance of the tested devices is much
lower than 50 Q. This causes mismatching with the source impedance of the HMM
tester. If a series 50 Q resistor is added to the HMM setup (Fig. 2.62) the
reflections are minimized and failure due to reverse recovery is suppressed.

The repeated HMM-tests with the series 50 Q resistor show different results
(Table 2.5). The equivalent failure level when stressing the two devices from
group 2 with the HMM-50 tester becomes comparable.

A small negative current is measured when stressing the ESD diode with the
50 Q resistor. This forces the diode into reverse bias and the reverse recovery
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Fig. 2.60 Zoom-in on locations of impact ionization (after 150 ns) in device cross-section,
circle: impact ionization hotspot close to gate oxide; stress level 5.6 kV (equivalent)
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Fig. 2.61 Device leakage current evolution (at 100 V) of 100 V nLDMOS SCR during HMM
testing with HMM-50 tester and HMM-IEC tester
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Fig. 2.62 Modified HMM-50 setup with added 50 Q resistor

Table 2.5 Equivalent failure level of ESD diode and nLDMOS-SCR when stressed with HMM-
50 tester: with and without added 50 Q series resistor

Device No resistor With 50 Q resistor

ESD diode 3.7kV 3.8kV
nLDMOS-SCR 5.6 kV 5.4 kV
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occurs. Although the amplitude of the negative current is much smaller in com-
parison to the stress without added resistor the resulting failure level is similar to
the case when the resistor is added. This is attributed to a different stress current
shape (Fig. 2.63) for the measured HMM current through the ESD diode with and
without added series resistor.

This larger forward current charges more the diffusion capacitances of the
diode. When the diode goes into reverse recovery, more carriers need to be swept
away to get a stable reverse-biased state. The higher amount of free carriers,
together with the impact ionization due to reverse recovery creates a similar
current density in the diode than without series resistor.

The additional series resistor prevents negative voltages and currents when the
nLDMOS-SCR is stressed. Consequently it should prevent reverse recovery in the
n+-to-p-body junction on the source side of the nLDMOS-SCR. However, small
negative voltages and currents are still measured. This indicates that reverse
recovery still occurs in the device when stressed with the HMM-50 tester. The
measured HMM current through the nLDMOS-SCR with and without added series
resistor (Fig. 2.64).

A larger current flows through the device when the resistor is added to the
setup. More excess minority carriers are stored in the diffusion capacitances of the
device’s junctions. Due to the larger amount of minority carriers during forward
conduction, a similar number of carriers are trapped in the gate oxide. This results
in a similar degradation of the gate oxide in comparison to the case when no
resistor is added to the setup (Fig. 2.65).

Similar failure level are obtained when stressing the lateral PNP and the
ggNMOS with both the HMM-50 and HMM-IEC tester. PNP devices conduct
ESD stress with a higher on-resistance. This results in fewer reflections when the
stress is applied with the HMM-50 tester. Consequently only a small negative
current flows after the decay of the HMM pulse. Furthermore, a PNP device in
reverse behaves like in forward operation but with a different I-V curve. It is
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expected, that the PNP can conduct at least the same ESD stress as during forward
conduction.

Thus correlation issues exist for IEC 61000-4-2 type of HMM tester and a 50 Q
HMM testers. They might need to be address to gain an appropriate confidence in
component level test results. In general 50 Q HMM test systems should be used
taking into account the reverse recovery and negative current generation effects.

2.6 Summary

The demand on highly integrated SoC and SoP ICs created a design paradigm shift
towards the on-chip system level ESD protection. The significant gap between
component and system level test methods and standards has been bridged by the
introduction of the HMM method and component level ESD gun test as well as on-
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wafer methodologies. These methods provide stress pulses for the component level
close to system-level standards pulse waveforms like for example IEC 61000-4-2.
As a result, today, not only the final system blocks, but also modules, PCB and IC
designs can be evaluated for system level ESD stress.

Both from technical realization perspective and from an overall methodological
point of view, the on-chip system level ESD design requires a good understanding
of the test standards and procedures, especially for their adaptation to the IC
component level and on-wafer verification. The aspects of such understanding
include the measurements of the pulse waveforms, transient characteristics, and
the correlation factors between different tester types.

The physical aspects of the key test methodologies and their application specific
support of on-chip ESD system level design are related to ESD gun testing itself,
the test board design, and the tester and ESD pulse correlation factors. The gun
system level tests according to the commonly used IEC 61000-4-2 and ISO 10605
standards and their realization in the ESD laboratory environment are described
above.

The approach for Human Metal Model (HMM) testing as a major practical
component level emulation of the system level ESD stress is based on the
understanding of the major standards and test procedures, as well as board and
wafer level testing methodologies.

A significant progress has been made in on-chip system level IC development
by the implementation of the component and on-wafer testing methods. These
methods simulate the system level ESD discharge pulse waveforms at least with
some acceptable accuracy for the initial design. In particular, understanding the
IEC 61000-4-2 standard requirements led to the development of a component-level
test method with the same stress waveform. While the system level IEC and ISO
ESD standards for the contact discharge define the tests for the system ports, the
HMM methodology, on the contrary, is primarily targeting the evaluation of the IC
pins robustness.

A similar approach has been successfully applied for evaluation and compar-
ative analysis of the standalone ESD solutions on test chips. This is done based on
the assumption that, if the HMM pulse waveform repeats the system level
waveform, then some correlation of the passing level can be expected. The follow-
up studies have demonstrated that in many cases the correlation between standard
system level gun tests in the corresponding laboratory setup has a direct correlation
with the passing level during HMM stress. In spite of a number of reported
miscorrelations, today, HMM likely represents the most practical and widely used
approach for on-chip ESD design. This will be broadly demonstrated in the
examples of the following Chapters.

The primary goal of any ESD design is to meet the required passing level
during component and system-level ESD qualification. However, relying only on
the passing level would be rather difficult during the development of the ESD
solutions and the conduction of ESD case studies. For that the capturing of voltage
and current during ESD stress is required. The exact implementation of suitable
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measurement setups is not an easy task. Therefore calibration and de-embedding
methods for the removal of distortions by tester parasitic have been presented and
applied to examples. As an alternative, Kelvin setups are used for ESD on-wafer
measurement setups. Both, calibration and the Kelvin setups are required to
capture the real transient device and circuit response during ESD stress.



Chapter 3
On-Chip System Level ESD Devices
and Clamps

Design of mixed-signal analog integrated circuits (ICs) often involves a co-design
of the internal functional analog circuit blocks, on-chip ESD solutions and even
the process integration in case of power optimized technology. Protection of the
pins with system-level specification requires an in-depth understanding of a
number of rather cross-disciplinary subjects. They include ESD device operation
principles in the breakdown state, injection and conductivity modulation modes,
clamp layout design, integrated process technology options, latch-up, safe-opera-
tion area and self-protection capability of standard power devices, ESD network
and analog internal circuit blocks. The goal of this chapter is to present these cross-
disciplinary subjects in a logical and condensed format. This is achieved by
compilation of a high-level introductory material, important for further under-
standing, followed by a presentation of the ESD devices and clamps design
principles with emphasis for system-level on-chip protection.

3.1 Important Introductory Material for On-Chip ESD
Design

3.1.1 Local Clamp and Rail-Based Protection Network

The ESD protection requirements are imposed to guarantee that integrated com-
ponents or systems are able to withstand a specified ESD pulse level. For the
mixed-signal analog IC chip, the ability to withstand a certain level of ESD current
is achieved by implementing an on-chip ESD protection network. This network is
a combination of ESD clamps, high-current metal routing with fully or partly self-
protected internal circuit blocks. Historically, conventional IC protection specifi-
cations only included the so-called component-level pulses (HBM, MM, and
CDM). The emergence of portable systems generated a demand in additional
protection on the so-called system level.

V. Vashchenko and M. Scholz, System Level ESD Protection, 111
DOI: 10.1007/978-3-319-03221-4_3, © Springer International Publishing Switzerland 2014
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In systems, the ESD protection network can be designed with transient voltage
suppressors (TVS) and additional passive components on the printed circuit board
(PCB). In this case, TVS can be treated as an equivalent to discrete ESD protection
clamps used to form a multi-stage protection network. In most cases, an analog IC
or a system represents a combination of internal functional circuit blocks and an
additional embedded ESD pulsed-power circuit. In general this virtual pulsed-
power circuit cannot always be de-coupled from the analog circuit blocks [5].

The principal functionality of the on-chip ESD components is to limit the
voltage at the IC pin below the absolute maximum rating of the internal circuit
blocks in the pulsed regime. Thus, on-chip ESD protection is applied at the IC
pins. As described in Chap. 1, it can be either rail-based or implemented using
local clamp approach. An example of a local clamp protection network is an
asynchronous buck DC-DC voltage regulator (shown in Fig. 3.1). The high volt-
age (HV) DC power input VIN pin is protected by a HV local NLDMOS-SCR
65 V clamp, and each low voltage (LV) analog control pin is protected locally by a
5 V tolerant snapback NMOS clamp. 12 V tolerant isolated field-oxide snapback
clamps are protecting the BOOST pin and VSS regulator pins (Fig. 3.1), while the
SWITCH pin relies on the self-protection of the large power array.

An alternative rail-based network can be applied to the control pins by com-
bining the 5 V active core clamps and rail ESD diodes.

In spite of many similarities, the ESD functionality of the discrete TVS com-
ponents is different from the on-chip ESD protection clamps. TVS are typically
applied at the system periphery to the port location. When an ESD stress is applied
at the system port, the TVS limits the electrical overstress voltage, preventing the
excessive current from propagating across the board. In general PCB design, it is
difficult to foresee all possible coupling scenarios (Fig. 3.2). Therefore sometimes
additional TVS components are even used as a last moment patch solution to help
the system to pass to the ESD stress level. An additional major difference is that
TVS cannot always limit voltage precisely, so the system design in general relies
on a multistage network.

Thus, on-chip system-level protection is generally not a replacement for sys-
tem-level on-board design with TVS. However, continuing trends in portable
systems minimization and cost reduction as well as the demand for high-reliability
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Fig. 3.2 Measured response on system-level stress across PCB area for two different designs
(a) obtained using EMC/ESD Scanning System (b) by Amber Precision Instruments (2010)

automotive and aerospace electronics allow on-chip system-level solutions to
evolve with significant pace.

The ESD protection network both on-chip and on-system-PCB provides a
dedicated high pulsed current path for every pin-to-pin combination, while
simultaneously limiting the voltage below the critical regimes of the devices in the
internal circuit blocks that are interfacing with the protected pin.

System-level stress specification is defined in several standards. The commonly
used standard is IEC 61000-4-2 (Chap. 2). This Standard combines both the
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contact and the air gap discharge. When system level stress is applied, a more
complicated ESD current propagation scenario is realized in comparison with the
component level ESD stress conditions. The system typically should tolerate the
discharge applied to an arbitrary user accessible location in addition to the ports.
The external ports are typically subject to contact and air gap IEC specification
stress. Other isolated system locations may need to withstand the air gap discharge,
for example an LCD screen.

In the simplest cases, the IC with system-level-capable pins is directly con-
nected to the system ports—for example, in USB, CAN and LIN receivers. In such
cases, the system can avoid relying on the on-chip protection and completely
bypass the use of a number of PCB components, including the TVS.

On-chip protection for analog circuit blocks can tolerate the rail-based ESD
protection network approach only in some rare cases. Local ESD protection
clamps with system-level pulse current clamping capabilities represent the main-
stream solution. The complexity of local ESD protection is related to the generally
unknown conditions of the internal control electrodes in the devices interfacing
with the pad during the ESD pulse. Typically, the ESD clamp is understood as a
triggering circuit that, under certain conditions, can conduct a high current in the
ESD pulse time domain and provides a certain clamping voltage. The high current
conduction is usually activated either above some critical voltage level or at
transient voltage detection at the protected node.

3.1.2 Conductivity Modulation in Semiconductor Structures

Although in some cases local clamps can be composed using the same principles
as active clamps, the most conventional approach is to use ESD devices. The ESD
devices are essentially pulsed power devices with an added scalable high current
conduction capability. Small footprint ESD devices operate in a certain conduc-
tivity modulation mode realized in isothermal or, more precisely, adiabatic con-
ditions. In these conditions, physical mechanisms due to electrical (rather than
thermo-electrical) conductivity modulation determine the high current operation
and the protection capability of the device. Therefore, self-heating of the device
can be neglected until the high-current mode while the heat generation is localized
to a few microns of the device cross-section. In spite of a broad variety of ESD
protection devices and clamps, there are only four known basic electrical con-
ductivity modulation mechanisms of practical value to Si microelectronics: ava-
lanche breakdown, avalanche injection, double avalanche injection and double
injection [4] (Table 3.1).

These conductivity modulation mechanisms are used to produce high-current
density in ESD devices at relatively low clamping voltage. In avalanche break-
down conditions, both the internal and external dependence of current upon
voltage occur at positive differential resistance (PDR). The remaining three
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Table 3.1 Conductivity modulation mechanisms realized in lateral ESD devices for high-current
density

Conductivity modulation Typical ESD devices based upon Typical lateral

mechanism the mechanism current density
(mA/pm)

Avalanche breakdown Avalanche diodes; blocking junctions, 0.01-0.1

PMOS, PNP

Avalanche injection Snapback NMOS; NPN, field oxide devices 0.1-3

Double avalanche injection P-i-n, M-i-n diodes 0.1

Double injection LVTSCR, SCR, bipolar SCR, LDMOS-SCR 10-100

conductivity modulation mechanisms in case of Si material produce at least the
internal negative differential resistance (NDR).

One the major non-linear physical phenomena associated with NDR is spatial
instability of the current distribution along the structure width. It occurs when the
characteristic dimension of activation (positive feedback phenomenon) in the
device is much smaller than the characteristic dimension of the inhibition (nega-
tive feedback phenomenon). The non-uniform current distribution may result in
current crowding and formation of solitary or multiple current filaments [4].
Unless the increase of current density in conductivity modulation mode is limited
across the distributed ESD structure width, the high-current capability is not
suitable for on-chip ESD protection.

To limit the positive feedback produced by the conductivity modulation,
structure-level negative feedback must be implemented as part of the ESD device
design. This measure typically involves embedding current saturation regions,
which provide a compensating voltage drop at high current density. The current
density can become sufficient for conductivity modulation of the saturation region,
formation of an electric field maximum with a significantly lower melting tem-
perature than Si at the contacts. At these conditions, conductivity modulation
mechanisms causing thermal carrier generation and current instability are still
responsible for structure burnout.

The conductivity modulation phenomena can be understood as a non-linear
change of the structure conductivity as a result of applied voltage or current
increase. The definition is based upon external structure parameters. Using internal
structure parameters, the effect can be defined as a change in the conduction
properties of particular structure regions as a result of change in carrier space
charge balance due to avalanche and injection processes. Thus, conductivity
modulation is the result of an internal avalanche-injection process initiated by
change in the applied current or voltage, rather than the change of structure
conductivity due to injection/extraction carriers from the base contact region or
creation of accumulation/depletion regions by the field control electrode.

From a practical ESD device design point of view, the most interesting cases
are concerned with a non-linear change of conductivity that results in the NDR
effect. The NDR can be defined as a decrease in the voltage drop on the structure
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terminals under a current increase through them. This effect is usually observed as
formation of S-shape I-V characteristics, although in some cases the additional
voltage drop on the device current saturation regions can compensate and “hide”
the internal NDR [5].

During operation with external loading, when the device achieves the NDR
regime at some critical voltage, a self-turn-on or self-triggering is observed into
the corresponding high current state according to the load characteristic. Among
ESD application engineers and circuit designers, this phenomenon is usually
referred to as snapback. Local ESD clamps based upon snapback ESD devices are
called snapback clamps.

The spatial current instability phenomenon can be understood as an uncon-
trollable increase of local current in time after certain critical conditions are
achieved in originally uniform current distribution. Both in experimental physics
and numerical simulation the change of the uniform state is enabled by fluctua-
tions. A small deviation from the uniform state can be introduced by the local
inhomogeneity as well. In the numerical simulation analysis the finite accuracy of
numerical solution of the finite-difference scheme in each mesh point provides the
numerical noise source equivalent to physical fluctuations.

The spatial current instability process occurs due to growth of current fluctu-
ations. It arises when the total current applied to the structure corresponds to the
NDR regimes. In these conditions, local current increase results in local voltage
drop and vice versa. Essentially, ESD devices are designed to support current
density levels that correspond to the maximum current filament amplitude. At the
optimal ESD device design at high current the filament simply occupies the width
of the entire structure.

Understanding of the basic conductivity modulation mechanisms is critical for a
confident ESD device engineering. It can be effectively achieved using numerical
simulation analysis. Using the following 2D basic semiconductor structures
(Fig. 3.3), comparative analyses of E(x), n(x), and p(x) distributions for Si material
can be done for different current level regimes:

(i) p-n diode structure at reverse bias in avalanche breakdown mode.
(ii) n-p-n and p-n-p triode structures in avalanche injection conditions
(iii) p-n-p-n thyristor structure in double injection conditions

(iv) p-i-n diode structure in double avalanche injection conditions.
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Fig. 3.4 Simulation analysis of the avalanche-injection conductivity modulation in the n-p-n
structure: -V characteristics (a) and comparison of the electric field, electron and hole
distributions (b, ¢) for the avalanche breakdown state “A” and the avalanche injection state “B”

An example of such analysis is presented in Fig. 3.4 for the avalanche injection
in the n-p-n structure. In the low current avalanche breakdown state “A”, the
electric field is distributed along the structure according to the significant imbal-
ance between the electrons and holes along the entire p-base. The corresponding
high total voltage drop is an integral value of the electric field distribution. In the
high current state “B”, the quasi-neutral area is formed with n~ p in a major part
of the p-base. This results in a reduction of the electric field in the base, including
at the collector junction where intense impact ionization occurs. Similar analysis
can be done for other elementary ESD devices.

The next level of physical understanding of structures with negative differential
resistance and the resulting phenomena can be gained using quasi-3D numerical
simulation analysis. The current filamentation phenomenon in distributed struc-
tures is the result of spatial current instability of the uniform solution, due to NDR
conditions in the transient operation mode. As mentioned above, a numerical
solution for the current filament becomes possible due to growth of the numerical
fluctuations of the finite-difference scheme.

The spatial instability is realized in the transient electrical regime with the
current density that corresponds to the NDR state. At some critical electrical
regime a uniform current distribution becomes unstable due to the growth of
numerical fluctuations in non-equilibrium conditions. The high fluctuation growth
increment is realized due to local positive feedback between the local current
density and the local voltage drop. It results in the formation of one or more
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Fig. 3.5 Simulation analysis of the avalanche-injection conductivity modulation in a distributed
n-p-n structure: I-V characteristics (a) and comparison of the electric field, electron and hole
distributions (b, ¢) for the avalanche breakdown state “A” and the avalanche injection state “B”

current filament states. In the example of the p-n-p distributed structure (Fig. 3.5),
the thermal coupled solution with the heat equation was enabled in addition to the
drift-diffusion model. In this case, local self-heating and electrical current fila-
mentation can be observed too.

For the 15 kV air gap IEC system level ESD pulse, a local ESD clamp is
needed to sustain transient currents up to ~30 A. In the most optimized case, the
structure’s capability is below ~ 10-30 mA/pum. Therefore, the clamp layout is
typically accomplished in the form of either multifinger arrays or racetrack devices
around the bond pad, rather than just a very long single finger.

Similar to elementary diode structures, a distributed ESD device array with
NDR can also experience instabilities in the uniform current density distribution.
To compensate for this non-linear effect, negative feedback can be implemented at
both the array and clamp levels to contain the current density within safe operating
conditions. For example, in a snapback NMOS ESD clamp, positive feedback can
be realized both on the structure level with a saturation resistor formed by the drain
ballasting region, and on the cell level with additional back-end ballasting to
eliminate the undesired effect of non-even finger turn-on. At high system-level
clamp currents, the current ballasting measures become even more efficient.

When the peak current density in a snapback ESD device is limited down to
appropriate levels, the pulsed operation of the ESD device is expected to be fully
reversible. An opposite scenario occurs in standard devices with NDR. With some
exceptions, standard devices do not provide a reversible operation in NDR con-
ditions and snapback mode. Instead, NDR limits the pulsed safe operation area
(SOA) due to a local burnout of the device structure at the location of the high
amplitude current filament.
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top view of deep-trench (DT) isolated NMOS device (b)

The physical limit of the operation regime is not always related to the semi-
conductor part of the device. The backend metallization and contacts should also
be taken into account, especially in high voltage devices. In high power regimes
with high self-heating, rapid melting and electromigration of the metal-semicon-
ductor alloy can also be a limiting factor. These effects will be discussed below.

3.1.3 ESD Related Specifics in Integrated Process
Technology

Mixed-signal power analog circuits are usually designed with extended voltage
CMOS (Complementary MOS), CBiCMOS (Complementary Bipolar CMOS) or
BCD (BJT-CMOS-DMOS) integrated process technology platforms. A large
selection of process integration options and modules is used to optimize the
production cost by reducing the mask count and process steps, depending on the
specification targets of a particular product.

For optimal power performance, integrated HV devices are usually imple-
mented in the form of lateral drain-extended MOS devices (DeMOS) or self-
aligned lateral double diffused MOS devices (LDMOS). Both N-channel and P-
channel MOS devices are usually supported to provide proper power train design
options. Extended voltage CMOS processes can support voltages up to 40 V, while
HV BCD processes can support voltages over the entire 100 V range.

The LV CMOS modules in HV processes typically support dual gate oxide
options, with the lowest voltage logic blocks and higher voltage analog
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components used for power applications. The BJT modules can combine regular
diffusion emitter vertical and lateral BJT or rather high-performance poly-emitter
devices based on different self-aligned emitter-base architectures.

The main differences between CMOS and BCD processes are the starting
substrate material, epi growth and the substrate isolation scheme of HV devices. In
analog processes, different devices typically share a substantial amount of mask
layers to reduce process costs. An important part of on-chip ESD device design is
the different mask options and their alignment.

Analog CMOS processes are usually based either on the low cost lightly doped
substrate material or the more expensive initial substrate with a few-micron thick
preliminary grown pEpi region. The lightly doped substrate is critical in reducing
the induction current in the substrate if high-Q on-chip inductors are required for
high speed product design. The drawback of the low doped substrate is a bigger
sensitivity to the latch-up effects (Chap. 4). This is especially critical at sys-
tem-level ESD events in power-up conditions where significant current is injected
in the substrate. The substrate-generated carriers and spread of the injected current
into the substrate can significantly change the characteristics of the parasitic
devices at ESD conditions or pulsed SOA limits.

To relax latch-up spacing rules for guard rings in custom analog processes and
to reduce the space needed for lateral latch-up isolation on the chip, a highly doped
substrate material with a low doped pEpi growth ~2-4 um thick is usually used.
An alternative approach in advanced BCD processes involves a deep trench iso-
lation formation (DTI) (Fig. 3.6). A more costly BCD process version is based on
full substrate isolation using silicon-on-oxide (SOI) wafers. It can support both
CMOS and BCD architectures, completely eliminating latch-up between the iso-
lated epi pockets.

In analog CMOS processes, substrate isolation of the high side devices is
achieved by triple well architecture with a high-energy deep N-well implant
(DNWELL). The DNWELL dose and energy due to material defects and implanter
tool capabilities limit the voltage tolerance of the HV devices and imply some
latch-up limitations. These limitations are relaxed in analog BCD processes using
N-buried and P-buried isolation layers implanted prior to nEpi growth. Interaction
of the vertical substrate isolation regions with ESD device regions is an important
part of ESD solutions design.

In the case of the advanced polyemitter bipolar module with a low impedance
subcollector, highly doped subcollector N-sinker and P-sinker regions are usually
available. In combination with the buried layers, these regions can be used for
stronger latch-up isolation and formation of active ESD device regions.

A comparison of generic active devices in CMOS and BCD processes is pre-
sented in Table 3.2. Practically digital and analog CMOS components as well as
high or extended voltage devices are fabricated using similar process steps.

A recent trend is to use low-cost foundry technology for LV analog 20-180 nm
CMOS processes provide an advantage in a more accurate mask alignment needed
to integrate digital CMOS components with small feature dimensions. This feature
is widely used for in extended voltage device design where non-self-aligned body
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Table 3.2 Comparison of the standard devices in generic 0.18 um CMOS and BCD processes

Device types 0.18 pm 30 V CMOS 0.18 um 30 V BCD
Digital (LV) conventional CMOS 2 V NMOS & PMOS 2 V NMOS & PMOS
Analog (LV) conventional CMOS 5 V NMOS & PMOS 5 V NMOS & PMOS
Power and high voltage CMOS 12 V NDeMOS & 5 V NLDMOS & PLDMOS
PDeMOS 12 V NLDMOS & PLDMOS
20 V NDeMOS & 20 V NLDMOS & PLDMOS
PDeMOS 30 V NLDMOS
30 V NDeMOS
Bipolar devices 20 V Lateral NPNP & PNP 20 V Vertical Polyemitter

NNP & PNP;10 V JFET

region architecture can be represented by low-voltage pWell replacing the original
double diffused body implant. The power-optimized extended voltage devices are
represented by drain-extended MOS (DeMOS). The architecture of the device
contains a drain drift region that provides depletion in all operation regimes with a
high voltage, overcoming the limiting factor of the gate oxide voltage tolerance. In
DeMOS devices, neither the drift region nor the body mask is self-aligned.

A similar HV device architecture is used in BCD processes to create a so-called
lateral double-diffused MOS HYV device (LDMOS). The name of this device comes
from the self-aligned vertical DMOS architecture that is broadly used in discrete
DMOS components. The major physical difference between Lateral DMOS and
DeMOS is in a self-aligned pBody implant. This implant has sufficiently low
energy to be shaded by Poly region. The pBody implant is further diffused so it
overlaps the drain contact diffusion implant and thus forms the channel of the
CMOS part of the device. However, in BCD processes, the pBody mask is often
not self-aligned, relying on accurate alignment of masks in modern BCD processes
such as Lateral DeMOS. The naming convention is also not so strictly followed
across the industrial companies. Therefore, in further material, we will not dif-
ferentiate lateral DeMOS and DMOS devices, referring to both as LDMOS unless
otherwise noted. In addition, in spite of the usual CMOS design practice to refer to
digital CMOS as low voltage devices and to analog CMOS as high voltage
devices, we will refer to these as digital and analog, respectively, to differentiate
them from high voltage LDMOS power devices.

A major paradigm of on-chip design is the implementation of ESD devices with
target parameters free from additional process steps. This “free” ESD device
design approach is realized under the expectation that standard process devices
provide a sufficient range between maximum operating voltages specified by
process design rules and the real absolute maximum voltage rating in the ESD
pulse time domain. In other words, the ESD protection voltage window can tol-
erate non-self-aligned free ESD devices, unless large standard device arrays can
provide self-protection.
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In the free ESD device design approach, a major development strategy is to
re-use standard device architecture and regions. The blocking junctions, RESURF
schemes and overall design are replicated as close as possible to minimize tech-
nology variation and mask alignment impact. Certainly, free ESD devices must be
implemented without violating the physical minimum technology process rules.

In line with the advanced analog circuits and systems design, the process
technology development field has experienced a tremendous evolution over the
last decade. Major milestones include scaling of technology nodes from sub-
microns down to 180-20 nm, integration of the lateral high voltage power devices,
complementary Si-Ge BIJT devices, shallow and deep trench isolations, and
multiple front-end modules for on-chip non-volatile memory and passive com-
ponents. A number of books in the field describe the peculiarities of the CMOS
and BCD processes. This section compiles only a minimal introductory material,
which is directly related to the subject of this book and is necessary to understand
the terminology used in following text.

The differences in HV BCD and extended CMOS processes (Fig. 3.7) are the
front-end steps before and after nEpi growth and optional advanced polyemitter
BIJT formation. Essentially, the CMOS process can simply be treated as a module
of BCD process. The difference between these technology platforms is in vertical
and lateral isolation schemes. An additional in-depth pPRESUREF region is often
formed in BCD processes, as in the case of power-optimized in-depth NLDMOS
design. The lateral surface isolation with STI is standard for both platforms.
Optional deep trench isolation step can be introduced in advanced HV BCD
processes with high performance BJT devices. A selective base-emitter epi growth
in BCD and BiCMOS processes is used for complementary Si-Ge BJT devices,
with a poly-emitter for high-gain or a grown mono-emitter for low noise.

[ N+/P+/RTA
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The N-epitaxial region and heavily doped buried layers enable ESD device
implementation specific to several system-level solutions. In analog CMOS pro-
cesses, the HV DeMOS devices can often be implemented as partially free devices,
reusing the conventional digital and analog CMOS well implants and minimizing
new drift implants for proper depletion. In power-optimized BCD processes,
considerably more implants are usually used. For example, Lateral DMOS devices
are power optimized for breakdown versus on-state resistance physical limit of the
silicon material.

The device level optimization of the DMOS involves multiple RESURF fea-
tures delivered by poly field plates, in-depth P-RESURF implant connected or
disconnected from the body as well as more sophisticated super-junction device
architecture. In-depth understanding of the process technology options is important
for optimal on-chip ESD device design and minimization of non-self-aligned
device regions.

Typically, high side devices in CMOS process are isolated via the deep nWell
(DNWELL) implant. Due to high energy, the photoresist mask layer is rather thick
with corresponding large feature dimensions. In BCD processes, highly doped
n- and p- buried layers (NBL and PBL, respectively) are implanted before the nEpi
growth and laterally and vertically diffused during the nEpi growth (depending on
its thickness). To avoid high spreading of NBL into the nEpi region, a slower-
diffusing antimony (Sb) is often used instead of phosphorus or arsenic species.

After the vertical regions are formed, pWell and nWell regions are developed in
both processes (Fig. 3.8). For these regions, multiple implants with different ener-
gies and doses are used to form a box-like profile. The surface implants are tuned for
a proper threshold voltage level for CMOS devices and arranged in an anti-punch-
through profile for better CMOS latch-up immunity. LDMOS drift and body regions,
unless partly reused from well profiles, are implanted at the same stage.

The nDrift regions in nLDMOS devices typically need to be optimized for
proper depletion in the DMOS on-state and off-stage high voltage operation
regimes. In pPLDMOS, the pDrift region acting implant must be depleted in the
same regimes. These complementary HV BCD processes are usually provided by a
pair of HV blocking junctions formed by the drift and body acting regions, which
can be incorporated into free ESD device solutions together with poly field plate
and in-depth pRESUREF regions.

Formation of the well profiles is followed by the dual gate oxide (DGO) CMOS
and self-aligned BJT process steps. Typically, two complementary pairs or com-
plementary wells are used to support the most optimal diffusion profiles in the thin-
gate-oxide digital CMOS devices and thick-gate-oxide analog CMOS devices used
in LV analog blocks. Additional combinations with shallow implants can be used
to integrate a variety of CMOS devices, for example high- and low-threshold
voltage or leakage devices, as well as power optimized LV analog DMOS devices.
These optional implants can help to achieve optimal parameters for free ESD
devices. Significant advances in such design are achieved with physical process
and device simulations using Technology CAD (TCAD) tools. Advanced TCAD
methodology is described in Sect. Sect. 1.5.
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Fig. 3.8 Process flow cross-
sections after the pWELL and
nWELL implant steps for the
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Formation of the dual gate oxide is accomplished by thermal oxidation to
produce a thick gate oxide for analog LV CMOS devices. This step is followed by
a gate oxide masking layer, oxide by etch and a high-quality thin gate oxide
growth for digital CMOS devices. Then, a polysilicon (poly) layer deposition and
etch (Fig. 3.9) forms the poly gates, poly-RESURF regions, poly-capacitors and
poly-resistors. Finally, an optional high poly resistor mask is applied.

Shallow n- and p-lightly-doped drain (LDD) regions with corresponding
opposite doping type phalo and nhalo implants for LV CMOS devices are
implanted after the poly layer etch. These implants are self-aligned to the poly and
STI edges. The nitride deposition and etch that forms the spacer region is followed
by heavily doped shallow nplus and pplus contact diffusion regions. The regions
are self-aligned to the corresponding edges of spacer and STI region etches.

Reference components for ESD clamps can be formed as avalanche diodes
based on surface nldd-pplus or pldd-nplus junctions. It is important to take into
account that contact diffusion regions are designed to maintain a normal operation
current density. These regions have minimum process rules dimensions and might
not be optimal for the extremely high current densities, especially those realized
under system-level ESD current conditions. Experimentation loops for each par-
ticular case are needed to determine the most optimal diffusion region length,
number of contacts, or the need for an additional silicide blocking region.

After the rapid thermal anneal (RTA) process activates the shallow implants,
silicide deposition, the silicide exclusion mask and silicide etch are developed to
remove silicidation from the desired diffusion regions and polyresistors. The
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silicide block option is critical for implamentation of the device-level negative
feedback in ESD structures, which provides local current ballasting and spacing
between the semiconductor-metal composition with a low melting temperature and
regions with high local heat generation.

The front-end process steps form the contacts, vias and metal layers. The
current capability of the metal layers at the system level is another potentially
limiting factor in optimization of the silicon structure. For proper cell and clamp
design, the metallization scheme of the ESD device array requires a rather careful
and detailed strategy.

There are numerous “tricks” for innovative ESD device design that rely on an
in-depth understanding of processes technology physics and features. For example,
highly diffused NISO, NBL, and PBL implants can be patterned with minimal
mask dimensions to obtain partially diluted layers and either control of gain of the
parasitic BJT structures engaged in the conductivity modulation process or to tune
the breakdown voltage of the free ESD structures [53, 54]. The subcollector and
deep regions can source a number of implementation possibilities for different
parasitic SCR- and BJT-type structures, whose in-depth current conduction is
favorable for higher ESD performance due to optimal in-depth heat dissipation.
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Fig. 3.10 Experimental setup for pulsed SOA measurements (a), pulsed drain-source charac-
teristics of 20 V. NLDMOS device with high (b) and 100 V NLDMOS with low (c) self-
protection capability

3.1.4 SOA in ESD Pulse Domain and Self-Protection

Standard device operation above some critical electrical regimes is irreversible and
results in instantaneous burnout. Physical limitation of electrical regimes in the
ESD pulse domain is usually represented by pulsed save operating area (SOA).
The pulsed SOA for a given device can be measured using a TLP system combined
with an additional DC voltage source in the setup (Fig. 3.10a). For example in case
of NMOS devices the pulsed drain-source I-V characteristics can be measured at
constant gate bias until either reversible or irreversible triggering. In the last case a
fresh sample of similar device is taken for each next gate bias measurements.

In the example of NLDMOS device (Fig. 3.10) the drain-source electrical
regimes are simply limited by the boundary-defining maximum drain current as a
function of the drain-source voltage. Depending on the device design, different
shapes of the pulsed SOA boundary can be realized and plotted by connecting the
critical points of the drain-source I-V characteristics family (Fig. 3.10b, c).

Another important figure of merit associated with SOA is the self-protection
capability. It can be defined as a minimum critical current that the device can
sustain in pulsed regime. In NLDMOS devices, this current is typically realized in
off-state conditions in the avalanche breakdown mode. This current is the critical
current before the formation of a negative differential resistance region, followed
by irreversible device operation. An example of a 20 V NLDMOS with high
self-protection capability is shown in Fig. 3.10b. Conversely, a device with low
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self-protection capability (Fig. 3.10c) demonstrates practically no self-protection
current levels before snapback on the example of 100 V NLDMOS.

In general there are two scenarios where the device can provide self-protection:
(i) substantial avalanche current before snapback and (ii) reversible snapback into
the high current mode. The majority of standard devices cannot sustain reversible
operation in snapback mode. In some rare cases, LV NMOS and PMOS devices
may exhibit reversible snapback operation; however, this is often accompanied by
high sensitivity to process variation and TLP-ESD pulse miscorrelation.

Thus, the current instability boundary for standard devices essentially repre-
sents the irreversible pulsed SOA [4, 5]. In this case, self-protection becomes
important as it allows width scaling of the critical avalanche current, as in the case
of large power arrays (Fig. 3.10b). While often suitable for component-level ESD
pulse spec, the high current magnitude at system-level ESD events rarely allows
any practical utilization of this approach. The voltage level of standard devices
during ESD stress must be limited by the ESD protection network, though self-
protection remains important for the second stage current.

Essentially, the pulsed SOA represents a physical limitation of the semicon-
ductor devices’ electrical regimes due to a two-stage positive feedback phenom-
enon. In the first stage, the device achieves a uniform current distribution along the
contact width with a total NDR regime. The NDR is formed due to lateral con-
ductivity modulation specific to the structure type. For standard active n-channel
MOS devices, conductivity modulation of the pBase of the parasitic n-p-n BTJ
structure is observed. Respectively, in the p-type active device, nBase conductivity
modulation of the p-n-p BJT can take an effect. However, due to the difference in
electron and hole mobility in Silicon, positive feedback in the n-type device with
parasitic n-p-n is much stronger and provides NDR, while p-type devices typically
show no, hidden, or rather small NDR.

Similar to phenomena in elementary semiconductor structures, when a device
with some load resistance in the circuit reaches snapback, the uniform current
distribution becomes spatially unstable and the device transitions into a state with
non-uniform current and solitary or multiple current filaments. Further device
operation depends on the current level, which is determined by the load resistance,
local current ballasting and pulse duration. If there is structure-level negative
feedback that limits local current density in the conductivity modulation mode,
then the filaments will be able to expand until a new fully-uniform high-current
state is reached. In these conditions, the snapback is reversible. When there is no
device-level inhibiting factor to counterbalance the spatial current instability, the
device experiences irreversible local burnout due to unlimited local current density
increase.

The second scenario of self-protection, mentioned above, is a reversible oper-
ation in snapback mode. This type of operation is an essential design goal of
snapback ESD devices. Similar to standard devices, the area of operational
regimes is limited by structure-level positive feedback due to electrical conduc-
tivity modulation mechanisms, which forms the current instability boundary.
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Fig. 3.11 Example of TLP characteristics for a 20 V tolerant nLDMOSSCR ESD device

However, this limitation is reversible. Due to specific ESD device architecture,
structure-level negative feedback phenomena limit the increase of the local current
density in the device until it exceeds the level of next-stage irreversible conduc-
tivity modulation of the contact regions or the self-heating and related electro-
migration limits. To verify reversible operation, S-shape reversible TLP
characteristics can be measured in combination with the functional leakage test at
every step (Fig. 3.11).

Since the duration of system-level ESD phenomena is short, structure heating is
localized in the vicinity of a few microns. Thus, first stage positive feedback
phenomena are mainly of an electrical nature, rather than an electro-thermal one.
When a local ESD protection clamp is added to the pin, the absolute maximum
voltage is limited by the ESD clamp triggering voltage, rather than the SOA of
standard devices used in the internal circuit blocks connected to the pin.

