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Overview

Electro-static discharge (ESD) event can cause upset or permanent damage of
integrated circuits (IC) and electrical systems. The risk of ESD fails needs to be
mitigated or prevented. ESD robustness of IC products and electrical systems is
specified, verified and qualified according to respective ESD standards. For high-
voltage IC products based on smart power semiconductor technologies for industrial,
power and automotive applications, design of effective and cost-efficient ESD
protection is a big challenge, demanding wide and deep technical knowledge
throughout high-frequency and high-power characterization techniques, semiconductor
device physic, circuit design as well as modeling and simulation.

The required measurement setups and tester components are developed and introduced.
The characterization of ESD protection devices, IC and off-chip circuit elements is
enabled and improved. The rise-time filters are important for the study of rise-time
dependent ESD robustness. The human metal model (HMM) tester as an alternative to
IEC ESD generators provides voltage waveform measurement with good quality in
addition to current waveform measurement. It can be used for wafer-level or package-
level device characterization. The measurement results of HMM tester and IEC ESD
generator are compared.

The on-chip ESD protection design relies on proper choice of different types of ESD
protection devices and structures, depending on ESD specifications and IC applications.
Typical on-chip ESD protection, whether snapback or non-snapback, single device or
ESD circuit is introduced. The failure levels studies give a systematic benchmark of the
ESD protection devices and structures, concerning device area, clamping voltage and
other relevant parameters. The trade-off between those parameters and limitation of
different ESD protection is discussed. Moreover, understanding of ESD failure modes
is the key to implement effective ESD design. A unique ESD failure mode of smart
power semiconductor device is discovered and investigated in detail. In the scope of
finding ESD solutions, new active ESD clamps have been further developed in this
work.

The study of ESD protection is extended to the system-level involving on- and off-chip
ESD protection elements. The characteristics of typical off-chip elements as well as the
interaction between IC and off-chip protection elements plays essential role on the
system robustness. A system-level ESD simulation incorporating IC and off-chip
protection elements is desired for system efficient ESD design (SEED). A behavioral
ESD model is developed which reproduces pulse-energy-dependent failure levels and
self-heating effects. This modeling methodology can be used for assessment of system
robustness even beyond ESD time-domain. The validation of the models is given by
representative application examples.

Several main challenges of high-voltage ESD design in smart power technologies have
been addressed in this work, which can serve as guidance for ESD development and
product support in future power semiconductor technologies.
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Chapter 1

Introduction

Modern automotive technologies require high complexities of electrical systems to
fulfill increasing demands of driver assistance system, automated driving, safety,
comfort functions and advanced security and energy efficient applications [1].
Semiconductor technologies like smart power technologies enable the development of
large assortment of products of integrated circuits (IC) which cover a wide spectrum of
product portfolio such as supply chips, system basis chips, engine management ICs,
driver ICs, DC/DC converters, low-side and high-side switches, LED drivers, sensor
chips etc.

Smart power technologies [2] enable the integration of power modules, digital
processors, analog circuits and memories in one technology platform introducing
numerous challenges and opportunities in the technology development as well as in the
product development. Figure 1.1 illustrates the block diagram of a typical
microcontroller IC with integrated LIN transceiver and MOSFET driver for automotive
applications. Besides the high integration, high quality and robustness is a critical
prerequisite for competitive automotive IC products, especially as functional safety
(ISO 26262) [3] has gained nowadays crucial importance in the automotive industry.

In light of robust design of automotive IC products, the protection of ICs from damages
or functional upset caused by electrostatic discharge (ESD) or other electrical fast
transients (EFT) [4] has become one of the important and challenging tasks during the
IC and system development. ESD is the transient discharge of static charge, which can
arise from human handling or contact with machines. The high voltages result in large
electric fields and high current densities in the small devices, which can lead to
breakdown of insulators and thermal damage in the IC [52].

The ESD challenges have become more apparent by the high complexity of the IC
product features and the used smart power technologies. The increasingly higher
complexity of integrated function blocks on IC products is driven by the required
feature set and cost position demanded by automotive suppliers and car manufactures.
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Figure 1.1: Block diagram of a typical Microcontroller IC with LIN and MOSFET driver for automotive
applications.

In fact, the development of on-chip ESD protection belongs to one of the technology
fundamentals that have to be considered and addressed throughout the entire technology
development. As part of IC product design on the other hand, on-chip ESD protection
implemented on IC products ensures safe frontend and backend fabrication and
assembly within IC manufacturing. The so-called component-level ESD protection to
fulfill the ESD requirements for IC fabrication and assembly is addressed by the
standards such as human body model (HBM) [85] and charged device model (CDM)
[5] with dedicated discharge current waveforms. For automotive IC products the
qualification is performed according to AEC-Q100 [6] [7].

Towards system-level protection, as it is especially relevant for the automotive
applications, ESD and EFT robustness in electrical systems became essential because
the severity of the stress induced failures can be high as they can be related to safety
function applications. The IC failures are possible causes for overall electrical system
malfunctions and failures, which signify high cost of repair or replacement. The ESD
test methods on system level are described in the standards IEC 61000-4-2 [29] or ISO
10605 [113] which are much different from the component-level ESD e.g. HBM and
CDM concerning the discharge current waveforms. Depending on the applications, the
discharge current finally diverted in the ICs can be strongly distorted by the on-board
elements and traces and is difficult to predict. This makes an effective and cost efficient
ESD protection on system-level very challenging where component-level ESD
robustness cannot be simply translated to system-level ESD robustness [117]. As one
of the results of those investigations in this area during the past years [8] [9], co-design



Chapter 1 Introduction 5

of on-chip and off-chip ESD protection published as “system-efficient ESD design”
(SEED) approach [10] provides a concept to enable system optimized ESD solution. An
effective and efficient ESD protection solution on system-level therefore requires deep
understanding of on-chip and off-chip ESD protection elements in terms of their
behaviors under various ESD stress conditions. Moreover, it requires strong technical
knowledge about the interaction between on-chip and off-chip protection elements.

Traditional on-chip ESD protection for IC focuses more on ESD device concept and
device parameter engineering for component-level ESD protection [50]. However, a
comprehensive ESD development approach with an overview of broad technical
relevance, not only for component-level but also for system-level protection has still
not been systematically studied and evaluated for automotive power technologies. The
scope of this work is hence to provide the insight of several key components of ESD
development with respect to high-voltage domains in smart power technologies. The
high-voltage applications in the context of this work aim at voltage classes typically
ranging from 10 V to 100 V whereas the advanced CMOS technologies focusing on
computing applications with 3.3 V as already an ultra-high voltage. On the other hand,
250 V for power discrete technologies can be considered as a low voltage for example
MOSFETs for the power supply switching applications.

Development of high-voltage ESD protection elements to fulfill both component-level
and system-level ESD encounters several major challenges. It is well known that the IC
hardware failures and their failure mechanisms caused by ESD or EFT events strongly
depend on the electrical signature of inrush pulses. The miscorrelation of system-level
and component-level ESD robustness has much to do with the different parameters like
rise-time, pulse duration, peak voltage and current, power and energy etc. [11]. In order
to uncover device characteristics and the influences of different stress conditions on the
devices under test, advanced measurement techniques are prerequisites that must be
well reproducible and precisely capture the devices’ behaviors. Commonly used
transmission line pulse [18] system requires an upgrade to provide definable rise-times,
source impedance and dedicated pulse shapes to enable advanced device
characterizations especially on wafer-level measurements. The developed test methods
in this work can find their applications at each ESD development stage.

The state-of-the-art high-voltage on-chip and off-chip device portfolios need to be
evaluated and benchmarked from many relevant aspects such as ESD performance and
footprint area associated with chip cost, responding time and triggering mechanisms
associated with protection effectiveness as well as application ranges concerning pulse
durations. Only if the advantages and disadvantages of each type of ESD protection
elements are well understood, a good trade-off can be made for optimized protection
scheme consisting co-design of on-chip and off-chip ESD protections that fulfills the
requirements. Beyond the ESD requirements, ESD protection must be successfully
implemented without affecting circuit functions is usually a challenging task. On the
contrary, functional devices such as DMOS transistors for driver applications can
inherently conduct ESD current that provides new opportunities for ESD device
development [55]. Hence new protection device concepts are often necessary to ensure
overall a good ESD design kit. In this work, design details of novel high-voltage on-
chip ESD protection elements are introduced and discussed.

Although the IC hard failures are mainly dielectric rupture or thermal runaway of
semiconductor as results, the fail mechanisms are rather manifold. Overvoltage and
overcurrent across and through the devices and structures depending on their amplitude
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and duration can result in physical damage in different severity [12]. The damage can
occur in any devices and structures exposed directly or indirectly to the disturbances.
Dielectric breakdown mainly gate-oxide breakdown during ESD regarding time-
dependent dielectric breakdown (TDDB) has been extensively revealed in publications
e.g. [13]. On the other hand junction burnout including uniformed and non-uniformed
overheating of semiconductor devices under high current injection are investigated e.g.
in [14]. However for automotive power technologies, the failures modes which involve
interaction of protection and protected devices beyond the classical failure mechanisms
were not yet intensively investigated. Undiscovered failure modes should be anticipated
and considered during the ESD development and design. This work shows a detailed
investigation on a unique failure mode of ESD protection concept and respective
solutions.

As IC behaviors under system-level ESD stress conditions are essential, sophisticated
IC models that are useful for system-level ESD simulation and verification are
generally desired by system engineers [15]. The advanced modeling methodology
enables precise simulation that gives guidance of choosing adequate ESD solutions for
system applications. Compact modeling is often used for chip-level ESD simulation
and design [16]. In recent years, several compact modeling and mixed-mode simulation
approaches were introduced also for system-level ESD design [17]. As the failure levels
as well as the I-V characteristics of on-chip ESD protection elements can differ
significantly depending on the stress condition at IC pins on system level, it is believed
the behavior modeling approach introduced in this work offers easy-to-implement
simulation models which can precisely predict overall ESD robustness of a system for
a fairly wide application range of ESD and EFT stresses.

This work is structured as follows: Chapter 2 describes the used ESD testing techniques:
the rise-time filters designed for a TLP measurement system provide the possibility to
study in detail the turn-on time of different ESD protection elements. The so-called
human metal model (HMM) measurement system emulates ESD pulse of an IEC
61000-4-2 ESD generator that is used for device characterization both on wafer and
package-level. In Chapter 3, different on-chip ESD protection elements are studied in
terms of their protection levels and failure mechanisms. The high-voltage active clamps
were further optimized with advanced circuit design techniques achieving good balance
between size, ESD performance and effects on functional circuitry. The
characterization of ESD elements is then extended to off-chip elements discussed in
Chapter 4. The combined effectiveness of on-chip and off-chip elements is investigated
and understood by the advanced ESD modeling methodology which reproduces ESD
devices behavior depending on the energy level and time duration of in-rush pulses.
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Chapter 2
ESD Testing Techniques

Well-developed testing techniques are essential for ESD investigations. Precise and
reliable test equipment can be used to verify ESD performance of studied structures,
diagnose ESD related problems and characterize devices features. Transmission line
pulse (TLP) systems count as one of the most powerful test equipment, which is
necessary for ESD problem shooting, verification and characterization of ESD concepts
and devices throughout the work. A fully functional TLP system provides electrical
pulses with definable rise-time and pulse duration. The pulse duration can be simply
adjusted with the length of the charge cable. The setup of the rise-time requires the
filtering techniques in high voltage and high current environment. This chapter provides
the design and the implementation of a set of rise-time filters, which belong to the major
hardware components in TLP system. Further, by modifying the hardware of the TLP
system, a so-called human metal model (HMM) tester both for wafer- and package level
measurements is developed enabling a new characterization method. It delivers system-
level ESD (also called IEC) like pulses into device under test (DUT). The HMM tester
enables easy and reliable characterization of ESD protection devices and circuits
compared to the traditional system-level ESD tests using a system-level ESD generator
according to ISO 10605. The results from the HMM tests and the system-level ESD
tests are comparable. The HMM tests provide much better measurement quality of the
transient voltage waveforms.