3.2 Low Voltage ESD Devices for System-Level Protection

In system-level protection, an important engineering task is implementing a
solution that combines energy balance inside the ESD device structure, uniform
linear current density across the distributed cell array, and achieves specified
electrical characteristics in the smallest possible footprint. The last two require-
ments include characteristics in ESD pulsed and normal operation regimes. These
characteristics are the triggering and holding voltages, appropriate DC voltage
tolerance, leakage current, high-side isolation and parasitic capacitance, and
resultant transient ESD pulse voltage waveforms.

To minimize sensitivity of the ESD device to process technology variation and
avoid yield impact, a key method of ESD device design is transforming the
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original standard device into a free ESD device. This method will be demonstrated
in the following sections of this chapter for LV and HV on-chip ESD devices.
Under this approach, the current instability that limits pulsed SOA of the standard
device becomes the first stage of the triggering operation for the free ESD device.
The ESD device is obtained by adding new regions and transforming the semi-
conductor structure to provide reversible operation in conductivity modulation
mode. The conductivity modulation produces a positive feedback used to obtain
the high current. However at some high current a device-level negative feedback
must be implemented in the structure to balance the current instability and limit the
current density below the safety limits. Thus, unlike in the case of standard
devices, the ESD device operation in snapback mode is reversible.

3.2.1 Non-snapback Solutions

ESD devices and clamps for the component level specification are broadly presented
and classified in [5] as well as in many other books in the ESD field [55-59]. To some
extent a number of known component level ESD solutions can be width-scaled up to
the appropriate current level and used for system pin protection. For example,
system-level protection for input and output pins in multiple pin count, low-voltage
products can reuse the rail network by combining a core active clamp with properly
oversized ESD diodes arranged from the system level to the rails.

An example of serial data line pins that can tolerate a 2 kV cable discharge
event (CDE) for Serializer and Deserializer IC over a single differential pair is
presented in Fig. 3.12. This device is specified to work with cable up to 10 m for
automotive video displays, with an LVDS standard compliant to ISO 10605 “Test
methods for road vehicles—electrical disturbances from electrostatic discharge”.
The product also can tolerate a rather high cable discharge level, as verified by ISO
gun +10 kV contact and +30 kV air discharge when an on-board 0.5 pF bypass
capacitor is added.

From practical point of view (with some exceptions), compact device-level
solutions are favored because they target an optimal use of chip space and cost
levels. The level 4 IEC 61000-4-2 standard with an 8 kV contact and 15 kV air
gap discharge requires a pulsed current capability of ~30 A for ESD clamps, at
the desired footprint of 4 x 10* pm?. This pulsed current capability can be
achieved at linear current density above 10 mA/um, and thus requires the use of
ESD devices operating in conductivity modulation mode.

To achieve this goal, LV device solutions with a voltage tolerance below 5-7 V
typically require an SCR-type device based on double-injection conductivity
modulation in the p-n-p-n structure. Both avalanche diodes and devices based on
avalanche-injection conductivity modulation of parasitic n-p-n and p-n-p struc-
tures are not an adequate design approach.

Active clamps also typically cannot be used because they must pass system
ESD stress. In power-on conditions during system level stress, the active clamp is
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Fig. 3.12 Example of the interface application network (a) and ESD protection scheme with
application of a board bypass capacitor (b)

practically disabled due to fully charged RC-timer capacitor. Therefore the clamp
can provide a discharge current path only in the transient voltage range substan-
tially above the power supply level.

In certain conditions, triggering of the snapback clamp in the on-state during
system level ESD event under dc voltage at the pin may result in transient latch-up
(Chap. 4). This design challenge may be resolved in some cases either with circuit
design shutdown measures or may require the ESD device holding voltage to be
above the power supply level. ESD devices with high holding voltages are also
discussed in this chapter.

Avalanche diodes for of 5.5-7 V voltage range with reasonable leakage levels
after the system-level width scaling can be designed as surface devices. The
breakdown voltage reduction below 5 V level is limited by the high leakage
current generated due to a band-to-band tunneling effect. To target the low voltage
spec below 5 V the SCR devices can be used. They are described in the following
section.

A major engineering challenge is the design of a self-aligned device. To avoid
impact of mask alignment on the device characteristics the active junction of the
device can be design using implants overlap. For example an appropriate doping
level for the self-aligned lateral LV avalanche diode is represented by a combi-
nation of a lightly doped drain and shallow contact implants. For digital or analog
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Fig. 3.13 Simplified cross-sections for a n+-pldd surface avalanche diode in CMOS process
(a) and the corresponding experimental I-V characteristics (b)

CMOS devices the device can be implemented as a self-aligned surface diode
formed by n+-pldd, p+-nldd implant (Fig. 3.13) with some mask overlap between.

Alternatively, a quasi-self-aligned diode can be made using poly-bounded
architecture with a small gate region. The poly-gate region provides for quasi-self-
alignment (with nldd-pldd), and the corresponding halo implants form the diode
junction under the floating poly region (Fig. 3.14). In a poly-bounded diode, the
forward injection current path is directly at the surface between the two diffused
anode and cathode regions. This current path is much shorter than the path around
STI in a conventional diode. So, the forward bias operation has a lower on-state
resistance (Fig. 3.14c). In foundry processes, obtaining such a device poses a
technical difficulty due to the automatic generation of LDD mask layers by the
CAD package.

TVS components present another alternative to the lateral high holding voltage
structures. Discrete TVS components are based upon vertical device architecture.
These devices are reviewed in the last section of this chapter. The devices are not
likely to be integrated in power-optimized mixed-signal BCD or extended voltage
CMOS processes. Co-packaging of the TVS, on the other hand, can be done
instead.

3.2.2 SCR and LVTSCR Devices

An on-chip free SCR design is the most effective approach to realizing system-
level ESD solutions. It consists of a “parasitic” p-n-p-n structure that supports the
double injection conductivity modulation. This type of free ESD device can be
obtained by forming parasitic p-n-p in an n-type standard device that already has a
parasitic n-p-n structure. Alternatively, a parasitic n-p-n can be formed in a p-type
standard device with an existing parasitic p-n-p.
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The device-level engineering goals are to achieve the proper gain and multi-
plication coefficient in this embedded structure. The gain and multiplication fac-
tors are adjusted by the dimensions of the device region, with implant profiles
chosen to target the desired triggering voltage, high current capability and sensi-
tivity to the control electrode conditions.

In general, operation of an SCR device represents a domino effect scenario. At
first, the critical current for instability is reached either by avalanche multiplication
of the relatively high channel current at the low multiplication coefficient or by
multiplication low off-state leakage current at rather high multiplication coeffi-
cients. Then, avalanche-injection of the n-p-n (p-n-p) structure in the n-type-
(p-type-) based SCRs results in an additional substantial current increase. In n-type
SCR devices, the current increase is accompanied by negative differential resis-
tance, while p-type SCR devices maintain a positive differential resistance at this
stage. At some critical current, an internal voltage drop above ~0.7-1 V on the
n- (p-) base-emitter junction of the p-n-p (n-p-n) causes the junction to open. The
positive feedback between n-p-n and p-n-p structures results in double injection
conductivity modulation. In these conditions, the structure triggers according to
load characteristics into the low holding voltage state.

In n-type-based SCRs, the negative differential resistance stage is often hidden.
Alternatively, double S-shape -V characteristics can be realized for the device
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with certain parameters. It is hard to differentiate between the first two stages in the
p-type-based SCR device, unless the SCR is compared to the lateral avalanche
diode with the same blocking junction regions design.

At high injection current, the SCR structure provides an internal negative
feedback that balances the current density across the entire structure width. At the
transition from avalanche-injection to double-injection mode, the avalanche cur-
rent component is substituted by the injection current component. As a result, on-
state avalanche multiplication in the device is realized at a very low rate, with a
corresponding low electric field. The forward injection from opposite n- and p-
emitter junctions makes the device practically equivalent to a forward biased p-n
diode with positive differential resistance. Thus, isothermal spatial current insta-
bility is fully inhibited until high current levels are reached. When heat generation
becomes dominant a different electro-thermal spatial instability phenomena results
in local structure melting followed by accelerated electro-migration in the contact
regions and other irreversible effects.

When additional channel or base current is an available device design option,
the triggering characteristics of the SCR device can be passively or actively
controlled by the clamp components. One of the first SCR ESD devices to utilize
this capability is so-called Low Voltage Triggered Silicon Controlled Rectifier
(LVTSCR) [60]. This device is one of the most conventional practical solutions for
LV system-level protection. The ancestor device of the LVTSCR is a corre-
sponding standard LV analog or digital NMOS device.

The transformation target for the device is the addition of the parasitic p-n-p
structure. The major steps of this process consist in creating three new regions: the
pplus emitter diffusion, the nplus floating drain diffusion with the pEmitter vertical
and lateral isolation by the nWell region. The nWell essentially represents the
nBase of the SCR (Fig. 3.15a).

Similarly, standard LV PMOS structures can be transformed into a p-type SCR
by embedding the appropriate n-p-n structure. In this case, the corresponding
nEmitter diffusion region is isolated by the pWell (here representing the pBase)
(Fig. 3.15b). The pWell can also be isolated from the substrate by a Deep nWell
region in CMOS processes or by a nEpi and n-buried layer (NBL) in BCD
processes.

The most critical parameters of the structure are those that define the gain of the
embedded n-p-n and p-n-p structures. In LVTSCR, the bases are typically shorted
to the corresponding emitter and only the gate is used as a control electrode. In this
case, the gain is mostly defined by the internal base-emitter well resistances Ryw
and Rpy (Fig. 3.15a). The internal p-n-p and n-p-n base resistors Ryy and Rpy are
controlled by the base-emitter spacing and region length. To some extent, linear
parameters of the structure can be used to control the holding voltage. These
parameters include the floating drain region length Ly, the pEmitter length Lp, and
corresponding spacing Lpp and Lpp (Fig. 3.15a). Varying these parameters pro-
duces greater isolation of the pEmitter.

Excluding the substrate and the nEpi terminals, the final nLVTSCR ESD
structure is a five-terminal device. To preserve original NMOS devices’ terminal



134 3 On-Chip System Level ESD Devices and Clamps

(b)
L Lr Ley Ly L
Lsws Le LeLlpp Lp Lpp AN,

(a)
PP R : f
Bulk  Source Gate P-Emitter Drain BL.'-I.k Sourc?—. Gate NEm't.E.er Dra.‘-'.n

0 = o = M+ STI[n+ | STIfR:
+ STl |n+]  [nxlsTijo+ [STINS e e
H H H H H NW H
=300 Ay 0 S F— AN AW 1 i Rpy
: A AL 7 X A INwell _ _ _ ____ L npn_ Pwel

Pwell L Nwell NBL or DeepNwell

P-sub P-sub

Fig. 3.15 Simplified cross-section for n-type (a) and p-type (b) LVTSCR devices with critical
structure parameters and parasitic BJT and resistor structures

nomenclature, the following terminology is often used: n-Drain (as nBase of SCR);
p-Emitter (as pEmitter of SCR); Gate; nSource (as nEmitter of SCR); and pBody
(as pBase of SCR).

Thus, the device in general provides one field control electrode for initial
channel current multiplication at the avalanche-injection stage and two base
control electrodes that can be used to inject minor carriers through the base-emitter
junctions. These control channels are widely used in design of SCR clamps with
specified triggering and holding characteristics.

The simplest LVTSCR clamp circuit with grounded gate is presented in
Fig. 3.16. At fast transient ESD pulse and large gate resistance, a gate coupling
effect is used to reduce the triggering voltage substantially. Due the dV/dt effect the
gate potential increases above the threshold voltage. If the parasitic n-p-n in the
LVTSCR is designed to support the falling dependence of the triggering voltage
upon the gate bias the LVTSCR triggering voltage in high conductivity state is
realized below the DC breakdown voltage level.

For passive LVTSCR triggering control the large gate resistor can impact the
signal at the pin. At fast transient characteristics the dV/dt coupling in normal
operation regime might be undesirable due to a parasitic channel current. A more
appropriate clamp design involves active reference circuits. A reference circuit can
potentially be added to all three voltage and current control electrodes in order to
bring the clamp triggering characteristics into the desired triggering voltage range.

Examples of typical voltage- and current-referenced clamps are presented in
Fig. 3.17a—d. For example a small contact width avalanche diode can be used as a
high-side voltage reference component to actively bias the gate above the diode
avalanche breakdown voltage (Fig. 3.17a). Similarly, for p-LVTSCR, a low-side
voltage reference can be implemented based upon this principle (Fig. 3.17a). The
current reference for the base electrodes can be realized with a forward biased
diode-triggered SCR (DTSCR) [61] (Fig. 3.17c, d).

The principle of operation of the clamp utilizes the waning dependence of the
triggering voltage on either the voltage of the field control electrode or the current
through the base electrode. This condition is satisfied rather often, but not
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Fig. 3.16 Circuit (a), cell layout topology (b) and measured TLP characteristics (c) of the
grounded gate LVTSCR clamp

guaranteed. In order to properly engineer the clamp, a three-terminal character-
ization of the device (similar to a pulsed SOA) is informative.

A more sophisticated mixed-device-circuit ESD solution, which was first pro-
posed in [62], is based upon the driver-controlled triggering characteristics of the
device under ESD and normal operating conditions.

LVTSCR devices possess the same voltage tolerance limitations due to long-
term gate oxide reliability as NMOS devices. If the voltage tolerance needed for
system-level input and output pins is above the analog CMOS module operating
voltage, a field-oxide SCR (FOXSCR) can be implemented following a simple
transformation of the LVTSCR device. The transformation is just a replacement of
the poly-gate region with a minimally-sized STI region (Fig. 3.18a).

In the resultant FOXSCR device, both the breakdown and triggering voltages
are determined by the diffusion-to-well breakdown voltage, which is usually rel-
atively high ~10-13 V. In regular SCR devices, the well-to-well breakdown
voltage can be even higher, in the range of 16-24 V (Fig. 3.18b). Often, dV/dt
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triggering due to gate electrode coupling or the displacement current effect in the
parasitic n-p-n and p-n-p structures are undesirable, due to load dependence,
interference with the pin signal or transient latch-up jeopardy. To trigger the
FOXSCR at a lower voltage, avalanche-diode-referenced clamps can be imple-
mented, thus providing base current injection after the avalanche diode breakdown
(Fig. 3.18c, d).

Another type of efficient SCR devices called Bipolar SCR (BSCR) devices can
be designed for advanced, high-speed BCD or BICMOS processes with gain poly-
emitter BJT devices [63, 64]. The principle of operation of BSCR devices and the
major device regions is similar to SCRs implemented in CMOS processes. The
major difference in the architecture is the original transformation of the high-gain
poly-emitter n-p-n BJT rather than NMOS device. This device transformation is
achieved by embedding an additional p-emitter diffusion region between the pBase
and the nCollector (Fig. 3.19).

The pEmitter isolation by nSinker implant is rather high. Therefore in small
signal operation, the BSCR gain is similar to the ancestor n-p-n device. This allows
reuse of standard compact models. The current instability criteria for the SCR is
onpn MatopypMp >1 [5]. When the n-p-n gain is much higher than the p-n-p gain,
oanpNS0pNp, this can be simplified to aypyMy >1. Thus, in a properly designed
BSCR, the instability boundary can be achieved similarly to the ancestor n-p-n
BIJT device.

3.2.3 High Holding Voltage SCRs

When system-level ESD stress is required to pass in power-on conditions and the
voltage source at the stressed pin has low impedance, transient latch-up may occur.
The most reliable way to avoid latch-up is by implementing an SCR clamp with an
on-state holding voltage above the power supply level. Alternatively, a special
power supply with a fast shutdown and reset circuit features can be used.

When the emitters of the SCR device are not excessively isolated by base
diffusion, the holding voltage in the on-state is typically in the 1.5-2 V range.
While this might be adequate for LV digital or RF inputs and outputs with an
operating voltage of 1-1.5 V, the analog domains with 2, 3.3 or 5 V voltage
require a different approach.
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Fig. 3.20 Simulated (a) and measured TLP (b) LVTSCR I-V characteristics for different p-
emitter lengths [5]

The desired 3—5 V holding voltage can be achieved either on the device level or
on the clamp level. On the device level, the holding voltage of an SCR can be
controlled by the structure parameters that impact the gain of the internal n-p-n and
p-n-p structures (Fig. 3.20). These control parameters are related to the level of
isolation of the emitters. Unfortunately, these parameters control the triggering
characteristics and the carrier balance at high current operation too. Thus, this
straightforward approach in increasing the holding voltage has limitations and may
result in both undesirable significant increase of the triggering voltage and loss of
the structure’s high current capability. Overall, increase in the holding voltage on
the structure level reduces the ESD protection capability of the SCR devices, due
to the increase of the avalanche current component required to maintain the carrier
imbalance for the relatively high electric field in the structure and higher heat
generation.

Ultimately, it is clear that if an nLVTSCR pEmitter is completely isolated, for
example, due to reverse positioning of the emitter and drain regions the device is
essentially physically equivalent to a snapback NMOS. In this case respectively
higher holding voltage is realized due to different conductivity modulation mode
as well as higher triggering voltage is the result of current saturation in the n-Well.

Nevertheless, some progress to voltages above the 2—3.3 V range can be made
by experimental variation of the semiconductor process specifics. A properly
designed LVTSCR ESD cell with the same width and the same holding voltage as
snapback NMOS cell still provides a significantly higher current capability per
contact width (Fig. 3.21).

An alternative method [65] for clamp-level design uses the self-adjusted p-
emitter de-biasing circuit. Here, p-emitter injection is controlled with high-current
serial de-biasing diode structures (Fig. 3.22a). On the clamp level, the p-emitter
de-biasing diodes can be either internal LVTSCR device regions (Fig. 3.22b) or
external isolated clamp components. The holding voltage of the resultant clamp is
controlled by the number of diodes (Fig. 3.22c). The pEmitter de-biasing circuit
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creates an additional voltage drop in the pEmitter circuit, which prevents pEmitter
injection below the corresponding voltage level (Fig. 3.22c). The current capa-
bility of this solution significantly exceeds that of the topological and device-level
solutions that target internal gain reduction.

3.2.4 Low Voltage Dual-Direction Devices

A small footprint and dual-direction functionality are often specified as targets for
many analog applications. These applications include display column drivers in
portable electronics that are subject to system-level stress, RF inputs, common-
mode voltage regulators, and interface applications.

One of the main reasons for the dual direction tolerance is namely system
specific. When an electrical connection is established between two remote sys-
tems, the ground potentials for each system may be different. In this case, the
presence of a diode at the input-output to the ground of such systems cannot be a
tolerable design. In this case dual-direction ESD protection becomes the design
solution of choice. The dual-direction requirement usually refers to the case where
the IC pin must tolerate low leakage more than just the forward-biased diode
voltage drop (>1 V) bias conditions both above and below the ground potential.

The design of dual-direction devices is one of the most sophisticated challenges
when system-level current capabilities, a small footprint and high holding voltage
are among the design targets.

Apparently, the dual-direction solution can only be implemented when pWell
isolation from the pSubstrate region is available as a process option. A simplified
dual-direction clamp can be composed by back-to-back stacking of SCR or n-p-n
BIJT unidirectional clamps (Fig. 3.23a). The clamps can be joined by connecting
the respective high-side terminals to the floating middle node. Apparently, the
middle node must be floating to avoid forward-biased diode formation on the
substrate at either positive or negative pin bias. At positive (relative to the ground)
ESD stress, the clamp connected to the ground node provides high clamping
voltage, while the remaining stacked components supply the forward body diode
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current path. At negative pad bias, the upper clamp provides the high clamping
voltage, while the clamp directly connected to the ground provides the body diode.
If the clamp has no embedded body diode, the dedicated diode must be added. This
case is presented in Fig. 3.23a.

A version of the back-to-back stacked dual-direction n-p-n BIJT clamp
(Fig. 3.30a) can be implemented using layout-isolated components. A more
advanced approach can be realized on the common cell layout. A cell with merged
sub-collector back-to-back BJT devices combines four alternating groups of fingers,
represented by four circuit components (Fig. 3.23a). The base-collector junction of
an n-p-n BJT combined with shorted base-emitter terminals (BJT1 and BJT4) forms
the reverse path diodes. At a positive ESD pulse stress, BIT2 remains passive and the
current path is provided by BJT3 in the snapback mode and BJT1 acting as a
forward-biased collector-base diode. During negative ESD pulse, the ESD current
path is formed through BJT2 in snapback mode and BJT4 in the diode mode.
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In the arrangement sequence (Fig. 3.23b) or when separation of the base-
emitter regions of the diode path BIT devices is large (Fig. 3.23b), the clamp
characteristics simply repeat in each direction for the summation of the layout-
isolated NPN BJT clamps. However, when the fingers are re-arranged according to
(Fig. 3.23c) and the space the between BJT1 and BJT4 device regions is reduced
to a minimum, a dual-direction SCR effect becomes visible. In this case, the
p-Bases of BJT1 and BJT4 act as SCR emitters and form an SCR current path with
the corresponding n-Emitters. The SCR effect is observed on the I-V character-
istics as a lower holding voltage for this configuration (Fig. 3.23d).
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This device example presents a good methodological transition toward under-
standing a more compact dual-direction SCR design. The middle portion of the
device (Fig. 3.23c) with BJT1 and BJT4 base-emitter regions and a floating
common sub-collector essentially represents a particular case of dual-direction
device DIAC architecture. A CMOS-based DIAC for a non-silicided 0.5 pm 5 V
CMOS process with DeepNwell isolation is presented in [66]. Below, two versions
of this device represent a full substrate isolation design (Fig. 3.24a) and a more
compact design (Fig. 3.24b) with only the pad-side device region isolated.

The DIAC device combines two pairs of n- and p- contact diffusions with
double blocking Pwell-Nwell junctions. The contact diffusions act as electron and
hole injectors and collectors. These interchangeable roles depend on the ESD pulse
polarity that forms the elementary p-n-p-n structure that supports double-injection
conductivity modulation mode. For positive overstress, the pad-side pplus diffu-
sion provides the pEmitter and the nplus-diffusion plays the role of the nBase,
while the ground connected nplus- and pplus- diffusions connected to the ground
act as the nEmitter and pBase, respectively (Fig. 3.24c).

The sequence of emitters and bases at each polarity determine the level of
injected carriers, since base-emitter resistances are different in each case. The
resultant space charge neutralization level impacts both the resultant holding
voltage and the high current withstanding capability. Several cell layout options
with varying injector region lengths and arrangements can be explored experi-
mentally to identify the necessary holding voltage range at the appropriate high-
current performance for a given technology process.

The compact version may seem like a logical choice because it does not require
ground-side pWell isolation (Fig. 3.24b). However, in CMOS processes, the char-
acteristics of this version of the device are significantly impacted by the pSubstrate
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holes collection and injection effect. At negative pad stress, the grounded pSubstrate
acts as an additional vertical pEmitter, providing holes injection and additional
positive feedback for a low holding voltage. On the contrary, at positive pad stress,
the pSubstrate acts as a collector, providing the path for partial escape of the injected
holes from the main SCR current path. This negative feedback results in holding
voltage increase and a general reduction of the high-current capabilities [66]. At the
same time, understanding these types of positive and negative feedback mechanisms
realized on the structure level (Fig. 3.25a) is beneficial in controlling the level of the
space charge neutralization between the injected carriers, and thus the corre-
sponding holding voltage (Fig. 3.25b).

3.3 High-Voltage ESD Devices for System-Level Protection

ESD protection of high-voltage (HV) pins with system-level requirements has an
elevated complexity not only due to the high current requirements. The most
challenging performance specification is avoidance of the transient latch-up and
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chip-level high voltage latch-up. The second effect will be discussed in Chap. 4.
The most straightforward way to safeguard against transient latch-up is to
implement a device with a minimum on-state holding voltage above the power
supply voltage level at the protected pin. This requirement also maintains system
stability against short-term electrical overstress (EOS) events above absolute
maximum voltage limits.

Depending on the product design, generally both high holding voltage and low
holding voltage solutions can be used. For HV control pins or slow power pins,
snapback devices with a holding voltage below the power supply level can be
used, as the triggering and holding current cannot be supported by the power at the
pin, resulting in a circuit-level reset and shutdown. However, for HV fast transient
pins, hot plug-in requirements and system level specification the on-chip HV ESD
device solution might be required to provide the high current characteristics under
the holding voltage above the power supply level. This section is focused on major
HYV integrated on-chip devices and clamps with voltage tolerances of ~10-200 V,
with the aim to provide understanding of system-level solutions.

3.3.1 High Voltage Active Clamps

HV active clamps are based on a driver circuit and a NLDMOS array. In general,
HV active clamps are not a space-efficient protection solution due to the very large
area required for HV LDMOS arrays, with lengthy drift region under rather low
saturation current of ~0.4-0.6 mA/um. Another impact to the area is from the
high-voltage capacitance (Fig. 3.26). On the contrary, HV snapback ESD devices,
with active regions that are only a few microns longer, can deliver current capa-
bility of above 10 mA/um. Therefore mostly only highly integrated and high-pin-
count analog circuits can tolerate integration with the active clamps with the
required high holding voltage.

The active clamps are implemented either using RC-based drivers or as a high-
side voltage reference circuits to turn on a NLDMOS array. An example of the first
design approach with the RC triggered driver is presented in Fig. 3.26a using
DECIMM [19] mixed-mode analysis. The operation principle of the clamp is
based on fast transient turn-on of the high-side NLDMOS driver component (M1)
while the capacitor in the R/C] circuit charges (with a rather short time constant of
<100 ns).

After M1 turns on, the fast charge on the array M2 gate through the M1 current
path is realized before C/ is fully charged. With the voltage increase, M1 turns off,
while M2 provides the discharge path until the gate is fully discharged through R2.

This clamp can be controlled by enabling the circuit driving the M3 and M4 LV
devices (Fig. 3.26). Even if the design is capable of accommodating a very large
M?2 array, this active clamp design is not likely to have any practical use when
system-level stress applied in power-on conditions. In this case, the capacitor CI is
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fully charged to the pin voltage and the clamping capability is disabled below this
pin’s bias level.

A more practical design for system-level protection with a large footprint is an
active clamp circuit in which the gate pull-up array achieved by a high-side
referenced circuit with an avalanche diode (Fig. 3.27). A low-current avalanche
diode or stacked components with an appropriate total breakdown voltage can be
used for the pull-up driver.

Here, the clamp’s principle of operation is rather simple. When the voltage at
the protected node becomes higher than the breakdown voltage of the high-side
reference avalanche diode circuit, it results in gate pull-up of power array, turning
the array on. Depending on the particular product, the NLDMOS array can provide
2-3 times higher current in gate overdrive mode than in saturation mode. A
drawback of the clamp is the relatively high clamping voltage resulting from the
summation of the breakdown voltage and the overdrive gate bias.
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Fig. 3.28 Schematic cross-sections of the nDeMOSSCR (a) and nLDMOSSCR (b) for extended
voltage CMOS and BCD processes, respectively and the experimental TLP I-V characteristics
for nDeMOS-SCR for 40 V ESD protection [67]

3.3.2 LDMOS-SCR Devices

The principle of operation, device architecture, and transformation steps for
LDMOS-SCR are similar to LVTSCR devices. The starting point standard
LDMOS devices are used instead of standard LV MOS components. The physical
difference is mostly in HV capability of the n-p-n or p-n-p embedded structures.

Similar to the LVTSCR described in Sect. 3.1, the LDMOSSCR baseline
architecture includes a floating drain and pEmitter and contact drain regions reused
from the original corresponding either nDeMOS or nLDMOS devices. Simplified
cross-sections for nDeMOSSCR (Fig. 3.28a) or nLDMOSSCR devices
(Fig. 3.28b) demonstrate this basic device architecture. The experimental TLP
characteristics of the nDeMOSSCR for a 0.5 um extended voltage process are
presented in Fig. 3.28c.

The floating drain region may be eliminated in some particular cases, when the
proper level of pEmitter isolation is provided by available in the process nWell-
like regions. Similarly, depending on the well profiles, reverse positioning of the
connected drain and pEmitter may still provide a high current capability of the
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device. These particular cases are not always optimal for arbitrary nWell or nDrift
doping profiles and pEmitter lengths, and may result in miscorrelation effects for
system-level pulsed conditions.

In general, nLDMOSSCR operation is based on the same three-stage domino
effect that is described in Sect. 3.1 for LVTSCR ESD device. It involves (i)
channel current avalanche multiplication up to some critical current for avalanche-
injection conductivity modulation and NDR formation in the internal n-p-n
structure, (ii) current instability in n-p-n structure that results in snapback
according to external load characteristics and (iii) turn-on of the p-n-p emitter-base
junction when sufficient current density is generated in avalanche injection mode
to open the internal pEmitter-nBase junction. The positive feedback between
parasitic n-p-n and p-n-p structures complete the double injection conductivity
modulation in the formed p-n-p-n SCR current path.

The avalanche-injection instability in a high voltage n-p-n structure plays a key
role in reversible device operation. If the n-p-n device cannot provide an appro-
priate current level for p-n-p base-emitter junction turn-on, nLDMOSSCR oper-
ation in snapback becomes irreversible and the device irreversibly fails
immediately, after triggering according to TLP results.

One of the causes of this phenomenon is the low source-body resistance
implemented in the original nLDMOS to achieve the highest self-protection
capability and avalanche energy. Butted source-body layout placement is often
used for this purpose, with a common silicided active region and an additional
heavily doped pDeep implant under the n-Source. An HV parasitic n-p-n with
these design features cannot usually support any high current because it operates in
highly non-linear conditions with high multiplication coefficients accompanied by
spatial instability with high-amplitude local current filaments, which are poten-
tially damaging to the device. The first design step in making nLDMOSSCR
reversible is to separate the source and body diffusions, thus obtaining the internal
source-body resistance that will allow internal biasing of the source-body junction
for appropriate levels of electron injection.

The floating drain in high-voltage NLDMOS devices terminates the drift region
electric field in low current conditions in order to avoid premature punch-through
turn-on of the p-n-p structure. In reverse emitter-drain positioning, this task is
accomplished by the drain itself, but as it was already mentioned, this architecture
has drawbacks.

The NLDMOSSCR also possesses the major regions standard to a process
technology NLDMOS. For obtaining a NLDMOSSCR, the transformation process
includes changing the drain diffusion region to accommodate the floating drain and
pEmitter, as well as separating the pBody and n-Source diffusion regions, or even
partially replacing the pBody by a pWell.

If the NLDMOSSCR is designed to operate in a grounded gate clamp circuit,
triggering of the structure can be adjusted below the voltage range of the protected
NLDMOS pulsed SOA. This can be done by reducing the drift region or changing
the other blocking junction parameters.
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Often, power-optimized HV NLDMOSSCR device architecture is based on an
in-depth pRESUREF region. This region forms as a vertical junction that provides
depletion for the relatively highly doped nDrift region, in addition to a poly-field-
plate RESURF effect. The pRESURF region is electrically connected to the
pBody. When a pEmitter is embedded in the device, a vertical p-n-p structure is
formed by the pEmitter, nDrift and pRESUREF, in addition to the desired lateral
p-n-p structure. The maximum breakdown collector-emitter voltage of this vertical
p-n-p structure is usually much lower than the targeted voltage tolerance for the
HV nLDMOSSCR. Therefore, other design measures with partial blocking of the
pRESURF under the pEmitter region are required.

The HV SCR (Fig. 3.29) or PLDMOSSCR (Fig. 3.30b) can be designed sim-
ilarly to the LV SCRs. The advantage of a PLDMOSSCR device is the potentially
high triggering current, which can be useful in avoiding a transient latch-up when
the bias at the protected pin is supplied by a high impedance voltage source.

NLDMOSSCR devices are usually preferred to HV SCRs due to the presence of
a MOS control electrode. In HV process technologies, designing a NLDMOS that
simultaneously has a low dV/dt effect and a high current capability can often
become challenging. This is mainly because the same positive feedback avalanche
injection processes determine both the triggering and the high current operation
conditions.

To resolve this design dilemma, a clamp with a substantial level of channel
current before triggering is composed from a high-side avalanche diode in the
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NLDMOSSCR gate circuit. In this clamp, the critical regime for snapback is
achieved at a relatively low multiplication coefficient. Additionally, the clamp
possesses a high channel current after gate biasing occurs due to a voltage drop on
the resistor above the avalanche diode breakdown voltage (Fig. 3.31).

Similarly to the LV BSCR, the HV BSCR is obtained by transforming a HV
BJT (Fig. 3.32a). The triggering voltage is adjusted to be inside the ESD pro-
tection window by changing the internal blocking junction through different base-
collector lateral dimensions. As well, adjustments are made at the clamp level by
adding a high-side avalanche diode reference component to generate a base current
after diode breakdown, according to TLP I-V characteristics (Fig. 3.32b).

3.3.3 High Holding Voltage HV Devices: Avalanche Diodes

With powered-on system-level stress, an SCR structure inevitably turns-on into a
high current state with a low holding voltage. A transient latch-up may occur if the
protected pin’s biasing circuit can supply a current above the minimum holding
current of the SCR.

If low holding voltage SCR solutions are not applicable, design choices are
limited to lateral avalanche diodes, lateral PNP devices, stacked clamps, or
attempts to implement an HV SCR with a higher holding voltage achieved by
properly isolating the emitters. Experimental results show that these HV SCR
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devices can provide for a 40-80 V domain a high holding current to roughly
20-30 % of the triggering voltage range.

In the alternative, the high holding voltage avalanche diode, the final clamp is
assembled as a multi-finger diode array (Fig. 3.33a). The avalanche current may
reach up to ~1 mA/um before the irreversible breakdown occurs. However, a
rather high on-state resistance makes this device only useful as a reference com-
ponent for the turning on of different SCR clamps (Fig. 3.33b).

A lateral avalanche diode (LAD) is usually designed by reusing the regions of
the corresponding NLDMOS (Fig. 3.34a). The design transformation includes
eliminating the source region, forming just a pAnode, while the positions of the
active-to-active anode-cathode space nWell and the poly-RESURF are adjusted so
that the on-state resistance per area is minimized. This device has the advantage
that it is fast responding and simple. A major advantage of the HV lateral ava-
lanche diode in comparison to a lateral PNP and even a SCR is the absence of a
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high-side p-region. This absence eliminates the potential problem of an SCR
current path forming in the layout when low-side n-regions are placed in the
vicinity of the clamp.

Effective use of the features that provide reduced surface field (RESURF) effect
is applied for the on-state resistance optimization of the lateral avalanche diodes.
Alternatively, with some process compatibility, the avalanche diode’s active
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region length and resultant footprint can be more aggressively reduced using an
alternative p-i-n diode architecture. A description for an example of such a HV
ESD protection solution is presented below with numerical analysis and experi-
mental validation results.

The p-i-n device utilizes the double-injection conductivity modulation effect to
maintain a lower on-state resistance compared to the conventional HV avalanche
diode architecture. Similar to the utilization of the other types of electrical con-
ductivity modulation effects the resulting internal negative differential resistance
(NDR) can be used to compensate the positive differential resistance of the
structure contact regions.

Both the avalanche injection in bipolar n-p-n (or p-n-p) structures and the
double injection in the thyristor’s (SCR) p-n-p-n structures conductivity modula-
tion mechanisms provide rather strong positive feedback. It results in a relatively
low holding voltage in the high current mode (Chap. 1). In case of high voltage
devices with the high holding voltage requirements close to a breakdown voltage
level is practically hard to achieve. Thus any improvements to the on-state
resistance per area of the relatively large footprint lateral avalanche diode are
favorable. In spite of a partial conductivity modulation of the drift regions and a
complex dependence of the electric field upon the breakdown current level, in
general, the LAD is usually assumed to operate in an avalanche breakdown mode
with the corresponding exponential dependence of the current upon the applied
voltage thus maintaining the positive differential resistance across the entire range
of operation regimes.

Also there is another physical conductivity modulation mechanism—double
avalanche injection (Chap. 1). It can be observed in p-i-n diode structures with
proper region parameters. Theoretically, this type of conductivity modulation can
be used to improve the electrical characteristics of the HV avalanche diodes due an
ideal uniform distribution of the electric field in the i-region. However, due to the
operation regime with very high avalanche multiplication coefficients, an appro-
priate avalanche current density level is hard to achieve for practical design due to
lack of scalability with structure width [2].

The physical principle of the double avalanche injection in p-i-n structures is
based on the space charge neutralization in the middle of the i-region by the
carriers generated due to impact ionization at the both n-i and p-i junctions
simultaneously. Similarly to the avalanche injection phenomena (Chap. 1) the
double avalanche injection phenomenon can be illustrated using 1-D numerical
simulation by comparison of the electric field and carrier distributions for two
regimes which correspond to the low current positive (I) and high current negative
(II) differential resistance modes of the structure operation (Fig. 3.34).

The experimental evaluation of the HV p-i-n LAD design has been done
through the comparison with the conventional lateral avalanche diodes in a 60 V
0.18 um BCD process. The lateral blocking junction of the conventional device is
reusing the reduced surface field (RESURF) features of the corresponding HV
NLDMOS device ancestor. The initial device design is based on numerical anal-
ysis using the parameterized mixed-mode simulator DECIMM™ [19]. The
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Fig. 3.34 Conductivity modulation in the p-i-n structure: the I-V characteristics (a) and
comparison of distributions for the electric field magnitude, electron and hole density (b) for the
avalanche in the breakdown state “I” and the avalanche injection state “II”

NLDMOS drain region was reused to form the n-Cathode, while the p-Anode was
formed by a modification of the Source-Body region eliminating the Source n+
diffusion. Both the RESUREF poly field plate and the deep p-RESURF region were
retained from the original isolated NLDMOS device architecture. The parameters
of the anode to cathode diffusion spacing’s as well as poly-RESURF were adjusted
for optimal breakdown and clamping voltage levels suitable for the targeted 30 V
domain ESD protection (Fig. 3.35“A”).

The on-state resistance in the avalanche breakdown mode is a function of the
anode-cathode spacing and the n-drift region doping. Unlike LDMOS, LAD is not
expected to deliver a functionality to support the unipolar current conduction from a
channel region. Therefore to maintain the high breakdown voltage capability either
the Pbody/Pwell anode implant region or even the cathode n-drift region can be
eliminated from the device structure. The flexibility in the design changes can be
applied to obtain new HV tolerant devices with pseudo i-region that can occupy
either entire the anode-cathode spacing, (Fig. 3.35“C”) or a partial space between
p+-anode and n-drift (Fig. 3.35“D”). Both devices allow a significant scaling down
of the anode-cathode spacing in comparison with the original conventional device
(Fig. 3.35*A”) while still meeting the high breakdown voltage requirement.
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and with n-drift “D” that correspond to the experimental structure (Table 3.3) and their simulated
I-V characteristics

Certainly, to achieve an optimal performance both poly and p- RESURF
regions must be changed in order to support a close to uniform electric field
distribution in the anode-cathode spacing with the diluted doping level. Another
key feature of the new design is the floating p-RESUREF. It is formed automatically
due to the elimination of the Pbody/Pwell region and is required to provide proper
depletion of the pseudo i-region. The diodes are formed by p+-anode and n+-
cathode contact diffusion regions and the lightly doped nEpi region representing
the physical equivalent of the i-region. If the floating PRESURF region is com-
pletely removed, then relatively thick nEpi and NBL regions lead to the break-
down limitation at the p+-nEpi level ~30 V only.

According to the results of numerical simulation of the I-V characteristics for
the conventional (Fig. 3.35“A”) and the pseudo p-i-n diode (Fig. 3.35“C”) both
devices are expected to meet the high voltage tolerance target above 35 V.
However the negative differential resistance region is specific for the new pseudo
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Fig. 3.36 Layout views with (a) (b)
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p-i-n LAD structure only. By using a cutline in the lateral direction it can be easily
shown that the lateral electric field and carrier distributions at the NDR formation
are based on the same double avalanche injection mechanism as in the simple
elementary p-i-n structure (Fig. 3.34).

While the simulation results provide a high level of confidence for the break-
down electrical characteristics, the high current operation can be verified only
experimentally. Since the new p-i-n device has a smaller anode-cathode active
region spacing a fair comparison must take into account the area-factor too. To
normalize the on-state resistance per unit area the LAD clamp diode arrays were
experimentally compared with the same area, but with corresponding different
number of fingers (Fig. 3.36).

A design of experiments with only four avalanche diode clamps is sufficient to
explain the major regularities observed. Table 3.3 combines both the design
parameters for these four representative diode clamps and the summary of the
experimental results. The devices “A” and “B” represent the conventional design
for the LAD clamps with n-drift region, the poly- and p-RESUREF features similar
to the simulated cross-section (Fig. 3.35“A”). Two new pseudo p-i-n diodes with
floating p-RESURF are represented by the device “C” similar to the simulated
cross-section (Fig. 3.35“C”). In this device the Ndrift region is completely
eliminated. Finally, the device “D” is similar to the simulated cross-section
(Fig. 3.35“D”). In the structures “C” and “D” Pbody/Pwell regions are blocked
thus resulting in a formation of the floating pRESUREF diffusion region feature
(Table 3.3, DOE section)

The initial conventional design “A” has 26 fingers for the anode-cathode
spacing LAC = 1.7 and 70 pm finger width, arranged within the fixed footprint.
While the breakdown voltage of ~40 V meets the 30 V tolerance target, the
clamping voltage for 2 kV HBM equivalent current is rather high at ~54 V. The
anode-cathode spacing LAC is at the physical limit for this design. Reduction of
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Fig. 3.37 Comparison of the TLP I-V characteristics for the structures “A”, “B” and “C”

the LAC down to 1 um results in a breakdown voltage reduction down to 26 V in
the structure “B” (Fig. 3.37).

As it was expected from the simulation results, the high breakdown voltage
target ~37 V is indeed met in the pseudo p-i-n diodes “C” and D” with the
floating p-RESURF architecture (Table 3.3, experimental data part). However,
only the diode “D” provides a suitable high current capability (Fig. 3.38), while
the diode “C” fails immediately after the snapback (Fig. 3.37). The diode “D”
with completely blocked nDrift region provides a fairly good clamping voltage
~42 V with an S-shape TLP I-V characteristic explained by the double avalanche
injection phenomenon. The HBM and MM test results were found to be in cor-
relation with the TLP [-V characteristics (Table 3.3) thus validating the usability
of the new device.

Thus an important question to answer is why clamp “C” has a poor high current
performance while clamp “D” with the partial n-drift region provides an adequate
high current capability. The main hypothesis explaining the experimental results is
based on the ballasting effect of the n-drift region. Indeed in the p-i-n structure
(Fig. 3.34), as well as in the pseudo p-i-n lateral diode “C” (Fig. 3.35¢c), the
current density is limited only at rather high level that provided by current satu-
ration in the contact n+ and p+ regions only. In the high current NDR state due to
the strong positive feedback between the current and the holding voltage, a very
narrow current filament can form and rapidly achieve some critical amplitude for
the device local burnout. At this current density the fast local overheating of the
structure is realized practically in adiabatic conditions results and the instanta-
neous local damage of the device becomes imminent.
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Fig. 3.38 Comparison of the TLP I-V characteristics for the conventional structure “A” and
new pin-like structure “D”

The LAD device “D” incorporates the n-drift region which serves in a role of
the local negative feedback component thus limiting the current filament ampli-
tude on the local level due to the corresponding voltage drop.

To illustrate this nonlinear phenomenon from the 2-D simulation, the distrib-
uted p-i-n structure (Fig. 3.34) has been modified to include an additional n-region
representing the n-drift part (Fig. 3.39). The final structure with 10 pm contact
width limited by the oxide regions in X-direction was included in the mixed mode
circuit (Fig. 3.39a) with a pulsed current source and simulated for different n-drift
region length at a constant anode-cathode spacing of 1 pm. The presence of the
numerical noise in the finite element model provides a physical equivalent of the
real physical nonuniformity [4]. This enables the numerical solution for a spatial
current instability in the form of the resulting current filaments [4].

During the transient process the initially uniform current distribution in the
device becomes unstable after the first few nanoseconds which results in a spon-
taneous current filament state formation (Fig. 3.39b). The filament amplitude can
be calculated as a function of the n-drift region length (Fig. 3.39¢c). Thus the
critical role of the n-drift ballasting region in this pseudo p-i-n LAD is somewhat
similar to the drain ballasting region in the snapback NMOS structures. This
explains the difference in high current capability between devices “C” with no
n-Drift ballasting and “D” with this feature.
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Thus a new design for the high holding voltage lateral pseudo p-i-n avalanche
diodes with floating p-RESUREF region can be presented as one of the rare ways to
improve the avalanche diode characteristics towards the system level high holding
voltage solutions as it is shown above both by simulation and experimental results.

Due to the elimination of the non-self-aligned pWell implants a lower sensi-
tivity of the new design to the mask alignment potentially might be achieved. This
aspect will be discussed in more details in the last section of this chapter.

3.3.4 Lateral PNP ESD Devices

A more effective high holding voltage device alternative to the lateral avalanche
diode is the lateral PNP (LPNP). Versions of this device were proposed for HV I/
Os protection in smart power technology [67-70].

Redesign of a LPNP device (Fig. 3.40a) from the lateral avalanche diode
consists of embedding the diode device with a pEmitter region while minimizing
the nBase contact diffusion area at the layout level.

The avalanche diode’s cathode and anode become the nBase and pCollector
regions, respectively, while the HV blocking junction with double RESURF
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architecture remains the same in both devices. The on-state resistance of the LPNP
is substantially lower than that of the HV lateral avalanche diode, and limiting
local nBase contact diffusions in the layout provides additional resistance reduc-
tion per unit area (Fig. 3.40d).

The LPNP adds both an internal gain and avalanche-injection conductivity
modulation of the lengthy nBase region [67]. The latter provides a “weak”
S-shape that counters the high on-state resistance, giving more vertical I-V
characteristics (Fig. 3.41). The internal gain of the clamp can be increased using a
base-emitter resistor; however this measure eliminates the efficient collector-base
reverse path diode. The reverse current path is still provided by the internal lateral
PNP bipolar structure with interchanged collector and emitter diffusions.

In the LPNP, the conductivity modulation is avalanche-injection of the lengthy
nBase [70]. The negative differential resistance region is weak or completely hidden
by the positive differential resistance of the avalanche breakdown and voltage drop
on the saturation regions. Due to the difference in electron and hole carrier mobilities
in Silicon, the carrier balance in the LPNP results in a higher holding voltage.

For the most optimal design of HV devices with a minimal active region length,
the -V characteristics require careful optimization using TCAD tools (Fig. 3.41).

For a stacked solution, a snapback clamp can be produced either by stacking the
same components or diverse components with different holding voltages. When
the same components are stacked, the number of clamps is simply a multiplier of
the holding voltage of a single clamp, as long as no parasitic path is formed in the
real layout. This approach is applied to dual-direction devices in the next section.
The drawback in this case is the corresponding increase of the triggering voltage.

This problem can be addressed by combining a non-snapback clamp component
with high positive differential resistance with a low holding voltage snapback
component. The approach is illustrated based upon parameterized mixed mode
simulation with DECIMM™ tool [19] using circuit (Fig. 3.42a). The circuit
presents a snapback clamp composed from the lateral avalanche diode with high
width W = 5 mm (Fig. 3.42b) and small LVTSCR structure with W = 100 pm
(Fig. 3.42c). The avalanche diode provides high voltage avalanche breakdown
with high positive differential resistance (Fig. 3.42d). Therefore to fit the clamping
voltage into the ESD protection window range a significant width scaling would be
required. On the contrary LVTSCR delivers the snapback characteristics with high
triggering ~10 V and low holding voltage ~2 V (Fig. 3.42d). The resultant
characteristic of the stacked clamp (Fig. 3.42d) is the result of compensation of the
negative and positive differential resistances toward the desired more vertical I-V
characteristic.

3.3.5 HV Dual Direction Devices

HYV versions of dual-direction devices are based on the same device and clamp
design principles as those previously described for the LV dual-direction devices.
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The same approach can be used to compose a back-to-back stacked clamp from a
HV nLLDMOSSCR, Lateral PNP or Avalanche diode unidirectional clamp by
merging and floating the nEpi regions, or just by a floating metal connection in the
separate nEpi regions. In this type of stacked clamp design, major unexpected
issues can arise due to the interaction of clamp components from imperfect iso-
lation between the clamps in stack.

Nevertheless, a major space-saving solution for system ESD stress current
levels is the DIAC device. In terms of HV system-level architecture, the DIAC is
advantageous because it reuses chip space for the lengthy blocking junction
region.

The HV dual blocking junction of HV DIAC can be formed by lateral nWell,
pWell, pBody or nDrift regions arranged in both p-n-p (Fig. 3.43a) and n-p-n
sequences (Fig. 3.43a). A major transformation step for both devices is back-to-
back stacking of the initial NLDMOSSCR components. A DIAC with a p-n-p
lateral blocking junction is created by merging the drain regions of two
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NLDMOSSCR clamps, reusing the common nDrift region to form depletion
regions for both junctions in corresponding bias directions.

Theoretically, the body regions can be merged (Fig. 3.43b). In this case, the
device requires two drift regions. However, a DIAC with an n-p-n blocking
junction arrangement is usually impractical. Due to typically insufficiently high
side body region isolation from the pSubstrate the architecture can be practically
useful only in SOI processes. Therefore, DIAC architecture with a p-n-p dual
blocking junction represents the practical device solution (Fig. 3.43a).

Similarly to LV DIACs, the HV DIAC combines pairs of nplus and pplus
contact diffusion regions that act as SCR bases and emitters, depending on the
current direction (Fig. 3.43a).

The challenging task of implementing both a high breakdown voltage and high
current capability simultaneously in both current directions becomes even more
complicated when the high holding voltage requirements are specified. This
problem cannot be practically solved at the 2-D level of device cross-section
design and requires a topological solution.
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Fig. 3.45 TLP I-V characteristics of the dual direction device for positive (a) and negative
(b) pad current

The layout-level solution is based upon the formation of interdigitated contact
regions that balance the carrier injection and collection in the structure. Such a
balance allows for an optimal electric field distribution in the structure, while still
maintaining high ESD current capabilities (Fig. 3.44a). An optimal p+/n+ contact
diffusions length ratio for the injector regions is usually in the range of 5-10
(Fig. 3.44b).
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The TLP I-V characteristics of the DIAC cell in both directions can be obtained
after careful design efforts toward balance in the injectors current and internal
electric field distribution (Fig. 3.45).

3.4 ESD Cell Design Principles

One of the major challenges in HV system-level ESD cell design lies in achieving
the proper pulsed type independent width scaling. Some devices in particular
process technologies can provide a rather high current density on small structures.
However, width- and array- scaling for system current level performance can be
significantly non-linear.

Another unexpected side-effect is a miscorrelation between high measured TLP
current, passing contact IEC pulse level and air gap pulse performance. The
miscorrelation is accompanied by the so-called “windowing effect,” when the
designed cell is passing low and high ESD pulse levels, but failing in some
intermediate range.

The major reasons for non-linear performance of the structure width scaling are
related the effects of current crowding due to an improperly balanced layout, the
multifinger turn-on effect or an undedicated “sneak” current path formed in a
particular cell and product layout. The last class of phenomena is addressed in the
next chapter. This section discusses the measures that can be applied to cell design.

3.4.1 Undesirable Multifinger Turn-On Effect

The layout of high current devices and clamps is a rather critical part of ESD
clamp design. The topological degree of freedom is primarily used to achieve
appropriate characteristics for the clamp, but can also significantly impact the ESD
cell’s high current performance. This section is focused on the device-level front-
end ESD cell layout, while the following section brings some insight to cell
metallization design.

Successful system-level ESD clamp implementation combines a broad range of
aspects: device width scaling, lateral isolation, vertical isolation from the substrate,
latch-up isolation by guard rings, clamp-level design for voltage reference,
dynamic coupling as well as implementation of a more “intelligent” driver circuit.

The usual layout implementation of an active ESD device in clamps is a
multifinger distributed array. Ensuring that all fingers turn on in ESD pulse con-
ditions with current balance at the cell level is a challenge. HV devices especially
require that 3-D design of array fingers, the metallization scheme, and the driver
circuit connection are taken into account. From this perspective, when system-
level width scaling is required, all fingers of the ESD device should be scaled
within the same Epi pocket shared space, rather than by instantiation of several
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isolated devices in parallel. This design principle safeguards that all fingers in an
ESD device array with a large total width will turn on.

In general, it is hard to expect an absolute symmetry in any ESD clamp device
array. There are different connection paths from control electrodes to drivers,
shared components in the entire array that require too much space to bring an
identical arrangement to every finger, varying distance to the lateral isolation
rings, and not even metal connections.

In many cases, a LV ESD device array is designed with a common well tie or
epi connection for the active region, with multiple active region fingers. It is
important to realize that in this case, the current distribution inside the ESD array
is already non-uniform due to different effective resistances from the common
region to each finger. For example, in a non-snapback PMOS cell (Fig. 3.46) with
common nBody contact diffusion, the multifinger design results in a different cell
capability at width scaling.

A simulation comparison was performed for the physical equivalents of a large
footprint cell with an n-Body connection evenly placed at each active finger with a
polygate (Fig. 3.46a) and a more compact cell with the 10-gate FEM cross-section
(Fig. 3.46b). With same total width, normalized in the simulation by the scaling
factor W, the cell with the common nBody (Fig. 3.46b) has a 20 % worse per-
formance than the cell with an nBody added to each active finger (Fig. 3.46¢). A
small additional drain ballasting region improves the current capability by almost
two times. This corresponds to experimental results [71].
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Fig. 3.47 Backside emission from an ESD cell at HMM pulse in the reversible operation
conditions (a) with one mostly one finger turn-on and the view for cell burned-out cell with
several fingers destroyed (b) (courtesy of Todd Mitchell)

In general, ESD cell design cannot be based on an assumption that turn-on of
any single finger in the conductivity modulation mode inevitably or at least
eventually results in some coupling or a mutual interaction effect, bringing all
fingers in the array to a turn-on state. In other words, a turn-on domino effect is not
necessarily always present in the ESD device array, especially in the case of HV
snapback devices with a triggering voltage that significantly exceeds the holding
voltage (Fig. 3.47). A variation of this effect is the inconsistent operation of the
ESD cell for different pulse types and loads, and the already mentioned windowing
effect.

On the contrary to the multifinger effect, a local turn-on within the same finger
width (for example in the middle or at the end of the finger) into the high con-
ductivity state practically guarantees that diffusion of the injected carriers will
propagate laterally with current increase until the entire finger is in the on-state
(Fig. 3.47).

In SCR devices, when coupling between the fingers is low, the spreading of the
conductivity modulation current along a single finger results in the formation of a
high current state with a low holding voltage. The following scenario depends on
the triggering voltage V7 ; and the critical voltage for maximum current Vo, If Vin
exceeds Vr;, then additional fingers may turn on after current saturation in the
initial finger, with the voltage dropping to this level. In this case Vy,(t, I;,) is
dependent on both the rise time and internal injection current. For HV SCR
devices, in spite of a strong reduction in V7; due to internal current injection from
already turned on fingers, the resultant V,(t, I;,;) for off-state fingers will still be
much higher than the holding voltage V4.

This non-simultaneous finger turn-on may produce multiple S-shape regions
that correspond to the on-state of different fingers [72]. Non-uniform turn-on in
multi-finger NMOS and SCR was studied under TLP and HBM stress in [73, 74].
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Typically, Vi, < V; for HV SCR devices, therefore burnout of the first finger can
be expected before the remaining fingers in the ESD device array are engaged. The
same level of speculation is applicable to when two isolated ESD snapback clamps
are used to increase the total clamping current.

On the other hand, if there is at least local or partial turn-on of each finger, the
following current growth has an even array turn-on operation. It can be assumed
that this scenario is realized at the experimentally observed miscorrelation
between the stress results for the contact and air gap system-level pulses due to
different waveforms of the pulses themselves.

In case of contact IEC 61000-4-2 stress, the first fast short peak of the pulse
(Fig. 3.48) ensures turn-on of all the fingers that then evenly re-distributes the
current density during the rest of the pulse, providing the highest current capa-
bility. In the opposite case with a slow air gap ESD pulse (Fig. 3.48), the finger
that turns on first clamps the voltage to a low level and prevents the remaining
fingers from engaging, thus limiting the current capability of the entire array down
to the performance of a single finger.

This “fundamental” effect in system-level cell design was studied for multi-
finger HV NLDMOSSCR devices in [75], using experimental and numerical
simulation analysis with tool DECIMM [19]. Indeed, according to experimental
results the device has demonstrated likely the uniform triggering with expected
high current performance for 50 Q TLP and HMM IEC contact pulses (Table 3.4).
On the contrary, the air gap IEC pulse passing level did not correlate with these
results, pointing to pulse-type-dependent operation (Table 3.4).

The effect of sensitivity to ESD pulse type due to non-uniform finger triggering
was reproduced using a numerical simulation with fast contact and slow air gap
IEC pulse stresses. For DECIMM mixed-mode analysis, a parameterized 4-finger
HV NLDMOS-SCR (Fig. 3.49a, b) was studied in the mixed-mode circuits with
corresponding sub-circuits for the contact (HMM) (Fig. 3.49¢) and IEC air gap
(Fig. 3.49d) pulses. To introduce a factor physically equivalent to cell asymmetry,
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Table 3.4 Experimental results of SCRs under TLP/HMM/IEC air gap

Cell name Vtrig (V) Vh (V) 1t2 (A) HMM (kV) Gun air (kV)
Cell A 95.6 6 >25.2 12 3.5
Cell B 89.3 4.8 >26.4 11 4.5
Cell C 80.5 4.8 >26.4 12 5.5
Cell D 69.4 4.7 >26.4 12 4.5
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Fig. 3.49 Cross-sections of four-finger SCR (a) with zoom in the first finger (b) and mixed-mode
circuits for HMM (c) pulse simulations with connected device and for air-gap pulse source (d)

optional separate gate-to-ground Rgg resistors were included in the circuit
(Fig. 3.49c, d).

However, the originally expected effect was already observed with same values
of the gate resistors. An example of the simulator’s output for source terminal
current waveforms with non-uniform multifinger turn-on and a slow air gap pulse
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Fig. 3.50 Four-finger SCR transient source current waveforms under 4 kV IEC air gap stress
(a) and temperature distribution under 4 kV IEC air gap stress at 90 ns from the beginning of the
pulse (b)

(Fig. 3.50) demonstrates that on-state is triggered only in Fingerl and Finger2.
Finger2 turns on 20 ns later than Fingerl with corresponding current sharing
between the two to achieve the same level at the end of the pulse. The temperature
distribution under 4 kV IEC air gap stress at 90 ns (Fig. 3.50b) indicates that the
peak is at the Fingerl source.

The transient source current waveforms under 12 kV HMM stress (Fig. 3.51),
on the contrary, show simultaneous turn-on of all the fingers with an even source
current distribution. A similar current distribution is seen for the IEC contact pulse.

This simple numerical experiment demonstrates the multi-finger turn-on effect
and the windowing effect as a result of non-even turn-on of the fingers at a slow
IEC air gap pulse. When the pulse amplitude is small enough for only one finger to
sustain the ESD current, the device operates reversibly. If the pulse is fast, as in the
case of a 50 Q TLP, or has a high amplitude, first peak to “ignite” the conductivity
modulation in all active regions of the device turns on all the fingers and can pass a
relatively high current level.

However, for some intermediate pulse range where only one finger is in the on-
state, the critical power for burnout is reached under passive conditions on the rest
of the fingers. This understanding is in correlation with experimental results
(Table 3.4) and additional experiments demonstrating the windowing effect.
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3.4.2 Poly Ballasting to Overcome Multi Finger
Turn-On Effect

Proper design of back-end metallization routing, well tap connections and sym-
metrical gate control electrode connections is important for avoiding the non-
simultaneous multifinger turn-on effect as well as contact enclosure in the diffusion
region. Excessive power generation can cause an elevated local temperature at the
contact, which may result in irreversible processes in the metallurgical contact
structure.

Two types of cell-level design measures can be applied to the device and cell to
reduce this undesired effect. The first type involves current ballasting by metal-
lization, poly resistors, or diffusion regions.

Experimental results for the poly-ballasting approach applied to HV DIAC cells
are shown in Fig. 3.52. An additional distributed poly-resistor region has been
introduced between the cell injector regions and the connection between the pad
and ground (Fig. 3.52a). Although the cell has demonstrated better finger scaling,
the system-level performance was lower due to the backend limitation because less
vias and contacts were used.

However, an interesting side-effect was the favorable increase of the holding
voltage (Fig. 3.52b) in comparison to a cell with a conventional metal connection.
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The effect of the higher holding voltage is understood using numerical simulation
analysis (Fig. 3.52c—e); it is the result of the additional voltage drop on the dis-
tributed polyresistor (Fig. 3.52e).

The miscorrelation of dual-direction DIAC devices in high current operation
with different system level pulsed can be both experimentally observed and
explained by a non-simultaneous turn on of the DIAC device fingers at slow
negative air gap IEC standard ESD pulses versus a high performance for the
contact IEC standard pulse, HMM or TLP or contact IEC standard ESD discharge.

Similarly to other examples of this Chapter, the poly ballasting effect can be
studied using numerical simulations which generate relevant information about
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Fig. 3.54 Mixed-mode circuits for HMM pulse simulations with connected device and ideal
resistors representing the poly-ballasting features

physical devices operation, followed by the experimental validation of two new
proposed innovative designs for the DIAC devices.

The device used in this section for the demonstration of the poly- ballasting
effect is the dual blocking junction of HV DIAC with the full cross-section of a
4-finger array (Fig. 3.53a). Each active finger is formed by lateral nWell, pWell,
pBody or nDrift regions arranged in an n-p-n sequence. The pWell regions include
the nplus and pplus contact diffusion regions that have an interchangeable role of
SCR bases and emitters, depending on the current direction (Fig. 3.53b).

To physically represent the effect of poly-ballasting resistors an additional ideal
resistors can be included in the mixed mode circuit for the device with the HMM
pulse source (Fig. 3.54). In this circuit the parameter for all Anode and Cathode
resistor are the same.

In spite of an insignificant difference in the clamping voltage waveforms
(Fig. 3.55), according to transient analysis the structure operation indeed greatly
depends on the value parameter Rp of the polyresistor parameter physically rep-
resented in the circuit by the equal ideal resistors R7-R17 (Fig. 3.54). For example
in case of Rp = 0.1 Q, that physically represents the absence of the poly
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ballasting, the peak temperature during the transient exceeds 1190 K. This cer-
tainly represents the device irreversible failure at the given 8 kV HMM pulse.
However, if the Rp parameter set at 2.5 €, that physically represents the poly
ballasting resistors, the peak remains below 600 K during the entire transient. Thus
likely represents the passing of the stress level (Fig. 3.51).

A more detailed insight into the reason for the difference in peak temperature
reveals the effect of non-uniform finger turn-on. According to the peak tempera-
ture distribution (Fig. 3.56) the DIAC clamp with Rp = 2.5 Q has a uniformly
distributed temperature along all active finger regions, while the clamp with
Rp = 0.1 Q has a significant overheating of the middle fingers after a time of
52 ns.

These results can be complemented by the simulator output for the cathode
current of the clamp device (Fig. 3.57). An uniform current component distribu-
tion for the Rp = 2.5 Q case is observed (Fig. 3.57a), taking into account that
Cathode 1 and 5 must supply only half of the other cathodes current to maintain
the same current level for all 4 anodes. On the contrary, for the device with
Rp = 0.1 Q, that physically represents the absence of the poly ballasting, the
cathode current components through the Cathode 1 and 5 are practically equal to
Zero.

3.4.3 Overcoming Multi Finger Turn-On by Proper Cell
Layout Engineering

In HV DIACs and SCRs the active regions of the adjacent finger are substantially
separated and therefore face a rather low coupling effect. As a result in relatively
low clamping voltage conditions the injection in one finger may not create a
domino-effect to turn-on the remaining fingers prior to this finger’s burn-out.
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Fig. 3.57 Results of a mixed-mode simulation for the physical equivalent DIAC device cross-
section of a 4-finger cell. Comparison of the temperature depth profiles for the clamps with
Rp =2.5Q (a) and Rp = 0.1 Q (b) for 8 kV HMM stress for the cathode current components

At the same time the spreading of the conductivity modulation current along a
single finger remains consistent due to a direct lateral injection. C-shape (or horse-
shoe) and race track device layout architecture or just very long fingers are proven
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Fig. 3.58 Topologies of the race track (a) and snake cell (b) layout to eliminate multiple fingers

in many industrial designs. Thus, the alternative to the ballasting measures is the
cell layout that aims to “eliminate” the multiple fingers themselves using different
layout topology. Certainly, a single long finger will provide such a solution.
Therefore, C-shape, race track (Fig. 3.58a), or “snake” (Fig. 3.58b) device
architecture is often used to provide the physical equivalent of a single finger. A
more consistent performance of these devices is an advantage. However, unlike
rectangular cells, these devices are both hard to scale and to provide properly
balanced current connection by metallization routing.

3.4.4 Metallization Limitations and Optimization

For simplification, an empirical ratio between the critical ESD current metalliza-
tion burnout and the guaranteed electromigration current for long-term reliability
of the given interconnected layers is often used to estimate cell metallization
limits. The long-term reliability parameters are usually listed in the process rules.
For example, the “20x” or “40x” rule to multiply the specified electromigration
limit parameter is often used as an empirical correlation factor. For ESD cell
layout design, the expected current density must be below the critical current level
to realize the full potential of the active device and to avoid physical limitation of
cell performance at the system level by the backend. The correlation factors for the
metallization and via layers can be directly measured on test structures for given
standard ESD pulses and TLP current.

Historically, ESD robustness was mostly studied on the component level for
packaged-level ESD pulses—HBM, MM, and CDM [76—80]—rather than system-
level stresses. To bridge the gap in understanding of robustness of BEOL metal
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Fig. 3.59 Simplified layout (a) (b) (c)
views for a straight line,

b meander, and ¢ bridging
interconnected test structure
topologies, where W is the
line width and L is the line w
length L

Pad1l Pad1l

Padl Pad2
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lines under IEC and HMM pulses, a correlation between IEC/HMM and TLP
pulses was studied in [81]. The study was taking into account the effect of metal
lines design topology. It was shown that the main physical mechanism of metal
line failure is Joule heating, which is determined by the total energy of the applied
ESD pulse.

The study was done for system level ESD IEC 61000-4-2 standard pulses
applied to copper metallization test structures fabricated in standard CMOS pro-
cess technology. The basic topologies used in this experiment are the straight
metal line, the meander metal line, and the bridging metal lines (Fig. 3.59), with
varied width and length parameters.

The step-by-step pulse amplitude increase was applied to the test structures
until an open circuit failure. The collected waveforms from wafer level HBM and
HMM results was used to compare the pulse energy (Fig. 3.60).

The accumulated pre-failure energies integrated from the analytical pre-failure
waveforms are compared with the experimental data (Table 3.5). With the
exception of the results for IEC 61000-4-2 pulse stress, the analytical pre-failure
energies for the pulses are in agreement with the experimental results. Under [EC
stress, the miscorrelation between the experimental and analytical results is likely
due to the inductive load, according to IEC 61000-4-2 standard.

Mixed-mode DECIMM [19] simulations were carried out using Si material with
altered parameters to physically approximate metallization properties. Since the
pre-failure energy is saturated at 90 ns, the heat generated at 90 ns was adopted as
the failure criteria under a peak temperature of 1358 K—the copper melting
temperature. The simulated and measured pre-failure levels of straight (Fig. 3.61),
meander, and bridging metal lines match well.

The temperature distributions of these three topologies under a 1 kV HMM
stress were simulated and compared (Fig. 3.62), demonstrating that the lowest
peak temperature was in the bridging metal line due to less specific self-heating
(Fig. 3.62b), and the highest peak temperature was in the meander metal line due
to high current crowding in the corners (Fig. 3.62c).

The average correlation factors and their standard deviations from the pre-
failure levels (Table 3.6) were obtained for the experimental data for these basic
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Fig. 3.60 Straight metal line
pre-failure current waveforms
(a) measured for TLP, HBM,
IEC and HMM pulses, and
calculated pre-failure energy
waveforms (b)
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Table 3.5 Straight metal line experimental and analytical pre-failure energies under TLP, HBM,

HMM and IEC pulses

TLP HBM HMM IEC

(1.6 A) (2.87 kV) (1.0kV) (1.3kV)
Experimental pre-failure energy (J) 4.4E-7 4.3E-7 4.6E-7 4.1E-7
Analytical pre-failure energy (J) 4.0E-7 4.7E-7 4.9E-7 8.4E-7

metal lines under TLP, HBM, HMM and IEC stresses. From these data, we see that
the ratio of system-level pulse to TLP current is in the range of 0.6-0.8 kV/A.
Based upon established regularities, a more complex cell layout can be ana-
lyzed using numerical simulation of more practical cases. An example of simu-
lated current distribution in a cell with the same parameters but different contact
boundaries is presented in Fig. 3.63. In a cell with contact placement along the
entire horizontal cell boundary, the distribution is balanced between 4 array fingers
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Fig. 3.62 Simulated temperature distribution of straight (a), bridging (b) and meander (c¢) metal
lines at a width of 4 pm under 1 kV HMM stress

Table 3.6 Correlation factors for pre-failure voltage versus pre-failure current for HMM versus
TLP (VHMM/ITLP), IEC versus TLP (VIEC/ITLP) and HBM versus TLP (VHBM/ITLP) for
straight, bridging, and meander metal lines

Metal line type Vamw/Itip Viec/ItLp Vusm/ItLp Vum/ItLp
(KV/A) (KV/A) (KV/A) (KV/A)
Straight 0.65+0.03 0.80+0.04 1.90+0.14 0.13+0.02
Bridging 0.63+0.03 0.81+0.03 N/A 0.10+0.01
Meander 0.631-0.04 0.81+0.06 1.88+0.25 0.114-0.02

(Fig. 3.63a), while connecting the cell only on the left side (Fig. 3.63b) creates a
significant imbalance of the current distribution, with overstress of the left finger to
the same critical temperature at a much lower current through the cell.
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Fig. 3.63 Example of DECIMM cell-level analysis using a physical representation of the current
through the cell metallization—with a connected diode demonstrating the temperature
distribution and current flow lines—in a 4-finger n-p-n diode cell with rop and bottom (a) and
left (b) contact placement

3.5 Process Capability Index for ESD Devices

3.5.1 Understanding Process Capability Index for ESD
Devices

The final section of this chapter brings a new angle of view on ESD device design.
It is done from the perspective of the process variation across the production lots
and wafers. In real integrated process technology, finite mask alignment toler-
ances, variation in etching, diffusion time and temperature, implantation dose,
deposition and chemical-mechanical polishing (CMP) result in variation of the
devices fabricated on wafer and between different production lots. The standard
deviation for each parameter is known at least with some accuracy and can be
measured using corresponding test structures. For example, mask misalignment
tolerance, dose of ion implantation and gate oxide growth are the well-charac-
terized parameters guaranteed by the used tools. The process variation directly
affects the particular process yield and thus is thoroughly controlled and monitored
in the manufacturing facilities. Essentially the control in semiconductor process
technology is similar to the historical quality control methodologies [82].

A similar problem of process variation can be applied to the confidence of the
ESD protection window, targeting also the use of a non-self-aligned ESD device
architecture. For example in a local clamp the HV ESD device triggering into
snapback often relies on the internal blocking junction breakdown or on the
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external reference clamp component breakdown voltage. Both components are
subject to the process variation. In case of component level protection require-
ments the voltage tolerance of the ESD solutions is not critical as long as it is not
impacting the circuit functionality. This is because the selected parts need to pass
only the ESD stress levels during qualification. Also the qualification is done on a
very limited amount of samples usually from a single lot. Nevertheless, it is
usually assumed that the ESD performance during the remaining lifetime of the
process and semiconductor product can be guaranteed. An argument in favor of
this approach, perhaps, can be made by taking into account the fact that the passing
qualification level for the components (typically 2 kV HBM) usually significantly
exceeds the real possible events in an ESD controlled environment (<500 V).

A way more complex scenario can be envisioned for the system level ESD
protection requirements. Assuming that indeed the part can experience multiple
real live ESD stress events during the entire product life cycle, the ESD clamps are
still supposed to provide adequate clamping transient characteristics across all
wafers and production lots. Thus, theoretically, the system level ESD performance
is expected to meet the specification level taking into account the process variation
and ESD related yield parameters. Thus, if an ESD clamp design has been verified
on the test chip using just a few samples for the pulsed testing, it hardly can be
expected that it will automatically provide the repeatable I-V characteristics
across many production wafer lots and across the wafers.

The fact that different characteristics of the semiconductor devices in integrated
process technologies are not identical is very well understood in the semiconductor
industry. The corresponding integrated semiconductor process parameters are
continuously monitored and evaluated using the statistical test results from the
scribe line test pattern (SLTP) of each wafer monitoring to verify the compliance
of the device parameters within the specified limits of the process.

Repeatability of the device characteristics is usually reflected by the process
capability index Cpk that represents a statistical measure of the given process
reproducibility. A quick start introduction for the topic can be found in [83, 84].
Cpk is defined as the ability of a process to produce output within certain speci-
fication limits. The concept of process capability index gains meaning only for
processes with a statistical control in place. It reflects the level of process
parameter variation relatively to the adopted specification limits, rather than the
variation of the parameter itself represented for example by standard deviation.

In general the specification for semiconductor device parameters can include
both upper (USL) and lower specification limits (LSL). These limits are compared
to the measured statistical mean u value taking into account the standard deviation
a. Often only one of the specification limits can be important for a given product or
a device at a time. For example only LSL parameter can be important for the
breakdown voltage of the standard devices, while only USL parameter can be
important for the leakage current at operation voltage. Thus not important limits
can be always specified sufficiently away from the mean value. In this case the
process capability of the parameter is determined by the critical single sided
specification limit. For the case of critical LSL rating the process capability index
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can be calculated as a difference between mean and lower specification limit
normalized to the tripled standard deviation value:

1 — LSL
Cp lower = 3.1
12 3g ( )

Often, however, both LSL and USL parameters are critical, for example, for the
threshold voltage of the standard device or for the breakdown and triggering
characteristics of the ESD devices. In this case Cpk can be logically defined by a
minimum value between the corresponding upper and lower process capability
indexes:

USL — ju j— LSL
3¢ 30 |

Cpi = min (3.2)

The Cpk indexes are calculated separately for each particularly monitored
individual device or process parameter. This approach is covering the majority of
the supported integrated device parameters in the integrated process technology.
The exception is usually given for so-called free or category II devices, not
mentioned in the process specification. Unfortunately the majority of ESD devices
are usually assigned to such category. As a result they usually are not even placed
on the SLTP due to lack of space which is taken by the standard devices. This fact
contributes to the problem statement discussed below.

In case of a normal distribution the process yield can be calculated by the area
under the probability density function F(0)):

1 o _p2
F(o) = \/2_71,/06 dt.

Respectively, the remaining set of samples beyond the desired specification
limits represents the process fallout in form of the defective part quantities that are
not meeting the specification limits. Apparently, the fallout rate depends on both
how close the specification limits are set to the mean value and the standard
deviation of the parameter distribution across the pool of measured samples. The
major figure of merit to represent the process fallout is called either “defects per
million opportunities” (DPMO) or defective part per million (DPPM).

For an established robust semiconductor process the critical parameters should
have a Cpk of at least 1.33 = (40/30) logically representing an acceptable 99.7 %
process yield per given parameter for non-critical parameters. For the critical
parameters the target is Cpk ~ 1.67 = (50/30). The value Cpk ~ 1.67 represents
a fallout of only one part per million (PPM) (Table 3.7).

At the same time some automotive and high reliability products may require the
semiconductor process quality level with so-called 0 DPPM. This requirement
simply represents at least six sigma margin and corresponding Cpk = 2 = (60/30)
according to (3.2) and Table 3.7. Certainly, from physical point of view the real
calculated fallout is expected to be below 0.002, rather than actual zero.

(3.3)
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Table 3.7 Relationship to measures of process fallout

Cpx Sigma level (o) Area under the Process yield (%) Process
probability density fallout (DPPM)
function F(o)
1.00 3 0.9973002039 99.73 2700
1.33 4 0.9999366575 99.99 63
1.67 5 0.9999994267 99.9999 1
2.00 6 0.9999999980 99.9999998 0.002
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An illustration of the experimental variation of the breakdown voltage across
multiple wafer lots for a 100 V BCD process and calculated Cpk for the process
limits is presented in Fig. 3.64. The breakdown voltage reflects a nEpi pocket with
n-buried layer (NBL) to p-Substrate region isolation with p-buried layer (PBL).
The breakdown voltage is determined by the spacing between the in-depth NBL
and PBL layers and thus is sensitive to the alignment of the NBL and PBL mask
layers. These layers are implanted with rather high energy before nEpi is grown.
That requires a rather thick photoresist layer with a resulting large misalignment
followed by the significant diffusion during nEpi growth and other process anneal
cycles. As a result, the standard deviation of the breakdown voltage is rather high.
At the same time a possible correction of the breakdown voltage with higher NBL-
PBL spacing towards the breakdown voltage saturation both consumes higher
isolation space on chip and as a side-effect an undesirable lower latch-up isolation.