2.1 Rise-Time Filters of a TLP System

The integrated circuit (IC) industry has been using TLP testing equipment based on the
theory introduced by Maloney and Khurana [18] to characterize on-chip and off-chip
ESD protection structures and ESD protected circuits since 1985.

The most common ESD failures in ICs such as thermal runaway of metal
interconnections, junction burnout, dielectric ruptures in the ESD protection devices
and protected circuits depend heavily on the pulse energy. Thus their robustness and
especially the robustness of those thermally limited devices and circuits can be
characterized by setting the TLP pulse width and TLP current according to the Wunsch
Bell theory [19]. However, as many ESD failures are not induced by pulse energy but
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rather by a high electric field such as voltage overshoots when ESD protections cannot
react sufficiently fast to the transient pulses, various TLP rise-times become very
important for the characterization and verification of the ESD hardness of DUTs.
Therefore, it is desired to design a set of rise-time filters [20] for the high power and
high frequency applications to achieve well-established TLP characterization in the
measurement setup.

Time domain systems often contain significant energy beyond the relation of the
bandwidth to the rise-time: t, = 0.35/fgy [21]. few denotes the bandwidth. Pulse
shaping by dimensioning the rise-time and bandwidth can be accomplished by simply
low pass filtering the output signal. Classical frequency domain filters such as
Butterworth and Chebysheyv filters have inherently poor group delay characteristics that
cause jitter in the time domain by delaying parts of the high frequency data with respect
to low frequency.. Furthermore, a mismatched filter can result in multiple reflections in
the TLP system that can also deteriorate the pulse shape to unacceptable form. For the
purpose of building a qualified TLP system, the rise-time filters should have near
Gaussian roll-off characteristics, which is absorptive as wideband as possible both in
the pass- and stopband to meet the requirements. Since high voltage or current may
damage the components in the filters during the TLP testing, robust components should
be selected in the filter design.

A theoretical derivation and a simplified approach of such filters were published in [22]
and [23], respectively. The rise-time filters described in this section have the same
topology as in [23] but are based on completely different power levels. The rise-time
filters consist of the passive components RLC in an appropriate order to fulfill the
special demand of very fast TLP (vf-TLP) applications. In addition, a more precise
approximation of derivation and a more practical design flow using the lumped-element
approach and the microstrip approach are shown.

2.1.1 Rise-Time Filters Design

From the numerical derivations [22], the lossy transmission line represents a broadband
(all-pass) attenuator, with a frequency-invariant attenuation. Hence, based on the model
of a lossy transmission line, lumped-element ladder-network can be considered as the
fundamental structure of the rise-time filters. As approximation of the incomplete
Gaussian transmission line, the topology of lumped-element filters is used for the rise-
time filter design. Symmetrically, the filter shows absorption rather than reflection at
both ports and in both pass- and stopband.

Figure 2.1 shows the topology of a 9"-order rise-time filter. The inductance values are
identical as L1 = L2 = L3 = L4 = 2 - L. Due to superposition of parallel capacitance

?

- R1 R2 R3

50 Q
T T T

Pulse
Inp ut

L1 L2 L3 L4

Figure 2.1: Topology of a 9"-order rise-time filter.
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and resistance with the half-cells, C2=C3=C4=2-C and C1=C5=C . R1 =
R5 = R must be equal to the given characteristic impedance Z, = 50 2 in this design.
R2 to R4 yield principally a value of R/2 but empirically a value between R/3 and R /2
for better performance.

According to the mathematical deviations [22], following equations can be used to
determine the unique values of R, L and C for a given Z. and the quantity of inductors
N (e.g. N = 4 in Figure 2.1). wy = 21 - fg 1s given as the cut-off frequency.

L=Z2-C=R?*-C 2.1

2.2

171wy Z, VN

It has been found that the approximation in =~ .1s very reliable if N > 4.

1.71:wg ZeVN
The order of filter is simply 2N + 1 that equals the quantity of used reactive devices.
For the application of TLP and vf-TLP systems, the requirements of rise-time filter
design can be roughly concluded in the following points:

e Transmission line in TLP testing with impedance matching.

e Maximally flat group delay and minimal reflections to avoid pulse distortion.
e Robust components for high voltages and high currents.

e Mechanical robustness.

e A set of filter for 300 ps, 500 ps, 1 ns, 2 ns, 5 ns, 10 ns, 20 ns and 50 ns rise-
time required.

The design of the filter set is implemented with two approaches: the microstrip filters
and the lumped-element filters. The microstrip filters need to be made for rise-time
smaller than 500 ps due to their relative higher cut-off frequency and consequently
smaller values of L and C. Extremely small lumped devices can have unacceptable
tolerance in L and C values, and are thus not used. Parasitic effects can also easily harm
the performance. Hence, the SMD lumped-element filters are more appropriate for rise-
times larger as 1 ns, having minimal size and low influence of parasitic effects due to
the smaller bandwidth. The mutual coupling effects of the coil inductors are considered
negligible according to the FastHenry [24] simulation. Furthermore, the physical size
of the small scaled inductance or capacitance in the microstrip implementation is
comparable with those of larger lumped-elements, so that all filters can be intentionally
designed for an identical mechanical dimension and placed into the same metal
enclosure with size of 37.2 mm X 67.2 mm X 16 mm.

The Advanced Design System (ADS) from Agilent [25] is applied as the simulation
tool. In both implementation approaches, the filter simulation is carried out including
microstrip components like microstrip lines, stubs and curve bends. However, the
capacitive coupling between these components are not well considered, which indeed
causes a certain level of mismatches between simulation and measurement results
especially for filters with smaller rise-times.
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All printed circuit board (PCB) layouts are designed using PADS Designer by Mentor
Graphics [26]. A 50 ns lumped-element filter and a 500 ps microstrip filter from the
series of the designed TLP rise-time filters are concretely described as examples.

2.1.2 Filter Implementation and Measurement Results

Rather than each specified rise-time of the filters, the main difference of the filter design
comes from two types of the implementation concepts: the lumped-element filters and
the microstrip filters. Thus for each type of the filters, one example is elaborately
introduced to present the design procedures and the evaluation of the measured results.
The optimized parameter settings of the other filters are also summarized.

2.1.2.1 50 ns Lumped-Element Filter

In general, using a high-order near-Gaussian low pass filter can improve the
performance by lowering the reflection in the stopband. Limited by the physical size of
the filters, a 9™ order (N = 4) structure drawn in Figure 2.1is a good compromise to
fulfill the design requirements. Starting from t, = 50 ns, wo is simply 7 MHz. With the
given characteristic impedance Z~=50 Q, the total values of the RLC can be readily
calculated using 2.1 and 2.2 as 50 Q, 334 nH and 134 pF, respectively.

The coil inductor produced by Coilcraft [27] 132 _20SM has the inductance of 538 nH
that is comparable with 2-L in this filter design. Rather than 25 Q, R2 to R4 is designed
between 18 Q and 22 Q to achieve better group delay performance. In addition, the S-
parameter models of the inductors are used in parameter sweep simulations in order to
determine the value of R and C for the optimal performance.

A prototype of the filter is developed on the PCB material ROGERS 4003C. The
substrate has a relative permittivity & of 3.38 and a thickness of 1.524 mm. The
microstrip interconnections are included in the filter simulation as well. High Q and
high voltage multilayer capacitors are chosen in order to ensure the ruggedness of
components during TLP testing. The ATC [28] capacitor 100C131JW2500X 130 pF is
used as C1, C5. 100C271JW2500X with the value of 270 pF 1s applied as C2, C3 and
C4. All of the capacitors can work perfectly up to 2500 V DC that is sufficiently robust
for the filter stressed by high voltage pulses with very short pulse width. Instead of high
power resistors, high frequency specified metal layer resistors with small parasitic
inductance are desired for the filter design. SMD resistors, type Yageo RC1206 with
51 Q,0.25 W are used for R1 and R5. Also, R2, R3 and R4 are implemented with 20 Q.

n} 03 (5

INPUT []

R1
o
R3
o

X1 = 11 2 13 L4 = X2

2 C4

ROGERS R0O4003 h=1.524 mm, Er=3.38, tand = 0.0021 (2.5 GHz)

Figure 2.2: Layout of the 50 ns lumped-element rise-time filter.
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Figure 2.3: Photograph of the 50 ns lumped-element rise-time filter.

Figure 2.2 and Figure 2.3 show the layout of the 50 ns rise-time filter and a photograph
of the fabricated filter. Indicated with dashed ovals in Figure 2.3, extra paraffin wax is
used at the input and output interface to avoid occasionally air breakdown under high
voltage. Figure 2.4 displays the measured magnitude of the reflection |[S11| and
transmission |S21]| coefficient compared to the results of ADS simulation. As expected
for the filter with relatively slower rise and fall slopes (>5 ns), very good agreement
between the theoretical and experimental results can be obtained. Parasitic effects are
rather negligible compared to the designed RLC values, thus do not have much negative
impact on the circuit. Note that since the filter design is very symmetrical, |S12| and
|IS22| are not explicitly shown.

2.1.2.2 500 ps Microstrip Filter

According to 2.1.2.1 the inductance and capacitance should be implemented using
microstrip technique in this design to eliminate parasitic effects of lumped elements.
The highest order of the filter depends on the geometrical size limit of the filter metal
enclosure which is already defined by the lumped-element filters. Within the given PCB
with the size of 30 mm X 60 mm, an 11%-order low pass filter is implemented for a
500 ps rise-time. Figure 2.5 shows the schematic diagram of the filter. Several 1/4

Magnitude of S11 and S21 for 50 ns Rise-Time Filter

PPN DRt
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—o—|S11| Measurement N}

—&—|S11| Simulation

|S11],|S21| (dB)
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Figure 2.4: |S11] and |S21]| of the 50 ns filter.
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Figure 2.5: Schematic diagram of the 500 ps microstrip rise-time filter.

microwave stubs TL1 to TL4 were also designed to suppress |[S21]| in the high frequency
stopband and to smooth the output.

Again, for Z, =500,N =5 and a cut-off frequency of 700 MHz, the parameter-
settings of L and C are derived as 3.0 nH and 1.2 pF. It is found in the design procedure
that the capacitance has usually more influence on the circuit performance. Therefore,
the capacitors made as microstrip elements must be carefully dimensioned. Using the
same PCB material ROGERS 4003C as for the lumped-element filters, the inductors
are differently implemented with narrow microstrips with trace width 0.8 mm and
length 10 mm. The microstrip capacitances have the dimensions of 5 mm X 9.8 mm,
and 10 mm X 10.8 mm depending on their positions. The only used SMD components
in the microstrip filters are 1206 resistors which are the same resistors used in the
lumped-element filters. The parasitic capacitive coupling becomes the main
challenging task in the design of the microstrip filters. Figure 2.6 shows the picture of
the fabricated prototype.

Base on the simulation, R1 and R6 are implemented with 51 Q while the other resistors
have the value of 18 Q. Because the small rise-time filter is relatively sensitive to the
coupling capacitances, Figure 2.7 exhibits a certain level of mismatch between
simulation and measurement results. The rise-time has been expanded to about 590 ps
that is larger than the expected value of 500 ps. Nevertheless, the low reflection
requirement is also important and can be fulfilled for the TLP testing applications.

Figure 2.6: Photograph of the 500 ps micro-strip rise-time filter.
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Magnitude of S11 and S21 for 0.5 ns Rise-Time Filter
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Figure 2.7:|S11| and |S21] of the 500 ps filter.

2.1.3 Summary

The absorptive low pass filters with different rise-times are designed and fabricated.
The dynamic responses of all the filters are measured by using a TLP system, which
can originally provide very precise rectangular pulses with an initial rise-time of about
100 ps as the reference pulse without filter. The pulse duration is less relevant for the
testing of the rise-time filters, thus is set to 100 ns in the TLP measurements. In order
to test the robustness of the rise-time filters under high voltage and high current
condition, the discharge voltage of the transmission line is set to 800 V resulting in a
pulse with the peak power of 12.8 kW at 50 Q load. All pulses are recorded using

1000
900
800 AN A 47
700
< 600 / /
- Il 4
g 500 I /
= ]
> 400
I / / —reference (no filter) | {
300 I / / —300 ps u
200 —500 ps |
/ f/ 1ns
100 —2ns ]
Onpretsar Loy
-1 0 1 2 3 4 5
Time (ns)

Figure 2.8: Measured reference pulse and pulse response of rise-time filters up to 2 ns.
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Tektronix TDS6124C, a 40 GS/s oscilloscope with the input limit of 5 V. Therefore, in
series connected attenuators with 3dB + 3dB + 3dB + 3dB + 10dB + 10dB +
20dB = 52dB attenuation (factor 398.1 in voltage) are added between the output of
the filters and the oscilloscope. The first five high power attenuators are chosen to
withstand the high voltage signal. Due to the sufficient bandwidth of the oscilloscope,
pulses with smaller rise-times up to 2 ns including the reference pulse are precisely
measured, and depicted zoomed-in in Figure 2.8. The overview of all the pulse
responses with various rise-times from 300 ps to 50 ns is then illustrated in Figure 2.9.
The reference pulse, which can be considered as the input signal of rise-time filter, is
not displayed in this plot.

1000
900
800
700
g 600
> 500 —300ps
% —500 ps
> 400 —1ns
2ns
10ns
200 —20ns

q 0 0 10 20 30 40 50 60 70 80
Time (ns)

Figure 2.9: Measured pulse response of all realized rise-time filters.

The lumped-element rise-time filters are implemented based on the 9™-order low pass
filter topology and already described in Figure 2.1. Table 2.1 shows the parameter
settings and the used components in detail for all designed lumped-element filters.
Table 2.2 summarizes the experimental results of all the measured rise-times t: (10%-
90%) based on S-parameter measurements. Mismatch is noticeable for the microstrip
filters since the parasitic components especially capacitances have large impact on the
frequency response of the filters. A more complex 2-D or 3--D electromagnetic
simulator could be applied for further improvements on more precise designs. On the
other hand, the microstrip filters require only resistors as the lumped components. The
filters can be implemented easily with lower cost. The parameter settings of resistors
are not summarized explicitly. The 300 ps filter is similarly developed by applying the
same resistors as in the 500 ps filter. Although it is designed with a higher filter order
(17" in order to utilize the given size of PCB frame.
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Table 2.1: Parameter settings and used components of the lumped-element rise-time filters.
t-  RILR5(Q) R2~R4(Q) L1~L4(nH) C1,C5(pF) C2~C4(pF)
(ns) (Size) (Size) (Product Code) (Product Code) (Product Code)
1 51(1206)  20(1206) 17.5 2.4 5.1
(BO6T) (100B2R4BW500X)  (100B5R1CWS500X)
2 51(1206)  20(1206) 27 5.6 11
(1812SMS27N)  (100B110KW500X)  (100B110KWS500X)
5 51(1206)  20(1206) 56 15 30
(1812SMS56N)  (100B150KWS500X)  (100B300KW500X)
10 51(1206)  20(1206) 130 30 62
(132_11SM) (100B300KW500X)  (100B620KWS500X)
20 51(1206)  20(1206) 246 62 110
(132_15SM) (100B620KW500X)  (100C111JW2500X)
50  51(1206) 20(1206) 538 130 270
(132_20SM) (100C131JW2500X)  (100C271JW2500X)
Table 2.2: Simulation vs. measurement for the rise-time filters.
Simulation (ns) ‘ 03 05 1 2 5 10 20 50
Measurement (ns) ‘ 029 0.6 1.1 2.1 48 10 19 45

2.2 TLP Based Human Metal Model Tester

As discussed, TLP systems are widely used in the field of ESD testing and
characterization for devices and components. System-level ESD tests are also often
required as one of the specifications on the product data sheets. Over the last few years,
system-level ESD tests according to IEC 61000-4-2 [29] (often referred as “IEC” or
“GUN”) have been applied directly on standalone ICs or on external ESD protection
elements on PCB or on combination of both. Those tests are done with a short discharge
connection between the ESD generator tip and the devices or networks under tests [30].
The motivations to test directly IC pins according the IEC standard are manifold. One
of them is that there is a tendency to avoid discrete ESD protection devices on PCB to
minimize the product cost on the production of electronic systems. Another one is that
in the area of electric vehicle networks the ICs have to become more and more robust
since the number of electrical overstress (EOS) [11] events such as switching of
inductive load has significantly increased. This is especially requested for pins, which
are for example attached directly to the connector of an electronic control unit (ECU).
A further reason for improved system-level ESD robustness of such pins e.g. of
controller area network (CAN) and local interconnect network (LIN) communication
ICs within a car is the need to avoid signal distortion caused by additional external
protection devices. However, up to now the ESD generators for system-level ESD
testing do not show experimental results with very high quality: Traditional system-
level ESD tests often suffer from poor reproducibility, poor measurement precision,
elaborate setup etc. [31]. These can yield ambiguous results from vendors and
customers on verification of ESD requirements.
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In order to improve this unsatisfied situation the so-called human metal model (HMM)
evaluation method has been discussed intensively in the standardization committee
SP5.6, ESDA [32]. HMM is a testing method which by definition is directly applied to
IC components. The current stress waveform of HMM is similar to the IEC 61000-4-2
one. Recent publications [33] [34] [35] reported that there is an alternative way to
generate IEC-like pulses by employing coaxial transmission lines, passive networks
and a proper rise-time filter. A wafer-level HMM tester with a non-coaxial approach is
also presented in [36] [37] to compare the impact of HMM and HBM stresses on on-
chip devices.

With all these considerations, a new HMM tester constructed based on TLP with the
coaxial transmission line approach is presented in this work with an accurate
measurement technique for recording voltage and current waveforms both on board-
and on wafer-level [38]. Several measurement setups for measuring transient
waveforms are introduced. Not only to describe the HMM tester, the goal is also to
validate this ESD testing technique for the application of high-voltage ESD
development. In the following sections, various DUTs are stressed both with the IEC
ESD generator and the HMM tester in order to compare the waveforms. Failure levels
regarding thermal and electrical damages of IC pins are determined in the experiments
by IEC and HMM for the comparison. Further, conditions of the usage of the HMM
tester for ESD tests are discussed. The attempt of applying the TLP based HMM
measurement technique on real system-level is also experimentally shown. The
advantages and limitations of the HMM method comparing to the IEC test on
components are given as well.

2.2.1 Measurement Setup of TLP based HMM
2.2.1.1 Pulse Generation of HMM Tester

300 Q

A /\,\—>
2 uH 50 Q Coaxial Charge Line 600ps~1ns RTF

VWA ™~
]

20 cm

330 pF
High Voltage Supply

50 Q Transmission Line ~50Q Load

Figure 2.10: Simplified schematic diagram of a TLP based HMM pulse generation.

Different to firstly introduced by Grund Technical Solutions [34], another approach of
the coaxial HMM tester with schematic diagram shown in Figure 2.10 was basically
outlined in [39]. This work further improves the design. The short charge line with
about 20 cm length is responsible for the generation of the first peak current. The RLC
network is used to generate the broad peak (also called second peak) current. The values
can be easily determined using circuit simulation using simulators such as SPICE. Note
that the transmission cable length between the rise-time filter (RTF) and the system
load is normally several meters, which means when the system load differs much from
50 Q, a reflected signal will distort the IEC-like waveform after several tens of
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(b)

Figure 2.11: Prototypes of pulse shaping circuits using (a) ferrite inductor and (b) air coil inductor. The
equivalent capacitances are the same although in (a) one capacitor and in (b) three capacitors are used.

nanoseconds. Thus, to avoid the reflection and deliver an acceptable current waveform
to the DUT, nearly 50 Q system load must be insured during HMM tests. The maximal
voltage on the 20 cm charge line is limited by the used TLP at 4 kV. This results in a
maximal peak current of 4 kV /2/50 2 = 40 A corresponding to a discharge voltage
level of about 10 kV IEC pulse (peak current 37.5 A). High power attenuators usually

employed for the TLP pulse generation are completely removed in the HMM
measurement system to obtain highest possible stress levels.

40
: —— pulse shaping (a)
30 Jirst peak —— pulse shaping (b)
——simulation
z 20
E L leons
S 4 \ el
S
@) I30ns ‘\%m&g@mz Ay
-10
0 50 100 150
Time (ns)

Figure 2.12: Measured current waveforms at 10 kV IEC level using different pulse shaping circuits (a)

and (b) according to Figure 2.11. SPICE Simulation result referring to the schematic in Figure 2.10 is
also shown for comparison.
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Table 2.3: Deviations of the current values

40 referring to the standard.
— 10kV
30 —— 8kV
——BkV A\ Alfirst peak Alzons  Algons
e | ok V)| ) ) (%)
= — 2kV
5 2 2% 8% 0%
5, 10 ‘N/”M’“‘\m\%
M\% 4 6% 6%  10%
0 s ——— 6 5% 6%  10%
8 4% 8% 9%
~10 0 50 100 150 10 4% 3% 1%
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Figure 2.13: Measured HMM current waveforms at
different IEC levels.