Monitoring Cpk and improving yield of the semiconductor process are sup-
ported by many standard operation procedures both in semiconductor fabrication
facilities and process development organization. Respectively, historically the
topic was broadly addressed both experimentally, by modeling of the process
variations as well as by the development of statistical methods for the estimation
of the effects impacting the device-circuit operation [85, 86]. For example the
effect of the process variation impact on the integrated timing references (ring
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oscillators) and other analog circuits were studied. However, only a few studies
can be found regarding similar effects in ESD protection structures [87, 88], while
some efforts were mainly targeting the statistical effects for endurance [89].

As it was mentioned in the introductory Chap. 1, design of ESD protection
devices is often based on approach “free” from additional implants and masks.
Thus, often, a non-self-aligned ESD device architecture is the only choice to target
the specified ESD protection window. Typically, a very limited amount of the test
structures is evaluated due to the rather time consuming and costly pulsed mea-
surements. Such methodology to guarantee ESD device parameters barely looks
like an adequate approach in comparison with the automated electrical testing
from scribe line test patterns adopted for the standard devices. Thus, the statistical
content of ESD device pulsed testing involved in the development hardly can
represent the desired adequate degree of confidence for high reliability compo-
nents, if variations across the wafers and future lot-to-lot are truly taken into
account. Meantime, the work on process yield is usually continued for a long
period of time after the process release for production, while the corresponding
deviation of ESD device parameters often remains unmonitored.

This problem, perhaps, was not so critical for the older generations of semi-
conductor process technologies. Such processes were typically integrated to pro-
vide a large margin for high voltage devices, while the low voltage domains were
mostly relying on the non-process sensitive active clamp protection approach. In
parallel to this, one of the major assumptions to increase the confidence was the
design of ESD devices by applying a transformation to the standard devices. This
methodology was explained in the above sections of this chapter. In this case the
expectation is that the ESD device characteristics, at least for non-ESD operation,
will follow the same trend in change of electrical characteristics as the standard
devices will. For example the breakdown and triggering voltages of the ESD
device will follow the breakdown and absolute maximum rating voltage of the
standard devices.

The implementation of new generation analog processes with power optimized
devices results in a significant shrink of the relative ESD protection window. IC
components for automotive, medical and other six sigma quality high reliability
applications are generating a demand for O DPPM fallout. This automatically
translates itself into a new trend, when Cpk parameters of ESD devices must not
interfere with the protected power device parameters. Moreover, in case of system
level, they should also provide the repeatable ESD transient characteristics. Thus,
to avoid both a yield and reliability impact the issue of the process capability
figures of merit for ESD devices hardly can be neglected any longer for some
applications.

Indeed, an overall understanding of the impact of the ‘“natural” process
parameters variation on the ESD device breakdown voltage and high current
characteristics presents a primary practical interest towards a level of confidence.
In spite of that ESD IP is often released in the process design kits based on rather
limited data. This subject is quite rarely addressed in regular way. For example due
to low productivity of the TLP testing a regular monitoring of pulsed
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characteristics of ESD devices is rather difficult. Only over recent years some
automated wafer level testers were developed by vendors to address the increasing
demand. Therefore, a progress of revealing any impact of the process variability on
ESD devices can only be made by using numerical simulation. This is demon-
strated in the next section.

3.5.2 Cpk Simulation for the Avalanche Diodes Breakdown

Typically the numerical analysis of the devices is defined manually. This is
although some limited sensitivity data can be obtained for the so-called corner
parameters. This approach hardly can output sufficient data for a statistical vari-
ation analysis taking into account multiple variations of possible parameter
combinations.

To demonstrate the major aspects of the ESD devices across the wafer and
production lots variation a new simulation approach has been intentionally
developed and applied [90]. It is based on parameterized mixed-mode device-
circuit analysis with an automatically generated input based on an additional
casual parameter variation. Such automatically generated input is achieved by
applying the Monte Carlo method to each independent parameter within a defined
desired standard deviation. Within the capability of the parameterized device
template any process sensitive device implant, region or even physical material
parameter can be varied. To enable the statistical simulation of the device char-
acteristics, taking into account both the process and mask alignment variation, the
simulation tool DECIMM ™ [19] is upgraded with a unique capability in form of a
so-called “DoE” tool interface. With the parameterized device definition approach
supported by this unique tool, the automated generation of the parameter table for
the simulation runs based on the Monte Carlo algorithm is done.

The methodology is applied for two ESD design specific examples to analyze
the breakdown voltage of HV avalanche diodes. This is presented in this section.
The simulation analysis for the Cpk of the triggering voltage of the NLDMOS-
SCR is presented in the following section. The first example brings the comparison
of the conventional double RESURF avalanche diode (Fig. 3.65a) with a p-i-n
diode (Fig. 3.65b). The operation principles of the avalanche diode ESD devices
are similar and have been described in Sect. 3.3.3.

The parameterized template of the device has been updated with additional
geometrical parameters to physically represent the “natural” deviation of the
critical device parameters in the simulation analysis. These parameters have been
used to represent the casual diffused peak doping profiles variation and the mask
misalignment assuming normal distribution of the initially set mean value of the
parameter with a given standard deviation. The standard deviations were defined
according to certain controlled limits of the real process variation.

The selected parameters physically represent mask misalignments and peak
doping variation in form of small increments added to the corresponding template
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Table 3.8 Input parameters and defined standard deviation that has been used for automated
runs Monte-Carlo generation

Physical process parameter Variable Sigma level (o)
nWell peak doping scaling coefficient Knw 1%

pWell peak doping scaling coefficient Kpw 1 %

pRESURF peak doping scaling coefficient Krs 1 %

nEpi peak doping variation scaling coefficient Kep 1%

Shallow trench isolatiin (STI) depth variation ysti 5 nm

Active region (STI position) misalignment xsti 15 nm

Cathode nWell mask position misalignment xnwell 15 nm

Anode pWell mask position misalignment xpwell 15 nm

Anode pRESURF mask position misalignment Xprsf 15 nm

parameter. For non-self-aligned diffused well profiles the scaling coefficient for the
peak doping for nWell, pWell, pRESURF, nEpi were added as Knw, Kpw, Kpr,
Kep, respectively, and originally set to 1. In the parameterized DoE runs gener-
ation the variation of the peak doping has been set at 1 % that corresponds to real
process technology variation. The energy of the implant is controlled rather well
and thus the profile peak depth variation can be neglected. Small increments to the
nWell, pWell, pPRESUREF lateral diffused profile position and active region were
added too, including the corresponding parameters xnwell, xpwell, xprsf and xsti.
These parameters were originally set to zero. For generation of the mixed-mode
runs the standard deviation of these parameters was selected at 15 nm. Finally ysti
increment was introduced as an additive to the trench depth device parameter in
order to physically represent process variation of shallow trench isolation etch and
oxidation process with the standard deviation of 0.005 nm (Table 3.8).

The simulation runs were automatically generated in the user interface table for
multiple transient simulations to calculate the I-V characteristics for the break-
down voltage. Another automated feature allows to stop the simulation if the level
of the breakdown current is achieved. It extracts the numerical value of the
breakdown voltage in the run tables.
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Fig. 3.66 Example DECIMM™ DOE tool interface and portion of the generated table for 500
runs numerical experiment with the extracted breakdown voltage after simulation done (a) and
simplified conventional RESURF avalanche diode cross-section with illustration the varied
parameters (b)

Using the integrated DOE tool interface [19] (Fig. 3.66a) over 500 numerical
experiments have been generated (Fig. 3.66a) and solved to simulate and compare
the statistical distribution of the resultant breakdown voltage for both diodes
(Fig. 3.65). The varied parameters are graphically illustrated in Fig. 3.66b. Based
on these statistical results the physical process capability indexes were calculated
using the simulated mean and standard deviation outcome.
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Fig. 3.67 Frequency plots for the calculated breakdown voltage for the lateral double RESURF
(a) and pseudo p-i-n (b) avalanche diodes obtained for the statistical variation of the peak doping,
STI depth variation and mask misalignment (Table 3.8) and plotted corresponding breakdown I-
V characteristics for both diodes (c, d)

The comparison of the conventional RESURF avalanche diode (Fig. 3.67a) with
the pin diode (Fig. 3.67b) is accomplished in order to evaluate the effect of the
alternative device architecture. According to ~ 500 simulation runs with randomly
generated offset values the distributions were close to normal with a mean break-
down voltage value for the double RESURF avalanche diode " = 41.7 V and the
standard deviation ¢"”" = 0.33 V (Fig. 3.67a). For the alternative pseudo p-i-n
avalanche diode (Fig. 3.67b) the generated values are p"”” =43.1V and
a"?" = 0.71 V. The views of simultaneously plotted transient I-V characteristics for
the ~ 500 runs for both diodes are presented in Fig. 3.67c, d, respectively.

The intuitive expectation that the pseudo p-i-n avalanche diode might have a
smaller standard deviation it is not true according to the simulation data
(Fig. 3.67a, b). In spite of a smaller number of non-self-aligned diffused implant
parameters, it appears that the sensitivity of this device to the process variation is
actually higher (Table 3.9). Thus the sensitivity of the device to the process var-
iation is determined by the device architecture itself. Moreover, according to the
results (Fig. 3.67a, b) the statistical distribution of the breakdown voltage is
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Table 3.9 Calculated from the ~ 500 simulation runs (Fig. 3.66) required specification limits for
the avalanche diodes (Fig. 3.65) to meet different Cpk rating requirements for the breakdown
voltage parameter

Desired Cpk for the Corresponding Specification limits for Specification limits for
breakdown voltage margins double RESURF p-n diode pseudo p-i-n diode with
with pV® = 41.7 V and Y =431V and
¥ =033V (V) ¥ =0.71 V (V)
LSL USL LSL USL
1.33 40 40.4 43.0 40.2 45.9
1.67 5o 40.0 433 39.6 46.7
2.00 60 39.7 43.6 38.9 474

Table 3.10 Calculated contribution of the different parameters variation into standard deviation
of the breakdown voltage characteristics of the double RESURF p-n diode from ~ 100 to 200
simulation runs

Physical process parameter ~ Mean Standard Required LSL for Required USL
varied V" (V) deviation ¢ Cpk = 1.67 for Cpk = 1.67
V)
All: Knw Kpw Krs Kep ysti  41.7 0.33 40 433
xsti xnwell xpwell Xprsf

Only peak doping: 41.82 0.116 41.2 42.4

Knw Kpw Krs Kep
Only mask misalignment: 41.81 0.167 41 42.6

xsti xnwell xpwell Xprsf
Only STI depth variation: ysti 41.86 0.031 41.7 46.7

asymmetrical in a different way for the compared devices. The tail of the distri-
bution is propagated towards a LSL for the double RESURF p-n avalanche diode,
while the pseudo p-i-n diode has the tail towards an USL.

A reverse problem can be derived from the simulation results too. According to
the simulation analysis the LSL and USL limits can be determined depending on
the desired Cpk target. In this case for the simulated isothermal room temperature
condition Cpk = 1.33 will require LSL and USL for p-n RESURF diode as 40.4
and 43 V, respectively. To meet Cpk = 2 the corresponding limits expansion is
required to 39.7 and 43.6 V, respectively. Unlike the limitation of the experimental
data the simulation results allow a quick estimate of the contribution of different
factors into the standard deviation of the process parameter. For example for the
p-n double RESUREF diode the major contributing factor into standard deviation is
well misalignment (Table 3.10).

Unlike a rather costly experimental analysis the simulation results can be easily
applied to evaluate for example the impact of mask misalignment for the particular
device, physically representing different tools. The comparison of the impact on
the standard deviation for different well only alignment tolerances is summarized
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Table 3.11 Required LSL and USL for the double RESURF avalanche diode at Cpk = 1.67 for
different mask misalignment parameter for xsti xnwell xpwell Xprsf

Mask Mean Standard deviation Required LSL for Required USL for
misalignment wvr vy ¢V (V) Cpk = 1.67 Cpk = 1.67
(nm)
10 41.8 0.1 41.3 423
15 41.8 0.167 41.0 42.6
30 41.7 0.44 39.5 439
60 41.4 0.99 36.5 46.4
(a) y (b)
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Fig. 3.68 -V characteristics for both diodes for different temperatures for the lateral double
RESUREF (a) and pseudo p-i-n (b) avalanche diodes

in Table 3.11, with corresponding LSL and USL rating calculated to meet
Cpk = 1.67.

The above simulation data reflect the constant room temperature effect. While
for low breakdown current level the solution of the heat equation still can be
avoided, taking into account the operation temperature range from —40 to 125 °C
will require an addition of these limits. However even in this case it is not a simple
effect due to the temperature coefficient of the avalanche breakdown process.
Indeed, according to I-V characteristics (Fig. 3.68) the temperature dependence is
observed.

However, a more complex dependence related to the effects in particular ava-
lanche diode architecture with a rather complex cancelling out each other break-
down, RESURF and conductivity modulation effects is in place. As a result both
mean and standard deviation parameters for both diodes are practically the same in
the operation temperature range and not impacting the LSL and USL (Table 3.12).
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Table 3.12 Results of simulation analysis from ~ 300 runs for double RESURF p-n and pseudo
p-i-n diodes for the parameters variation (Table 3.8) and different structure temperatures

LAD Temperature Mean Standard ~ Required LSL  Required USL
uYP (V) deviation for Cpk = 1.67 for Cpk = 1.67
O_Vbr (V)
Double RESURF  —40 °C 41.55 0.33 399 432
p-i-n diode Room 41.7 0.33 40 43.3
+125 °C 41.60 0.31 40 432
Pseudo p-i-n diode —40 °C 43.17 0.71 39.63 46.72
Room (300 K) 43.1 0.71 39.60 46.65
+125 °C 43.2 0.67 39.85 46.53
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Fig. 3.69 Cross-section of the NLDMOS-SCR (a), mixed mode circuit with grounded gate
(b) and simulation results from ~250 runs in form of frequency plot (c) for the calculated
breakdown voltage for the Monte Carlo generated statistical variation of the peak doping, STI
depth and mask misalignment variations as defined in Table 3.8

3.5.3 Cpk Analysis for the NLDMOS-SCR Clamp

The second example is even more directly related to the pulsed characteristics of
the snapback ESD devices. This example is created to study the statistical variation
of a 20 V NLDMOS-SCR ESD device (Fig. 3.69a). In this case the same
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parameter like in Table 3.6, reticle misalignment variations, doping peak con-
centrations and trench depth variation, were included in the parameterized
numerical analysis according to the methodology described in the previous
section.

The major goal of the simulation is simulate the mean and standard deviation
for triggering voltage V¢I of this HV protection clamp in the grounded gate circuit,
rather than the breakdown voltage. According the simulation result analysis with
the parameters variation (Table 3.6) the triggering voltage of the grounded gate
NLDMOS-SCR clamp (Fig. 3.69b) is rather sensitive to process parameter vari-
ations. A rather high standard deviation ¢""/ = 0.94 V was calculated under the
mean value p""/ = 29.47 V. Respectively, for this device and the grounded gate
clamp to guarantee process capability with Cpk ~ 1.33 the LSL and USL should
be set as:

LSL'3 = " — 46" =25.7 V and USL'* = V"' + 46" =332 V.

If six sigma high reliability 0 DPPM Cpk = 2 is specified then it would require
a further expansion of the specification limits to:

LSL*% = " — 66" = 23.8 V; USL*® = 4" 1+ 66" =35.1 V.

In the last case the ESD protection solution becomes hardly applicable to the
high reliability products, if an aggressively power optimized process with a small
ESD protection window is used.

An alternative known ESD clamp solution can be proposed based on the
understanding of the on chip device design physics. A clamp with a high side
avalanche diode reference can be used (Fig. 3.70a). The clamps turn on is based on
the dependence of the NLMOS-SCR triggering voltage on the gate bias. The bias
is provided by the voltage drop on the gate resistor from the lower voltage
breakdown current of the high side reference avalanche diode (Fig. 3.70b). As a
result the critical condition for current instability is achieved at much lower
multiplication coefficients by multiplying the channel current of the device rather
than the dark current of the p-n junction. It is logical to expect that in these
conditions the NLDMOS-SCR triggering is less sensitive to the misalignment of
the NLDMOS device parameters.

To demonstrate this effect the avalanche diode referenced clamp (Fig. 3.70a)
has been “assembled” in mixed-mode simulation example using the NLDMOS-
SCR device (Fig. 3.69a) and the finite-element model of the lateral avalanche
diode (Fig. 3.70b) with the adjusted parameters for ~21 V. The comparison of the
I-V characteristics for the separate NLDMOS-SCR and Avalanche diode Clamp
components and the final clamps is provided by Fig. 3.70c.

For even better accuracy of comparison the Cpk simulation for the triggering
voltage the clamp (Fig. 3.70a) has been accomplished by re-using the exact pre-
viously generated DoE for the grounded gate clamp (Fig. 3.69). Although the
parameters of the avalanche diodes can be varied simultaneously with the NLD-
MOS-SCR too, for a more conclusive comparison the avalanche diode has been



3.5 Process Capability Index for ESD Devices 193

Cathode anode s
n+ m
16
1z
@ (b)
nWell ;
-4
-8.01
12
16
20
PRESURF :
B 1
| [
N-Epi
.5
Ih.s
(c) (d)
00024 H Avalanche Diode Referenced NLDMOS-SCR
= 30
000154 E == Avalanche diode eancas s
£ S| < NLDMOS-SCR with grounded gate ol !Qggq;
3 { El] =O= NLDMOS-SCR clamp with av. diode 204
£ 00014 ¥, £
c 2
¥ ] B & 3
=1 -
[&] 10 4
0.0005 -
. P— ol 0 /mill IllL.I I
r T T T T T T T -1 @< 5575 T T
0 5 10 15 20 25 23.2 233 234 235 236
Clamp Voltage (V) Triggering Voltage Vi1 (V)

Fig. 3.70 Mixed mode circuit with avalanche diode referenced NLDMOS-SCR clamp (a), the
avalanche diode cross-section (b), I-V characteristics of the clamps and the avalanche diode (c);
simulation results in form of frequency plot (d) for the calculated breakdown voltage ~ 200 runs
for the parameters generated as defined in Table 3.8

included in the circuit without any parameter variation. As a result a “purified”
effect can be observed by simulation indicating for this clamp the expected sig-
nificantly lower standard deviation of only ¢"”/ = 0.14 V under the mean trig-
gering voltage u"/ ~ 23.3 V. Similarly to the above these results can be
translated into the required LSL and USL ratings adequate to guarantee Cpk 1.33
and 2 as:

LSL'* =228 V and USL'3* = 24 V;LSI** =22.5 V and USL*® =242 V.

The misalignment in the avalanche diode will result in the clamp replicating the
standard deviation of the reference device that is still much smaller than the
NLDMOS-SCR clamp based on the internal blocking junction.

To summarize the above material, the fallout of the ESD protection due to
process variation can be demonstrated for case the 20 V open drain circuit with
NLDMOS device (Fig. 3.71a) protected by NLDMOS-SCR clamp (Fig. 3.69a).
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Fig. 3.71 Cross-section (a) and drain-source output I-V characteristics for Vgs = 0,2 and 5 V
(b) of the 20 V NLDMOS device from ~200 simulation runs, the frequency plot for the
triggering drain-source voltage at the gate bias Vgs = 5 V compared with the frequency plot for
NLMOS-SCR (c) to demonstrate the fallout portion of the open drain circuit

This protection approach assumes that the triggering voltage of the NLDMOS-
SCR clamp will remain lower than the triggering voltage of the NLDMOS device
at any transient operation conditions of the real circuit.

As a next step, the same methodology for the Cpk analysis is applied to the
NLDMOS device (Fig. 3.71a). It returns the corresponding statistical variation of
the drain-source triggering voltages at given gate bias values (Fig. 3.71b). This
variation of the triggering voltage for given gate bias level can be translated into
the variation of the pulsed SOA of the NLDMOS device.

The fallout scenario depends on the NLDMOS gate coupling. If the gate
coupling is low then the NLSMOS SOA variation in a real circuit can be assumed
similar to the triggering voltage variation at the gate bias Vgs = 0. In this case
NLDMOS has the mean value u"**° = 37.6 V under the standard deviation
V¥ = 0.68 V. Comparing these numbers with the corresponding NLDMOS-
SCR pu =29.47 V and 0 = 0.93 V it can be concluded that the high yield pro-
tection can be indeed realized with 5-sigma Cpk = 1.67. However, if the gate
coupling is high, the protection solution becomes unreliable. For example in case
of the transient gate coupling during ESD stress up to Vgs = 5 V the triggering
voltage of the device has the mean value x'*” = 31.72V and the standard
¢"¥ = 0.59 V (Fig. 3.71c). By comparison of the distributions for both devices
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the yield fallout corresponds to hardly acceptable 2-sigma Cpk = 0.67. Thus a
reliable solution requires a different type of clamp. For example, as it was men-
tioned above, the NLDMOS-SCR clamp with high side avalanche diode can be
used similarly to the design (Fig. 3.70), but with the triggering voltage adjusted
into the desired voltage range for 20 V domain protection.

The scenario (Fig. 3.71) is brought under assumption of independent variation
of the NLDMOS and NLDMOS-SCR parameters. Thus it represents the worst case
for example for co-packaged devices in SiP. However, since both on-the same chip
the NLDMOS-SCR clamp and the NLDMOS device will share the same physical
location on the same wafer and the same lot, it can be assumed that both devices
can be designed to have a similar variation of the particular parameters in order to
reduce the reliability impact. For example increase of the triggering voltage of
NLDMOS might be accompanied by a similar increase of the NLDMOS-SCR
triggering voltage due a similar blocking junction design. This case can be further
evaluated using numerical simulation in order to both verify and quantify these
expectations. It can be done by creating a consolidated template that will combine
both devices under a synchronized variation of the same process sensitive
parameters. The mixed-mode analysis can be done to determine the corresponding
correlation effects monitoring the current through NLDMOS device.

Another effect that improves the above worst case scenario is the consideration
of the multifinger array layout with finger symmetry (Fig. 3.72). In this case mask
misalignment 0x, effectively impacts the half of the device in an opposite way. For
example in case of misalignment of the nDdrift mask in of NLDMOS the smaller
Poly-nDrift overlap LdriftL is formed for all left sides of the fingers with corre-
sponding elevated the breakdown and triggering voltage. At the same time the
bigger overlap LdriftR is realized on the right side of the finger resulting in the
corresponding breakdown and triggering voltage decrease (Fig. 3.72). As a result
of counter mismatch the average breakdown and triggering voltage will remain at
a lower level thus likely improving the process variation sensitivity.

Similarly to the methodology used in the above numerical experiments, the
possible self-canceling-out effect can be quantified by the numerical simulation
too. The parameterized devices with full pPRESURF layer have been used to
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Fig. 3.73 Cross-sections of the asymmetrical (a) and symmetrical (b) NLDMOS device and the
corresponding frequency plots (¢, d) for the triggering drain-source voltage at the gate bias
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represent the asymmetrical (Fig. 3.73a) and symmetrical (Fig. 3.73b) NLDMOS
device layout.

According to the simulation results an approximately 20 % lower standard
deviation ~0.35 for the symmetrical layout is obtained in comparison with the
standard deviation ~0.42 for the device (Fig. 3.73a) that physically represents the
asymmetrical layout.

3.6 Summary

For analog circuits with system-level pins and wafer-level packaging, an optimal
ESD protection network for the pins is based on local clamp protection. The
embedded pulsed power network combines local clamps optimized to the system’s
current levels with appropriate electrical characteristics and metallization routing
capable of withstanding these currents. In such design, the ESD clamps are treated
simply as analog circuit building blocks released in the form of ESD libraries in
PDK. System-level design complexity is determined by a greater level of inter-
action of the ESD current path with the internal circuit blocks.
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When the holding voltage is not required to be above power supply levels, the
most effective local ESD device is an SCR. The operating principle of on-chip
system-level MOS-based SCRs is based on a three-stage domino effect that con-
sists of initial channel formation, avalanche multiplication of the injection of
displacement currents, and avalanche-injection current instability in the primary
embedded BJT structure to a certain current level, followed by the turn-on of the
secondary complementary BJT after the high current provides internal emitter
junction biasing. The positive feedback between the embedded BIT structures
results in an SCR-type double injection conductivity modulation. In this mode, the
impact ionization level at the blocking junction is suppressed and replaced by hole
injection from the pEmitter.

There are several known feasible low voltage SCR-based solutions which
overcome the problem of low holding voltage. The contrasting design of HV SCR
clamps with increased holding voltages presents a bigger challenge. It can be
accomplished in the few ways by limiting emitter injection with excessive isola-
tion, a poly-ballasting voltage drop or the stacked clamps approach. When the high
holding voltage requirements are critical, the alternatives to SCR devices include
lateral avalanche diodes and lateral PNP ESD devices.

Among the critical design targets is reduction of sensitivity to mask mis-
alignment in volatile device regions. A basic derived design approach for on-chip
system-level ESD devices is applying certain transformation steps to modify
standard devices already supported in the given process technology. The trans-
formation simultaneously combines optimal conductivity modulation conditions
and device-level negative feedback in the ESD device, suppressing uncontrollable
spatial current instabilities and filamentation below the critical current density,
which leads to irreversible phenomena. Negative feedback during the high current
stage in ESD structures can be induced in several ways, including suppressing the
impact ionization rate by substituting the avalanche hole current component with
junction injection, embedding ballasting regions and using the substrate effect.

A substantial experimental verification and validation of the final solutions on
the test chip is required for successful ESD development. For effective experi-
mentation, a physical design requires in-depth TCAD-based mixed-mode analysis
of the ESD devices, clamp circuits and analog peripheral circuit blocks. The most
realistic way to setup and run the numerical experiments is through parameterized
TCAD analysis using the DECIMM™ tool [19].

Successful system-level ESD clamp implementation combines a broad range of
aspects: device width scaling; lateral isolation and vertical isolation from the
substrate; latch-up isolation by guard rings; clamp control; driver and enable
circuits for voltage reference and dynamic coupling; and proper use of the mul-
tistage protection approach.

The electrical parameters of a clamp are the current and voltage for triggering
into a high-current state, the minimum and high-current holding voltage, the
transient response (turn-on time, dynamic voltage waveform, minimum turn-off
current, and recovery time), DC voltage tolerance in long-term reliability opera-
tion conditions and leakage, breakdown voltage, parasitic capacitance, reverse



198 3 On-Chip System Level ESD Devices and Clamps

current clamping, and some other parameters more specific to a particular appli-
cation. The major layout parameters are dimensions of the clamp footprint as well
as required mask count for active and metallization layers.

In addition to active high-current ESD devices, the clamp generally requires
components that target these specified parameters. The most typical clamp com-
ponents include:

(i) Triggering circuit for reference voltage or dynamic coupling, which targets
the turn-on inside the ESD protection window voltage range;

(i) Holding voltage control sub-circuit components;

(iii) High-current ballasting, current crowding prevention, measures for turn-on of
all fingers

(iv) Reverse current path diode

(v) Optional driver to shutdown or enable functions realized depending on the
internal circuit state.

The conventional layout of active ESD devices in the clamps is a multifinger
distributed array. The cell-level current balance that ensures all fingers turn on in
ESD pulse conditions is challenging to obtain in HV devices and requires taking
into account the 3-D design of the array finger, the array metallization scheme, and
the control circuit connection. From this perspective, when system-level width
scaling is required, all fingers of the ESD device should be scaled within the same
shared epi space rather than the instantiation of the several identical clamps. Not
following this principle can create a passing current level issue due to multifinger
turn-on, or can cause a very non-linear width scaling and including miscorrelation
between contact and air gap standard IEC pulses.

In wafer-level packaging (with micro-SMD surface mounting devices) design,
chip bonding bumps can be scattered on top of the whole active layout area. At a
high current from a system-level ESD event, the injection from an analog circuit
clamp area can disturb the operation of many more connected active devices. A
“sneak” latch-up current path can form deep inside the layout of the internal
circuit components. Therefore, the clamp latch-up isolation is an important part of
the design. These latch-up phenomena are discussed in the next chapter as a logical
continuation of the above material.

As it has been demonstrated in the last section, the problem of confidence of the
ESD protection window can be quite effectively addressed using the new simu-
lation capability of the unique simulation tool DECIMM™ [19]. A significant and
quite important understanding of the impact on the process capability indexes,
related yield and reliability of both ESD devices and clamp designs, can be now
understood. It can be further verified by an experimental effort directed by sim-
ulation results. Thus a methodology for a parametric mixed mode numerical
analysis with Monte-Carlo generated input parameters is bridging the gap between
the ESD device design and the best practices of semiconductor process technology
integration. This new approach is expected to be widely used to estimate and
compare Cpk parameters of the different process development tools.



Chapter 4
Latch-up at System-Level Stress

Integration of validated stand-alone ESD clamps on chip for system level
requirements is not a simple problem. Application specifics and chip functionality
need to be thoroughly taken into account to avoid clamp interaction with internal
circuit blocks during both system-level ESD stress and normal operation. In high
injection conditions induced by system-level ESD current, parasitic devices
capable of supporting the conductivity modulation regime may also turn on. From
this perspective, a system-level ESD event in power-on conditions can concep-
tually be treated as similar to latch-up phenomena.

Indeed, in spite of a shorter than standard latch-up [93] time domain, the current
through the on-chip ESD clamp in case of system level stress is two orders of
magnitude higher. Apparently, this level of injection current may significantly
interfere with internal circuit blocks in power-on conditions. Subsequent turn-on of
the parasitic structures formed in the layout and upset state of digital, analog, or
memory blocks results in an undedicated ESD current path. Parasitic vertical or
lateral SCR and NPN structures can be formed in the IC layout and triggered by
the injected carriers, especially in case of high voltage circuits. Numerous system-
level case studies found a peripheral current conduction physically similar to latch-
up events, in spite of their irreversible nature and different time domain.

The following scenario may lead to either reversible or irreversible events.
Often, CMOS Core or I/O latch-up is reversible, due to limited current passing
through the parasitic SCR and a rather low holding voltage. On the contrary, HV
latch-up of a parasitic n-p-n during a BCD process typically results in irreversible
burnout. It is rather difficult to identify the burnout as a result of a high detection
current during the injection pulse at latch-up test or as a result of the formed
permanent latch-up state after the injection pulse. Even a conventional CMOS
latch-up structure may not withstand the latch-up operation mode simply because
of the weak interconnect design. In this chapter, we will treat latch-up as a physical
event of permanent change to the current state (at constant power supply condi-
tions) as a result of short-term current injection.

It is critical that on-chip design takes latch-up into account, since changes to
pass the latch-up or system-level ESD tests will inevitably involve a significant
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redesign of the chip layout, in order to substantially increase the space on the chip
needed to isolate the parasitic current path.

Thus, understanding major latch-up phenomena in ICs is directly related to
understanding the phenomena at system-level stress. It is an important step in
dealing with on-chip system-level design. Though these phenomena were descri-
bed in literature rather broadly [94], physical understanding of the subject is still
challenging for many engineers. Due to the direct importance of latch-up to the
subject of this book, this chapter not only compiles material directly applicable to
system-level design, but also attempts to systematically explain the phenomenon.
To achieve this goal, a logical presentation of the physical latch-up phenomenon is
done below, using mixed-mode numerical simulation with DECIMM [19, 20].

In the following sections of this chapter, we will differentiate between three
major latch-up scenarios that represent physically different phenomena.

Under Conventional CMOS Latch-up (Sect. 4.1), a high-current turn-on
condition of a parasitic SCR is formed by a PMOS-NMOS inverter pair (or any
high-side and low-side connected n-p region pair), as a result of current injection.
This phenomenon is represented by two subcases: I/O buffer with internal injection
and a core circuit with injection from a remote injector.

Under HV Nepi-to-Nepi Latch-up (Sect. 4.2), the turn-on of the parasitic n-p-n
structure in a high current state is a result of current injection in one of the pockets. In
this case, a nEpi-pSub-nEpi structure is formed in the layout by two n-Epi pockets
separated by a P-substrate lateral isolation ring. Both electron injection from a low-
side pocket and hole injection from high-side pockets are taken into account.

Finally, the Transient Latch-up (Sects. 4.3—4.5), combines a class of physical
phenomena where the clamp turns on as a result of short-term voltage overstress.
Here, the snapback state essentially represents the latch-up state.

4.1 Conventional I/O and Core Latch-up
4.1.1 Latch-up Simulation Structures

Conventional latch-up physically represents an event of permanent turn-on of a
parasitic p-n-p-n structure formed in the layout as a result of a temporary injection
event. The permanent turn-on is supported by the power supply with some load
resistance providing a current in double-injection conductivity modulation con-
ditions, until power-down or reset is done. While the high-current state of the SCR
is the same snapback state as discussed in Chap. 3, the turn-on scenario is dif-
ferent. The turn-on into latch-up mode is the result of carrier injection in the SCR
region, rather than the 3-stage phenomena described for the ESD pulse case. The
carrier injection for turning on the SCR can be generated both by the internal diode
junction in the SCR region, and the external diode spaced apart from the SCR
region.
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In general, a parasitic SCR p-n-p-n structure is always present in the layout. It
can be formed by a close proximity of any n- and p-contact diffusion regions
isolated by an nWell at a high-side potential and a low-side-potential-connected
pair of n- and p-contact diffusion regions in the pWell. The latch-up capability of
this SCR structure depends on the emitter isolation, which determines the mini-
mum holding voltage and minimum holding current in on-state.

In CMOS processes, the most conventional way to form a latch-up-capable
structure is with an improperly isolated pair of complementary NMOS and PMOS
structures placed in close proximity in the layout. Depending on the layout of the
emitter and base regions, the resultant parasitic SCR elementary structure can have
a rather low holding voltage, below the power supply VDD level. The SCR pE-
mitter, nBase, nEmitter and pBase are formed by the PMOS source and nBody and
NMOS source and pBody regions, respectively. For the I/O buffer, analog output,
or open drain, the remaining PMOS and NMOS drain diffusion regions are con-
nected to the pads. In this case, the injecting diode structures are already formed
inside the SCR structure by the corresponding drain-body diodes. When the SCR is
formed in an internal digital or analog circuit block, its turn-on can be initiated by
injection from the I/O or from the analog circuit block connected to the pad.

For a CMOS process or a CMOS module in a BCD process, despite variations,
the conventional CMOS latch-up boils down to two main cases—the I/O latch-up
and the Core latch-up.

In the case of the I/O latch-up, one or both of the drains of the PMOS-NMOS
pair are connected to the pad. If the pad connected to the PMOS drain is pulled
above the power supply VDD level, the forward-biased body diode injects holes
directly into the SCR nBase region (Fig. 4.1a). If the pad connected to the NMOS
drain region is pulled down below the VSS level, electrons are injected into the
SCR pBase due to a forward-biased NMOS body diode (Fig. 4.1b). Since the
injection occurs directly inside the parasitic structure, the only effective measure
against I/O latch-up is to disable the SCR structure itself. This is usually done by
implementing a proper sequence of NMOS and PMOS regions, forming the SCR
with a pEmitter-nBase-pBase-nEmitter. In terms of layout design, this means that
all I/O-buffer NMOS devices are placed in pWells fully enclosed by pBody dif-
fusion guard rings. At the same time, all of the PMOS devices are placed in
nWell(s) that are fully enclosed by nBody diffusion rings. The rings represent the
SCR base regions and increasing their length reduces the gains of the parasitic
n-p-n and p-n-p responsible for positive feedback in SCR during double injection
conductivity modulation. Increasing the ring length both separates the source of
injection and increases the holding voltage of the SCR.

During Core latch-up, there is no direct connection between the core digital
block and the IC pin. For higher logic density, the NMOS pWell and PMOS nWell
regions have random body diffusion placement that does not form guard rings.
Moreover, the pBody and nBody contact regions are placed within the process
design rule margins, which are typically less than 10-20 pm. Thus, core parasitic
SCR is formed by the sequence of NMOS and PMOS regions as nBase-pEmitter-
nEmitter-pBase, with the biggest emitter-base spacing in the worst case scenario.
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Fig. 4.1 Illustration of the test conditions for the high (a) and low (b) side injection induced
latch-up in I/O buffer

This SCR structure has the lowest holding voltage and requires minimal carrier
injection to turn on. In core latch-up, injection carriers are generated at a certain
distance from the digital core block in I/O or other analog power device directly
connected to the pin and can conduct injection current.

With respect to physical design, there are two different problem statements for
both experimental and simulated latch-up rules development. For I/O buffer, the
problem lies in determining a length of the p- and n-guard rings that is sufficient to
prevent I/O buffer latch-up state formation. This is accomplished with proper
placement of the buffer devices in the well regions fully enclosed by diffusion
rings (with some exception for the chip periphery).

In the case of core latch-up, the problem is related to finding the minimum
space between the I/O injecting diode (or an analog injector) and the core digital
(or analog) block that will guarantee absence of latch-up in the core block for a
given injection current and initial temperature. It is assumed that the I/O buffer (or
power device injector in an analog circuit) is already fully surrounded by the
proper guard rings that follow the latch-up design rules for the I/O buffer.

The latch-up test is typically done according to the EIA/JEDEC (EIA/JESD78)
Standard [93] for a current of 100 or 200 mA at room temperature or up to 125 °C.

The physical phenomena during latch-up are very easy to understand using a
mixed-mode simulation analysis that can represent both external states of the
circuit and the internal state inside the semiconductor structure.

The FEM device cross-section (Fig. 4.2a) used to simulate I/O buffer latch-up is
represented by PMOS and NMOS structures combined in the same cross-section.
In the simulation, varied parameters are the length of the nBody region Lnbase and
the length of the pBody region Lpbase (Fig. 4.2a). A mixed-mode analysis for
latch-up can be done in circuits with high-side (Fig. 4.2b) and low-side (Fig. 4.2¢)
injection. In the circuits (Fig. 4.2b, c), a constant 3.3 V VDD pulse is applied first,
followed by a short-term injection current from the current source attached to the
common drain connection node in the inverter (Fig. 4.3). During this pulse, some
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Fig. 4.2 1/O buffer latch-up simulation that includes a full complementary MOS pair (a) and a
mixed-mode simulation circuit for high-side (b) and low-side injection (c)

additional detection current from power supply is observed. However, the presence
of this current does not necessarily mean that latch-up is imminent.

The informative part of this mixed mode analysis is the change in the current
ISCR through the SCR when the injection current pulse amplitude is reduced to
zero. For no latch-up, the detection current returns to the initial level before
injection (Fig. 4.3a). With latch-up, the VDD power supply current supports a new
permanently high-current state for the SCR (Fig. 4.3b).