The main challenge of the implementation of HMM pulse shaping is in the RLC
network. Only by carefully choosing the passive elements, the current waveforms
delivered by the HMM tester can fit in with the IEC pulses. Figure 2.11 shows two
different implementations of the pulse shaping circuits. Main differences are the types
of inductors: one is ferrite the other is air coil inductor. Figure 2.12 gives the
comparison of the current pulses at 10 kV IEC level delivered using both pulse shaping
circuits. All current waveforms are recorded by a 10 GS/s oscilloscope. The ferrite
inductor experiences saturation effect when the current density is too high. It results in
the distortions in the waveforms, as the pulse shaping circuit cannot give the current
waveforms defined in IEC 61000-4-2 especially at higher current level. The air coil
inductor does not have such problem and the generated HMM pulses are very similar
to the IEC standard. The deviation from measured and simulated results at the end of
the pulse can be caused by the coupling of the parasitic capacitances and inductances.
Figure 2.13 shows the measured current waveforms corresponding to different IEC
levels where the deviations to the IEC standard values are given in Table 2.3. Within
the allowed range of deviations (+/-20%) according to the standard, the pulse shaping
circuits based on the air coil inductor is used in the HMM tester.

2.2.1.2  Measurement Setups for PCB-Level Tests

One of the main drawbacks of the system-level ESD tests using an IEC generator is that
it is very difficult to measure the voltage transient waveforms. Therefore the
measurement setups in the TLP based HMM tester aim for a high quality of measuring
transient signals especially the voltage signals by applying adequate methods. The ESD
protection devices are supposed to be turned on and behave lowresistive to divert main
ESD current during ESD event. At least two test setups on the PCB test boards are
possible for achieving a nearly 50 Q load for the HMM tester output (Figure 2.10)
without strong pulse reflections and distortions. After the 50 Q transmission-line cable
as depicted in Figure 2.14, the HMM pulses see approximately 50 Q into the test
boards:

On the test board 1 (TB1), the system load consists of a robust 47 Q) resistor and a serial
connected low-resistive ESD or ESD protected device as DUT. The voltage and current
at DUT are easily obtained as described in:



Chapter 2 ESD Testing Techniques 19

V, =1
VDUT,TBl =V, IDUT,TBl = 47 QO

23

The configuration of the test board 2 (TB2) is similar to the approach proposed in [34].
The current at DUT is measured with the 50 Q attenuators and the 50 Q oscilloscope
input:
V.

Vour,rez = V2 — V1, Ipyrth2 = ﬁ 2.4
Note that no current probe is involved in either of the measurement setups above.
Practically, a proper current probe instead of the voltage probe measuring Vi can be
applied for the current measurements as well. The voltage measurements require a
voltage probe with large measurement bandwidth and high input impedance to avoid
significant current flow into the voltage probe. Figure 2.15 gives an implementation
example of such voltage probe with a measurement bandwidth of above 2 GHz. The
method to obtain a large bandwidth is the compensation of the parasitic capacitance of
the probe resistor. Theoretically the relation of V, /V; is simply calculated as the voltage
divider:

|74 50 Q

o 0% 2.5
V, 500Q+4.7kQ

However, the parasitic capacitance of the resistor bypasses the signal at higher
frequency, making the simple voltage divider calculation invalid. To solve the problem,
an extra compensation capacitor is added at output side to ensure the relation as:

Cparasitic Zattenurator 50 Q

= = 2.6
Ccompensation Rseries 4.7 kQ

/\f\
50 Q Transmission Line > S

Voltage Probe Voltage Probe
A V1
470 l DUT Attenurator
i l ANN——e—\/2 oltage Probe = \/2 Scope
L7

AR

DUT

K - = Test Board 1 / \ Test Boardy

Figure 2.14: Concepts of two HMM test setups for PCB with nearly 50 Q from the input of test boards
to ground.
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Figure 2.15: Configuration of the voltage probe with the compensation of parasitic capacitance.

The test boards TB1 and TB2 for the HMM measurements are implemented for the
verification. A 2.2 Q resistor as DUT is tested on TB1 and TB2. A very good resolution
of transient measurements is obtained on TB1 as shown in Figure 2.16. The arrows and
circles mark the waveforms and the respective y-axes: the left y-axis for the voltage
waveforms and the right y-axis for the current waveform. In the figures of this work
hereafter, similar marks for y-axes are used. By looking at the transient voltage and
current in the broad peak range, 2.2 Q resistance is measured by V(t = 30ns)/I(t =
30ns) precisely. In the zoomed diagram, it is observed that first voltage peak is slightly
earlier than first current peak. V (first peak)/I(first peak) is also larger than 2.2 Q.
This is due to the parasitic inductance in the package of the used 2.2 Q resistor and on
the PCB.

On the other hand, the same 2.2 Q is tested using TB2 setup. However, according to
the results the voltage transients cannot be really measured with this setup because the
difference of V2 and Vi is much smaller than V. The signal to noise ratio is then too
small for the extraction of the voltage drop across the low-resistive DUT. Figure 2.17
shows the results where the voltage measurement with the TB2 setup fails. As a result
TB1 setup is clearly preferred for the HMM test setup.

Transient (corresponding to 10kV IEC)
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Figure 2.16: Transient measurement results of a 2.2 Q resistor as DUT with TB1.
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Figure 2.17: Transient measurement results of a 2.2 Q resistor as DUT with TB2. Only the current is
measured with sufficient quality whereas the voltage waveform(in grey) is completely noisy.

2.2.1.3 Measurement Setups for Wafer Tests

The HMM pulse system based on the TLP system can not only be used for PCB level
testing but also be applied on wafer level measurements. The concept of the TB1 can
be straightforwardly adapted for the wafer level HMM. The major work of the wafer-
level setup is to implement the four point probing method [40] with a modified probe
needle to produce approx. 97 Q source impedance as shown in Figure 2.18. The pulse
generator delivers HMM pulses out of a transmission cable while the pulse sense needle
works as a normal voltage probe directly at the DUT. The setup is verified in the same
way as for PCB setups using a 2.2 Q resistor as the DUT. The results show that the
wafer-level setup provides reliable measurement of the transient waveforms with
minimal parasitic effects involved. The current waveforms can be measured directly
using a current probe. In that case only one voltage probe on the modified pulse force
needle is required.

Voltage Probe

Pulse Force

Figure 2.18: Photograph of a wafer-level HMM setup with the modified pulse force needle.

2.2.2 HMM vs. I[EC: Transient Waveforms

For the verification of the newly developed HMM tester, it must deliver the same results
as a well calibrated IEC generator when testing a DUT. This section gives the
comparison of HMM and IEC with respect to the transient waveform at first. That is
the transient responses of DUT to HMM and IEC pulses on the same discharge level
must be comparable. Different types of DUTs are enclosed in the study. All the DUTs
are intentionally selected to sustain the ESD stress levels without being damaged. The
measurement setup with TB1 introduced earlier is used to record the transient
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waveforms during the HMM tests. On the other hand, a current probe and a large ground
plane are employed in the common test setup of the IEC tests.

222.1 DUTA

Noiseken dB
ESS-2000 CTG/L

dB Scope
Y,

Varistor 12Q

GND Plane

1

Figure 2.19: Measurement Setup using Noiseken (ESS-2000) IEC ESD generator for DUT A:
CT0603K14G parallel connected to equivalent 10 Q. Tektronix CT6 is used for current probing.

As depicted in Figure 2.19, a varistor CT0603K14G by EPCOS connected in parallel
to a resistance of approximately 10 Q is defined as the DUT in the IEC tests. Note that
this resistance is implemented with a 12 Q resistor and 50 Q attenuators in parallel for
the voltage measurements. The reason of defining such a DUT is that in this particular
case the voltage measurements in the IEC tests can be accurately done without suffering
from the limited measurement bandwidth. The 50 Q attenuators are directly connected
to the discharge path as a part of the DUT. In a practical consideration, varistors are
often chosen as off-chip ESD protection devices. 10 Q resistance is assumed as one of
the typical impedances of an ESD protected IC pin during ESD. DUT A can thus
represent a test item consisting of a fictive IC pin in conjunction with an off-chip ESD
element.
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15 ” ‘_,g =—=HMM 8kV
- Wy o
10 a1 S
5 L e o
0
2 0 2 4 6 8
Time (ns)
0 50 100 150
Time (ns)

Figure 2.20: Comparison of current waveforms with enlarged first peak range at 2 kV, 4 kV and 8 kV
IEC levels for DUT A.
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On the other hand, the same DUT A - CT0603K14G in parallel to 10 Q - is also tested
with the HMM tester on the TB1 configuration described in Figure 2.14. In this case a
10 Q resistor is simply used instead of 12 Q in parallel to 50 Q.

The current waveforms are shown in Figure 2.20 at three different discharge levels. The
HMM levels are already converted to the corresponding levels of IEC. On 2 kV level,
the current waveforms from both IEC and HMM tests agree perfectly while for higher
levels, the measured IEC current is distorted due to the saturation effect of the Tektronix
CT6 current probe. The CT6 current probe is used for higher resolution at the first peak
range as it delivers higher measurement bandwidth. The HMM tests utilize the other
current measurement technique without this problem. Further, the current transients
actually match at all levels in the first peak range where the CT6 probe excellently
displays the high-frequency part of the pulses.

Since the ESD testers act usually as current sources giving the defined current
waveforms, the results of comparing the voltage transients become more attractive.
Figure 2.21 shows three pairs of the voltage waveforms (HMM vs. IEC) on the DUT A
corresponding to the current pulses in Figure 2.20. Thanks to the proper test setups, the
voltage waveforms over the entire pulse including even the first peak range are perfectly
matched in the HMM and IEC tests. Very good agreements on all levels provide
evidence for the comparability of the IEC and HMM tests on the IC pins. Note that
DUT A is particularly chosen for the precise voltage measurements in the IEC tests for
a straightforward comparison of the HMM and IEC tests. Further examples show
however, the drawback of the IEC tests when measuring the voltage signals.

100 IEC 2kV
— HMM 2KV
80 IEC 4KV
— HMM 4KV
— IEC 8KV
% 60 ——HMM 8KV
()]
8
S 40
20 \
0
Time (ns)
0 50 100 150
Time (ns)

Figure 2.21: Comparison of voltage waveforms with enlarged first peak range at 2 kV, 4 kV and 8 kV
IEC levels for DUT A.

2222 DUTB

Another DUT is defined with the stand-alone varistor CT0603K14G without parallel
resistors. It is interesting to investigate how good will be the clamping capability of a
stand-alone off-chip device during system-level ESD stresses. In this case the HMM
setup remains unchanged. However, in the IEC setup, 50 Q attenuators and scope input
are not allowed to be directly connected to the DUT. The impedance of the varistor
comparing to 50 Q is not negligible small so that a considerable amount of current
would flow into the attenuators. Therefore, a voltage probe implemented with an high-
resistive isolation resistor has to be applied as shown in Figure 2.22.
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Figure 2.22: Measurement Setup using Noiseken (ESS-2000) IEC ESD generator for DUT B: stand-
alone CT0603K 14G.
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Figure 2.23: Comparison of voltage waveforms at 2 kV, 4 kV and 8 kV IEC levels for DUT B.