The simulation can be used to generate tabulated data that shows which ring
spacing’s pass or fail the latch-up test for given injection current level, structure
parameters, and temperature (Table 4.1). However, a more advanced method of
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Fig. 4.3 Output of the mixed-mode simulation for the no latch-up high-side injection case
(a) and for latch-up in the low-side injection case (b), where VDD is the voltage at the Nbase, 10
is the high-side injection current, /1 is the low-side injection current; Vpemit is the voltage at the
p-emitter, Vnemit is the voltage of the n-emitter, and ISCR is the power supply current through
the entire SCR structure

Table 4.1 Latch-up characteristics for high-side and low-side injection for the I/O structure with
100 pm contact width under 100 mA injection conditions with full CMOS devices and double
guard rings structure with n+ ring in nWell and p+ ring in pWell

T(K) LAAN LAAP LANAP LNbase (um) LNpase (um) High side Low side

(um) (um) (um) (N-ring) (P-ring) injection injection
450 0.25 0.25 0.5 0.25 0.25 Latch-up Latch-up
450 0.25 0.25 0.25 2 2 Latch-up Pass
450 0.25 0.25 0.25 3 3 Pass Pass
450 5 5 0.5 0.25 0.25 Latch-up Latch-up
450 0.25 0.25 10 0.25 0.25 Pass Pass
300 0.25 0.25 0.5 0.25 0.25 Pass Pass
300 0.25 0.25 0.25 2 2 Pass Pass
300 5 5 0.5 0.25 0.25 Latch-up Latch-up
300 0.25 0.25 10 0.25 0.25 Pass Pass

studying latch-up by means of mixed-mode simulation with DECIMM tool [19]
aims at determining the critical latch-up current for each set device parameter.
Especially for system-level on-chip design this type of output is expected to be
more informative and is more close to the typical JEDEC standard test results.

The automated latch-up simulation mixed-mode circuit can be created with the
Latch-up Tester (LUT) circuit element specific to the parameterized DECIMM
tool [19, 20]. The LUT combines the power supply voltage and latch-up injection
current source in the same circuit block. Then, a series of automated transient
simulations with self-adjusting injection current can be performed to rapidly find
the critical injection current for latch-up (Fig. 4.4). A sufficient number of current
pulses with varying amplitudes of the LUT current source are simulated, tracing
the DUT LU curve that satisfies the given conditions.
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Fig. 4.4 User-accessible LUT time domain parameters (a) and automatic curve tracing
algorithm on a plot for the power supply current dependence on the injection current (b)

The results of numerical simulations for mixed-mode circuits containing FEM
devices (Fig. 4.2a) and with an included LUT source (Fig. 4.5a, b) allow us to plot
the dependence of the critical injection current upon guard ring length parameters,
which, for simplicity, were kept equal (Lnbase = Lpbase) (Fig. 4.5¢). From the
system-level design perspective, this analysis is significant in estimating the
critical conditions during high current system-level stress. For an injecting current
of 100 mA, this dependence shows that the safe guard ring length necessary to
avoid latch-up for the profiles in this numerical simulation example is approxi-
mately 5 um. This matches well with to the experimental data for a 0.13 pm
CMOS process.
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of high-side (a) and low-side injection (b) and plotted critical current for latch-up as a function of
Lnbase = Lpbase parameter (c, d), respectively, for room and high temperature

According to the explanation above, the numerical experiment physically
representing core latch-up is different from the one for I/O latch-up. In this case,
the inverter with the I/O injecting diode can be represented by the cross-section
where the inverter acts as a victim (Fig. 4.6a) and included in the mixed circuit
(Fig. 4.6b) as multi-terminal circuit element “CORE”. The terminals of the
CMOS inverter include power supply “VDD,” ground “VSS,” pBody contact
“PB,” and nBody contact “NB”. The terminals for the injecting diode include the
anode “AN” and the cathode “CA”.

To overcome the technical difficulty of physically exemplifying the worst-case-
scenario inverter (with the largest possible body-to-source spacing), the separate
body terminals NB and PB are connected with additional resistors to VDD and
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Fig. 4.6 FEM structure for core latch-up (a), mixed-mode simulation circuit with LUT (b),
typical transient characteristics for latch-up, and calculated critical current for latch-up as a
function of injector-inverter spacing

VSS rails, respectively. The resistors physically represent the accumulated body
resistance formed in the real layout.

The methodology of a numerical simulation of the core latch-up is similar to the
I/O simulation methods discussed above. A dependence of the critical current on
injector-to-inverter spacing LII (Fig. 4.6c) demonstrates the expected results,
predicting a safe spacing of ~20 pum between the injecting diode and sensitive
core logic block for avoiding latch-up with the chosen simulation parameters. This
is in line with experimental data for a 0.13 pm CMOS process.

This new mixed-mode simulation methodology with automated latch-up circuit
element demonstrated for the simple CMOS process can be applied to a more
complex case. If the CMOS inverter is isolated by a deep nWell or nEpi pocket,
latch-up caused by low-side electron injection can occur while this core circuit is
at a high potential. Here, the injecting diode has an anode terminal at the ground
potential while the cathode terminal is pulled below it, with the substrate injecting
holes. Similarly, if the injecting diode cathode is at a high potential with the anode
pulled above it, high-side hole injection will be realized.

To link these results to the SCR, the simulated curve trace results for full I-V
characteristics are presented in Fig. 4.7. In the high current state the carrier dis-
tribution and the current flow lines are the same to the corresponding SCR
structure is the same final regime, but obtained by the over-voltage triggering
(Fig. 4.7b, d).
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4.2 High Voltage Latch-up

In the previous section, conventional LV latch-up was presented as the result of a
parasitic p-n-p-n SCR structure turn on into the high-current state. The SCR
structure is formed unintentionally in the chip layout due to integration of n-type
and p-type devices. The turn-on is initiated by an injection current from either the
internal forward-biased junction of the SCR itself, or from an external component
subjected either to the latch-up test current or a system-level IEC ESD test. In
principle the overvoltage results in a similar SCR turn-on effect. This will be
discussed in the transient latch-up section below separately.

The physical phenomenon that provides positive feedback for bi-stability under
conventional latch-up is the double injection conductivity modulation. An alter-
native structure that supports a strong positive feedback leading to bi-stable
characteristics is a parasitic n-p-n. Unlike in the SCR, positive feedback in the
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n-p-n is realized at a sufficiently high voltage due to the presence of the high
electric field required to support impact ionization at avalanche injection con-
ductivity modulation.

Experimental results show that, similarly to conventional latch-up, the parasitic
n-p-n structure can be turned on by either electron or hole injection. The injection
is generated by the test current in standard latch-up conditions, or by stress current
in the case of a system-level ESD event at power-on. Both stresses can lead to
physical latch-up effects despite different time domains. Since the n-p-n is origi-
nally at a high voltage, latch-up is realized at relatively high collector-emitter
voltages. Therefore, the phenomenon is typically classified as HV latch-up to
differentiate it from the conventional LV CMOS latch-up.

In a BCD process, the parasitic n-p-n can be formed by two nEpi regions in the
chip layout, with active devices that have n-contact regions connected to separate
pads that are subjected to the stress. At a sufficiently close proximity of these nEpi
regions, where at least one of the pads is at high voltage, latch-up can occur as a
result of temporary injection current. In particular, latch-up can be realized when a
grounded nEpi region (pocket) is placed near a nEpi region connected to a HV pad.
In the latch-up stress condition, the higher voltage pad represents an nCollector of
the parasitic lateral HV n-p-n structure, while the low-side nEpi forms the nEmitter.
The base is represented by pSubstrate and p-ring isolation regions between the epi
regions. The latch-up stress can be initiated in conditions with no injection current
by avalanche breakdown, caused by applying a rather high collector-emitter voltage.

To avoid latch-up, certain prevention layout rules must be developed, experi-
mentally verified, and then followed in the IC design in semiconductor HV pro-
cesses. These rules are usually determined semi-empirically from limited
experimental results. An example of such rules is outlined at the end of this
section, after physical phenomena associated with HV latch-up are explained. The
latch-up rules primarily focus on preventing HV parasitic n-p-n turn-on by either
disabling the n-p-n structure itself or by reducing injection from the junctions in
nEpi pockets. For nEpi pockets with high-side p-regions, when the n-p-n structure
turns on, the final latch-up scenario may involve a parasitic SCR current path
formation that is very similar to conventional LV latch-up.

Thus, the purpose of this section is to provide a condensed overview of the
major aspects of such a complex subject as HV latch-up. To achieve this goal, we
present mixed-mode parameterized numerical analysis in examples using DECI-
MM™ tool [19]. Overall, this material is equally applicable to the BCD and
extended CMOS HV processes with deep Nwell isolation.

4.2.1 Nepi-Nepi Latch-up

HV BCD process simulation methodology for latch-up analysis is somewhat
similar to the conventional latch-up methods and was described in the previous
section. Both high-side (HS) hole injection and low-side (LS) electron injection
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can be analyzed from the collector-emitter characteristics of the physical FEM
latch-up device in conditions of constant injection current. Alternatively, a more
accurate transient analysis can be performed with a constant collector-emitter
voltage and an injection pulse.

The first method provides information about the dependence of the critical
voltage on the injection current level. However, these data may not be easy to
extrapolate toward expected latch-up test results. The collector-emitter curve trace
at a constant injection current provides only a rough understanding of the critical
HV latch-up conditions. It can be projected further by comparing the critical
voltage at the beginning of the S-shape I-V characteristics for different injection
current and device region parameters. In this case, we essentially analyze the
pulsed SOA for the n-p-n at a constant injection current into the base.

The second approach is more accurate. It shows the injection pulse end current
state as a function of the injected current and structure parameters. Thus, a deep
insight into the associated physical phenomena can be achieved by running mixed-
mode numerical experiments with parameterized FEM devices. The same two
approaches can be applied to experimental analysis of latch-up in the test
structures.

However, both the simulation and experimental analysis of the HV latch-up has
a peculiarity related to the self-heating effect. Due to rather high voltage drop and
current levels, self-heating cannot simply be neglected as in the case of conven-
tional LV latch-up. The electro-thermal conductivity modulation and current
instability effects must be taken into account in addition to electrical current
instabilities.

From a design perspective, isolation of the circuits into adjacent nEpi pockets is
another angle to consider. Since separation of the pockets involves space on the
chip, the problem can be formulated as finding an optimal use of the isolation
space between two pockets. In principle, this space can be used for secondary
guard rings in the pockets (increasing their size), a pocket Epi extension for
blocking Nwell and NBL diffusions, an active guard ring to improve resilience to
low-side injection [95], or a combination of the above.

For the complexity of the simulation latch-up analysis needed to resolve the
above issues, process simulation with the traditional TCAD approach is imprac-
tical. The complexity and volume of simulations become prohibitively large and
require lengthy simulation time to make any progress in most practical cases.
Complexity occurs mostly due to the large total length of 40—150 um and up to
100 pm depth of the FEM devices, as well as the need for significant variation in
the device structure parameters.

To overcome this challenge, new simulation methodology (Chap. 3) with the
parameterized tool DECIMM [19] was successfully applied, using full parame-
terization of the device geometry and doping profiles in the context of full-featured
device-circuit mixed-mode analysis under a broad range of automation capabili-
ties. The outcome of this analysis is used below directly to explain the major
regularities of the HV latch-up events. It includes both the thermo-electrical
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conditions of the standard latch-up test and the adiabatic conditions of the sys-
tem-level ESD stress.

Real cases of nEpi-nEpi structures with all regions internal to the pockets are
rather complex and therefore difficult to use for explanation of basic HV latch-up
regularities. Instead, a more generic latch-up case based on a simplified structure is
presented in this section first to reveal the main physical effects underlying the
complex HV latch-up problem. HV latch-up in a more realistic and complex
device structure with all the guard ring regions is compared in the next section to
the experimental data for limited structure parameter options variation.

The simplified physical structure combines two isolated HV diodes separated
by a grounded pRing (Fig. 4.8a). The diode cathode simultaneously isolates the
anode region from the pSubstrate. Vertical isolation is achieved by the nEpi, nWell
and n-Buried layer (NBL). Lateral isolation for the 100 V voltage tolerance is
provided by a graded blocking junction in the form of an nWell and Epi extension
over the NBL to the pWell and P-buried layer (PBL). Thus, this symmetrical
structure has only 5 electrodes, defined as the HS diode anode “AH” and cathode
“CH”, LS diode anode “AL” and cathode “CL,” as well as the pSubstrate contact
“GND” (Fig. 4.8a).

If the anode of the HS diode is connected to the cathode of the LS diode to form
an I/O diode pair, then the two scenarios for carrier injection during a standard
JEDEC latch-up test can be seen in the diagrams in Fig. 4.8b, similar to the LV
latch-up I/O case. More generic electrode conditions for HS and LS injection in the
structure (Fig. 4.8a) are compiled in Table 4.2.

With LS electron injection, the cathode CL of the low-side diode is biased
below the substrate potential, causing flow of holes and electrons in the nEpi-
pSubstrate junction of the parasitic n-p-n. In the electric field formed by the
applied high voltage Vpower, the injected electrons drift through the lightly doped
substrate toward the HS nEpi.

Intuitively, it can be assumed that in the case of LS injection, the operation of
induced latch-up in the parasitic n-p-n is similar to the common emitter bipolar
circuit and the characteristics of latch-up are directly related to the characteristics
of the BJT structure. Change in the long base region structure, collector-base
junction avalanche multiplication properties, and emitter-base junction injection
capabilities can impact the critical latch-up conditions. Although some of these
assumptions are realistic, operation of the structure in LS injection latch-up con-
ditions is not so simple, as it will be demonstrated below.

The HS hole injection scenario is realized when the HS diode anode “AH” is
biased above the HV power supply level Vpower. Unlike under LS injection, in
this case the carriers are injected inside the HS nEpi region. In these conditions,
only a fraction of holes penetrates outside the pocket region and drifts in the
electric field toward the LS pocket, further impacting the critical conditions for
avalanche injection conductivity modulation in the parasitic n-p-n structure.
Apparently, the injected holes are best collected when the entire collector-emitter
space is occupied by the pSubstrate ring. Limiting the level of injected carriers
from the pocket by rings inside the pocket is also found to be effective.
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Fig. 4.8 Simplified FEM structure for HV latch-up analysis (a) and schematic representation of
the conditions for the high- (b) and low-side (c) latch-up scenario tests

Table 4.2 Electrode conditions of the simplified FEM latch-up structure (Fig. 4.8a) for of HS
hole injection and LS electron injection

Injection HS HS anode LS anode LS cathode Substrate
scenario  cathode
High side Vpower Above Vpower in  Grounded or floating Grounded Grounded
forward current
mode
Low side Vpower Vpower or floating Floating or shorted  Below ground in ~ Grounded
to LS Cathode forward current
mode

To analyze both LS and HS induced latch-up cases, the parameterized FEM
device (Fig. 4.8a) with different nEpi-to-nEpi region parameters LEE was studied
using mixed-mode simulation. A circuit for HS injection induced latch-up that
recreates the corresponding conditions in Table 4.2 is presented in Fig. 4.9a. In
addition to variation of the LEE parameter, the structure was simulated for
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Fig. 4.9 Mixed-mode simulation circuit for curve trace with a constant injection current with HS
injection induced latch-up (a); simulated I-V characteristics for various anode injecting current
levels at LEE = 16 um with and without self-heating effect taken into account (b) as well as for
different pocket separation LEE parameters (¢) for isothermal conditions with constant
T=450K

isothermal and thermal-coupled conditions at constant and initial temperatures,
T = 300 and 450 K, respectively. Here, the elevated temperature was chosen 50 K
above the typical latch-up requirements (~400 K) to have a better resolution of
the simulated physical effects. The mixed-mode circuit reproduced the slow curve
trace (CT) results at a constant injection current level.

Thus, the main conclusions from this HS curve trace simulation analysis for
isothermal conditions are in line with basic understanding [5] of avalanche
injection in the n-p-n structure. The isothermal critical voltage of the device is a
falling function of the injection current (Fig. 4.9b), and increasing the base length
results in both a triggering and holding voltage increase (Fig. 4.9¢).

However, when thermal-coupled analysis is enabled in the millisecond time
domain, the critical temperature of the structure is reached at a much lower voltage
than the critical voltages for isothermal current instability (Fig. 4.9b). Therefore, it
is logical to expect that the latch-up regime will be physically limited by the



214 4 Latch-up at System-Level Stress

thermal runaway, achieving the critical temperature and corresponding local
burnout conditions in the device. Moreover, these conditions will be realized not
after the stimulating injection current is removed, but during the injection pulse, as
a result of the rather high detection current in the nEpi-to-nEpi circuit.

Indeed, the JEDEC latch-up test is defined in the standard [93] in an arbitrary
broad range of pulse rise times and widths, from 5 ps to S ms. In this time domain,
self-heating of the entire die volume becomes significant to be neglected. There-
fore, the device is mainly limited by the thermo-electrical effects in the structure,
rather than an electrical current instability. On the contrary, the critical conditions
during system-level ESD stress are reached in the 100 ns time domain and are
therefore close to the electrical physical limits implied by the isothermal current
instability. Latch-up phenomena in both electrical and thermo-electrical conditions
that include self-heating are analyzed below using parameterized mixed-mode
simulation.

In the isothermal critical regime, the dependence of the holding voltage on
the pBase length LEE (Fig. 4.9¢) is in accordance with avalanche injection of the
n-p-n device. However, with HS injection the anode electrode AH is above the
Vpower, and the structure physically represents an SCR with the pEmitter current
limited by the latch-up test injection current. This explains the relatively low
holding voltage, despite high current conditions and low LEE spacings (Fig. 4.9b).

Similarly to HS injection induced latch-up, LS injection induced latch-up can
be analyzed using a corresponding mixed-mode simulation circuit (Fig. 4.10a)
with the same 5-terminal simplified FEM structure (Fig. 4.8a) for physical latch-
up representation. The LS injection induced latch-up phenomena are already rather
complex, even in the isothermal case, due to the non-inform regions of the par-
asitic n-p-n structure.

At no injection current, the I-V characteristics of the FEM structure are similar
to those for LS injection (Fig. 4.10b). The critical voltage dependence on the
injection current (Fig. 4.10d) is also in line with the general understanding of
avalanche injection conductivity modulation. With applied injection current, we
observe rather non-linear I-V characteristics (Fig. 4.10b). The non-linearity of the
I-V characteristics is due to two different effects.

When the HS anode “AH” (Fig. 4.8a) is not connected, avalanche injection
conductivity modulation on the n-p-n structure is realized in two stages. Since the
n-p-n structure has a nEpi extension, current-limited S-shape characteristics are
observed at first. Here, avalanche multiplication region conditions are formed at
the rather diluted nEpi-Psub junction (Fig. 4.10e). Then, after current saturation,
the nEpi region is modulated at a voltage of ~90 V until the electric field max-
imum is formed at the diffusion junction at some critical current. This junction is
capable of providing a much higher current density with a critical regime for
negative differential resistance at ~ 130 V and 100 mA (Fig. 4.10b).

If the HS anode electrode “AH” (Fig. 4.8a) is connected, it acts as pEmitter of
the SCR. The injection current is extracted for the pEmitter at a much lower
voltage and thus significantly reduces the threshold voltage for conductivity
modulation. This effect is somewhat similar to HS injection and can be understood
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Fig. 4.10 Isothermal mixed mode simulation for LS induced latch-up: circuit for slow curve
trace (a); simulated [-V characteristics for LEE = 16 um and different injection current sand
anode electrode connection AH (b); separate outputs for the anode AH and cathode CH currents
(c); slow curve trace characteristics for different injection current levels (d) and depth profile for
impact ionization in the latch-up state (e)

by separating the simulation output of the HS anode “AH” and cathode “CH”
current dependencies on the nEpi-to-nEpi applied voltage (Fig. 4.10c). It is
apparent that the injection capability of the HS diode anode region depends on the
diode’s design.

As in HS induced latch-up, the minimum holding voltage is a function of the
nEpi-nEpi spacing representing the parasitic n-p-n structure base length. In par-
ticular, the results of the standard JEDEC latch-up test (Fig. 4.10d) in nearly
isothermal conditions at a current level of ~100-200 mA do not cause latch-up of
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Fig. 411 Thermal-coupled mixed-mode simulation for LS injection for different pulse time
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connected (b) “AH” electrode acting as a pEmitter for the parasitic SCR structure and the
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the structure in the entire voltage domain up to 100 V. At the same time, the
structure will be susceptible to the system-level injection current of several Amps.

A thermal coupled simulation increases the complexity of the latch-up phe-
nomena. Depending on the structure’s design, the effect of the connected “AH”
electrode acting as a pEmitter is amplified (Fig. 4.11).

The “AH” pEmitter can be part of the active circuit in the nEpi pocket or can
be introduced as a ring connected to the nEpi node to partially collect the holes
during high-side hole injection. This case will be addressed in an example in the
following section.

Though the I-V characteristics obtained by slow curve trace analysis provide a
deep insight into the phenomena involved in latch-up, information about latch-up
occurrence in transient conditions with a single injection pulse is rather limited.
Thus, a comparison of the simulation results with test outcomes is unclear.

A mixed-mode simulation for a circuit with an automated LUT source is more
physically accurate. Mixed-mode circuits for transient latch-up simulation at a
constant power supply voltage and a single injection pulse are presented in



4.2 High Voltage Latch-up 217

-#- tp=0.1us LEE=16

(@) (b) 4. tp=0.1us LEE=20
A 35 1
\/\/ 7 Lusze
— 3 4
L LUTO* | 1 CH=- %
" L i 8 25
o 2
! AL >
8 15
1 ck GND =
‘ =R w100 b
= ~. 1M 0.5 1
Praiiis] TR
= 0 : :

50 60 70 80 90 100 110
nEpinEpi Voltage (V)

Fig. 4.12 Isothermal HS mixed-mode simulation circuit for automated critical injection current
analysis of HS injection induced latch-up (a), extracted dependencies of the injection current on
the LEE nEpi-to-nEpi spacing parameter in isothermal conditions with T = 450 K (b), and
thermal-coupled simulation with different injection pulse durations (c)

Fig. 4.12a. The outcome of the numerical experiments shows that the critical
injection current for latch-up is a function of the power supply current and
structure parameters. An example of the calculated critical injection current
dependence on Vpower for structures with LEE = 16 and 20 pum is presented in
Fig. 4.12b.

4.2.2 Active Guard Ring Isolation and Experimental
Comparison

Experimental data can be acquired using both the curve trace method for the
critical voltage and by conducting the standard JEDEC latch-up test and increasing
the injection current at a given voltage. The curve trace for LS injection was
performed with a constant current source and a slow curve trace of the voltage
level. For the standard latch-up JEDEC test, a pulse duration of 3 ms and an
injection current of 100 mA were applied, with increase of the step test voltage
until the latch-up. The signature of the HV latch-up was irreversible failure mode.

The experimental data for the curve trace characteristics of the LS injection
induced latch-up is presented in Fig. 4.13a. Two types of isolation rings between
the nEpi pocket regions, a pSubstrate ring and a so-called active ring, were
measured. The active ring approach will be explained in details below, in com-
bination with numerical simulation results. The latch-up data for the standard test
with the industrial MK2 Thermo Fisher tester (Fig. 4.13b) for LS injection induced
latch-up were in correlation with the curve trace experimental data, demonstrating
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a rather low critical voltage of ~50-60 V in comparison with desired 80-100 V
target, even for the rather big LEE spacing above 150 um.

There are technical difficulties in performing a curve trace analysis for HS
injection induced latch-up, due to the high-side current source connection.
Therefore, only the standard test HS injection induced latch-up data are presented
in Fig. 4.14. Unlike LS latch-up, the HS injection induced latch-up has demon-
strated a significantly higher critical voltage with increase of the LEE spacing
above 50 pm. Thus, though the same n-p-n device cross-section represents the
physical characteristics of the latch-up, a significant difference in the critical
voltage is observed between the HS and LS injection induced latch-up cases.

The test structure for the experimental analysis corresponds to the simulation
cross-section (Fig. 4.15a) with a respectively high nEpi-nEpi region. A major
difference between this structure and the simplified device in the previous section
is the design of the HV diodes with a poly RESURF and additional n- and p-rings
inside the nEpi pocket, directly connected by the cathode terminal. The original
purpose of the p-ring is to collect a part of the injection holes, while the outer
n-ring completes the pocket surface isolation after the p-ring. One of the reasons
for having the inner pocket p-rings is the resulting low resistive metal connection.
The nEpi and inner p-ring share the same metal layer, unlike the pocket isolation
pSubstrate ring, which is often connected to the ground potential through a rather
highly resistive path.

To understand the miscorrelation between the critical voltages for the HS and
LS latch-up, a numerical simulation analysis was performed for the device cross-
section in Fig. 4.15a. Since this analysis is applicable to standard latch-up thermo-
electrical and ESD test electrical conditions, Fig. 4.15 presents thermal coupled
simulations with the Heat equation enabled in the simulation and for the iso-
thermal case.

For the given structure parameters with relatively low LEE spacing, the critical
voltages for HS injection induced latch-up are limited by the self-heating of the
device and thermal runaway (Fig. 4.15b). The high detection current in the nEpi
circuit as a result of the HS injection becomes a critical factor. The p-ring internal
to the HS pocket collects the holes, which results in detection current reduction
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1 ms voltage pulse (the thermal coupled characteristics are calculated up to the peak temperature
T = 1000 K in the structure)
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Fig. 4.16 Low-side injection induced latch-up simulation. Thermal coupled (a) and isothermal
(b) curve trace I-V characteristics for a 1 ms voltage pulse (the thermal coupled characteristics
are calculated up to the peak temperature T = 1000 K in the structure)

(Fig. 4.15b). As a result, the critical voltage usually limited by the peak temper-
ature T = 100 K can be achieved at a higher level.

If the Heat equation is disabled, then electrical limitations are observed as a
function of the nEpi-nEpi spacing at much higher nEpi voltages (Fig. 4.15d).
However, with a higher current density comparable to ESD stress, the HS internal
pRing acts as a pEmitter. As a result, the parasitic SCR structure turns on at some
critical voltage and current density above the thermal effect limit (Fig. 4.15¢).
Thus, the parameters for the p-rings in the HS pocket must be carefully chosen.
One option is to use a p-ring with only the contact p-diffusion, eliminating the
pWell diffusion.

For LS injection induced latch-up, the thermal coupled and isothermal simu-
lation curve trace results (Fig. 4.16a) are also in correlation with the experimental
data. With increase of the LEE spacing, the detection current is reduced and
therefore much higher critical voltages are obtained for the same assumed critical
temperature T = 1000 K (Fig. 4.16a). With proper design, no latch-up charac-
teristics are observed in isothermal conditions (Fig. 4.16b).

A method of reducing the low-side injection effect was proposed in [95]. An
active guard ring was introduced to collect the injected electrons during the drift
between the nEpi-nEpi spacing. This solution improves the electron collection by
the ring by incorporating an additional deep nEpi region softly connected to the
pSubstate through the floating p-region. Thus, a new collection path is created for
the injected electrons. The experimental data for the active guard ring were already
presented in Fig. 4.13 for LS injection and Fig. 4.14 for HS injection. A major
effect of improving the LS injection conditions is the increase of the critical
voltage. Conversely, the drawback is the reduction of the critical voltage for the
HS injection case.

A cross-section of a structure with the simplified active ring is presented in
Fig. 4.17a and used to demonstrate the active guard ring effect. The active guard
ring is formed in the middle of the structure by the N-region with the length
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Fig. 4.17 Cross-section for a FEM latch-up structure with the parameterized active ring (a) and
demonstration of the active ring effect through comparison of the thermal coupled simulation
results for curve trace I-V characteristics with a 1 ms voltage pulse and nEpi-nEpi spacing
LEE = 16 and 48 pm for HS (b, d) and LS (c, e) injection. The curve trace is stopped at structure
peak internal temperature T ~ 1000 K

LNring connected by metal to the two adjacent p+-regions. In real applications, all
three regions are connected but remain floating (Fig. 4.17c). With an applied nEpi-
nEpi voltage, the potential of the n-region of the active guard ring is elevated
above ground. This creates a current path for the injected electrons.

As expected, the effect of the active guard ring is substantial for LS electron
injection due to the improved collection of the injected electrons. In contrast, in the
case of HS hole injection, the active ring provides only a minor reduction of latch-
up susceptibility due to the loss of the effective p-region for hole collection.
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4.2.3 HV Latch-up Prevention Rules

The major principles for the verification deck can be derived further and for-
malized for the script coding based upon the combination of the experimental and
simulation analysis. The HV latch-up rules can be further implemented in the
automated layout verification tools as a part of CAD.

The nEpi pockets at different potentials, containing active devices that are
connected to different pads subject to injection or overvoltage latch-up tests, must
be separated in the layout. The pocket-to-pocket separation spacing is a function of
both the required to pass latch-up test current (usually either 100 or 200 mA) and
latch-up test temperature (usually either room or 125 °C). The introduced isolation
space between nEpi pockets reduces the gain of the parasitic n-p-n formed by the
epi regions and substrate, and therefore results in a voltage increase critical for
latch-up.

The circuit blocks inside the nEpi pockets must be completely surrounded by an
n-diffusion guard ring at the pocket periphery. This measure prevents the forma-
tion of an effective SCR structure by better isolating the high-side p-regions
connected to the pad.

Each nEpi pocket with a p-diffusion region connected directly to the pad must
be enclosed by a separate p-substrate ring. The p-substrate ring should be not
shared by multiple nEpi pocket regions. This rule is targeting the reduction of the
hole injection effect that occurs because the substrate p-ring accumulates holes.

This same set of rules should be applied to low-side nEpi placement and to a
grounded nEpi presence in particular. Thus, the low-side or grounded nEpi should
be separated from the high-voltage nEpi pocket connected to the injecting I/O pin.

The nEpi diffusion ring can be tied to a 5 V power supply pad directly or
through a blocking diode.

Resistance between any point on the n-diffusion ring and the supply pad should
be limited, for example, below 10 Ohms.

In correlation with these measures, any pocket with an analog or digital internal
circuit must be spaced apart from the injecting pocket. The internal circuit must
have an n-diffusion ring completely surrounding any pWell tied to the 5 V supply
pad.

The n-diffusion ring of the injecting pocket and the n-ring of the logic block
should not share the same metal bus connection to the supply pad. Instead, two
separate metal busses should be drawn, and they should be sufficiently wide to
carry the 200 mA current induced during the latch-up test.

The high-side ground ring of the injecting pocket and the p-substrate ring
surrounding the internal circuit blocks should not share the same metal bus con-
nection to the ground pad to avoid a voltage drop in current injection conditions.
Indeed, at a bus resistance of ~30—40 Ohms, the 200 mA current can create a
sufficient voltage drop to turn on the diode junction.

An optional measure for reducing low-side injection induced latch-up is the use of
an active guard ring. In this case, the automated rule check verifies that the low-side
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injector must be surrounded by the active guard ring and spaced sufficiently far away
from any HV biased pocket.

In general, for optimized design, a rule deck reference table can be created to
define the space requirements dependent on the pocket-to-pocket maximum
applied voltage, injection current and latch-up test conditions temperatures.

4.3 Transient Induced Latch-up

By re-phrasing and extending the definition for transient latch-up (TLU) given in
[97] it can be formulated as follows. TLU is a formation of a low-impedance
current path and the corresponding on-state supported by the power supply as a
result of transient overstress that remains at least temporarily after removal of
transient overstress conditions. In this definition the major differentiating factor in
comparison with conventional latch-up is that the overstress causing TLU is
occurring in the time domain faster than 5 ps. This time domain is different from
the conventional latch-up test according to the JESD78D JEDEC standard [93]
accomplished in the time domain 5 ps—5 ms. The low impedance current is
formed and supported by the turn-on of a parasitic thyristor (SCR) or an n-p-n
bipolar structure. These parasitic structures can be formed both unintentionally in a
given layout and represent a part of ESD structure. The transient overstress can be
represented both by overvoltage and injection. The injection can be initiated both
inside the structure, thus providing low impedance TLU conditions, and from
independent distanced junctions.

In particular TLU can represent an effect of an accidental turn-on of the
snapback clamp during normal operation conditions or electrical overstress events
when the on-state can be further supported by the applied power supply current.
The TLU specific is related to the conditions that a powered-up IC is triggered by a
transient pulse with a much shorter rise time and duration than the pulse of a
standard latch-up test.

Transient latch-up is pertinent to the topics of this book in its importance to the
system-level stress conditions in power-on mode. This section addresses the
problem of transient latch-up on the physical level from several different angles.
Primarily, a TLU event in a local ESD clamp can be induced by an unexpected
temporary electrical regime deviation during normal operation mode or by inter-
action between on-chip and off-chip protection network components.

The first subsection introduces an experimental setup for the TLU character-
ization of ICs. The following section focuses on the aspects of transient induced
latch-up during the normal operation regime and explains the major regularities
using a simplified example of the power stage of a LV synchronous buck voltage
regulator.

The following subsection discusses TLU from different prospective. In this
case, the latch-up event is induced by a system-level ESD stress pulse. A case
study of the IC with an off-chip TVS based protection network demonstrates how
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the pin becomes susceptible to TLU under certain conditions of a system-level
event while otherwise passing the standard JEDEC latch-up test.

4.3.1 Test Approach for TLU

In the previous years, many field failures related to TLU have been observed and
design proposals were made for the prevention of TLU [97-102] The typical rise
time of TLU trigger pulses is a few order of magnitude faster than the minimum
allowed rise time in the static JEDEC latch-up test. This allows the use of fast
rising ESD pulses a triggering pulse for TLU. Currently no standard method exists
which defines a setup for the TLU characterization of ICs. MM testers are used as
trigger sources because of their positive and negative swings in the stress wave-
form [101]. TLP tester and solid state pulsers are used because of the available
different rise times and pulse widths [102].

Another possible setup for the TLU characterization is shown in Fig. 4.18.
A HMM tester is used as latch-up trigger source. The DUT is powered up with a
DC supply to its normal operating voltage. An avalanche diode is placed between
the DC supply and the stress path to block the flow of current into the DC supply
when the ESD stress is applied [101]. An inductive current probe is connected to
monitor the current from the trigger source and the HMM tester to the device
under test. A voltage probe monitors the voltage across the stressed pins to detect a
possible latch-up state of the DUT.

The setup is used to test the TLU robustness of a real product. The IC is
powered up to the typical operating voltage of 10 V defined in the IC datasheet.
HMM stress is applied to the supply pins. Like in the static latch-up test the
compliance of the DC supply is set to 100 mA. Figure 4.19 shows the voltage
between the supply pins of the IC during HMM stress. At a stress level of 2.5 kV
the voltage collapses below the supplied voltage. After the decay of the HMM
stress the voltage does not recover to the operating voltage and the supply current
increases permanently from about 9 to 15 mA. With repeated HMM zaps at the
same stress level the supply current increases further until device burn-out occurs
which can be measured as an open circuit between the supply pins.

The following subsection is presented to discuss how TLU can occur in dif-
ferent scenarios and design solutions against TLU.

4.3.2 TLU in Case of Switch Pins in Power Trains

Transient induced latch-up occurs primarily due to an accidental triggering of the
local snapback ESD clamps during electrical overstress, temporary load change or
mismatch, and other short-term deviations from the expected normal electrical
regime verified by simulation at the design stage.
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This type of transient latch-up scenario can be explained with an example of the
local snapback protection of a switch pin [5]. The detection of the transient current
due to gate coupling above the threshold voltage results in the clamp triggering
into snapback, followed by the transient latch-up mode. Included in the simplified
power train output circuit (Fig. 4.20a) are the external filter components LzC, the
decoupling power supply capacitor Cp, the bond wire inductance Ly, and
the driver clock signals at the gate of the output NMOS and PMOS power arrays.
The experimental 5 V circuit demonstrates the irreversible failure during switch-
ing after the input power supply voltage VDD is elevated to 6-6.5 V.

A major cause for transient latch-up is the parasitic inductance in the chip
package and connections between external components. As a result of the
inductive load, the voltage waveforms at the protected node are not ideal, con-
taining large amounts of inductive running voltage noise.

The ringing amplitude increases with increase of the input voltage and a voltage
critical for the power NMOS array or local clamp snapback, if applied to the pin,
may result in a TLU event. This physical effect is demonstrated using a mixed-
mode numerical simulation analysis. The simulation has a load resistor R; ~
3.6 Q, a maximum operation voltage VDD = 5.5 V, and a duty cycle of 50 % to
limit the output load current at ~ (5.5/2)/3.6 = 0.763 A. The waveforms provided
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Fig. 4.20 Simplified output circuit block with external components (a), and the theoretical
waveforms for the driver signals at the gate (b) of the output NMOS and PMOS arrays (c)

by the driver (not shown) apply a controlling “pgate” signal to the high-side
PMOS MP, causing it to be in the low current state when the “ngate” signal is also
low. Conversely, the “ngate” signal is provided at a high level only when the
“pgate” signal is also high. The non-overlap time is about 50 ns (Fig. 4.20b). For
the initial conditions, the output NMOS and PMOS devices are off. Then, the VDD
node is set to an arbitrary voltage, followed by a preset of the output capacitor to
some voltage using the same initial conditions. This way, both terminals of the
inductor are set by the initial conditions realized at the output capacitor.

In the mixed-mode numerical simulation, the switching NMOS array is phys-
ically represented by the FEM structure (Fig. 4.21a) with a spacing of up to 10 pm
between the pBody contact region and the source. This maximum space is defined
in the particular process design rules. The solution of the semiconductor equations
for the 2-D cross-section of the FEM NMOS device as a part of the mixed-mode
simulation matrix supports the physical effect of avalanche-injection conductivity
modulation (Chap. 3). The critical voltage of the NMOS array is a function of both
the pBody-Source spacing (SWS) (Fig. 4.21b) and the gate bias (Fig. 4.21c).

The TLU effect is directly resultant of the inductive parasitic components in the
power supply and ground circuit. Due to this inductive load, the induced voltage
overstress of the NMOS array significantly exceeds the VDD power supply level
(Fig. 4.22). The amplitude of the transient voltage noise is a direct function of the
input voltage. Thus, though the applied input voltage remains within the absolute
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maximum rating limits, the reversible regulated input voltage during operation
with an inductive load results in a power array TLU event.

Reducing the pBody-to-source diffusion spacing (SWS) to 0.1-0.8 pum causes a
~10-fold increase of the current density critical for snapback mode during
switching. This increase can be used to reduce the TLU effects.

A similar TLU scenario due to operation with an inductive load is realized for a
power train where a snapback NMOS clamp is used to protect the VIN pin.
Because the clamp has a lower triggering voltage, in comparison with the power
array, the overvoltage results in a TLU directly due to clamp turn-on. The event
precedes a possible TLU in the array.

As an even more simple case, the TLU of a clamp can be demonstrated using
the simplified power stage of the asynchronous 5 V buck DC-DC voltage regu-
lator as an example (Fig. 4.23a). In this circuit, the switch pin is protected by a
snapback NMOS ESD clamp. Similarly to the previous case, the clamp experi-
ences a voltage overstress above the critical voltage for snapback due to an
inductive load at the switch pin. The observed transient latch-up event is due to the
snapback of the NMOS ESD clamp and is a function of VIN voltage level
(Fig. 4.23b).
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Fig. 4.22 Waveforms of the input gate voltages, VDD node, output node VL, and the current
through the inductance without (a) and with (b) bond wire inductance components included in the
simulation circuit for VDD = 7 V

The TLU example cases presented above are directly applicable to system-level
events. When a system ESD stress is applied in power-on conditions, the capac-
itive and inductive coupling and EMI effects may create an unexpected current
path. The produced voltage ringing can result in triggering of the ESD clamps or
active devices in a way similar to operation with an inductive load. From this
perspective, comprehension of the on-chip and off-chip system stability against
short-term overstress is critically important.