The measured current waveforms are roughly the same as depicted in Figure 2.20
because both ESD generators exhibit nearly as current sources without being too much
affected by the DUTs. Figure 2.23 shows comparison of the voltage transients where
the HMM results show very clean waveforms and the IEC results instead display
oscillated waveforms due to the poor voltage measurement capability in the IEC setup.
The parasitic capacitor and inductor introduced by the isolation resistor have a big
impact resulting in test artifacts. The radiation and the coupling effect due to the IEC
generator have also negative influences. Nevertheless, a rough agreement of the voltage
waveforms from the HMM and IEC tests can still be found by the signal envelopes. In
this case details of the clamping behavior of the varistor is only visible in the HMM
tests.

2223 DUTC

If allowed in the applications, capacitors are often used as very simple and effective
off-chip ESD protections against system-level ESD. A 10 nF capacitor 0805 X7R by
EPCOS is used as the third DUT example for the comparison of the transient current
and voltage waveforms in the HMM and IEC tests. Measurement configurations are
reused as depicted in Figure 2.14 and Figure 2.22 in HMM and IEC tests, respectively.
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Figure 2.24: Comparison of current waveforms at 2 kV, 4 kV and 8 kV IEC levels for DUT C.

The current waveforms at the 10 nF SMD capacitor are shown in Figure 2.24. As shown
in the plot, the first current peak in the IEC tests is larger than 3.75 A/kV, which is still
valid for the HMM current peaks. This is because the current values in IEC 61000-4-2
are only standardized for the 2 Q current target as the load. For DUTs with other
impedance, different IEC generator can exhibit different behaviors [41]. On the other
hand in the HMM test system, the current values do not change much as long as the
DUT is low resistive compared to the approximately 100 Q system source impedance.
The voltage measurements show nearly the same phenomena as in the case of DUT B.
The IEC tested waveforms are quite distorted with LC oscillations depicted in Figure
2.25. However, the later part of the pulses can be considered as the agreement between
the IEC and HMM tests.

As a conclusion for the comparisons of the transient waveforms derived from the HMM
and IEC tests, the stand-alone devices as well as the protection networks respond
identically to the discharges on the same level. Therefore the correlation between HMM
and IEC is considered to be sufficiently high.
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Figure 2.25: Comparison of voltage waveforms at 2 kV, 4 kV and 8 kV IEC levels for DUT C.
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2.2.3 HMM vs. IEC: Failure levels

The second part of comparing the HMM pulses and IEC pulses on the same DUT is to
verify the correlation of the failure levels of DUTs caused by both discharges. In
general, two main ESD failure mechanisms are associated with the thermal damages
and the electrically induced failures such as dielectric ruptures. In this section, two types
of failure mechanisms are involved in two DUTs which intend to cover a broad range
of the comparison on the failure levels.

2.2.3.1 Thermal Failure Levels

An ESD protected LIN transceiver chip is encapsulated in the plastic package P-DSO-
8 and used as the first DUT. The pin combination BUS vs. GND is designed to sustain
at least £8 kV IEC system-level ESD stresses. It fails thermally in the end by reaching
a certain IEC stress level. A curve tracer as the failure detection is used in the IEC
testing. The DUT shows repeatable 10 kV system-level ESD hardness according to the
curve tracer. The failure root cause is estimated to be the thermal defects in the
protection device as the destructive heat generated by the ESD energy cannot be
dissipated within the pulse duration. However, this cannot be examined and proved
with lack of the voltage waveforms during the conventional IEC tests. On the contrary,
the HMM tester can provide decent transient voltage measurements. The HMM tests at
the LIN BUS pin are performed using the TB1 setup with a 25 V increment of charge
voltages. Also, a HMM hardness corresponding to 10 kV IEC level is measured. The
failure detection is done by the leakage current measurements. In the transient
waveforms, the thermal failure is clearly demonstrated at latter part of the destructive
pulse as depicted in Figure 2.26. The failure energy can be even easily calculated with
the integral of the failure power over time. Note that also small oscillations can be
observed in the waveforms, which are mainly caused by the package parasitic.
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Figure 2.26: Current and voltage waveforms of positive HMM tests on a LIN bus pin: (a) last stress
before failure (b) stress to denoted thermal failure. The red circle indicates voltage collapse indicating
a short circuit i.e. the damage of DUT

2.2.3.2 Electrical Failure Levels

The HMM and IEC tests have delivered the same levels of thermal failure as described
in the previous example. The correlation of the HMM and IEC tests on the electrical
induced failures (hereafter electrical failures) of DUTs is also of interest. In the field of
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Figure 2.27: Picture of IEC test setup for electrical failed DUTs

on-chip ESD protections, actively controlled MOSFET — so-called active clamp - is
widely used as a type of ESD protection elements, as its principle is generally easy to
apply and relatively technology independent. The ESD capability of the active clamps
is often limited by the electrical safe operating area of the used MOSFET transistor.
The active clamp engages its robustness limit and is damaged when the electrical
parameters such as voltage and current density at the transistor exceed the critical values
during ESD even with very short pulse durations e.g. 5 ns. This means that in many
cases the failures of the active clamps are induced by the first peak of the system-level
ESD pulses. The high-voltage active clamps and their failure modes will be discussed
in detail in later chapters.

In the study of the HMM tester, several active clamps with different sizes are used as
DUTs which are all expected to have electrical failure levels. In the IEC tests, the test
structures are assembled in the plastic package LQFP-64 and stressed with a Schaftner
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Figure 2.28: Voltage waveforms derived from the HMM test for a 25 V active clamp with electrically
induced damage denoted in the first peak range. The DUT fails at 6.8 A broad peak current
corresponding to 3.4 kV IEC level which is shown in Figure 2.29.
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Figure 2.29: Comparison of current waveforms at stresses to failure for active clamp A.

ESD generator, model NSG-438 150 pF/330 Q. Current waveforms are measured by
CT6 current probe in the test setup shown in Figure 2.27. The HMM tests are performed
on the same structures with the TB1 setup but using CT6 for the current probing. Figure
2.28 depicts the waveforms of stresses pre- and post-failure for a 25 V active clamp A.
The electrically induced destructive snapback is clearly visible as the voltage collapses
at the beginning of the pulse. The spot leakage is also plotted indicating the failure
current level during the HMM test corresponding to about 3.4 kV IEC level. In the IEC
tests, the active clamp A passes 2.9 kV and fails at 3.1 kV. In Figure 2.29, the zoomed
stress-to-failure IEC current pulse measured by CT6 is compared to the stress-to-failure
HMM current, showing a very good agreement of the failure levels. A correlation of
the HMM and IEC tests on the electrically induced failures is therefore given.

Several other active clamps are tested and compared in the IEC and HMM tests. The
results for the different DUTs are summarized in Table 2.4 and show good agreements
between IEC and HMM. Note that all the failure levels from the HMM tests are very
reproducible. The HMM “kV” levels are determined according to the current values in
the IEC standard. The IEC tests show some minor fluctuations with acceptable
reproducibility.

Table 2.4: Summary failure levels of various active clamps as DUTs for comparison.

Device Name Sample HMM IEC
Fail (kV) | Pass (kV) | Fail (kV)

Active clamp A #1 34 2.9 3.1
Active clamp B #1 2.2 1.9 2.1

#1 2.8 2.6 2.7
Active clamp C

#2 2.8 2.5 2.6

#1 3.2 2.8 2.9

Active clamp D

#2 3.2 2.9 3.0
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Above all, the correlation of the HMM and IEC tests on the failure levels is found. The
TLP based HMM tester provides a reliable test method which delivers the same results
as obtained in the traditional IEC system-level ESD tests for the devices and circuits
under test. The HMM tester further enables accurate voltage measurements and is easily
applicable for board or wafer-level tests.

2.2.4 Discussion and Summary

EUT/DUT on PCB A

HMM external ESD :: HMM \
protection
F (optional) e ’—»
N DUT on Wafer
low-ohmic low-ohmic N

Figure 2.30: HMM tester for board- and wafer-level component tests. DUT must fulfil the condition to
be low-ohmic during ESD events.

As already discussed earlier, to obtain reproducible and reliable HMM test result,
several conditions have to be fulfilled. The most important one is that the DUT must be
low resistive during the test. From the ESD protection point of view for IC components,
DUTs are in the majority of cases low resistive based on the consideration: The ESD
protection elements have the task to safely discharge ESD currents via a low-impedance
shunting path the ground. The DUT with high-impedance interface which can safely
limit the ESD current is straightforwardly ESD protected hence is not in focus of this
work. As depicted in Figure 2.30, the HMM test can be done on wafer- and PCB-level.
The applied HMM setup is based on TB1 configuration introduced in Figure 2.14. The
HMM tester symbolized in Figure 2.30 contains the IEC-like pulse generator and a
robust 47 Q serial resistor.

The usage of the TLP based HMM has its limitation. If the HMM pulses are intended
to be applied at arbitrary location on a system board such as at a random copper trace
or a connector, the pulse reproducibility and quality is then limited by the pulse delivery
technique. This is mainly due to the grounding in the measurement setup. To investigate
how the pulse waveform will be affected in case of non-optimized ground connection,
experiment was carried out with the setup shown in Figure 2.31. The HMM pulse is
applied to a 2 Q current target mounted on a large metal ground plane which is usually
used for the calibration of IEC pulse generators. In this case, the HMM discharging
pulse cannot be implemented with SMA connection but through a metal tip to enable
the contact discharge. In the HMM test setup, 50 Q system is turned to a nearly 100 Q
source impedance with the 47 Q resistor in place. The ground connection can easily
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Figure 2.31: Experiment of applying HMM at a 2 Q current target through a metal discharge tip.
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Figure 2.32: Picture of HMM test setup described in Figure 2.31with different ground connection: (a)
cable and (b) copper slice.

introduce significant parasitic inductance that distort the HMM pulses. Figure 2.32
describes two implementation of the ground connection implemented with cable and
copper slice, respectively. Both connections are kept as short as possible to minimize
the parasitic inductance. The length is in the range of 10 cm. A strong dependence on
grounding methods was found in the test results as depicted in Figure 2.33. A 20 nH
ground inductance was added in the simulation for the comparison. Both grounding
methods result in distortion of the HMM pulse with significant reflection peak observed
in the waveforms. The position of the reflection peak is a function of the transmission
cable length. Additionally, the first peak current is also deteriorated by the ground
inductance. The 10 cm copper cable introduces larger impact on the HMM pulses while
the copper slice shows a better result compared to the IEC standard. Based on the
simulation the ground inductance should be kept below 20 nH in order to deliver
acceptable pulse quality in the HMM test setup. In practice however, it is challenging
to ensure a ground line between coaxial shielding and DUT ground with less than 20 nH
during the HMM test.
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Figure 2.33: Comparison of current waveforms at same stress level using different grounding.
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Furthermore, other limitation of the TLP based HMM tester is the maximal stress level.
In this work, the TLP based HMM can provide a stress level corresponding to 10 kV
IEC discharge. Compared to the commercial IEC generators which provide usually up
to 30 kV discharge voltage, the HMM stress level is limited. For DUTs having higher
ESD hardness, the HMM stress cannot reach the failure levels.