4.3.3 TLU, Simple Network with Standalone ESD Devices

The fact that an ESD device under system-level stress is in the powered on
condition does not necessarily mean that transient latch-up will occur when the
holding voltage of the device is below the power supply level. In the powered on-
state, an ESD device can support only a minimal current. This physically means
that the holding voltage of the ESD device is a function of the device’s current.
Though current filamentation can significantly change the minimum critical cur-
rent in 3-D cases, the final latch-up scenario is still a current-dependent event.
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Fig. 4.23 Mixed-mode simulation circuit for the simplified output stage of an asynchronous 5 V
DC-DC boost voltage regulator (a) and simulation results for the normal operation regime with an
input voltage VIN = 2 V and a TLU event at VIN = 5 V (b)

A complex example of transient latch-up dependence in an off-chip system-
level protection network is described in the next section. The more simple case of
a dual-direction DIAC device under a power supply load, represented by the
mixed-mode circuit in Fig. 4.24a, demonstrates the load effect on transient latch-
up. The circuit in Fig. 4.24a combines the equivalent circuit components for a
HMM ESD pulse source applied to the DIAC FEM device in combination with
power supply conditions from the voltage source V2.

The two-step simulation analysis includes a slow transient simulation to first set
the power supply electrical regime, followed by a fast transient simulation for the
HMM pulse. The results (Fig. 4.24c) depend on the load and the ESD design of the
DIAC device, so the ESD stress may or may not resultin the TLU effect. For example,
aTLU is realized when the power supply resistor R7 is equal to 50 Ohms. However, if
the resistor value is increased to 100 Ohms, the device returns to the off-state after the
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Fig. 4.24 Mixed-mode HMM pulse equivalent circuit for TLU study (a) with a DIAC FEM
structure (b) and the waveforms for the power supply voltage and current for 50 and 100 Ohm
loads (c¢)

HMM stress independently of the pulse level and a TLU does not occur. The mini-
mum holding current in the on-state depends on the design parameters of the device
that determine the level of positive feedback in the structure. In HV devices, it is
rather difficult to increase the absolute minimum holding voltage while preserving
the high current on-state capability. Increasing the minimum holding current, on the
other hand, appears to be a much more realistic goal.

A cell-level measure for preventing transient latch-up, based on similar princi-
ples, involves modification of the ESD device itself. In the following example, the
DIAC cell is modified by distributing the poly ballasting regions along the I/O and
GND n+ and p+ injectors (Fig. 4.25a). The experimental results for this solution,
based on a 50 V tolerant DIAC cell, demonstrate that increasing the holding voltage
produces an effect equivalent to additional resistance in the power supply combined
with the minimum holding current of the ESD device (Fig. 4.25b).

4.3.4 TLU. Impact of the On- and Off-chip Protection
Networks

Since TLU in a powered-up IC is triggered by a transient pulse with a much
shorter rise time and duration than the pulse of a standard latch-up test [93, 97] it
may not be detected during the standard JEDEC latch-up test [97]. At the same
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Fig. 4.25 Layout view of a poly-ballasted DIAC cell with interdigitated emitters (a) and
comparison of the experimental TLP results for conventional and poly-ballasted DIAC cells (b)

time a system-level ESD stress with a rise time in the sub-nanosecond time domain
can namely create the conditions for TLU. The final event can be a combination of
over-voltage and current injection that exceeds the specifications of the standard
JEDEC latch-up test and can trigger parasitic structures with a current path dif-
ferent from this test [97, 102].

The exact TLU scenario and internal block sensitivity depends on the design of
the off-chip and/or on-chip ESD protection. In the following particular TLU case
study, measurements and simulations demonstrate the transient interaction of the
parasitic SCR in the IC with both off-chip and on-chip protection network compo-
nents. The latch-up-sensitive IC is protected with a TVS-based off-chip protection
network (Fig. 4.26) that consists of power supply decoupling capacitors anda 3.3 V
TVS diode. The entire network combines the off-chip components and an on-chip
parasitic p-n-p-n structure formed by a CMOS circuit and an active clamp (PC).

For adequate analysis of the circuit (Fig. 4.26b), the DC supply voltage is
applied through a bias-T setup that includes a large inductance of 700 pH and a
parallel capacitance of 0.2 pF to prevent the flow of ESD current into the supply.
The bias-T with a capacitor in series to the RF signal replaces a blocking diode
typically used to enable the application of negative ESD stress and limits the
impact of the output circuit of the DC supply on the latch-up behavior of the tested
circuit.

The electrical characteristics of the active network components are compared in
Fig. 4.27. During a standard latch-up test, the voltage at the tested pin is held at 1.5
times the 3.3 V maximum operating voltage for this 0.13 pm CMOS logic block.
Therefore, the SCR triggering voltage of ~15.5 V (Fig. 4.27) cannot be reached.
The TVS diode’s clamping voltage is above both the SCR and active clamp levels
under system-level ESD stress conditions. By design, the TVS diode is expected to
provide the main current path during a system-level ESD stress event, since the
SCR voltage remains below the triggering threshold and the active clamp is
capable of conducting only a limited current.
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For the initial voltage peak, the mixed-mode simulations with the DECIMM
tool [19] for the voltage waveform of the standalone SCR and the on-wafer HMM
measurements at [IEC61000-4-2 stress were in agreement (Fig. 4.28). However, for
accurate analysis, it is critical to take into account the capacitors and the parasitic
components of the TVS diode (Fig. 4.29).

No TLU is observed during positive and negative stresses if the SCR is tested
with the TVS diode in parallel and no off-chip or on-chip decoupling networks are
present. At some HMM stress levels both the SCR and the TVS diode turn on.
During positive stress, SCR snapback results in turn-off of the TVS diode [103].
Due to the bias-T network between the DC supply and the circuit, the output
capacitor of the voltage supply is not discharged before the HMM current fully
decays. Hence, the SCR turns off before the supply current can significantly rise.
During negative stress, both the TVS diode and the SCR act similar to forward-
biased diodes and share the HMM stress current after the triggering.

On the contrary, the circuit is highly sensitive to latch-up with the off-chip
protection network. Standalone SCR latch-up is realized during positive stress at 4
and at 2 kV negative HMM stress. The latch-up is peculiar to the oscillatory
voltage waveforms created by the network at the SCR node.
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Despite both positive and negative stresses, the off-chip network mainly con-
ducts the current during the first few nanoseconds of the HMM pulse, though a
small residual current flows into the on-chip devices due to the parasitic induc-
tance component of the decoupling capacitors and the TVS diode. Therefore, at
some positive or negative HMM stress level, the SCR turns on and remains in the
latched state.

The SCR turns on at a significantly lower HMM stress level during negative
HMM stress. This is because of a two-stage domino turn-on effect that occurs due
to the oscillating voltage at the SCR node. The negative ESD pulse forces the
supply voltage below the zero ground potential. At the negative voltage, a sub-
stantial amount of carriers is injected in the SCR body regions due to the forward
bias of the pWell-nWell blocking junction (Fig. 4.30a). Then, during the imme-
diately following fast positive voltage swing, the effective turn-on voltage of the
SCR with injected carriers becomes significantly lower than the standalone trig-
gering voltage (Fig. 4.27). As a result, the SCR turns on into double injection
conductivity modulation mode (Fig. 4.30b). The low-impedance path created by
the on-state SCR causes a fast discharge of parasitic capacitors in the system,
followed by a fast change of the voltage polarity at the supply pins. The pWell-
nWell junction of the SCR becomes reverse-biased and sweeps out the excess
minority carriers (Fig. 4.31).
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A different TLU scenario is observed during positive HMM stress when an
active clamp is not included in the circuit (Fig. 4.26). In this case, a TLU is
realized when the voltage across the off-chip protection network exceeds the SCR
triggering voltage of 15.5 V, due to a voltage drop on the parasitic inductance of
the network components. This voltage level is reached at a HMM stress level of
+4 kV if no active clamp is present.
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No SCR triggering in TLU mode is observed at a positive stress of up to 8 kV
HMM as long as the on-chip active clamp is in place. The active clamp limits the
peak transient voltages to a level below the SCR turn-on voltage.

During negative stress, both the SCR pWell-nWell diode and the body diode of
the active clamp NMOS array conduct the stress current. Due to lower injection
levels, the critical TLU triggering voltage is improved from —2 up to —5 kV,
depending on the width of the active clamp array (Fig. 4.32).
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On-chip capacitors can significantly impact the triggering behavior and failure
of ESD clamps in an unpowered IC [104]. The TLU scenario can be expected to
change if a parallel on-chip capacitor (Cpc, Fig. 4.33a) is added to the SCR.
However, significant passing level improvements were only observed for capacitor
values above ~ 10 nF, which are unrealistic for on-chip integration.

Thus, an off-chip protection network alone may not be enough to prevent the
risk of TLU. Sufficient secondary on-chip protection or decoupling may be more
effective measures, as well as optional digital and analog circuit blocks imple-
mented more robustly for latch-up (Sect. 4.1). The mixed-mode simulation
approach with accurate parasitic components of the off-chip and on-chip networks
provides a way to verify these design solutions.

4.4 Application Example

This section demonstrates how the theoretical background presented in Chaps. 3
and 4 can be applied to real design examples. The design of transceivers for
automotive systems is used as an exemplary background for discussion of these
essential aspects.

4.4.1 LIN and CAN Transceivers

Over the last two decades, the automotive industry has adopted the use of highly
integrated smart-power ICs. These ICs not only contain a wide range of analog,
power, and digital functions, but often include pins with system-level protection
capabilities. The digital core and standard analog building blocks (operation
amplifiers, comparators, data converters, and voltage/current references) are now
integrated on the same silicon die and possess the capabilities to control motors,
switches, and solenoids generate both switching and linear power supplies for
internal external and circuitry. Examples of such system-level pins in this inte-
grated circuit, which occupy only a small fraction of the Si die area, are CAN and
LIN transceivers.

The on-board automotive network includes many systems (Fig. 4.34), com-
bining CAN and LIN. The CAN (Controller Area Network) covers mostly front-
end modules, which include dash board instruments, antilock brakes, and cruise
control. CAN is one of the most commonly used communication pins for auto-
motive applications [105]. The CAN has speeds from 125 kbps to 1 Mbps so
systems are able to communicate simultaneously at any time, with arbitration in
place to ensure that the messages are understood. The LIN (Local Interconnect
Network) contains a low-cost serial bus with <20 kbps and a LIN master initiating
a response from “slave” systems. Thus, the LIN is mostly for back-end modules
like safety lights, door locks, power windows, and climate control.
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Fig. 4.34 Example of the composition of automotive systems

The typical CAN requirements CANL/CANH at the system level are +6 kV
contact and no air gap spec ISO 7637 1/2/3a/3b. For 12 V automotive systems, the
pins’ DC voltage tolerance is expected to be within the dual-direction range of
440 V, involving additional tests. These specific automotive system tests include a
bus short to battery; a DPI (Direct Power Injection); and injecting a common-mode
AC onto the CAN bus during transmission to check the output for glitches or jitter.

These automotive systems exist in an extremely harsh environment that com-
bines factors of system interoperability, system-level ESD, and EMI. Additionally,
the high quality of IC products must be guaranteed by the zero DPPM (defective
parts per million) failure rate target. These requirements impact the entire inte-
grated component design, starting with selection of the silicon process features
such that cost goals are maintained.

Though transceivers serve a critical communications function for automotive
systems, their functional circuitry alone is not sufficient to define specific process
technology for system-level ESD [106]. Higher levels of integration of analog and
digital functions require high-density logic blocks, high-precision analog devices
and HV power-optimized devices, while low cost requirements are still in place.

Thus, these system-level ESD protection challenges must be addressed at the
level of free on-chip ESD device solutions tolerant of short-circuit faults from the
battery and ground, shorted load conditions, and higher-than-expected transient
voltages along the CAN bus (caused by chokes that are used to improve the
radiated emissions for EMI compatibility).

Module pins can be exposed to an unprotected environment as a result of
mishandling during assembly or maintenance. Failures due to ESD exposure must
be eliminated by increasing protection toward zero DPPM on the chip in
particular.
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During short-to-battery test conditions, an excessive transient voltage is gen-
erated by the inductance of the CAN bus (Fig. 4.35). The driver on the CANL pin
transitions into the current limit, establishing a current in the inductor. When the
driver turns off, the CANL node has high impedance, while the bus inductance
maintains the current with the corresponding voltage rising until the electro-
magnetic energy is fully dissipated.

In this case, if an SCR ESD clamp is used for local protection, damage can
occur due to transient latch-up (Sect. 4.3) induced by the transient voltage spike.
When short circuit conditions are applied from a low-impedance source, the SCR
will continue to conduct until it is destroyed. Therefore, a more appropriate
solution is either an active clamp referenced by large footprint avalanche diode or
lateral PNP, DIAC or avalanche diode clamps with holding voltages above 20 V
(Chap. 3).

Chokes are used to minimize radiated emissions and improve the immunity of
the receiver. For CAN applications, the choke is a transformer that uses in-phase
windings. The choke is specifically designed for blocking higher-frequency
alternating current (AC) in an electrical circuit, while allowing lower-frequency or
DC current to pass. Unlike the wiring of the bus, CAN chokes can have very high
inductance of up to 100 uH. This inductive component can store substantial
electro-magnetic energy that needs to be handled by an ESD clamp in the corre-
sponding non-ESD-test conditions.
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Fig. 4.36  CAN short circuit with a CAN choke [106]

Figure 4.36 illustrates a 20 V short occurring along the bus side of the choke.
When the driver goes into the dominant state, the current builds up in the choke on
the CANL side. Since most transceivers are designed with a current limit, this part
of the waveform does not impose any problem for the device.

However, upon entering the recessive state, the CANL pin starts to transition to
a positive voltage, since the current in the transformer cannot immediately change.
The voltage increases until the polarity across the transformer changes, at which
point the current begins to decay.

However, this change in current is mirrored in the other winding, which raises
the voltage on the CANH. Under these conditions, it can be shown that the change
in voltage is approximately equal for the CANH and CANL. The problem is that
the CANH begins at the short circuit voltage (20 V in this example). If CANL is
allowed to rise to 30 V as dictated by the “snubber” network, then the CANH will
also rise to 30 V, resulting in a final voltage of 50 V. If this voltage level is above
the triggering voltage of the ESD clamp, it must be lowered.
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One way to solve this issue is to provide an additional snubber network on the
CANH pin. Although the amount of energy needed for the CANH winding is much
smaller, it is important to maintain electrical matching between the CANH and
CANL for good signal quality.

Another common issue is the loss of ground. Under these conditions, the ground
of the module is disconnected from the chassis while connection to the battery is
still maintained. However, the CAN bus pins will continue to be referenced to the
chassis ground, which appears as a very negative voltage with respect to the SBC
ground. Since the battery voltage can be as high as 40 V under load dump con-
ditions, the CAN bus pins must be designed to traverse as far as —40 V in high
impedance conditions. Thus, dual-directional solutions are required to meet this
specification (Chap. 3).

4.4.2 CAN Transceiver Case Study

The CAN, LIN and other communication pins in addition to IEC, ISO, and EMC
ESD tests need to pass IBEE-Zwickau test [107, 108]. EMC IBEE-Zwickau test
for automotive applications includes both a direct and an indirect stress. In the
direct test the IEC gun is directly applied to the integrated circuit pins while in the
indirect test, the IEC stress is applied through a 100 nH common-mode (CM)
choke transformer [107]. Different waveform shapes of these tests complicate
qualification of the ESD protection on IC level [107, 108].

An example for an entire spectrum of application problems related to the
system level on chip design for automotive CAN pins has been recently presented
in [109]. The study has demonstrated the specific failure mode under inductive
IEC stress related to the inductor core saturation driving the increase of the rise-
time from 1 to ~20 ns. The inductive system level stress with EMC IBEE-
Zwickau for CAN pin pair through the CM choke transformer (Fig. 4.37a) has
been allied to IC pins protected with +45/—30 V tolerant dual-direction ESD
clamp based upon back-to back stacked NLDMOS-SCR clamp components
(Fig. 4.37b).

In spite previously verified components performance for the low rise-time ESD
pulse, the clamp performance for the slower rise time did not meet the expecta-
tions. For the automotive qualification pulses both an underpass for Choke test
(Table 4.3) and the windowing effect at IEC test (Table 4.4) have been observed.

A similar underpass was detected for another automotive test when CAN pins
are stressed by IEC/ISO pulses through a loan coaxial cable (5 m). This Through
Cable Discharge Event (TCDE) is different from the Cable Discharge Event
(CDE). In CDE, the cable is charged to a certain potential first and then discharged
through the part leading to longer time stress [110]. A TCDE mimics different
events on pins that are connected to the source of stress through a cable. The test is
defined to mimic automotive applications in which pins of different electronic
parts are connected through a cable harness that runs around the car.
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Fig. 4.37 CAN pin schematic with CM Choke LCM = 100 pH as part for the automotive ICs
qual (EMC IBEE-Zwickau) (a) and the clamp schematic (b) [109]

Table 4.3 The IEC test results of the CAN pin w/and without CM Choke [109]

Without choke (kV) With choke (kV)
Positive IEC >8 >8
Negative IEC >8 -3

The system setup to evaluate the ESD performance of TCDE using in [109]
used a 5 m RG58 cable grounded at both ends and has demonstrated correlation of
the negative underpass with the regular IEC and Zwickau test (Fig. 4.38).

Due to higher rise time a significant non-uniform turn-on effect has found to be
responsible for only partial NLDMOS-SCR clamp components turn-on. With the
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specific CM choke inductance value of 100 pH and the measured IEC pulse rise
time was ~ 25 ns. In spite of that this value was found 4 times less the simulated
value for the ideal inductor, it was still represented a significant increase of the rise
time in comparison with the non-connected choke (Fig. 4.39a). Meantime, the
miscorrelation between ideal and real choke inductance upon current level has
been explained by the cobalt choke core effect saturation (Fig. 4.39b).

Upon additional slower rise time TLP data for the back-to-back bi-direction
NLDMOS-SCR clamp negative pulse the non-uniform turn-on has been con-
firmed. The increase of the rise rime in [109] was leading in the change of the ESD
protection device turn-on uniformity. The turn-on with different on-state resistance
was an indicator of only partial turn-on of the NLDMOS-SCR device fingers
(Fig. 4.40a). The effect is similar to the non-simultaneous multi-finger turn-on
described in the above sections of this book for DIAC structure. The effect was
observed under rise time increase of the both TLP (Fig. 4.40a) and HMM
(Fig. 4.40b) phase I-V characteristics.
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Fig. 4.39 Measured current waveforms during IEC strikes (a) and inductance as a function of
current demonstrating the core saturation effect responsible for faster dl/dt [109]
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Fig. 4.40 Bidirectional ESD clamp and I-V characteristics for the negative TLP pulse with of 2
and 25 ns. a and negative HMM stresses with 1 and 50 ns rise-times [109]

The fix design measure to improve their ESD design was suggested in [109] in
form of ballasting of the dual direction device clamp components on the finger
level. Instead of the original common node connection of the high side and low
side NLDMOS-SCRs (Fig. 4.41a) components the connection has been done on
the individual finger level (Fig. 4.41b). ESD performance of the clamp been
resigned to improve the uniformity of the turn has been demonstrated both by the
long rise time TLP (Fig. 4.41c) and test system level test result.
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Fig. 4.41 Schematics showing the metal connection of the middle node between the forward-
SCR snapback-mode and the reverse SCR (diode-mode) (a) is the conventional connection with
common metal in the middle node (b) the mutual ballasting technique with each finger of the
forward-SCR connected to the corresponding finger of the reverse SCR. Comparison of the new
and the old SCR layout with long rise-time TLP of 25 ns [109]

4.5 Summary

This chapter has demonstrated that there are many on-chip design aspects that
make chip integration of a validated stand-alone ESD clamp for the system level
pulse. Application specifics and chip functionality need to be thoroughly taken into
account to avoid clamp interaction with internal circuit blocks during both system-
level ESD stress, normal operation and specific system level tests that can induce
both transient latch-up and apply pulsed conditions that are hard to validate on the
standalone clamp level.

Subsequent turn-on of the parasitic structures formed in the layout requires
understanding of major latch-up phenomena in ICs. To avoid latch-up, certain
latch-up layout rules must be developed, experimentally verified, and followed in
semiconductor HV processes. These rules are usually determined from limited
experimental results and primarily are focusing on preventing HV parasitic n-p-n
turn-on by either disabling the n-p-n structure itself or by reducing injection from
the junctions in nEpi pockets.

Transient latch-up (TLU) is an effect of accidental turn-on of the snapback
clamp during normal operation conditions or electrical overstress events when the
on-state can be further supported by the applied power supply current. Transient
latch-up is pertinent to the topics of this book in its importance to the system-level
stress conditions in power-on mode.

Over the last two decades, the automotive industry has adopted the use of
highly integrated smart-power ICs that not only contain a wide range of analog,
power, and digital functions, but often include pins with system-level protection
capabilities, for example, CAN and LIN transceivers. The on-board automotive
network for communication pins in addition to IEC, ISO, and EMC ESD tests need
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to pass IBEE-Zwickau test, as well as Through Cable Discharge Event (TCDE).
These tests produce the stress pulse waveforms that are in significant deviation of
the component level ESD stress waveforms. The slower rise time may result in
non-uniform turn of the ESD protection solution and thus require special design
measures to overcome the issues.



Chapter 5
IC and System ESD Co-design

The trend towards high level integration of the system functional blocks on-chip is
eliminating the barrier between the components and systems. System-on-chip (SoC)
and system-in-package (SiP) designs now often combine a variety of analog and
digital circuit blocks that can directly interface with system ports and therefore may
require system level ESD protection capability. This creates a design paradigm shift
toward the specification of the system-level ESD requirements for selected IC pins.
In general, compliance with the component-level low energy ESD (CDM, MM,
HBM) standard tests does not guarantee the withstanding of even a fraction of the
high energy ESD transients introduced by the system-level pulses with 30 kV pre-
charge level. To avoid the impact on real products reliability, especially at smaller
form factors of the portable systems, the IC product specifications now often include
system level requirements. With the scaling of the semiconductor processes down to
the advanced technology nodes, both active devices and interconnects become less
and less high current capable. As a result of this the on-chip protection design for
system-level ESD stress becomes increasingly challenging and often must be
combined with the off-chip protection as a more cost effective approach.

The ESD test methodologies enabling a protection design for component- and
system-level ESD stresses were discussed in Chap. 2, demonstrating how the
transient device response during ESD stress can be extracted from captured
voltage and current waveforms. These test methodologies combined with the
understanding of the on-chip ESD protection design (Chaps. 3 and 4) are now used
in this Chapter to develop an effective and robust ESD co-design approach for the
system-level IC pins. This new approach combines transient device character-
ization on test boards and on-wafer setups with device and circuit simulations. The
goal of such combination of simulations and on-wafer characterization is to enable
the design and verification of the system-level ESD protection solutions at the
early stage of the IC design and prior to the final system design or definition.

The first section of this chapter introduces the available off-chip ESD protection
devices followed by an overview of the available simulation tools for ESD pro-
tection design. Methodologies and examples for the device and circuit modeling
are provided. The simulation models are used for two key system-level ESD
design methodologies: datasheet based design and the co-design. The required
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input for each methodology is discussed together with their advantages and dis-
advantages. Through several case studies the recommendations for the design of
ESD protection structures for system-level IC pins are outlined. Finally the chapter
is concluded with a comparison, benchmarking and discussion of the introduced
design methodologies.

5.1 Off-Chip ESD Protection with Si TVS Components

The overall off-chip ESD protection strategies have been already introduced on a
higher level in the introductory Chap. 1, highlighting the basic principle for the
off-chip protection. In this section the off-chip protection is presented at a different
depth mainly focusing on off-chip protection methodologies with Si-based tran-
sient voltage suppressor (TVS) diodes.

Many different types of TVS are used for the off-chip/board-level ESD pro-
tection. Depending on their application active or passive devices are in use. Active
devices like TVS diodes protect an IC by shunting the ESD current after the
breakdown of a semiconductor junction. The discussed devices are able to with-
stand more than one ESD discharge and thus are able to protect the IC to several
ESD discharges throughout its life time.

This section introduces the most common off-chip ESD protection devices.
Where available the typical quasi-static or transient device characteristics are
discussed together with some application specific properties like the device
capacitance.

5.1.1 Silicon TVS Device Structure

This section presents some brief material on device-level design of transient
voltage suppressors (TVS) [111-114] with the purpose to differentiate between the
on-chip ESD device solutions and TVS devices on the conceptual level, rather than
to pursue a comprehensive TVS device design review.

Single TVS devices available on market are usually represented by either two-
pin single-direction TVS or dual-direction TVS (Table 5.1). The dual-direction
version of the device is simply obtained by combing two uni-directional diodes in
the same chip, with a common floating p-substrate and some reverse path diodes.
In multi-port TVS devices, the uni-directional devices are co-packaged (Fig. 5.1).

TVS process technology targets an extremely low cost and low mask/process
steps count. This vertical device process technology is somewhat similar to dis-
crete diode or transistor components. Typically, it uses a highly doped n- or
p-substrate that forms the corresponding cathode or anode of the uni-polar TVS
diodes. The top epi- and buried layer regions form the blocking junction with the
substrate, targeting the breakdown and clamping voltage characteristics.
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Table 5.1 Comparison of single-node TVS diodes for high speed applications from various
manufacturers

TVS model Clamping voltage Capacitance Leakage Package
@1A() to ground (pF) current (LA)

PESD5VOF1BLD 11 0.4 0.1 SOD882D

ESD7481MUTS5G 10 0.25 0.05 X3DFN2

TPD1EO5U06 10, unidirectional 0.42 0.01 2X2SON

RclampO0531T 12 0.5 0.1 SLP1006P2T

ESD101-B1-02 8 0.1 0.05 TSSLP-2-4
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The TVS device itself is either based on vertical avalanche diode architectures
with an optional depletion region for parasitic capacitance reduction using a lightly
doped thick epi-region (Fig. 5.2a, b), an SCR-type vertical device (Fig. 5.2¢c, d) or
a punch-through BJT (Fig. 5.3).

Thus, the TVS device architecture in general is incompatible with the BCD
process and cannot be integrated as a module, primarily due to a significant
increase of costs. However, TVS can be co-packaged with analog IC.

In general, the desired physical location for TVS placement is directly at the
ports, antennas or some other PCB periphery, rather than at IC pins. Use of TVS is
intended to limit electromagnetic interference induced by a system-level ESD
pulse over the entire system, not just at an IC pin. Thus, the generic functionality
here is different for the on-chip system-level solutions in highly integrated mixed-
signal IC and discrete TVS used in the system.

Often, TVS use is driven by last-minute ESD compatibility issues of the system
and is a quick “patch” fix squeezed onto the PCB. In subsequent sections it will be
shown that TVS can be also used in a more systematic way in the frame of an ESD
co-design methodology.

Overall, TVS combine a low level of integration, an extremely small footprint
and a small pin count. The high level overview of the TVS devices for different
types has been already presented in Chap. 1 from their application perspective. In
this section the focus on the TVS components is done from the co-design and
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transient characteristics perspective. The material below presents from this point
of view only Si based TVS devices.

Traditionally Si TVS for the ESD/EMI protection have been treated in the bill
of material as discrete diode components. During the last decade due to emerging
systems, Si TVS applications bridged the gap between the discrete and integrated
(IC) products. In combination with advanced packaging technologies these
semiconductor components became integrated multi-functional devices rather than
just single functional discrete components. Depending on its specification the
protection devices are either of general purpose or targeting a limited range of
applications based on their performance and form factor. There are two major
classes of protection devices: protection against ESD and EMI and clamping type
of products for the protection of data or signal lines.

The Si TVS devices include thyristor-based snapback or (sometimes called
crowbar) devices and non-snapback clamping avalanche diode based devices. If
during EOS/ESD stress the voltage across the TVS diode exceeds its breakdown
voltage, the TVS devices turn-on and provide a low impedance path for shunting
the applied ESD/EMI current. Thereby snapback TVS device provide a high
current and energy level protection against both ESD pulses and transient power
surges. The relevant protection standards include IEC61000-4, IEC61000-5 and
telecommunication standards.

The low energy TVS are primarily targeting ESD IEC61000-4-2 standards,
EMI (electromagnetic interference) and EMC (electromagnetic compatibility)
IEC61000-4-3/6/8 standards, with the typical applications like hand-held and
mobile devices, consumer electronics, computing, high speed data, and signal
lines. Both high and low energy TVS can be integrated or co-packaged with
discrete active and passive devices or ICs. Non-snapback Si TVS components are
mostly used in low voltage circuits providing lower energy level in comparison
with snapback TVS such as consumer equipment.

Si TVS diodes exist as unidirectional or bidirectional devices and in huge
varieties regarding form factors and packages. Furthermore, TVS diodes are
offered either as single devices or arrays. A unidirectional TVS diode operates as a
rectifier in the forward direction like any other avalanche diode, but can handle
much higher peak currents. In reverse it behaves like a single forward-biased
diode. An important electrical parameter of TVS diodes is their capacitance. TVS
diodes are wide devices to carry the large currents during system-level ESD stress.
The large device width increases the (junction) capacitance of the diodes. As a
result some TVS diodes can have capacitances up to 100 pF. However, TVS
diodes with capacitances below 1 fF are available for high-speed interfaces like
USB or HDMI. These TVS diodes can contain several single diodes in series,
including p-i-n diodes, to lower the overall capacitance.
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Fig. 5.4 Schematic of the two TVS diodes TVS 1 (a) and TVS 2 (b) with the parameters
(Table 5.2) and comparison of their 100 ns TLP I-V characteristics (c)

5.1.2 Silicon TVS Characteristics

The equivalent schematics of two example TVS diodes are shown in (Fig. 5.4a, b).
The corresponding 100 ns TLP I-V characteristics are presented in Fig. 5.4c. The
most important datasheet parameters are summarized in Table 5.2, including Vgp:
DC breakdown voltage (at 1 mA), Vggp: robustness during IEC61000-4-2 contact
discharge, Cyys: capacitance input to ground.

Although both TVS diodes have the same DC breakdown voltage the measured
TLP I-V characteristics are different. The triggering voltage under TLP stress is
lower for TVS 1. However, the higher on-resistance of TVS 1 causes a larger voltage
drop at higher stress level. From the measured transient characteristic for TVS
devices (Fig. 5.5) the voltage waveform across the TVS2 diodes for 4 kV HMM
stress has a higher overshoot. The overshoot during turn-on is directly related to the
turn-on speed of the TVS diode and is an important parameter for the ESD protection
design. It must be taken into account at selection of a TVS diode for the specified
design window. Depending on the design both TVS diodes can deliver some
advantages. If the higher overshoot can be tolerated by design then TVS 2 is the
preferred off chip component since it provides lower clamping voltage than TVS 1
and thus reduce the level of the secondary current at the IC pin.

5.2 System-Level ESD Design Modeling and Simulation

Circuit modeling and mixed-mode simulations are key steps of the system-IC co-
design methodology derived in the last sections of this Chapter. Respectively a
model representation of the active and passive devices in the system level ESD
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Table 5.2 Datasheet parameters of two TVS diode examples

Parameter TVS 1 TVS 2
Manufacturer On semiconductor Texas instruments
Model ESD5Z72.5T1 TPD2EUSD30A
Vb (V) 4.5 4.5
Vesp (kV) 30 8
Crvs (pF) 145 0.7
(a) (b)
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Fig. 5.5 Voltage across TVS 1 and 2 during IEC61000-4-2 stress: a first 20 ns and b full stress
duration; characterization when mounted in a test board, stress level: 4 kV

network is an important milestone for any design. Application of the simulation
tools and extraction methodologies is directly used to compose the ESD protection
off-chip component models that can be further used to support the system-level
protection design. The consistent approach covers all related aspects starting from
the equivalent circuit of the test setups, behavioral models for off-chip and on-chip
components combined with a proper net list representation of the PCB-level
network.

5.2.1 ESD Tester Model

Modeling and simulations during ESD design require an adequate representation
of realistic ESD stress pulse sources, realized in different simulation environments.
This includes the extraction of suitable models for the existing ESD testers.
Typically an ESD tester can be represented either by simulation circuits known
from previous studies or by extracting a lumped element model [115] from a real
tester.

The example HMM tester model used in this section is based on the schematic
and component values of the discharge circuit of a real industrial HMM tester
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Fig. 5.6 HMM tester model in SPICE; a simulation circuit and b comparison measured and
simulated current into short; HMM stress level: 1 kV

(Fig. 5.6a). It provides a good agreement between the simulated and the measured
current waveforms. The SPICE modeling language implementation makes this
model flexible for inclusion in different simulation environments including field
solvers and mixed-mode simulators.

This simple circuit includes the 150 pF capacitor initially pre-charged to a
stress level voltage as an initial condition for the transient simulation. The charge
redistribution in time through the L;C;CgL, network creates the double peak
waveform with the parameters that closely corresponds to the system level IEC
pulse (Fig. 5.6b).

5.2.2 Representation of ESD Devices with Behavioral
Models

The conventional MOS transistor compact models, like for example BSIM3V3,
are usually not suitable for compact ESD simulation (see Chap. 1). These models
do not include the components for the conductivity modulation conditions of high
impact ionization rate and injection. At the same time extraction of the precisely
calibrated ESD compact models [116-117] (Chap. 1) might be a too complex task
for many users’ timeframe. In addition, running simulation of complex circuits
may cause convergence issues for the snapback and high current region during
ESD stress.

An alternative and a more simplified approach described below do not require
implementation of the compact models with complex parasitic bipolar elements as
a part of the model. In spite of the impact on the accuracy of the models and
corresponding simulation results the analysis is rather adequate for the system-
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Fig. 5.7 SPICE simulation circuit for on-wafer with SCR behavioral model including the probe
parasitic inductance Lp (2 x 20 nH) and resistance Rp (2 x 0.4 Q) (a) and comparison of
measurements and simulations results for the case with parasitic circuit components included
(b) and eliminated (c) for 1 kV HMM stress

level ESD protection design. It can be directly used to study the transient inter-
action between on-chip and off-chip ESD protection networks.

Several case studies are used in this book to demonstrate this approach. In the
first example an SCR device provides the low holding voltages ~1.5-2 V due to
double injection conductivity modulation in high current ESD stress regime. The
SCR model can be also used to adequately represent the circuit latch-up or tran-
sient latch-up susceptibility. To model the SCR structure a behavioral SPICE
model of a standalone, discrete SCR in available SPICE libraries is used for
example from discrete component vendors. The advantage of these models is the
mimicking of a basic operation of the parasitic bipolar junction transistors. By
manual fitting of the behavioral model transient parameters, for example the dV/dt
ratio for the device turn-on, the SCR component representation by a model can be
done. The probe needle parasitic are important to include in the SPICE simulation
for a HMM simulation of a SCR on wafer (Fig. 5.7). These parasitic components
can be extracted using the calibration methodology for HBM on-wafer testers as
described in Chap. 2.

As a result of such approach the comparison of the simulated and measured
voltage waveforms for the cases with and without on-wafer parasitic components
demonstrate the effect (Fig. 5.7b, c¢). In this example the SCR was implemented by
modifying the SPICE model of a discrete thyristor broadly available in the cor-
responding design kits for these components.
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A relatively good agreement between measurements and simulations (Fig. 5.7)
provides a confidence that a similar approach can be applied for the off-chip SCR-
based TVS components. The observed faster rise time and slightly higher voltage
overshoot in the simulated voltage waveform in Fig. 5.7c can be attributed to
bandwidth limitations of the voltage probe used in the measurements.

If a more accurate analysis is required, another practical alternative to the
behavioral model fitting method is the use of TCAD device finite-element models
introduced into the mixed-mode simulation (Sect. 1.5). The limitation of this
approach is related to the challenge to accommodate large circuits and the possible
impact on convergence of the simulation.

The next case study is brought below to demonstrate that the ESD behavioral
models are not only required to represent the primary ESD protection on-chip or
off-chip components. For example the simulation of the a grounded-gate snapback
NMOS (SNMOS) becomes important when the operation of internal circuit pro-
tected by the clamps based on these devices needs to be taken into account as a
part of IC-component co-design for system level specifications. The SNMOS ESD
devices are often used for an open drain output in small current drivers with added
self-protection capability. Thus during a system level ESD event, applied to the
pin with the SNMOS, the simulation of the current sharing scenario between the
on-chip and off-chip protection becomes important. A precise calibrated SNMOS
compact model was reviewed in Sect. 1.4. As an alternative within the scope of
this section SNMOS can be represented by a more simplified behavioral model.
This model includes an ideal reverse breakdown voltage diode and serial resistance
to match the on-state resistance of the SNMOS with the experimental data. This
represents the device holding voltage characteristics.

In spite of such significant simplification the approach provides a sufficient
accuracy in case of dV/dt triggered NMOS devices with strong gate coupling that
is typical for small current drivers. This represents the worst case scenario at least.
The experimental TLP I-V characteristic of the SNMOS is adequately mimicked
by the simplified behavioral model. The device shows no snapback due to strong
dV/dt effect, while the holding voltage ~6 V can be modeled simultaneously with
the breakdown voltage under the added series resistance ~ 0.8 Q. The approach
further provides an acceptable matching between the circuit simulation and the
measurements obtained with HMM testing (see Fig. 5.8).

5.2.3 TVS Diode Models

As key components in system-level ESD protection design, the TVS diodes are
usually represented by either uni- or bi-directional devices. Both single and multi-
port compatible arrays components are offered by multiple vendors. Depending on
the internal device type the TVS can be represented in a circuit simulation both by
a rather simple or a more complex model.
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Fig. 5.8 TLP I-V characteristics of the snapback NMOS clamp with high dV/dt effect (a) and
comparison of the experimental voltage waveform and circuit simulation results with the
behavioral model (b) for 1 kV HMM stress

In the majority of cases the internal TVS device structure in the clamping
voltage mode can be represented by the avalanche diode in reverse-biased
breakdown mode or by a device supporting a conductivity modulation regime in
snapback mode. In both cases the extraction of the model parameters for the high-
current region is based on the results from TLP testing. The TLP characteristics are
informative both for forward and reverse current modes.

In case of uni-directional TVS components with an internal avalanche diode
structure the conventional diode compact model can be used to represent both the
ideal diode in forward bias and avalanche breakdown mode with added serial
resistance to match TVS on-state characteristics. The approach is mainly adequate
if the diode I-V characteristic in breakdown conditions is linear in the high current
region which is typical for most of the Si TVS diodes. From TLP measurements
the triggering or breakdown voltage and the on-resistance are extracted to be
introduced into the SPICE circuit. In [118] several diode strings were used to
model the breakdown voltage.