Despite the limitations of the HMM tester, there are several essential advantages to
develop the TLP based HMM when performing system-level ESD tests on components.
One of the major advantage of using HMM instead of the conventional IEC generators
is the improved measurability of transient signals especially voltage transient
waveforms. In the IEC setups, voltage measurements are very challenging. Even using
the same measurement setup - the same high bandwidth voltage probe designed for the
HMM system (Figure 2.15), the IEC test cannot deliver good voltage measurements.
As shown in Figure 2.34, the first peak voltage in the HMM test is visible while in the
IEC tests, the resolution of the first peak is not satisfying. The reasons are multi-fold.

One of them is the IEC generator produces strong electro-magnetic radiation, which is
difficult to be shielded [42].

As a summary, the advantages of the TLP based HMM compared to the IEC generators
are found:

e TLP based HMM generates very repeatable IEC-like ESD pulses according
to the standard IEC 61000-4-2. IEC generators show less reproducibility;

o Fast signals especially voltage waveforms are well measurable with proper
test setups in HMM. Voltage measurement in IEC setup is very difficult;

e Wafer-level HMM measurement is easy-to-implemented based on the TLP
setups. IEC discharge on wafer-level requires higher effort;

e Simulation of HMM is straightforward. The spread of radiated fields is not
controlled and varies strongly between different IEC generator models [43].

Also several drawbacks of the HMM tests are described:
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Figure 2.34: Comparison of transient voltage measurement performed with (a) the IEC setup and (b)
the HMM on 2.2 Q resistor as DUT. The voltage transients are measured via the same voltage probe.
Different signal clarity is shown with (c) the waveforms at 4 kV IEC level.
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e TLP based HMM testing has a focus mainly on IC components or simple
PCB-level ESD protections. It may not be applicable for ESD tests on a
high-level system;

e The introduced HMM tester prototype provides a maximal stress level of up
to 10kV corresponding to IEC level;

e 100 Q instead of 330 Q source impedance is implemented within the TLP
based HMM system. Parasitic inductance in the ground connection can
affect the pulse waveform;

e HMM test is limited to contact discharge while the IEC generators enable
also air discharge tests.

e Radiated fields can cause IC failures and cannot be tested with the HMM
tester

As a summary, a TLP based HMM test equipment and the measurement setups are
introduced and optimized. The correlation of HMM and IEC tests regarding transient
waveforms and failure levels are verified and confirmed with different DUT examples.
Further, the main differences of both tests are also discussed and summarized.

2.3 Conclusion

Rise-time of ESD pulses can affect the ESD performance of protected circuits in a
significant manner. This chapter proposes a generic low-reflection low-pass filter
design, which is theoretically and experimentally promising to be highly useful for TLP
measurement system. In later chapters, rise-time of TLP is substantially important for
the investigation on ESD protection elements as the behavior of ESD devices can vary
to different rise-times.

The HMM system developed in this work can deliver IEC-like pulses according to IEC
610004-2 contact discharge into component pins or into ESD protection networks.
During the HMM tests, DUTs behave similarly as they experience the system-level
ESD tests employing IEC generators. Conventionally, ESD tests using IEC generator
only delivers the failure levels of DUTs as ESD qualification tools. In case of
insufficient ESD robustness, very limited information is obtained from the
measurement readout, which makes the failure analysis and improvement of ESD
protection difficult and time-consuming. With the precise voltage and current
measurements in the HMM test setup, the transient waveforms can be used for example
to identify failure mechanisms, to measure the pulse power and energy at different time
instants and to evaluate the real clamping performance of the ESD protection devices
considering the first peak current of IEC pulses. Not only the failure levels but also the
failure modes of different DUTs derived from the HMM and the IEC tests show good
agreement that validates the usefulness of the developed HMM setup.

The ESD testing techniques introduced in this chapter facilitates significantly the ESD
study throughout the work with different topics, including ESD protection
characterization, ESD protection design and ESD device modeling.
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Chapter 3

Failure Levels, Criteria and Case Studies
of On-Chip Protections

High-voltage ESD chip-level design requires reliable protection elements. In the scope
of this chapter, three types of typical high-voltage on-chip ESD protection elements are
studied. Their failure levels and failure criteria are of enormous importance to establish
area efficient and protection effective design. Because nowadays, ESD protection for
IC products especially in high-voltage wafer technologies generally does not work with
“plug and play” of protection devices. Only if one understands deeply the differences
of ESD protection devices in terms of their advantages, disadvantages and their
interactions with protected devices and structures, effective protection can be designed.
Compared to low-voltage ESD protection concept high-voltage ESD devices are
inherently larger due to higher power dissipation (higher clamping voltage at specified
ESD current) requiring more silicon area or volume. Hence, the area efficiency of
overall ESD protection is often dominated by high-voltage ESD

In this work, three representative types of ESD devices including npn-bipolar transistor
(BJT), pn-diode and active controlled power MOSFET (hereafter active clamps) are
discussed in this chapter. Using TLP with different pulse durations and rise-times, the
device characteristics with respect to HBM, CDM as well as system-level ESD are
experimentally and comprehensively summarized. The root causes of devices’ failures
by reaching their inherent ESD capabilities are also studied in detail.

In addition to the ESD protection elements by themselves, the protected devices are
also combined with the ESD protection in the study to verify the on-chip ESD
protection effectiveness. Combining ESD protection and ESD protected devices is
usually named ESD concept and is a part of the ESD development. In this chapter,
diverse particular effects shown in the various ESD protection concepts are
demonstrated with assistance of device simulation. Based on the devices’
characteristics, the impact of the protection elements to the circuits being protected is
carefully evaluated. In order to improve the efficiency and effectiveness of the ESD
protections, advanced concept solutions and novel protection elements are developed
and investigated accordingly.
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3.1 Failure Levels Studies of On-Chip ESD Protections

In this section, the failure levels of on-chip ESD protections, in particular the ESD
devices for automotive applications are investigated for comparison [44]. Among
different types of ESD protection devices, non-snapback devices are studied more in
detail. The reasons of the focus mainly on non-snapback ESD devices are multi-fold.
The continuously increasing importance of system-level ESD test demands the testing
of events that can occur in systems in either powered up or powered off states [45]. It
is of crucial danger for snapback devices when the protected IC experiences ESD events
in powered up states. If the holding voltage of snapback devices is below the supply
voltage, the power supply can easily cause permanent damage with its “unlimited”
energy from ESD perspective. In addition, snapback ESD devices can suffer from the
existing external capacitance during system level ESD. The large capacitance can be
charged up to the trigger voltage of ESD devices and store a large amount of energy. In
case a deep snapback process occurs, the capacitance will discharge the energy directly
to the snapback ESD device and cause damage. Another important reason which can
degrade snapback devices for high-voltage ESD protection is the potential danger of
the voltage overshoots due to the relative slow snapback process regarding the base-
transit-time [46]. The transient responses of snapback devices are generally sensitive to
the stress level and rise-time of the ESD pulses [47] [48] [67].

Although the snapback device can produce risks in some of the high voltage ESD
applications, its ESD current capability per unit area is usually much higher than the
non-snapback devices. Hence, the characterization of the snapback devices is also of
interest. In this failure levels studies one snapback ESD protection — an npn type bipolar
transistor is studied as an example. Nevertheless, the non-snapback devices remains
focus due to the reasons discussed above.

Failure levels of semiconductor devices regarding thermal runaway are introduced in
the Wunsch-Bell criterion [19] back in 1960s, providing a chance to estimate failure
power or energy concerning different pulse durations. Based on the Wunsch-Bell
theory, failure threshold for an electrical device depends on pulse duration. The power
in the pulse continuously increases the temperature of the device and under
circumstances induce thermal failure. This process is certainly affected by the pulse
duration. The longer the pulse the lower is the failure power. In fact, ESD events with
wide range of pulse durations exist in automotive systems [102]. Moreover, it is often
desirable to investigate and systematically compare the failure levels of various ESD
structures under stress pulses even beyond ESD time range. The deep understanding of
the ESD capabilities and robustness under stress of such devices considering ESD
window is one of the prerequisites to improve the concepts of ESD engineering.
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Figure 3.1: TLP I-V characteristics and spot leakage results of a 15 V npn-BJT named npn-e15a2 tested
with various pulse widths from 5 ns to 500 ns. The pulse rise-time is 300 ps. In the used naming
convention, €15 indicates the voltage class while a2 is related to the device size.

In this section, various pulse widths (tw) and rise-times (t;) are used as parameters for
the devices characterization. In the used TLP system introduced in Chapter 2, tw is
adjustable from 2.5 ns to 1.5 us, which covers the pulse width of most ESD pulses. For
longer pulses in the range of electrical overstress (EOS), a square pulse generator is
applied instead of TLP with ty from 10 us to 10 ms. The rise-times in the TLP setup,
variable between 100 ps and 45 ns are used to characterize the turn-on behavior of the
ESD devices. The devices are characterized on wafer-level with TLP, and on package-
level with the square pulse generator as the used square pulse generator with the pulse
widths ranging from 10 ps up to 10 ms can be only used for package-level tests.

3.1.1 npn-BJT

A bipolar junction transistor (BJT) is actually the underlying building block of many
snapback devices such as silicon controlled rectifiers (SCR), grounded-gate NMOS
(gegNMOS) and etc. Hence, the characterization of npn type of BJT (npn-BJT) is
representative for snapback devices by means of failure levels study. For ESD
protection purpose, an npn-BJT is supposed to divert currents when so called second
breakdown occurs. An abrupt decrease in device voltage marked as snapback occurs
with a simultaneous internal constriction of current [49]. The trigger voltage Vi is
determined by the avalanche breakdown at the collector-emitter under the open-base
condition; while the voltage at the onset of snapback Vi1 and the holding voltage Vi, are
directly related to avalanche multiplication factor, base width, current gain and
resistance in the path [50].
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Figure 3.2: (a) Voltage transient waveforms derived from a 10 ps square pulse characterization for the
npn-el5a2. (b) Current transient waveforms derived from a 10 ps square pulse characterization. 17.5 V
stress voltage is applied, as the snapback device is not yet triggered. At 18 V the stress triggers the device
causing device failure.