The bi-directional TVS diodes often simply combine two back-to back diodes
similar to the ESD clamps explained in Chap. 3. In each stress polarity one of the
TVS components provides the breakdown current path, while the other TVS diode
conducts the current in forward-biased mode. The fast rise time of the system-level
ESD stress current may cause a forward-recovery effect. It results in a formation of
a significant overshoot during turn-on [119]. The forward recovery effect needs to
be considered in bi-directional TVS diode models [120]. According to [113] TVS
diodes can show a significant forward recovery during turn-on.

The overshoot for unidirectional TVS devices can be represented by matching a
series inductance to measurement data. Figure 5.9 shows the simulated and
measured voltage across a uni-directional TVS diode. A good agreement between
the measured and the simulated results is obtained.
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5.2.4 Modeling of Board-Level Passive Components

The circuit models for passive devices include the equivalent circuit for the par-
asitic components. For example a capacitor model (Fig. 5.10a) includes the series
connection of the capacitor with a parasitic inductance and a parasitic resistance.
While the resistance is usually relatively small, the inductive component may
reach 1-3 nH for surface mount devices and more than 10 nH for axial-leaded
components. The presence of inductive components creates the conditions for a
significant voltage drop when a high ESD current is conducted by the capacitor.
An example of the equivalent circuit for a ferrite bead (Fig. 5.10b) includes the
parallel connection of the inductor with the parasitic resistor and capacitor as well
as additional serious resistor circuit component.

The extraction of the parasitic capacitor circuit components can be assisted with
the step response of the component. Alternatively a discrete capacitor can be
analyzed using HMM current and voltage waveforms if the stress is directly
applied to the component. The calibration methodology similar to HBM on-wafer
setups (Chap. 2) can be applied to obtain the data for extracting the parasitic
inductance and resistance of the capacitor for example by fitting the equivalent
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Fig. 5.11 Measured voltage waveform (raw data), captured from of a 10 nF SMD capacitor and
the test fixture at HMM stress level 1 kV (a) and the block diagram for the measurement setup
used for extraction of the parasitic elements of the off-chip capacitors with the parasitic
inductance L7y and parasitic resistance Ry of test fixture, parasitic inductance L¢ and resistance
Rc of capacitor itself (b)

circuit. An example of the voltage waveforms captured for a discrete 10 nF SMD
1206 capacitor 1 kV HMM pulse is presented (Fig. 5.11a).

The obtained high peak voltage on the measured voltage waveform includes an
additional voltage drop on the required test fixture (Fig. 5.11b). Therefore the
extraction of the capacitor parasitic needs to be done in two steps. First the par-
asitic of the test fixture is extracted by applying HMM stress to a short circuit.
Then the calibration methodology similar to HBM tester (Chap. 2) is applied to
obtain the parasitic of the test fixture. The HMM data capturing is repeated with
the capacitor connected to the test fixture. The parasitic of capacitor and test
fixtures are de-embedded. In a third step the parasitic components of the test
fixture need to be subtracted to obtain the accurate capacitor circuit components.

Although the extracted equivalent circuit components may look negligibly
small, their impact at higher system-level ESD stress level is significant. For
example there can be 30 % more voltage overshoot during system-level ESD
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stress when two capacitors in the same package type are compared (Fig. 5.12). The
higher voltage rated capacitor has a larger parasitic inductance which results in a
10 V larger voltage peak during ESD stress. This is significant when performing
accurate system-level ESD simulations and when designing an off-chip protection
network.

5.2.5 Mixed-Mode Simulation

The mixed-mode simulation approach (Sect. 1.5) is an equally useful and powerful
tool for the system level design. The degree of freedom to include the represen-
tation of the active on-chip and off-chip active and ESD devices by the Finite
Element (FEM) models tremendously improves the accuracy of the simulation and
removes many limitations imposed by the simplified behavioral, even of accurate
compact models.

In case of IC with system level protection requirements, co-designing with the
mixed-mode simulations combine the same advantages of traditional circuit simu-
lations with the accuracy of semiconductor transport equations solution in the FEM-
based device simulations. Since the semiconductor carrier transport equations are
solved together with the circuit equations, complex device-circuit interactions of
ESD designs can be studied. The use of FEM device models is similar to the on-chip
design and in this case the need for compact models for the off-chip active com-
ponents can be eliminated too. The extension of the simulation combines the on-chip
device models with off-chip/PCB-level devices and parasitic.

An example of the mixed-mode HMM circuit simulation with an on-wafer
nL.DMOS-SCR includes the HMM tester model with lumped-elements, the
nLDMOS-SCR FEM device based on the original process information and the
parasitic components of the on-wafer setup (Fig. 5.13a). Figure 5.13b compares
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the obtained voltage waveform with measurement data. The HMM voltage
waveform measured with a Kelvin setup is found in a good agreement with
the simulation in the time domain for both the turn-on and the on-state of the
nLDMOS-SCR (Fig. 5.13b).

5.3 Datasheet-Based System Level ESD Design

The datasheet based design is mainly brought in this section for comparison. The
remaining part of this chapter introduces the IC-system co-design methodology for
which the material of this book was originally composed for. Overall, the datasheet
based design methodology represents the most straightforward and intuitive way to
develop systems without any extra steps.

Typically, in the datasheet based approach the appropriate voltage and signal
tolerance TVS are simply placed at all the ports of a system. In the example of the
mobile phone (Fig. 5.14) the TVS protects not only all user data interface ports,
antennas and charging circuits but even the display and the speaker. Some TVS
components are also used for the internal protection.

The protection with TVS includes the implementation of a robust mechanical
path with connector shielding and strong PCB traces to the ground, a main high
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Fig. 5.14 Example of the TVS application for a mobile phone system
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current electrical path for the TVS and a consideration of the current path through
the IC pin of the on-chip ESD protection structure (Fig. 5.15).

The design of a system with ICs that include system level ESD protection at the
interface pins as a primary ESD protection stage is not simple. It requires a special
effort taking into account the transient voltage drop at the system interconnects.
For example, in case of an IC pin not immediately interfacing with the port but
placed inside the system, the inductive transient voltage drop causes a significant
elevation of the port voltage that can be undesirably coupled to other system
components and can result to unexpected effects (Fig. 5.16).

The design information for discrete TVS, IC and passive components is
extracted from corresponding datasheets published by the vendors. Thus the
approach is mostly based on previous system designer experience and does not
represent a co-design methodology fulfilled with the meaning explained in the
following sections. In particular the IC protection design may be neither
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Fig. 5.16 Example of inductive interconnect loading for high-speed signal USB with TVS
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application specific nor adapted and optimized in the system development design
flow. Thus this approach is mainly based on the composition of the off-chip ESD
protection to ensure appropriate stress limitations at the IC pins and in an appli-
cation board itself.

Respectively, within the datasheet-based system design the protection compo-
nents are selected based on the specification of the IC pins—maximum operating
voltage, absolute maximum ratings, noise and signal integrity related parameters.
Those parameters are for example in case of IC components, the capacitive load
which a data line or antenna port can tolerate. Unfortunately these IC parameters
are often specified in the datasheets representing only the functional operating
range time domain, rather than the ESD transient characteristics in the corre-
sponding time domain.

IC datasheets usually provide only the passing level during component-level
ESD qualification with the stress models HBM, MM and optional CDM.

Similarly the typical parameters of system-level ESD protection TVS devices
may be specified without presentation of the real clamping voltage waveform or
for the microsecond time domain of the surge pulse, rather than a system level
ESD pulse waveform. Thus the datasheet information might be misleading to
derive the transient triggering characteristics during ESD stress, the clamping
voltage at a given ESD transient current, the linearity of the on-resistance, and the
parasitic capacitance. The datasheet information for the passing level of the
standalone component itself must not be used as the only factor in the design
decision making process, as it was shown in the first section of this chapter.
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The datasheet system ESD design flow can be illustrated by the block-diagram
in Fig. 5.17. After the datasheet research simplistic semi-empirical device models
are created using the extracted datasheet parameters and then further used for
circuit simulation analysis. In this workflow the on-chip ESD protection of the IC
is replaced by a corresponding simplified equivalent ESD clamp characteristics
similar to the combination of the diode and resistor, described above. This is done
to represent on the behavioral level the contribution of the IC ESD protection
network to the ESD current path [113, 118].

The main purpose of the simulation analysis is to compare the calculated
residual current at the IC pins with the pin ESD passing level in the IC datasheet.
For physical verification of the ESD robustness the system is tested using the
corresponding qualification standards, for example IEC61000-4-2. Typically, if the
specified passing level is not achieved, more off-chip ESD protection components
are used to “patch” the design.

The datasheet-based design methodology has a number of disadvantages.
Typically IC suppliers only specify the minimum required passing level like the
commonly used 1-2 kV HBM stress in their datasheets. The absolute failure level
of the IC pins is not provided and therefore the minimum passing level must be
assumed as the worst case scenario. Moreover for the component passing level
standards the test is accomplished in the power-off conditions for different pin
combinations based on for example the JEDEC specifications. In general, these
conditions are not similar to the system level stress, when power on-conditions for
different pins may not only bring an alternative current path, but also disable RC-
triggered active clamp ESD protection solutions.

A confident system level design requires a very conservative approach if an IC
is only treated as a “black box” with attached datasheet parameters and an
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unknown type of on-chip ESD protection network. Using only the datasheet
information easily leads to over-design and hence can compromise the figures of
merit of the system’s performance. To enable a more advanced approach the
following section introduces a major improvement of the conventional system-
level protection design. The co-design approach matches the on-chip and off-chip
ESD protection design to obtain an efficient and reliable overall ESD protection
solution.

5.4 IC-System ESD Co-design Concept

The IC-System co-design concept is a logical outcome from the understanding of
the system ESD protection network as at least two stage circuit with the primary
current path provided by an off-chip TVS and the secondary current path provided
by the on-chip ESD clamps. The capability of an IC pin to safely conduct a
fraction of system ESD current is an advantage when certain IC pins are required
by specification to withstand a certain passing level of the system level pulse
verified in the laboratory environment. It is also quite straight forward that a more
optimal system design can be achieved if the system design is done by simulation
with precise electrical ESD characteristics of the off-chip and on-chip protection
components.

The major differentiation for the IC-System co-design concept from the data-
sheet based design (even with IC that includes system level specified pins) is based
on the inclusion of the analysis of precise models and characteristics of the off-chip
and the on-chip ESD protection structures. This approach can be illustrated by an
example of a high-frequency amplifier with an off-chip protection network made
of TVS and decoupling capacitors. The circuit includes the matching inductor
Lgsp to maintain the application bandwidth of the circuit connected to the RF input
port (Fig. 5.18). The amplifier power supply is set by the voltages V¢ and Vig
with corresponding decoupling capacitors Cycc and Cygp for power supply
decoupling. The on-chip input ESD protection is realized using the rail based
network with ESD diodes Dgsp and power clamp PC.

When ESD stress pulse is applied at the RF input port of the application board
the main discharge current path is provided by the off-chip protection TVS
components used before the input capacitor. In this case only a small residual
current is expected to be conducted by the on-chip protection diode and power
clamp network.

This example will be further used to illustrate two co-design methodologies:
System-Efficient ESD Design (SEED [114]) that mainly relies on the additional
TLP data as a co-design methodology input and an improved SEED that in
addition incorporates a HMM data analysis in the co-design workflow.



266 5 IC and System ESD Co-design

VCC °——_|
I Ccvcce

DESD

ouT
IN ZF
LESD
DESD VEE

Z|§__ZlS on-chip (amplifier)

Il
CVEEI

Application board

Fig. 5.18 Example of the IC-system ESD co-design

5.4.1 The Co-design Methodology with TLP Data

With the release of the White Paper 3, parts I and II [114, 121] by the Industry
Council on ESD target levels a principle co-design methodology has been intro-
duced. It is called System-Efficient ESD Design (SEED). The concept was pro-
posed to be applied for the design of off-chip ESD protection solutions meeting the
standard system-level ESD specifications.

The SEED methodology is based on TLP characterization and allows bridging
the existing gap between system and IC ESD protection design. The quasi-static TLP
I-V characteristics are collected both for IC and for off-chip active and passive
components to provide more adequate initial information for the system-level ESD
design building blocks. The optional vfTLP testing analysis can be incorporated as a
part of the methodology for example in case of sensitive inputs with thin gate oxides
or the need to take into account the reliability to fast transient pulses. In [122] the
CDM peak current was used as a measure of the USB transceiver input robustness to
account for the physical effects produced by the first HMM peak. However, this
strategy relies on a not adequate physical basis due to a generally different CDM
current path and location. From this perspective a correlation between the two pin
HMM and TLP/vfTLP stresses is expected to be more appropriate.

Once the TLP characteristics of the system level network building blocks are
collected, the extracted parameters from the pulsed I-V characteristics can be used
to compose simple models. These models include the more realistic pulsed I-V
characteristics and therefore are expected to provide a more optimal outcome for
the design as accomplished by the similar steps as the datasheet based design. The
overall design flow steps include now TLP characterization of the system network
components, model fitting, transient simulations to study different design param-
eter variations, application board design and final verification (Fig. 5.19a). The
obtained TLP I-V characteristics for the on- and off- chip components are
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Fig. 5.19 Illustration to SEED design flow (a) with TLP I-V characteristics of on-chip protection
(IC) and off-chip TVS (b) and final TLP I-V of the protected design measured into system input (c)

compared to identify the design window (Fig. 5.19b). The final design of for
example a target protection level of 8 kV IEC61000-4-2 is preliminary validated
by the TLP measurement for the corresponding 30 ns current level of ~16 A.

If necessary, in a more advanced way the TLP I-V characteristics are used to
extract model parameters to be used in ESD transient simulations for comparative
analysis of the system design options and optimization with the additional off-chip
components. The off-chip components that can be added to the circuit (Fig. 5.18)
can include isolation resistors [124], passive components like ferrite beads [113,
123] and common mode filter [122], as well as alternative or additional TVS
components. By collecting TLP data, the target current and voltage at the IC pin
for the safe level becomes precisely known in the ESD pulse domain. Thus, a
higher level of confidence for the design can be expected. A preliminary verifi-
cation of the design can be done by measuring the TLP I-V characteristics of the
accomplished design (Fig. 5.19¢).
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In the example, the protection target is expected to conduct safely the current
after 30 ns during an ESD stress of 8 kV IEC61000-4-2. For thermal failures, this
current can be approximated to be equivalent to a 100 ns TLP current of 16 A. Due
to the different pulse waveforms, this approximation will always result in a higher
failure level in comparison with IEC61000-4-2 stress.

In spite of all attractiveness and simplicity, the co-design flow based on TLP data
has its drawbacks. Since TLP essentially provides only a quasi-static characteristic
in the 100 ns time domain, the important information of a voltage overshoot is
missing. Because of the fast rising transient system level stress current, this part of
the ESD stress cannot be neglected. For example in [122] the TLP-based method-
ology predicted for an USB2 protection solution design a protection level of
~10 kV IEC, while the demonstrated experimental robustness stress is about
14.5 kV. The large difference between simulations and measurements was attributed
to the missing or less accurate models of some of the board parasitic.

Thus, in spite of the progress in comparison with the datasheet-based design the
co-design IC-system methodology can be further improved by taking into account
the transient characteristics over the entire ESD pulse time domain. The case study
of the next section will demonstrate that the TLP I-V characterization alone is
incomplete to be used as input for the co-design approach. The transient infor-
mation needs to be added to take into account possible transient interaction
between the ESD protection on IC-level and the ESD protection on board-level.
The resolution of the problem is provided by the incorporation of a HMM mea-
surements step into the co-design flow.

5.4.2 IC-System Co-design with Additional HMM Testing

The TLP-based design level of confidence can be re-enforced with HMM char-
acterization to enable a more accurate circuit simulation step in the co-design flow.
A case study for the system-level ESD protection of a high-voltage tolerant IC pin
combines the internal circuit implemented in the LV CMOS process as a part of
System-on-Chip (SoC) solution. Typical examples include line drivers, USB
interfaces, and display drivers. The HV tolerant IC pins are expected to operate at
higher supply voltages than the LV technology used in the IC product fabrication.

In this case the conventional ESD protection solutions based on the standard
process with the low voltage gate oxide device must be replaced with junction-
based free devices. The presented example includes a test board with board-level
components and an on-chip protection HV tolerant device (Fig. 5.20). The indi-
cated variables on the circuit diagram include the system-level ESD current Iy,
the residual current into the on-chip protection device Iy and the voltage across
the on-chip protection device Vpyr with the insert of the test board view for the
connection of the off-chip components to the used on-wafer setup. The example is
focused on the interaction between on-chip and off-chip devices using a mea-
surement and simulation based analysis.
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Fig. 5.20 Schematic of setup
for system-level ESD
experiments with off-chip
components

/
,+* testboard on wafer

The HV-tolerant SCR ESD protection device is implemented in a 130 nm
CMOS process technology with standard CMOS devices in the PDK tolerant to 1.2
and 3.3 V. The junction-based SCR has a rather high triggering voltage of
~15.5 V. Due to absence of a thin gate oxide it can tolerate the high voltage
without any impact on the long term reliability parameters. The SCR device is
measured standalone on-wafer. The probe needles and probe holder parasitic
extraction methodology (Chap. 2) is included in the analysis to determine their
influence in the setup during ESD stress.

A dedicated double layer test board (Fig. 5.20) connecting the off-chip com-
ponents to the DUT has been manufactured using FR4 as board material. The top
layer contains the PCB traces and the footprints for off-chip components. The
bottom layer represents the ground plane and is connected with plated via to the
top layer. To emulate a typical application board, the board traces are not designed
with specific impedances defined by their width. The board with the off-chip
protection devices is connected via SMA connectors to the probe needle holder
and probe needles to make the electrical connection to the DUT.

The TLP and vfTLP tester HANWA T-5000 are used as stress sources for the
extraction of the I-V curves. The system-level ESD stress source is a HMM tester
HANWA HED-W5000 M. Next to the current probes, a high impedance passive
voltage probe is connected to the SCR in a KELVIN configuration to capture the
transient behavior of the SCR during different stress conditions and with different
off-chip configurations.

The TLP I-V characteristics of the on-chip and off-chip ESD protection devices
were compared to select a suitable off-chip protection (Fig. 5.21) for the protection
device in the 5 V tolerant application. The selected TVS diode had turn-on at
~6.2 V under the junction capacitance ~80 pF and the HMM/IEC61000-4-2
robustness ~30 kV.

The triggering voltage of the TVS Vy; is ~6.2 V which is much lower than the
SCR triggering voltage Vy; ~ 15.5 V. Namely the TVS is expected to provide the
primary current path to dissipate the system-level ESD stress up to a current level
of ~5.4 A until the triggering of the SCR. At a higher current level, the SCR is
expected to trigger into snapback mode thereby taking over the ESD current path
from the TVS diode. In the beginning of the snapback regime the current through
the SCR quickly exceeds the device high current capability (Fig. 5.21). Therefore
this scenario inevitably results in the thermo-electrical burnout of the SCR.


http://dx.doi.org/10.1007/978-3-319-03221-4_2
http://dx.doi.org/10.1007/978-3-319-03221-4_2
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However, the HMM measurements of the circuit for the SCR device in parallel
with the TVS diode demonstrate a different result. The SCR turn-on is observed at
arather low stress level below the estimated current of ~5.4 A. The measurements
of the transient HMM current after 30 ns point out that the main current path is
provided by the SCR rather than the TVS (Fig. 5.22).

Such triggering of the SCR at low HMM stress level cannot be explained based
only on the measured TLP I-V characteristics. Transient characteristics of the TVS
diode related to the turn-on speed and voltage overshoot formation become critical
too. In part this can be resolved by the vfTLP data acquisition for the standalone
TVS components. The 2 ns vfTLP I-V characteristics were measured with 200 ps
rise time and extracted in two different averaging windows for the current and
voltage readings.
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Fig. 5.23 Experimental 2 ns/200 ps transient voltage and current a VfTLP I-V characteristics
b for standalone TVS diode extracted for two averaging windows I: 0.3-0.6 ns and II: 1.7-1.9 ns

The first averaging window (I) is defined at the beginning of the vfTLP pulse,
while the second (II) is capturing only the end of the vfTLP pulse with more
settled transient voltage and current into a quasi-static regime (Fig. 5.23a). The
corresponding vfTLP I-V characteristics demonstrate the essence of the physical
effect related to the TVS turn-on speed. The I-V plot for the window (I) demon-
strates a rather low current that the TVS conducts at the beginning of the pulse.
This supports only ~1.6 A at the triggering voltage level Vy; of the SCR
(Fig. 5.23b). This low current is in a good agreement with the measured HMM
peak current of ~1.65 A when the SCR triggers. Apparently, including these
transient data into the TLP-based co-design approach covers an important effect of
the interaction between the on-chip and ESD off-chip protection device.

The turn-on of the SCR at low stress level directly impacts the ESD robustness
of this system test case with a parallel TVS component. Overall, the expected
failure level from the purely TLP-based design would be ~2.9 kV. There is a
factor of 1.15 between the TLP failure current and the 30 ns current at HMM
failure level [125]. However the real failure level with added TVS diode is only
2.1 kV. Most of the second pulse current goes through the SCR and only a small
fraction is conducted by the TVS. At the HMM stress level ~2.1 kV, the residual
current through the SCR causes irreversible breakdown (Fig. 5.24).

Similar to the triggering of the SCR at low stress level, the sharing of the 2nd
pulse current at higher stress level between SCR and TVS diode cannot be
explained only with TLP I-V curve data. Transient simulations are required to gain
the understanding of these results.

To study the transient behavior of on-chip and off-chip protection devices the
circuit simulation with HMM tester were set according to Sect. 5.2.1. The TVS
component was represented by a standard SPICE model matched to the datasheet
and TLP characteristics. To approximate and model the overshoot of the TVS
diode an inductance is added in series and its value matched to measurement data
obtained from the standalone TVS diode mounted in the test board.
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The SCR model was extracted by modifying a SPICE model of a commercial
discrete SCR component. This behavioral model captures the triggering, the on-
state resistance and the holding current. It provides an adequate approximation of
the real device behavior in the transient ESD pulse domain. The comparison of the
simulated and measured voltage across the standalone SCR includes the parasitic
of the probe needle and holder. A good agreement for the voltage after snapback
was verified (Fig. 5.25), while the difference in the overshoot amplitude was
attributed to bandwidth limitations of the passive voltage probe used for the
measurement.

To verify the accuracy of the simulation setup, first the SCR triggering has been
simulated with the TVS diode in parallel. A good agreement between the simu-
lation and measurement results has been found for the current through the SCR at
two different stress level (Fig. 5.26a and b).

For the transient analysis the voltage and current waveform characteristics have
been extracted in different circuit locations for different pre-charge levels.
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Fig. 5.26 Measured and simulated current through SCR with TVS in parallel test case for the
HMM stress level 0.5 (a) and 1.5 kV (b)

(@) (b)

— 30 7 . = SR—
r ——SCR g ——SCR ]
k 2SR —TVS J
15 1 - & ]
i E E
| =207 P
= 1 I ]
gop 1 Bl E
= [ = i o
= F Vi, TVS s H E
{7~ 10 £ ]
5 {1 B v_ Tvs]
:: | | VA { I3 - 7225 iaiuie Yttt 3
Hom—— e - | | LA E
o[ e . — Y ] 1 e 3
il PPN BRI IR R (]4'(.’771.%.—7--‘.“'!-—.-—\.---1’."

1] 50 100 150 200 0 50 100 150 200

Time [ns] Time [ns]

Fig. 5.27 Simulated voltages across TVS diode and SCR for 0.5 (a) and 1.5 kV (b) HMM stress
level

The voltage across the TVS and the SCR for two pre-charge levels demonstrate
that the TVS turns-off at low stress level (Fig. 5.27a). The low holding voltage of
the SCR, in spite of additional voltage drop across the probe holder and needles, is
insufficient to keep the TVS in on-state. At higher stress level the TVS remains in
the on-state during the entire duration of the second current peak of HMM pulse
(Fig. 5.27b).

The scenario of the current redistribution between the SCR and TVS during
HMM stress in the test case is directly influencing the end result. At low HMM
stress level the current through TVS diode and the SCR test case components is
observed only during the first HMM pulse current peak (Fig. 5.28a), while the
current path for second current peak of the HMM pulse is fully provided by the
SCR circuit component. For the higher HMM pulse amplitude, the TVS contrib-
utes to the current path during the second HMM pulse peak (Fig 5.28b).

A simple fix of the circuit can be achieved by an additional resistor which limits
the residual current through the SCR to a safe value. The methodology [124] to
calculate the required resistance value for the peak current of 8 kV HMM can be
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used assuming the safe current level for SCR around 1 A. The estimated resistor of
~17.3 Q is sufficient to fix the HMM stress compatibility of the test case for a
protection level of ~8 kV. With the added isolation resistor the residual current
through the SCR stays at a safe level (Fig. 5.29).

The detailed analysis of the TVS-SCR case study reproduced in this section
clearly demonstrates that the TLP-based (and SEED) IC-system co-methodologies
are limited in their present form. Taking into account transient information is
required in addition to the quasi-static TLP I-V data acquisition and the corre-
sponding co-design steps. This ensures a protection design which takes into
account the transient interaction of the on-chip and the off-chip ESD protection
devices related to these devices turn-on speed and the non-linearity of their
characteristics. Depending on the applied HMM stress, the off-chip dedicated
protection current path through the TVS off-chip components can be taken over by
the low-holding voltage snapback ESD operation of the on-chip ESD protection
devices or even by the transient latch-up susceptible parts of the circuit. Thus a
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Fig. 5.30 Design flow for system-aware ESD co-design using on-wafer measurements and
transient simulations

more detailed transient analysis that includes HMM pulse measurements and/or
simulations is an essential step of the IC-system co-design.

5.4.3 Co-design Flow with TLP and HMM Testing

Combing the basic understanding demonstrated in the above section’s example a
more advanced co-design IC-system flow is suggested. In general it includes the
TLP and HMM characterization steps according to Sect. 5.4.1, on-wafer mea-
surements and transient simulations done in order to account for the transient
behavior of both off-chip components and off-chip ESD protection devices and
internal circuits (Fig. 5.30). At first, the quasi-static and transient device param-
eters of the off-chip and the on-chip protection devices are captured with HMM
testing, TLP, and optional vfTLP testing. The HMM failure level is captured to
obtain the robustness of the on-chip ESD protection to system-level ESD stress for
later verification of the designed ESD protection solution.

The obtained device information is used to extract the parameters for suitable
device models used for further transient simulations. With these added behavioral
or compact models for the application board and IC components the transient
interaction of the off-chip and on-chip protection devices is further analyzed in a
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“closest to reality” environment. The protection solution is designed and verified
by comparing the simulated current through the on-chip ESD protection device in
the entire ESD pulse time domain with the measured failure current levels
recorded during initial standalone HMM testing. The TLP characteristics are used
to extract the quasi-static maximum voltage and current included in the design
flow, while HMM is used to extract transient information combined with the pass-
fail verification of the protection solutions. This co-design methodology is
expected to improve the overall design and to eliminate an unexpected transient
device behavior during the early phase of system development.

5.5 System-Aware On-Chip ESD Protection Design

The purpose of this section is to outline major principles for the component-level
ESD protection design of the IC pins that are directly connected to the system
ports. The major differentiation to the on-chip system level devices in Chap. 3 is
that in this section the on-chip design protects only for a fraction of the total
system level ESD discharge current. This principle outline is accomplished
through a set of case studies to derive each particular aspect of the system-aware
on chip ESD protection design as a result of on-chip and off-chip components
interaction.

5.5.1 Experimental Setup for the Case Study

In the case study the devices under test (DUT) were measured on-wafer with a
corresponding extraction of the probe and holder needles equivalent circuit
parameters. The parasitic inductances and resistances are extracted from HMM
measurements on a short load connected to the on-wafer setup as a DUT. The
algorithms described in Chap. 2 are applied for the de-embedding.

TLP and vfTLP I-V characteristics were obtained with the TLP tester HANWA
T-5000. The on-wafer tester HANWA HED-W5000 M was used for HBM and
HMM pulse generation based on discharge circuit similar to ESD guns with the
stress waveforms in compliance to the IEC6100-4-2 system-level ESD standard
[126]. A high impedance passive voltage probe was connected directly to the DUT
in a Kelvin setup to capture the transient voltage waveforms (Fig. 5.31).

The measurement setup and the presented design methodologies (Sect. 5.4) are
used to study two typical component-level ESD protection scenarios: analog cir-
cuits and protection of IC manufactured in advanced CMOS technologies with
additional system-level ESD protection components.


http://dx.doi.org/10.1007/978-3-319-03221-4_3
http://dx.doi.org/10.1007/978-3-319-03221-4_3
http://dx.doi.org/10.1007/978-3-319-03221-4_2
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Fig. 5.31 Diagram for the measurement setup with test board and DUT on wafer with indicated
the system-level ESD stress current Iy, the current through DUT Ip7 and the voltage across
DUT Vpyur

Table 5.3 ESD test results for the three ESD clamps for HMM and 100 ns TLP stresses
Device type HMM (kV) TLP (A) V1 (V) Vu (V) Ron(Q) I (A)

Clamp 1 SNMOS 1.5 2.7 6.6 6.25 1.3 2.7
Clamp 2 LVTSCR 1.7 2.7 5.7 1.6 2.2 2.7
Clamp 3 nLDMOS-SCR 1.8 2.8 15.9 1.5 0.5 2.8
TVS 5.5 0.9 >10

5.5.2 Selection of ESD Clamps for External IC Pins

Assuming some degree of freedom to select the on-chip ESD protection solution,
different clamp types can be used at the IC design stage. While different ESD on-
chip solutions may provide similar passing level for component level ESD tests
and, perhaps, even have a similar footprint, their operation for the system level
pulse waveforms in the two state network circuit can be different. Thus, some on-
chip ESD clamps can be more preferable for the co-design than the others. To
demonstrate this, three typical ESD clamps were compared to identify the best
protection option from the perspective of the advantages for the system design
using experimental and simulation results.

These three representative ESD clamps for the IC protection pin protection
include the SNMOS (Clamp 1), a LVTSCR (Clamp 2) and an nLDMOS-SCR
(Clamp 3). All three device options have satisfied the requirements for the com-
ponent-level ESD robustness in a 90 nm CMOS technology. The major figures of
merit for the ESD operation were extracted from TLP I-V characteristics and
compared with the TVS off-chip component (Table 5.3). The TVS diode has a DC
breakdown voltage of ~5 V, a junction capacitance of 105 pF and an IEC61000-
4-2 protection capability up to 30 kV. The quasi-static device parameters extracted
from the TLP characteristics (Table 5.3) demonstrate that both Clamp 2 and 3
work in snapback operation, while the on-state resistance of Clamp 2 is the highest
of the four devices. It exceeds ~ 2 times the corresponding TVS parameter. Clamp
3 has two times less on-state resistance in comparison with the TVS component.
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The TLP data summary were complemented with transient HMM test results
for each clamp in parallel with the TVS. The comparison demonstrates that the
HMM current through each ESD clamp is substantially different when the TVS is
placed in parallel (Fig. 5.32). For example Clamp 3 turns on only at a stress level
above 1 kV HMM due to its higher triggering voltage V7. Clamp 1 and 2 are
engaged practically at any stress level since they have the triggering voltages only
slightly above the TVS breakdown and the clamping voltage according to
Table 5.3 results. At the same time due to lower on state resistance, Clamp 3
conducts a higher current and fails already at 5.5 kV HMM pulse. In contrast the
HMM stress level above 8 kV can be withstand by the TVS-clamp test cases when
either Clamp 1 or Clamp 2 is used. Thus, in spite of the original impression that
Clamp 3 is the more suitable on-chip component at least in comparison with the
SNMOS clamp, the experiment results are actually opposite.

This difference becomes even more apparent in the HMM pulse waveform
comparison at the same stress level. A higher current through the on-chip Clamp 3
is observed (Fig. 5.33). After 50 ns from the beginning of the pulse the entire
HMM pulse current is conducted only by Clamp 3 rather than the TVS component.
Since Clamp 3 is not designed to withstand the primary system level discharge—
the test case Clamp+TVS fails.

If the voltage waveforms are added to the analysis it becomes apparent that
Clamp 3 triggers into snapback mode and the clamping voltage falls below the
TVS clamping voltage (Fig. 5.34) thus taking over the ESD current. The formed
domino-effect is initiated only after the Clamp 3 turn-on voltage is achieved.
Therefore at lower HMM pulse level—no Clamp-TVS interaction is visible.

The equivalent circuit schematic for the Clamp-TVS test case for the HMM
stress operation with components in on-state is shown in (Fig. 5.35). The elevated
transient voltage across the TVS above the breakdown voltage is due to the
inductive parasitic of the test board and test setup (Eq. 5.1).
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Based on a simple analysis of this circuit the reverse breakdown voltage Vgprys
of the TVS is lower than:

dl am,
VBDTVS <Lsetup % + Iclamp (Rsemp + RON,Clamp) + Vhold,Clampa (5 1)

d
where 1.4, the current through the ESD clamp, L., the parasitic inductance of
the probe needle holder and probe needle, Ry, the parasitic resistance of the
probe needles, Roy,ciumpy the on-resistance of the ESD clamp and V.14 ciamy the
on-state (holding) voltage of the ESD clamp.

The HMM current (Fig. 5.34) increases a second time after ~ 10 ns thereby
causing a voltage drop across the parasitic inductance. For the time range from 20
to 35 ns and the used wafer prober, an additional impedance of 2.7 Q is formed in
series to the on-wafer ESD clamp.

The higher clamping voltage of Clamp 1 and the parasitic voltage drop of the
on-wafer setup keep the TVS in on-state during the entire HMM stress duration at
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Fig. 5.35 Circuit diagram for TVS-Clamp test case with indicated inductance probe needle
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all stress levels. Consequently the TVS shunts more current. In case of Clamp 2 the
holding voltage is low too. However the relatively high on-state resistance causes a
sufficient voltage drop to maintain TVS on-state conditions. Clamp 2 conducts the
lower transient current.

Thus based on the on-wafer measurement, Clamp 1 and 2 are the most desirable
ESD clamp options for the on-chip protection of an IC pin, while Clamp 3 with a
low holding voltage and its low on-state resistance fails to provide the appropriate
level of robustness of test case TVS-Clamp.

To estimate the individual clamp contribution behavior in an IC package which
is mounted in an application board, the simulation analysis was further conducted.
The known parasitic of the measurements setup and the modeling approach
described in Sect. 5.2 were included the in circuit simulation analysis. The TVS
diode was represented by a standard diode compact model with the adjusted
breakdown voltage and on-state resistance according to TLP measurements. The
voltage overshoot at diode turn-on was accounted by an additional serial induc-
tance in the sub-circuit that represented the TVS. Since the TVS diode is unidi-
rectional and normally reverse-biased during ESD stress the forward recovery
effect can be neglected.

The SNMOS-based Clamp 1 was also represented by a reverse-biased diode
model with the clamping voltage matching TLP data. The device snapback
characteristic was neglected. The SCR-based ESD Clamps 2 and 3 were repre-
sented by means of behavioral models derived from the compact models of a
discrete thyristor component. The device parameters include the dV/dt factor, the
triggering and the holding voltage, as well as the holding current.

The described simulation setup was validated and verified by simulation of the
current waveforms through Clamp 3 in the on-wafer setup. The results are com-
parable with the measurement data (Fig. 5.36).

For the evaluation on package the on-wafer setup parasitic were replaced with
the equivalent model of a DIL IC package pin (Table 5.4) extracted from an IBIS
model [133]. In addition to the IC package, a parasitic inductance of a 5 mm board
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long trace was added to represent the connection between the TVS diode and the
packaged IC in the simulation (see Fig. 5.37).

The simulated voltage waveforms for Clamp 3 within a DIL package have
demonstrated that they are in correlation with the on-wafer measurements. The
TVS turn-off time moment during the HMM stress is the function of the HMM
stress level (Fig. 5.38).

The current through the ESD clamps can be simulated for different HMM stress
levels to predict the failure level for the packaged devices with the Clamp-TVS
test case tool. The comparison of the simulated waveforms for the three packaged
Clamp-TVS test cases and the current waveforms measured for the standalone
clamps is presented in (Fig. 5.39).

Because of the much smaller impedance of the IC package in comparison to the
on-wafer setup none of the three configurations passes 8 kV HMM stress. Thus
additional protection measures are required. For example the current into the on-
chip protection can be simply limited by an additional isolation resistor [124]
between the TVS diode and the IC input. Using Kirchhoff’s laws the appropriate
isolation resistance value can be estimated by the expression (5.2 and 5.3):

GISOA,ONClamp _ Isafe,clamp 52
= : (5.2)
Giso,0nclamp + Gonrvs 130 ns, HMM 8 kV
1
RISO == - RONclampa (53)

GISO,ONclamp
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where Rs is the isolation resistance, Gyso, onciamp the conductance of the isolation
resistor and the ESD clamp in on-state, Gy the conductance of the TVS diode in
on-state, Isafe ciamp the safe current level through the ESD clamps and 39,5 pnans, scv
the current after 30 ns at 8 kV HMM stress. The required isolation resistance
value, calculated using 5.2 and 5.3 for the three Clamp-TVS test cases (Table 5.5)
points on the smallest required isolation resistor in case of the LVTSCR Clamp 2.

Although all three clamps have a similar ESD robustness, the nLDMOS SCR
protected IC pin is more sensitive to system-level ESD stress when the parallel
TVS protection is in place due to the low clamping voltage.

The cases in this section showed the limitations imposed by the current. In
addition to the critical current level the critical voltage level must be taken into
account too. The voltage across the on-chip ESD protection must not exceed a safe
limit determined by the component-level ESD protection design window. This
aspect is discussed in details in the following section using a specific CMOS gate
protection example.
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Table 5.5 Required isolation Egpy clamp Riso (Q)
resistor—comparison for the
three on-chip ESD clamps Clamp 1 3.1
[127] Clamp 2 2

Clamp 3 3.7

5.5.3 Co-design in Advanced CMOS Technologies

Today high speed interface, RF, and other analog circuit blocks are leveraging the
advantages of CMOS scaling down to lower operating voltage and feature
dimensions. For example FinFET technologies [128] represent the next level of
advanced CMOS scaling. With the scaling approach the robustness of the device is
significantly reduced with the major “bottleneck” related to the thinning of the
gate oxide (GOX). Reduction of the GOX significantly impacts the ESD protection
design window. Several changes in the protection design were made to address the
scaling trend, for example, using gated diodes as ESD protection device [129].