Figure 3.1 shows the TLP characterization results of a typical high voltage npn-BJT at
15 V voltage class (npn-el15a2). The TLP characterization was done using different
pulse width. The averaging window for the quasi-static voltages and currents of the
TLP I-V is normally applied between 70% and 90% of the TLP transient voltage and
current waveforms, respectively. The spot leakage currents are measured after each
TLP stress by applying a defined spot voltage across the DUT e.g. at the voltage class
15 V. A sudden increase of the spot leakage currents determines the stress level
resulting in device failure. The failure voltage and current Vi and Iz as well as the
trigger voltage Vi and holding voltage and current Vi, and I are denoted in the plot for
20 ns TLP for example. The measured TLP currents are specified to the device area on
the silicon with the intention for later comparison of different devices. For
confidentiality purposes, only arbitrary units (a.u.) are used for the device area related
comparison. It applies to the respective figures hereafter.
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Figure 3.3: (a) TLP I-V characteristics of the npn-el5a2 with pulse width of 20 ns and rise-time of
300 ps. A, B and C indicate the I-V points with the corresponding voltage transient waveforms shown
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Figure 3.4: (a) TLP I-V characteristics of the npn-el5a2 with pulse width of 100 ns and rise-times of
300 ps, 1 ns, 5ns and 10 ns. The voltage transient waveforms corresponding to 2 A TLP current are
shown in (b)

As shown in the TLP I-V, the failure levels of the snapback device depend strongly on
the pulse duration. With the profound ESD device designed by engineering the
ballasting resistance that helps to distribute the ESD current homogenously through the
ESD devices after the snapback [51], and the failure current I, does not drastically
decrease for pulses width up to 500 ns. This guarantees the usage of npn-el5a2 as an
effective ESD protection device for the ESD pulse range. However, the failure voltage
Vi drops drastically for longer stress pulses, which implies in the EOS case the
snapback BJT can be damaged when it is false-triggered. A homogenous triggering of
this npn-BJT may not be fulfilled. To verify this assumption, a 10 ps square pulse
generator is applied for the long pulse characterization. The device npn-el5a2 is
packaged in a plastic package LQFP-64 for the tests. Figure 3.2 shows the measurement
results. With 17.5V at the DUT (before fail in Figure 3.2 (a)), the npn-BJT is not
triggered. The current ringing in Figure 3.2 (b) is caused by the tester parasitics. As the
next stress at 18 V is applied, the device is triggered and it failed during the stress. The
current drastically increases after approximately 2 us and it is limited by the current
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constraint. Similar results were observed during the square pulse tests with 100 pus and
10 ms pulse durations. As a result, the snapback device npn-e15a2 is not allowed to be
triggered for the pulses longer than 1.5 ps.

In addition to the long pulse characterization, the voltage overshoots of the snapback
device depending on the current levels and rise-times are investigated. Figure 3.3 shows
the voltage responses of npn-el5a2 at three different 20 ns TLP stress levels as
indicated with A, B and C. The rise-time of the TLP pulses is 300 ps. The voltage
overshoots are clearly visible and become larger at higher current levels. Figure 3.4
gives the comparison of 100 ns TLP I-V characteristics of npn-el15a2 using different
rise-times. Although the failure voltage and current of the npn-BJT are not affected by
the rise-times (as indicated with the second snapback in Figure 3.4 (a)), the voltage
transients at 2 A TLP current show however a strong impact of the rise-time on the
voltage overshoots. Larger overshoots are observed at shorter rise-times. Hence, for
overshoot sensitive circuits being protected the snapback devices can be less effective
for ESD protection when the voltage overshoots are already critical.

3.1.2 pn-Diode

Pn-junction diodes (pn-diodes) operating as non-snapback ESD devices belong to a
type of the most simple but effective ESD protections. For the high voltage protection,
they are often designed as vertical devices, which provide very efficient use of silicon
area because very robust vertical pn-junction is available in the smart power
technologies. Reverse biased pn-diodes utilizing avalanche breakdown mechanism
focus mainly on the engineering of doping profiles along the abrupt pn-junction
relatively deep below the silicon surface [44]. Avalanche multiplication, or impact
ionization, is the most important mechanism in the junction breakdown. Under ESD
conditions, a pn-diode is designed to carry high current when avalanche generation
occurs [50] [52]. With a given doping profile, the breakdown voltage, or in the same
meaning, the trigger voltage Vi of the pn-diode increases with increasing temperature
and decreases with decreasing temperature [49]. The design of the breakdown voltage
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Figure 3.5: TLP I-V characteristics and spot leakage results of the 45 V pn-diode pn-e45a2 tested with
various pulse widths from 10 ns to 1.5 ps. The pulse rise-time is 1 ns. Parameter e45 indicates the
voltage class, while a2 is related to the device size.
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has to concern the temperature coefficient and process variation, which is not the focus
of the study. For given ESD diodes designed for certain voltage classes, the device
behavior under ESD condition is of interest. Because the ESD requirements are
standardized for room temperature, Vi hereafter shown in the device characterization
is meant to be the trigger voltage of the ESD protections under room temperature.

Figure 3.5 shows the TLP measurement results for a typical pn-diode for 45 V voltage
class named pn-e45a2. Compared to npn-e15a2 shown in Figure 3.1, I is smaller while
Ve is significant larger in conjunction with the higher trigger voltage. Note that the
trigger voltage Vi is around 55 V at room temperature for the temperature dependence
and process margin for 45 V voltage class. The avalanche breakdown is not allowed to
be drifted below 45 V at -40 degrees Celsius and at the process corner. The rise-time of
all the TLP pulses in the characterization is 1ns. Same to the studied snapback BJT npn-
el5a2, rise-time has no significant impact on the I-V curves of pn-diodes because the
TLP (quasi-static) voltages and currents are derived by averaging the later part of the
pulses (70% to 90%). Hence the transient behavior and after all the turn-on speed is not
described in the quasi-static I-V curves. Besides, the pn-diodes stand-alone are expected
to have the failure mechanism of thermal runaway. Therefore, as long as the rise-time
has no substantial influence on the total pulse energy for the same pulse width, the
failure levels of the pn-diodes do not depend on the rise-time, which is the case in our
study.

In Figure 3.5 the spot leakage currents at 45 V determine the devices failure while the
failure voltage and current are denoted by V2 and Iip, respectively. The different leakage
currents in the spot leakage plot are caused by different sense needles used in the wafer-
level TLP tests. The used sense needles have tens to hundreds of nano Amps leakage
current, which are higher than the DUT leakage current itself. The sense needles have
however practically no influence on the measured failure levels. The TLP currents are
also normalized to the device area with the intention for comparison of different types
of devices. The failure levels of the pn-diode depend strongly on pulse duration, which
confirms the Wunsch-Bell theory. The longer the pulse the lower is the failing level. In
addition, the ESD on-resistance Ron derived from TLP I-V curves is a function of ty
defined as follows,

R = Vrp(tw) — Vir
on Irpp(ty)

= f(t,). 3.1

The mean TLP voltages and currents (VrtLp and Itp) are calculated by averaging the
TLP transient voltage and current waveforms in the averaging windows, respectively.
At the same stress level with constant pulse power, the pulse energy dissipated in the
device is proportional to the pulse duration, generating more heats and causing stronger
temperature rise localized in the junction area. It is trivial that within the TLP pulse, the
ESD on-resistance of the current path in the triggered ESD device is increasing with
the time since the charge mobility has negative temperature coefficients. Consequently,
it is valid in the TLP measurements with the given source impedance (50 Q) when
tw1 < twa:

Vrie ey < Vripty, Itiet,, > Irip ey, 3.2

As a result, the on-resistance derived with shorter pulses is smaller than that with
longer pulses according to3.1.
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Figure 3.6: 1-D TCAD simulation for the pn-diode pn-e45a2 in the reverse-biased condition shows the
differences in the electric field with or without the Egawa effect. Doping profile is shown as well. With
2 mA current biasing, only one local electric field maximum exists along the diode from anode to
cathode, where double peaks are observed at 5 mA bias current.

For pulse widths smaller than 200 ns, current density in the pn junction reaches the
level where the Egawa effect [53] takes place and changes the slope of [-V characteristic
of the pn-diodes. The slope changing points according to the I-V characteristics with
different pulse durations generate a nearly horizontal dashed line (Figure 3.5), which
implies the current density level is the key parameter for the Egawa effect. In order to
have a detailed observation for this phenomenon, 1-D Technology Computer-Aided
Design (TCAD) simulation [54] is used to show qualitatively the behavior of the 45 V
pn-diode under high current injection condition. Figure 3.6 shows the simulation results
where the second local maximum of electric field appears at the higher current rather
than at lower current density. When the current reaches a critical value under high
injection condition, the holes and electrons densities lead to a modification of the space
charge distribution, forming two one sided abrupt p-n (or n-p) junctions hence resulting
in double peaks of electric fields. Compared to a single E-field maximum, double field
peaks induce substantially more impact ionization within the same increase of potential.
This imposes the change of AI/AV and Ron.
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For ESD protection, pn-diodes can benefit from the Egawa effect, which lowers the
total on-resistance of the devices, resulting in improvement of on-chip ESD area
efficiency. In addition to pn-e45a2, many other pn-diodes implemented for two voltage
classes are also characterized using the similar TLP test method as introduced above.
If one simply linearizes the I-V curves by defining the device on-resistance Ron, dev

Vio = Vir

33
It2

Ron,dev =

with respect to the failure levels without concerning the change of Ron due to e.g. the
Egawa effect, the dependence of R,;, 4¢, * area product on the pulse duration can be
derived from the measurement results as depicted in Figure 3.7. As expected, the diodes
with the same breakdown voltage have nearly the same Ron, dev referring to unit area,
showing very good scalability. However, the pn-diodes for higher voltage classes have
to be designed larger to obtain the same on-resistance. The weak doping concentration
in p-tub region [55] for higher breakdown voltage increases the resistance in the current
path significantly. This results in R, 4o, * area product of the 45 V devices with a
factor of approximately 1.8 comparing to the 25 V diodes.

In fact, in the high voltage applications the ESD design windows often have upper limits
of several tens of volts as constraints. Hence, very high Vi might not be in advantage
for an effective ESD design. Effective on-resistance Ron, eff in terms of ESD window
with defined maximal allowed voltage is a more practical measure, which can reduce
the area efficiency of pn-diodes. This issue will be addressed in the comparison of
various devices types in later sections.
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Figure 3.8: Energy and power to failure per area versus pulse duration for two groups of pn-diodes at
25 V and 45 V voltage classes.

In addition to the on-resistance, the failure power (power to failure) Pr and the failure
energy (energy to failure) Er as function of pulse duration are certainly also of interest
in the investigation of junction robustness. Based on the TLP characterization, Py is
defined as product of Vi and I, while Ef is simply the product of Pr and the
corresponding tw. Figure 3.8 shows the characteristics of specific energy and power to
failure of various ESD diodes. Almost overlapped power and energy lines imply the
fact that failure levels per area of the pn-diodes are relatively independent on the
voltage classes by proper design of the ESD pn-diodes with the given technology.
Linear Pr and Er per area in double logarithm plot basically confirm the Wunsch-Bell
theory and the analytical thermal failure model published by Dywer [56] [57].
However, the experimental data do not show exactly the same slope as the power profile
shape depicted in the Dywer’s theory. The slope is approximately -0.8 in Figure 3.8
rather than -0.5 according to the Wunsch-Bell thermal model in the Wunsch-Bell
region. Note that within the range of applied pulse durations, the slope change of Pr
from the experimental results does not fit well to the Dywer model (Figure 3.9). The

log(P¥)
A

Pr= 1/tw

Pr= 1/\tw

Pi= 1/[log(tw)+const.]

Ps —const.

N,
>

Wunsch-Bell Region log(tw)

Figure 3.9: Asymptotic behavior of the power-to-failure vs. time-to-failure relationship according to
[57].
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analytical model was established by solving time-dependent heat diffusion equations
for an infinite linear medium with a heat source. In the reality, the devices details
become much more complex and depend on geometry, process, and boundary
conditions.