In this section, a local clamp protection design based on two bulk-FinFET gated
diodes is used to protect a gate monitor structure. The diodes are designed with one
single 80 um wide fin found previously as the best configuration [129]. The gate
length of each diode is 70 nm. The gate monitor is a 5 x 5 um NMOS where
drain, source and bulk contact are shorted to each other. It represents the input gate
of e.g. an inverter (Fig. 5.40). The gate stack consists of 5 nm high-k material.
This gives an effective oxide thickness of 1.6 nm.

The dependence of the breakdown voltage of the gate monitor upon the TLP
pulse duration is presented in Fig. 5.41. The on-wafer HMM test for the two diode
test cases demonstrates a significant reduction of the failure level from 1.9 kV
without gate monitor (GM) to 0.7 kV when the GM is connected in parallel to the
protection clamp. This indicates a gate oxide failure during system-level ESD
stress. The quasi-static device parameter are extracted from TLP testing results on
the two serial diodes and with the GM placed in parallel.

To design the circuit for system level compliance the on-chip clamp is com-
bined with a selected off-chip TVS component with suitable characteristics
(Table 5.6). The TVS has a very low breakdown voltage and a system-level ESD
robustness of 8 kV IEC61000-4-2. The quasi-static device parameters show that
the stress current is almost equally shared. Due to similar on-state resistance both
on-chip and off-chip ESD components are engaged.

To design a suitable protection against system-level ESD stress, a design
window is defined based on the component-level test results. It is defined by the
GOX breakdown voltage during vfTLP stress less a safety margin as an upper limit
and the operating or signal voltage plus a safety margin as a lower limit. For this
case study the design window is defined in the 1.5-4.5 V range. The maximum
current levels during HMM stress on the TVS diode are plotted over the maximum
voltages (Fig. 5.42). Thus, even at low HMM stress level the voltage across the
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TVS diode exceeds both the breakdown voltage of the GOX to be protected and
the available design window.

Some measures for the limitation of the current and the voltage in the on-chip
ESD protection during system-level ESD stress are required. The necessary
information is extracted from TLP test results on the two FinFET diodes with the
connected gate monitor structure in parallel. The safe current level should be
below the TLP failure current /1, therefore a current level of 2.8 A was taken as a
safe value. With this value and the data (Fig. 5.42) the value of the current limiting
isolation resistor can be calculated as:

Vinax,Tvs — Vap,cox

Riso = , (5.4)

I.vafe,onfchip
where Rjgo is the value of the isolation resistor, V,,,. 7vs is the maximum voltage
across the TVS at the target protection level, Vgp gox the GOX breakdown voltage
and Isufe on-chip 18 the safe current level through the on-chip protection during ESD
stress. An isolation resistance value of 17.3 Q is obtained using expression (5.4), a
safe value for the GOX breakdown voltage of 4.5 V and a safe on-chip current of
2.8 A. A resistance value of 18 Q is selected for design verification.

The designed ESD protection is simulated and verified with the calculated
isolation resistor. The TVS model extraction was done similar to the above section.
The on-chip protection stacked diode clamp was represented by the gated diodes
that are faster components in comparison with the shallow-trench isolated (STI)
diodes [130, 131]. Almost no overshoot occurs during triggering which justifies the
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Table 5.6 Quasi-static device parameter obtained with TLP testing (pulse width: 100 ns, rise
time: 200 ps); TVS diode: Vishay VESD01-02VG08

Device Ron () Vi (V) I (A) Vo (V)
2 diode + GM 0.8 1.5 3.0 4.9
TVS diode 1 2 n.a. n.a.

Fig. 5.42 HMM test results VBD o V o
for standalone TVS 25 ‘,/.'..].,..l....,....,.”r.naf("...‘
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use of a simple circuit model. To include the impact of a high bandwidth IC
package, the equivalent model of a ball grid array (BGA) package was included in
the circuit combining the on-chip protection and TVS. The simulated current
through the stacked diode clamp in parallel with the GM at 8 kV HMM stress was
compared to the current obtained from standalone HMM pass-fail test results
(Fig. 5.43).

With the isolation resistor, no gate oxide breakdown would occur even at a
HMM stress level of 8 kV. The calculated value for the necessary isolation resistor
is much higher in comparison to the previous case study due to higher sensitivity
of the GM structure to ESD stress.

5.5.4 Guidelines for Component-Level ESD Design

Component-level ESD clamps are often designed to provide a “strong snapback”
with a low holding voltage and on-state resistance. The apparent purpose of such
design is to limit the voltage at the protected IC pin at high ESD stress levels to the
lowest possible limit. However, this design target may not be optimal when future
IC pin interaction with a system level protected port is taken into account.
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On the contrary, based on the examples above, the IC pins directly interfacing
with the system level protection network may provide a better end result if the
strong snapback capability is not in place. Due to the impedance of the PCB
connections as well by the design itself the off-chip TVS components may have a
higher on-resistance and higher clamping voltage than on-chip snapback clamps.
To limit the current into the on-chip protection, a higher on-state resistance of the
on-chip protection device is favorable. In the opposite case a second stage isolation
resistor must be included in the design potentially impacting the IC performance in
a negative way. On the other hand at proper matching of the on-chip and off-chip
ESD network components the second stage isolation resistors or inductors can be
completely avoided.

Figure 5.44 presents the impact of the ESD protection level on the on-resistance
of typical on-chip ESD protection devices. The values are compared with the on-
state resistance of the TVS diode used in the previous sections. If the on-state
resistance of the on-chip component is higher than the on-state resistance of the
TVS diode, more system-level ESD current is conducted by the TVS diode. An on-
chip protection device with a higher on-state resistance is the preferred choice for a
particular system-level protection design.

The measured high current capability of the non-silicided SNMOS is ~ 8 mA/um.
The capability of a larger device decreases significantly with the width and a larger
isolation resistor between TVS diode and SNMOS is required to pass the desired
level. Three recommendations can be formulated for the component-level ESD
protection design of external IC pins: (i) avoid on-chip protection devices with low-
holding voltage at the IC input, since the snapback into low holding voltage during
ESD stress can take over the current path from the off-chip protection components
making them passive; (ii) consider to avoid high HBM protection level in a single-
stage ESD protection, since alower HBM protection level likely is accompanied with
higher on-state resistance of the on-chip ESD protection; (iii) avoid on-chip pro-
tection devices with too low intrinsic current capability since some second stage
current conduction is still required.
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Fig. 5.44 Impact of ESD protection level on the on-resistance of on-chip protection devices:
Comparison with the on-resistance of a TVS diode for 3.3 V applications, SNMOS no silicide
blocking mask used

-] i)

Fig. 5.45 Block diagram for ESD protection case study with the positive power supply Vpp and
negative power supply pin Vg, power clamp and added dashed line to show the current flow
during ESD stress for INto Vgg pin combination

The application of these design recommendations are further discussed with the
following test case. Two types of ESD clamps were comparatively evaluated: two
ESD power clamps (PC) for the protection of ICs manufactured in a 130 nm
CMOS technology. The PC includes the snapback type diode triggered SCR
(DTSCR). The second PC is an active clamp. Both clamps are applied for the
component-level ESD protection of supply pins. An ESD protection diode is added
(Fig. 5.45) to simulate the worst case ESD stress in an IC.

The supply voltages for the 130 nm CMOS core device with a GOX of 2 nm
(EOT) were 1.2 V. The measured GOX breakdown voltage was ~7 V during a
1 ns long voltage stress [132]. Three component-level ESD design targets are
evaluated to study the impact of the component-level ESD protection design on the
behavior during the system-level ESD stress.



5.5 System-Aware On-Chip ESD Protection Design 289

(a) 6_| L RS LR S LR N B EL LI DL (b) 1 _' LELALE BLELALELE BLELELEL N BLELEL LI BLELELBLIN LA ) '_
55 ——active clamp ] r ——active clamp 3
3 ——DTSCR 7 0.8 —DTSCR ]

: < | ]

s 0% ]

5 E 04 k

] © ]

: 0.2 ]
05........,......,(,...,.,- oL " B S ]
0 100 200 300 400 500 0 1 2 3 4 5 6

Time [ns] Voltage [V]

Fig. 5.46 Voltage waveforms at 1 kV HBM stress (a) and plotted HBM phase I-V character-
istics (b) for the Active and DTSCR power clamps

Table 5.7 Clamp and device parameters of the test case components measured for three HBM
protection levels

Device type Intrinsic I, (mA/pum) Device width (um)

0.5 kV 1 kV 2 kV
diode-triggered SCR 50 7 13 25
active clamp 2 170 330 660
ESD diode 50 7 13 25

According to the 1 kV HBM voltage waveforms (Fig. 5.46a) and the plotted
phase HBM I-V characteristics (Fig. 5.46b) the on-resistance of the active clamp is
significantly higher. The protection level and the device parameters of the ESD
clamps and the protection diode are summarized in Table 5.7. The ESD clamps
operation during system-level ESD stress has been evaluated using mixed-mode
simulations. The active clamp and DTSCR are implemented in the mixed-mode
simulator with FEM parameters extracted from the original process simulation.
The active clamp had conventional design with the RC-circuit and inverter
forming the driver of the power NMOS clamping array. The diode-triggered SCR
clamp included the reference circuit in form of three gated diodes to limit the
overshoot during turn-on [43].

The input ESD protection diodes were added in the simulation setup as standard
diode SPICE circuit models. A 1.5 V TVS diode was included in the circuit to
represent the off-chip system-level ESD protection component (Fig. 5.47). The
evaluation board and the IC package were simulated with a 5 mm long board trace
and the parasitic of a DIL IC package.

The comparison of the simulated residual current after 30 ns during a 2 kV
HMM pulse demonstrates that the residual current for both power clamp options
does not exceed the design window determined by comparison with the HBM
protection level (Fig. 5.48).
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However, unlike for the 30 ns quasi-static regime, the simulated peak voltage at
the beginning of the pulse is substantially different for the two clamp cases. The
simulated peak voltage V4, across the ESD diode and the ESD clamp during
2 kV HMM stress is shown in Fig. 5.49. To avoid circuit failure, this voltage must
not exceed the design window which is defined by the breakdown voltage of the
GOX. This design window is exceeded significantly if the active clamp and the
DTSCR are designed for a HBM protection level of 0.5 kV.

A significant voltage drop occurs right after turn-on of the clamps (Fig. 5.50).
The voltage drop is caused by the residual HMM current peak and the higher on-
resistance at low HBM protection level. The voltage across the DTSCR stays
below the GOX breakdown voltage, and so within the design window, if the
DTSCR is designed for a HBM protection level of 1 kV. Without additional off-
chip protection devices, the active clamp can only be used if it is designed for a
HBM protection level of 2 kV.

In this example the DTSCR is the preferred protection device. The higher on-
resistance at lower HBM protection level is not a disadvantage during system-level
ESD stress. The breakdown voltage and the on-state resistance of the input ESD
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protection diode maintain a clamping voltage level which is higher than the
breakdown voltage of the TVS. Thus, the TVS is not turning-off during the sys-
tem-level ESD stress. The low holding voltage prevents that after triggering the
voltage exceeds the breakdown voltage of the GOX.

The active clamp has a much higher on-resistance during ESD stress due to its
higher intrinsic on-state resistance and the much lower current capability. Thus, a
significant larger layout area is required to obtain a sufficiently low on-resistance
for the prevention of GOX failure during system-level ESD stress.

Above, both the protection against electro-thermal and gate oxide failure during
system-level ESD stress have been demonstrated and verified with application
examples. The main conclusion is that the transient behavior of off-chip and on-
chip ESD protection devices needs to be included in the design process to prevent
unexpected IC failures during the system-level ESD qualification. The presented
simulation approach enables verification of the ESD protection design before 1C
packaging and mounting of the final system.

By adding HMM characterization to the design flow valuable information for
both system- and component-level design is obtained. For the system-level design
detailed information is given about the on-chip ESD protection and the available
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design window. This allows selection of the off-chip protection components based
on a given on-chip ESD protection design. For the component-level design the
transient device data and simulations generate a valuable input for the on-chip
protection design. Board-level and IC package parasitic can be added to the
simulation. The on-chip protection can be evaluated together with an off-chip
protection long before the protected IC is packaged or mounted in a system.

The quasi-static device data obtained from TLP I-V curves, transient data like
HMM failure current and the vfTLP failure voltages are required to design robust
and effective ESD protection solutions for external IC pins subjected to the sys-
tem-level ESD stress in an application board.

5.6 Comparison of System-Level ESD Co-design
Methodologies

This final section brings the comparison between the two main system-level ESD
design methodologies: Datasheet Based Design and IC-System Co-design. The
goal of such comparison is to evaluate the suitability of each methodology for
the system-level ESD protection design and to identify possible weaknesses in the
design flow. Similarly to the previous material the comparison is done through the
detailed analysis of a representative example.

At first, a functional and ESD robust RF system is designed with the available
IC datasheet information demonstrating how an over-designed system is in reality
obtained with this datasheet-based approach. In particular the design steps result in
the application of an excessive amount for off-chip protection components. This
design then is further optimized with TLP I-V characterization results taken into
account and demonstrating that in this case the RF system requires less off-chip
protection components. Finally, the RF input of the IC is evaluated with HMM
characterization results which demonstrated that even less off-chip protection
components are required followed by further optimization.

The test case is a wide band buffer amplifier designed for video, telecommuni-
cation and instrumentation applications. The maximum small signal bandwidth is
1.75 GHz for a supply voltage of 5 V and an output load impedance of 100 Q is
connected.

For electrical characterization of the amplifier the IC was mounted in a dem-
onstrator board (Fig. 5.51). To ensure a constant permittivity over a wide fre-
quency range, Rogers RO4003 was used as board material. The demonstrator
board was laid out according to the recommendations of the amplifier manufac-
turer including a dedicated supply decoupling network and a dual DC bias con-
nector. To guarantee the maximum bandwidth, the input capacitance of the
amplifier was compensated with a matching board trace. The board layout includes
also a 50 Q resistor for the DC biasing of the amplifier input. This resistor reduces
the gain of the amplifier by —6 dB.
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Fig. 5.51 Top view of the
demonstrator board with
buffer amplifier when no
system-level ESD protection
components are added

A TLP tester HANWA T-5000 is used as component-level ESD stress source to
extract the I-V characteristics, while the system-level ESD pulses were generated
with a HMM tester HANWA HED-W5000 M. That produces similar waveform to
the ones specified in the IEC6100-4-2 system-level ESD standard [126]. Both,
TLP and HMM tester are connected with SMA connectors to the demonstrator
board.

5.6.1 Design with Datasheet Information

The amplifier IC originally passes the standard component level 2 kV HBM stress
as well as 200 V MM stress at all pins with no further ESD related information
provided in the datasheet. Thus the type and electrical transient characteristics of
the IC ESD protection is assumed as unknown. Respectively, to design the system-
level ESD protection, a failure current of ~3.5 A can be used with some practical
confidence to determine the system level ESD design window for the off-chip ESD
protection components. The value of 3.5 A simply corresponds to the 200 V MM
peak current taken directly from the amplifier datasheet. In spite of that the MM
peak current may not correlate to the TLP failure current it is assumed that this 3.5
A current level can be used as a safe stress level to be further verified by the full
system test results.

According to the specification requirements the amplifier is designed to buffer
and transmit high frequency signals. Therefore to maintain the signal integrity the
off-chip system-level ESD protection components must be chosen with appropriate
low parasitic capacitance characteristics. Since the capacitance of the TVS inev-
itably causes a mismatch in the RF path an additional inductance was added to the
board to compensate for such mismatch. In this case study a simple micro strip line
was used to replicate an on-PCB inductor. The capacitance of each TVS device
and their compensating board traces must match the impedance the 50 Q trans-
mission line to realize a “clean” RF path through the board. The required
matching inductance is calculated as:

Lyarch

Z=500Q= : (5.5)

Crvs
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where Z is the matching impedance of the RF input, Lyarcy is the required
matching inductance to match the TVS device capacitance Crys. To calculate the
length of a board trace which has the required matching inductance, the matching
inductance and the TVS capacitance in (5.5) are replaced by the parasitic induc-
tance and capacitance of the board material:

Lt
Z-50Q=/—" _ 5.6
Crvs + Cr (5.6)

where Ly is the required PCB trace inductance to match the TVS device capaci-
tance Crys and Cr the parasitic trace capacitance. The trace inductance and
capacitance depend on the board material, the width and the length of the trace.
They can be expressed as:

Lr=1Ly-1!

5.7
Cr=0Cy- |, 57

where Ly is the parasitic inductance per unit length and C, the parasitic capaci-
tance per unit length of the PCB trace. By solving the Eq. (5.6) with the expres-
sions of the Eq. (5.7) the required trace length is calculated:

Z3

I=—
Ly—Z72-Cy

- Crys, (5.8)

where Z is the trace impedance and [ the length of the matching trace.

The example for trace length dependence upon the desired compensated TVS
capacitance is presented in Fig. 5.52. A few pF TVS capacitance already require a
trace length of more than 1 cm. The required trace length increases even more with
increasing trace width. Based on these calculations a very low capacitance bi-
directional TVS device (TPD2USB30A) is selected as the on-PCB system-level
ESD protection component. According to the specification this TVS provides 8 kV
IEC61000-4-2 robustness (Fig. 5.53). According to the TVS datasheet, the on-state
resistance is ~ 1 Q and the capacitance Ctyg between each input pin to ground is
~0.7 pF.

Transient simulations are used to estimate the behavior of the amplifier and
board components under system-level ESD stress. S-parameter simulations are
used to verify the RF performance. Thereby, the system-level ESD protection
design components were embedded in the RF design circuit and actual layout of
the application board.

The system-level ESD protection was co-designed with the application board
using transient, RF simulations and datasheet values in the RF design tool Agilent
Design System (ADS). The TVS diode is implemented using the ADS diode model
according to the model parameter and the TVS (Table 5.8). The TVS overshoot
was represented by a series inductance. The inductance value is extracted from the
TVS IBIS [133] model, provided by the TVS manufacturer.
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Table 5.8 TVS diode modeling: ADS diode model parameter and their equivalent parameter
extracted from the datasheet

ADS parameter Parameter Value
Ohmic resistance Rp Dynamic resistance Rpy 1Q

Breakdown voltage By DC breakdown voltage 45V
Junction capacitance Cy Capacitance 1/0 to GND 0.7 pF

The amplifier itself was represented by the SPICE model provided by the IC
supplier. Without any additional information for the on-chip ESD protection the
system-level design can rely only on some assumptions. For example usually ESD
protection diodes are used as the on-chip protection devices for RF inputs. In this
case study an ESD protection diode with an on-resistance of 1.5 Q is assumed as
on-chip component. For the transient simulations, the diode on-state resistance was
added to the ADS diode model, while the power clamp was not modeled. During
system-level ESD stress a decoupling network is present at each supply pin and
expected to sufficiently protect the power supply domain.

The passive components of the supply decoupling network are added using the
part library of ADS and with the recommended capacitor values from the amplifier
datasheet. The parasitic components of the capacitors equivalent circuit can be also
extracted using HMM measurements unless they are available in the particular
component library. This methodology has been presented earlier in this chapter
Sect. 5.2.4. The board traces for the RF input and output of the amplifier are
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modeled as micro strip lines. The PCB substrate model is extracted from the
datasheet of the RO4003 board material used for the demonstrator board. The trace
lengths are designed depending on the required matching inductance or as 50 Q
transmission lines.

The IEC61000-4-2/HMM stress source is represented with a lumped element
model. The system-level ESD stress is applied to the RF input in the schematic
(Fig. 5.54). The DC voltage sources are modeled with a parallel capacitor of 10 uF
and a large series inductance of 1 mH to mimic the behavior of a more real voltage
source, but with ideal output resistance and to block the flow of any transient
current into the DC sources during the simulations.

The transient simulation approach is used to study the behavior of the ESD
protection network operation during system-level ESD stress. The simulation
results provide the residual current into the on-chip ESD protection for two dif-
ferent IEC61000-4-2 stress levels (Fig. 5.55).

For both stress levels the residual current into the on-chip protection exceeds
the maximum current limit of 3.5 A in the design window. Based on this result, the
system-level protection design requires significant improvement. However a
simple approach with additional isolation resistor cannot be realized due to its
impact on the RF signal and the expected degradation of the RF bandwidth.
Therefore two TVS devices were used to reduce the on-resistance of the off-chip
ESD protection and the residual current into the on-chip ESD protection.

Indeed, with an additional TVS component included in the design the residual
current through the IC becomes acceptable (Fig. 5.56) for IEC61000-4-2 stress
level of 4 kV. However to meet the 8 kV requirement an additional third TVS
devices is required.

A significant difference in the residual current based on the simulation results is
observed when the amplifier is powered up to 5 V (Fig. 5.57). In this case the
residual current even for a stress of 8 kV is below the ESD design window limits
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Fig. 5.55 Simulated residual
current through the on-chip
ESD protection when one
TVS diode string is used,
simulated for two different
IEC61000-4-2 stress level
and without supply voltage

Fig. 5.56 Simulated residual
current through the on-chip
ESD protection without
supply voltage, simulated for
two different HMM stress
level

Fig. 5.57 Simulated residual
current through the on-chip
protection with supply
voltage of 5 V
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Fig. 5.58 Schematic of the Vee —
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for the residual current level through the amplifier input. The two TVS devices
increase the capacitance of the system-level ESD protection compared to only one
diode string in one TVS device. The increased capacitance causes mismatching at
the RF input of the demonstrator board. Impedance matching inductors (Fig. 5.58)
are required to compensate for the increased capacitance. The concept of dis-
tributed ESD protection [134] is used to minimize the required inductance for each
matching inductor.

Thus from the Datasheet-Based system ESD protection design approach two
TVS components must be used to pass 4 kV system level pulse requirements.

The following section describes the design of the application board that
includes the design and layout of the matching inductors for the compensation of
the increased capacitance in the RF path due to the off-chip ESD protection
devices.

Each TVS diode string has a capacitance of 0.7 pF. This results in total
capacitance of 1.4 pF for each TVS device. The input capacitance of the amplifier
during normal operation is 1.7 pF. Matching inductors are calculated using
Eq. (5.8). Equivalent board traces are designed to compensate for these capaci-
tances. The board material has an inductance of 6 nH/cm and a capacitance of 0.4
pF/cm for a bandwidth up to 2 GHz and a 0.5 mm wide trace. Based on those
board properties the amplifier input is matched with a trace length of 8.5 mm and
each TVS diode string with a trace length of 7 mm.

For the RF simulations, the calculated traces are added as micro-strip lines to
the simulation setup. The HMM tester model is replaced by the ports required for
the S-parameter simulation. There is only little impact on the input matching if the
TVS devices are added to the design according to simulation results (Fig. 5.59) for
input matching, with and without TVS.

The amplifier gain simulation in the demonstrator board shows minor impact of
the ESD protection too (Fig. 5.60). The ripple, beginning around 1 GHz, is
introduced by the equivalent transmission line for a bandwidth of 2 GHz.

This simulation-based design of the system-level ESD protection was experi-
mentally verified using a demonstrator board (Fig. 5.61) for the characterization of
both S-parameter and system-level ESD performance. The difference between the
ESD protected board design and the original design is the transmission line from
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Fig. 5.61 Demonstrator
board including system-level
ESD protection; framed:
matching board traces

the SMA connector to the decoupling capacitor at the amplifier RF input. It is
replaced by an equivalent transmission line consisting of the TVS diodes and the
required matching inductors.
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Fig. 5.62 Comparison of simulated and measured RF characteristics: a input matching with
added ESD protection, b gain with added ESD protection at power supply 5 V

The S-parameters of the ESD protected design were measured with a network
analyzer and compared to the simulation for input matching (Fig. 5.62a).
According to the gain frequency dependence the added system level ESD pro-
tection does not significantly degrade the available bandwidth (Fig. 5.62b). At the
same time the measurement results demonstrate a better RF performance than
predicted by the simulations. The variations between the measurements and the
simulations are attributed to the accuracy of the SPICE model of the amplifier and
to a small difference between the modeled passives and the real application board.

According to the above transient simulation results the ESD passing level of the
designed RF system input is below 4 kV HMM due to the excessive residual
current in comparison with the amplifier datasheet estimation. On the contrary,
according to the experimental data the HMM failure the passing level exceeds the
8 kV tester limit. At the test the failure criterion was set by monitoring the supply
current above the datasheet limits. This unexpected result points out that a simple
datasheet approach under the assumption of the on-resistance of the on-chip ESD
protection may lead to an over-design. Therefore to improve the design the
absolute failure level was evaluated by TLP characterization of the on-chip ESD
protection to gain an insight regarding the type and characteristics of the IC
component internal input protection.

5.6.2 Design with Additional TLP Characterization

TLP testing is used to characterize the on-chip and off-chip ESD protection
devices. The TLP I-V characteristics are also used to improve the accuracy of the
simulation models. 100 ns TLP testing is carried out on the unprotected standalone
amplifier to obtain the TLP I-V curves of the on-chip ESD protection devices. The
weakest pin combination during TLP testing is the power clamp between positive
and negative supply pin. The TLP failure level is 5.5 A. This value is taken as a
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design window for the protection design since the exact discharge path in the IC is
not known under system-level ESD stress conditions.

According to the TLP I-V characteristics (Fig. 5.63a) for the input combination
with the positive and negative supply pins the RF input protection is based on ESD
diodes with an on-state resistance of ~ 1 Q. This value is lower than the assumed
upon the datasheet information. Similarly from TLP characteristic for the power
pins the clamp device can be identified as snapback n-p-n, NMOS or high holding
voltage SCR device with the triggering voltage of ~ 17 V, minimum holding
voltage of ~9.5 V and the on-state resistance for the entire current path including
interconnects of ~3 Q.

The same TLP approach for the discrete TVS component reveals the avalanche
diode likely vertical device with a breakdown voltage of ~5.2 V and the clamping
characteristics with an on-state resistance of ~ 1 Q both in reverse and forward bias
modes (Fig. 5.64). In reverse mode the TVS simply provides the forward bias diode
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characteristics. The dynamic resistance of ~0.9 Q is similar to the value in the TVS
datasheet.

This easily obtained information from the TLP characterization can be directly
used to improve both the simulation models and achieve better design confidence.
Indeed, according to the re-simulated results for the new safe current limit ~5.5 A
(Fig. 5.65) two TVS on-PCB components are required to protect the IC input. To
verify the simulation results the design option with only one TVS device was
stressed with HMM pulse. However, surprisingly no failure was observed up to
8 kV HMM tester limit. Thus the failure level during this TLP-improved design
was still not precise enough to deliver and optimize the protection solution that
would avoid over-design and take at advantage both from lower cost and better
signal integrity.

Thus, further optimization can be done to the input protection. Another insight
from the simulation is provided by monitoring the voltage waveforms for different
power supply conditions. Without applied supply voltage, the voltage during the
stress at the supply pins is not reaching the 17 V triggering voltage. Based on
the simulation results the proposed design is robust to 8 kV HMM stress. To verify
the simulation result HMM stress is applied to the supply connector with the
amplifier mounted in the test board. To monitor any turn-on of the power clamp
the voltage between the stressed supply pin and the board ground is captured with
a high-impedance voltage probe for each stress level. The amplifier power clamp
does not turn on until a stress level of 8 kV and no device failure occurs. The off-
chip decoupling capacitors protect the power clamp against system-level ESD
stress.

HMM testing on the configuration with one TVS diode passes 8 kV although
the simulations predicted a failure. The failure level used in the TLP-based design
must be lower than the absolute ESD robustness of the on-chip ESD protection at
the RF input. The following section shows that the design can be further optimized
if HMM testing is carried out on the standalone IC.
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5.6.3 Design Optimization with HMM Testing

HMM pulse characterization of the RF input of the standalone amplifier IC was
accomplished to obtain the absolute failure level during system-level ESD stress
with no off-chip components connected. The HMM failure level of ~5.5 kV was
recorded that corresponds to ~11 A of HMM pulse current at the time of 30 ns
from the beginning of the pulse. The measurement and simulation HMM wave-
form comparison (Fig. 5.66) for the residual current with only one TVS used on
the board is in correlation. This significantly optimized design has a reduced
parasitic capacitance in the RF path down to only one TVS equivalent ~0.7 pF
and requires only one single small board trace for the TVS capacitance matching.
Hence, a much smaller board area is required to realize the system-level ESD
solution.

5.6.4 Benchmarking and Comparison of the Designs

The standalone HMM measurements on the amplifier input ESD protection show a
much higher ESD robustness then given by the manufacturers datasheet. Using
only the datasheet ESD protection level leads directly to an overdesigned system-
level ESD protection.

The available ESD protection windows based on the system with amplifier
design for the three discussed design approaches are compared in (Fig. 5.67).
Based on the ESD protection level in the IC datasheet, three TVS devices would be
required to protect the amplifier against 8 kV HMM stress (Figs. 5.68a and 5.69a).
Upon the TLP-based/SEED design approach the number of TVS components can
be reduced to two. Finally only one TVS component is actually required if a more
detailed analysis using HMM characterization is applied (Figs. 5.68b and 5.69b).
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A sufficiently large safety margin above 20 % is obtained in case of the co-
design solution which is suitable for the volume production where manufacturing
related variations can occur. The improvement of the optimized design becomes
even more visible when calculating the required board area for each design
methodology (Fig. 5.70).

If the system design relies only on the datasheet based design methodology then
five times more board area is required in comparison with the IC-system co-design
based on the HMM testing data and transient simulations. Due to the lower number
of TVS devices the capacitive load from the off-chip ESD protection is six times
lower when using the co-design methodology. According to the simulated gain for
two TVS diode configurations (Fig. 5.71) a ~80 MHz lower —3 dB frequency is
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obtained when three TVS components are used. For both configurations the
simulations are carried out with the required matching board traces in the simu-
lation setup.



306 5 IC and System ESD Co-design

Fig. 5.71 Simulated gain for O r—r———r——

two different configurations: —— datasheet-based design (3 TVS)
data sheet based design and e— co-design (0.5 TVS)
co-design

[dB]
A

21

s
®

B o 1 A A A A ERRRE . VI ¥

500 1000 1500 2000
Frequency [MHz]

5.7 Summary

Transient on-chip device and components characterization, composition of either
simple or more complicated models followed by transient circuit simulation or
mixed-mode analysis are essential key steps of the development of both IC and
systems for the required ESD passing level target. This has been broadly dem-
onstrated both in this chapter and across the entire book. In spite of that ESD
device models can be implemented with a simplified approach to reduce the effort
and the simulation time of large protection networks, the outcome from the
analysis often reveals results that are intuitively unexpected. With a little bigger
development investment the mixed-mode ESD simulations enable and deliver an
opportunity to obtain higher accuracy of the analysis. This is often necessary to
reproduce a complex behavior of the devices at the beginning of the ESD stress
pulse to account for fast transient overshoots. Highly accurate FEM models can be
created using the approach with parameterized templates and parameterized ana-
Iytical profiles allow the simulation and extraction of the device behavior in the
transient domain. These devices in combination with SPICE and compact models
enable circuit-like simulations in a mixed-mode device-circuit approach under
accurate calculation of the avalanche and injection transient effect thus greatly
increasing the confidence of the IC-system blocks co-design. Case studies,
including the presented in this chapter, can be used to analyze and benchmark
system-level ESD co-design methodologies to compare and understand the
advantages, limitations and drawbacks for each approach. Two major design
methodologies have been evaluated in this chapter, the Datasheet Based Design
and the IC-System Co-design.

The input components for the Datasheet Based Design are mainly the available
information in the off-chip and IC component datasheets; expertise of the system
designer and the phenomenological experience from similar prior designs. Today,
this is a major approach across the industry. With this methodology even if the
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final design passes the ESD qualification it is hard to evaluate to what extend the
final system performance is optimized and impacted by the trade-offs at the dif-
ferent design steps. This outcome is a product of the obvious fact that in most cases
the system designer has no accurate knowledge about the device characteristics of
the internal IC-component ESD protection solution implemented by the IC
designers. Thus many system design steps are logically made in assumption of the
worst-case scenario with a “black-box” approach. For example to achieve a robust
ESD protection at board-level the TVS components can be chosen based on the
datasheet containing incomplete information regarding the fast transient clamping
voltage waveforms. Thus an overdesign of the system or lost time-to-market pace
due to costly overdesign for ESD protection using additional TVS as a patch
solution may occur as a direct reason of not accounting for the particular IC-level
ESD protection implementation. According to the case study (Sect. 5.6) this can
impact the performance of the protected system by increasing for example the
capacitive loading of an RF path.

The preferred methodology is the IC-System Co-design. The meaning of this
approach incorporates the steps of using experimental data or quasi-static pulsed
characterization, HMM transient characteristics measurements with corresponding
de-embedding, ESD model composition for the on-chip and off-chip components
and through circuit or mixed-mode analysis to predict, optimize and design the
most optimal system within the target design parameters. Transient simulations are
the enabling factor for the advanced system design and for future generation IC
design to implement the optimization for IC ESD protection. The TLP-based
analysis combined with HMM characterization data obtained from the IC pins and
added to the simulation design flow enables verification of the system ESD per-
formance. A simple comparison of the residual HMM current and voltage transient
waveforms in the ESD time domain as well as the failure level with the standalone
IC HMM waveforms provide a confidence in understanding the margins of the
system design. For example the residual current waveforms obtained at the IC pin
as a part of the system can be compared with the standalone IC waveform to
estimate the passing level.

5.8 Outlook

The system-level ESD co-design approach will likely remain a challenge for future
SiP and SoC as the scaling of CMOS technologies continues. New materials
(silicon-germanium) and new device architectures (3D transistors multi-gate-FET,
FINFET) are rapidly emerging and will be used in the new systems design with the
system level ESD requirements together with the new architectures. For example
3D integration will combine wafer die stacking to integrate different functionality
like power management, logic and memory in one IC package.

Silicon interposers are currently the most promising technology. An interposer
connects several active dies to each other, but also to the package substrate and to
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the package pins. First products like next generation FPGAs have already entered
into the market [135]. These large die size products use passive interposer to
improve the yield of the whole product. A passive interposer contains only back-
end of line structures like metal layers, via and through-silicon-via. Possible
extension is the processing of front-end-of-line structures in the interposer. By
adding implantation and well formation to the process flow, ESD protection
devices can be created in the interposer. Both, component-level and system-level
ESD protection devices can be made available to the designer.

This approach has two main advantages. The component-level ESD protection
in the stacked dies can be reduced to a minimum. The stacking process is usually
done in an environment with high ESD control measures. Thus manually handling
of dies by operators is limited to an absolute minimum. Figure 5.72 illustrates a
possible protection scenario. The interposer carries the system-level ESD protec-
tion device, component-level ESD protection and passive components like a
decoupling capacitor. The interposer is manufactured in a less advanced low-cost
technology. The stacked die is manufactured in a sub-20 nm CMOS technology. It
has some component-level ESD protection which is dimensioned for low pro-
tection level like e.g. 100 V or 500 V HBM. This assumes that modern ESD
control measures are in place during manufacturing which allow a safe handling of
the not yet stacked dies.

The presented scenario will generate new challenges related to the ESD pro-
tection design, especially when the stacked dies are fabricated using advanced sub-
20 nm CMOS technology. At the same time, the number of pins of the stacked dies
can be even higher than in standalone high-pin count ICs which increases the
equivalent capacitance. During the stacking process a single die can be charged
and discharged while mounted. Thus, CDM pulse susceptibility can become one of
the challenges. The HBM protection targets will be limited to a minimum level of
e.g. 100 V. Most likely the single dies are only handled in automatic equipment
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and in areas with advanced ESD control based on the requirements of a well-
established ESD control program. For the 3D and 2.5D type of systems some
“ESD questions” arise.

In general it is hard to predict the ESD conduction paths in stacked die SiP’s.
What is the real cost saving if the ESD protection is shared between the interposer
and the stacked die? Can the interposer be used to provide ESD protection, for
example by co-packaging TVS devices?

ESD endurance is also amongst the future challenges. System-level ESD is
integrated to the final products. Unlike the low-current component passing level
demands the system ESD protection is designed to guarantee the passing level
during the entire life time of the product rather than just to pass several pulses at
the qualification of a representative sample pool. If the system design is imple-
mented without verification of how many times the product can withstand ESD
stress and is there any degradation of the passing level over the lifetime product
endurance? To take this into account an additional ESD endurance testing and
design is required. The authors in [136] carried out the experiments and statistical
calculations to determine the spread and reduction of the failure level during
repeated ESD stress on a TVS diode. The study generates a number of important
questions. For example how can we take into account the endurance of ESD
protection devices during the ESD protection design? Which safety margin should
be used during the ESD protection design when taking into account both the
endurance of the off-chip and the on-chip protection devices? Is there an impact on
the long term reliability of gate oxides and interconnects?

These questions are not answered yet. They likely will generate an entire cycle
of future research studies focused on advanced CMOS technology nodes with
significant reduced current carrying capability and thin sensitive gate dielectric,
robustness of high voltage medical, automotive, industrial and other emerging
systems that the future will inevitably bring for us.

The authors of this book believe that the current and future challenges must be
efficiently addressed using the IC-system co-design approach hopefully motivated
through this book.
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Human Body Model (HBM), 6
HV DIAC, 162, 163

I

1IEC 61.0-4-2, 52
IEC 61.0-4-5, 65
Interposer, 307

ISO 10605, 61, 62
Isolation resistor, 281

K
Kelvin setup, 88

L

Lateral DeMOS, 121
Lateral PNP, 149, 159
LDMOS-SCR, 146
Lightly-doped drain, 124
Local clamp, 7

Local ESD protection, 9

Low voltage silicon controlled rectifier, 133

LSL, 181
LVTSCR, 133

M

Machine model (MM), 6

Matching inductance, 293

Mixed device-circuit approach, 135
Modeling of passive components, 258
Modeling of TVS diodes, 256
Multifinger Turn-on effect, 165, 174
Multiple voltage domains, 20

N

NDeMOS, 37
NDeMOS-SCR, 38
Nepi—Nepi latch-up, 209
NISO, 123

nLVTSCR, 133

nWell, 123

(0]
On-wafer HMM setup, 95

Index

P

P-i-n diode structure, 116
PLDMOS, 123

PLDMOSSCR, 148

P-n diode, 116

PNP ESD device, 159

P-n-p triode, 116

P-n-p-n thyristor structure, 116
PPM, 182

p-RESURF, 122

Probability density function, 182
Pulsed SOA, 126

pWell, 123

R
Rail-based ESD protection, 9
Rail-based network, 7

S

SEED, 266

Silicide exclusion mask, 124
SNMOS, 70

SOA, 80, 126
System-in-package (SiP), 22
System-on-chip (SoC), 21, 22

T

Test severity levels, 63

Time-Domain Transmission (TDT) TLP, 76,
77

TLP calibration, 82

TLP I-V, 78

Transient latch-up (TLU), 200, 223

TVS diodes, 251

U
USL, 181

\'%

Varistors, 29

Very fast TLP, 82

Very fast TLP calibration, 83
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