Beyond the TLP pulse range, the same long pulse characterization for the snapback
device npn-BJT was also applied to the pn-diodes implemented with various voltage
classes and devices areas. By utilizing merely the avalanche current without
encountering the current filament problem, the pn-diodes show their advantage to
handle the long pulse stresses. The device is triggered and conducts current until Prand
Er are reached at the thermal runaway. Table 3.1 gives the long-pulse characterization
for a pn-e45a2 as an example. The failure voltage Vrand failure current Ir are obtained
by averaging the voltage and current transient waveforms similarly to the TLP method.

Table 3.1: Long-pulse characterization of pn-e45a2.

Pulse Width (ps) | Ve(V) Ir(A) Pr(W) Ef(ml)
10 67.6 040 27.04 0.27
50 65.6 021 13.78  0.69
100 642 0.16 1027 1.03
1000 63.8 0.125 7.98 7.98
10000 63.7 0.1 6.37 63.7

3.1.3 Simple Active Clamps

Another type of non-snapback on-chip ESD protection utilizes an active controlled
power MOS field effect transistor [55]. On the contrary to traditional RC triggered
MOSFET ESD circuits which have been applied as power clamps in the advanced
CMOS or low voltage technologies for many years [51], this work aims to statically
triggered high voltage diffusion MOS (DMOS)-based protection elements. To
minimize the risks of false-triggering via RC coupling at transistor gate due to EOS
disturbances or functional signal switching, a statically triggering concept using Zener
diode string has become the preferred solution. This section focuses mainly on the
failure level study on simple active clamps with a brief introduction on the Zener
clamping circuitry.

3.1.3.1 Design and Evaluation of Simple Active Clamps

Among many possibilities which allow gate-biasing of the big DMOS transistor
(bigMOS) during ESD stresses, two examples applying Zener diodes string as the
trigger circuit for the static breakdown voltage definition circuit are demonstrated in
Figure 3.10. This type of high voltage ESD active clamps are named as the type-A
clamps hereafter. The active clamps are designed and fabricated in the smart power
technology with the bigMOS implemented with an n-type lateral DMOS transistor
(nLDMOS). Within the type-A clamps, type-Al clamp has one Zener diode as gate
protection while type-A2 clamp engages two Zener diodes. The gate-source voltage
limitation is therefore different. The trigger voltage of the type-A clamps is denoted as
V. With the combination of forward- and reverse-biased Zener diodes in the Zener
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Figure 3.10: The type-A active clamps with (a) type-Al single or (b) type-A2 two in series connected
Zener diodes as gate protection. An active ESD structure can be considered as an ESD device with two
terminals, cathode and anode, as in a pn-diode.

diode string, Vi of the active clamps can be flexibly implemented. This is valid as long
as the designed Vi is considerably smaller than the avalanche breakdown voltage of
nLDMOS with zero gate-source voltage (Vas). In the type-Al and type-A2 clamps, Vi
is designed for 25 V ESD protection circuits. The trigger circuit occupies much less
layout area compared to the nLDMOS but should be robust to withstand the clamping
voltage without being prematurely damaged. As designed, Vgs of nLDMOS can be
temporarily biased up to one or two Zener voltages in type-Al or type-A2 during ESD
stresses, respectively.
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Figure 3.11: Simulated TLP characteristics of type-Al and type-A2 circuitries in SPICE. TLP current
and voltage as well as gate-source voltage of the nLDMOS are calculated using the averaging window
between 70% and 90% of the pulses. Above marked current level (dashed line), simulation only delivers
qualitatively the I-V characteristics of the structures.
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Apart from the functional simulation in the product design, circuit-level ESD design
often suffers from the lack of proper simulation models, which would precisely
reproduce the physical behavior of circuit elements under high power and short time
conditions. Hence, the usage of the results of SPICE simulation is limited. However, it
shows qualitatively the voltage and current at every node of the circuits. The modeled
output characteristic of the nLDMOS is extracted with DC measurements. The
electrical safe operating area (SOA) of a power MOSFET stressed by short pulses in
high drain-source voltage range is not included in the SPICE models by default. Figure
3.11 shows the simulation results for the active clamps. Trigger voltage of the active
clamps and gate-source voltage of the nLDMOS are well simulated whereas the TLP
current can only be qualitatively taken into consideration. Limited Vgs in type-A1 with
one Zener diode protection directly affects the drain-source current of the nLDMOS.
Although the SPICE simulation is not able to predict the on-resistance and the failure
level of the active clamps, it is useful to obtain the gate-biasing and the trigger voltage
of the circuit in order to do a first time right ESD design.

As mentioned earlier, with a big nLDMOS used as the main ESD circuit element, the
physical limitation of ESD capability of the active clamp is given by the SOA of the
nLDMOS. I-V points at the onset of snapback or triggering of the inherent bipolar
transistor for different Vgs give the boundary in which the bigMOS is able to sustain
ESD currents. In the given smart power technology, non-uniform snapback of DMOS
often results in filament formation and immediate local burn-out [55]. This allows
treating the snapback voltage and current as the failure voltage and failure current of
the active clamps.

Derived from the experimental results with TLP, the pulsed I-V characteristics of the
stand-alone nLDMOS at different Vgs (SOA) and the active clamps with designed Vi
of 35 V at room temperature are shown in Figure 3.12. Note that the SOA boundary
formed by Vi of nLDMOS at various Vgs (indicated with the dashed red lines) indeed
restricts the snapback and failure points of the active clamps. Type-A2 clamp shows an
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Figure 3.12: SOA characteristics of nLDMOS (grey lines) at different gate voltages overlapped with I-
V curves of two 25V active clamps using the same nLDMOS. Data is recorded in standard TLP
measurements (10 ns rise-time, 100 ns pulse duration).
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Figure 3.13: TLP I-V characteristic of a 25 V voltage class type-A active clamp named aca-e25a8 tested
with various pulse widths from 5 ns to 1500 ns. The rise-time is 1 ns. Parameter 25 indicates the voltage
class while a8 is related to the device size. The crowding of failure points tested with below 20 ns long
pulses is indicated compared to the pn-diode in Figure 3.5.

advantage against type-A1 clamp, confirming the qualitative SPICE simulation results.
With the given SOA, Vgs of type-Al and type-A2 at failure points can be readily
estimated using the plot without extra measurements with the test pad on gate [59]. Vgs
of the type-A1l and type-A2 clamps are approx. 13 V and 17 V respectively. Further, it
is shown that the key to the design of the active clamp is to reach the optimal operating
point on the SOA boundary of the bigMOS. Since the type-A2 clamp using two Zener
diodes at gate enables better control of the gate of the bigMOS, the type-A2 clamp with
better gate protection is generally denoted as the type-A clamp hereafter.

3.1.3.2 Failure Levels Study on Active Clamps and nLDMOS

In order to study the failure levels of the active clamps, TLP tests with various pulse
durations are applied. Figure 3.13 gives the TLP results of the 25 V type-A clamp
employing an nLDMOS as described in Figure 3.12. V{-TLP measurements with TDRs
setup [34] are used for 5 ns pulse width tests. Compared to the pn-diode (Figure 3.5),
Iz and Vi of the active clamp are smaller, which implies the intrinsic ESD robustness
of pn-diodes is higher. Also unlike the pn-diodes, when the pulse widths are scaled
down below 20 ns the onset of the destructive snapback of the active clamp start
crowding together with less deviation of the failure voltage Vi, and failure current Ii.
In other words, with less energy content of the TLP pulses due to shorter pulses, failure
power levels of the active clamps however do not increase significantly. Further, some
other type-A clamps with different trigger voltages (Vi) are also characterized with the
same TLP method, showing a similar failure mechanism of failure points crowding.
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Figure 3.14: Transient electrical SOA of nNLDMOS for Vgs=10 V and 16 V with different pulse durations
(2.5 ns to 1500 ns). Pulses shorter than 20ns no longer enhance the SOA significantly. A to D indicates
four different regions of I-V characteristics where the transistor gate is biased to higher voltage (e.g.
Vgs=16 V) during ESD.

A s discussed, ESD capability of proper designed type-A active clamps relies on the
bigMOS, which in this case is the nLDMOS transistor. To understand the effect of
saturation of the failure power of the active clamps at short pulse durations, transient
electrical SOA of the nLDMOS is investigated applying stresses with various pulse
durations in addition to the standard 100 ns TLP. Two sets of measurements are
performed for different Vgs as depicted in Figure 3.14. Note that for tests with 2.5 ns
and 5 ns pulse durations, the failure points of the nLDMOS, defined as the onset of the
snapback as well, remain nearly unchanged. This can explain the fact that the failure
power of the active clamps is saturated as pulse duration is getting shorter. The SOA
measurements are repeated also with different rise-times (100 ps and 1 ns), delivering
the same phenomenon. No significant difference regarding rise-times is observed in the
transient SOA characteristics in terms of the failure levels. This implies that the
triggering of snapback of the used nLDMOS has no significant dependence on dV /dt
ordl/dt.

Figure 3.15: Simulation of (a) electron current density and (b) hole current density in the region A.
Source and body contacts were shorted to ground while the gate was biased on 10 V. The same
simulation setup was also applied to the region B, C and D.
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(b). .

Figure 3.16: Simulation of (a) hole current density and (b) impact ionization amplitude in region B.
Significant hole current starts flowing to the body contact in comparison with region A (Figure 3.15
(b)). The delocalization of the impact ionization maximums as well as electric field peaks along the cut
line AA’ represents the Kirk effect.

In the active clamps, the gate voltage of nLDMOS ought to be biased on a relatively
higher level to facilitate a higher failure current. This encourages the further analysis of
the used nLDMOS under high voltage gate-biasing [71] with 2-D TCAD simulation
involved. As marked in Figure 3.14, A to D represents four regions which are important
for the design of the active clamps:

e Region A: nLDMOS works in the saturation region as a MOSFET in
usual operating condition, where the MOS channel is pinched off with
total electron current flowing through the narrow channel to the drain
contact. No additional holes through n-epi layer and p-body to the body
contact can be observed. (Figure 3.15).

e Region B: In this region, avalanche multiplication occurs accompanied
with strong local electric field [52] [60]. The electrons generated due to
impact ionization flow to drain contact while the holes flow to the body,
providing a significant addition on the total current (Figure 3.16). The

(@)

Figure 3.17: Simulation of (a) electron current density and (b) impact ionization amplitude in region C.
Electron current is distributed similar as in region A. Along the cut line AA’, three local maximums of
impact ionization can be observed.

Figure 3.18: Simulation of (a) electron current density and (b) hole current density in region D.
Comparing to the operation as MOSFET in Figure 3.15(a), the npn bipolar transistor is now dominating
the nLDMOS behavior leading to snapback.
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delocalization of the electric field peaks under high current density to
the more highly doped drain region is called the Kirk effect [61] after its
first investigator for bipolar transistors. It has a similar effect as so-called
the Egawa effect in the pn-diodes described earlier.

e Region C: As the generation of the holes keeps increasing, additional
local maximums of impact ionization can be observed at p-body to n-epi
junction area (Figure 3.17), exhibiting the main difference of region C
and B. Note that no significant electron current flows from source
through p-body to drain indicating the parasitic npn bipolar transistor
(drain-p-body-source) is not yet triggered.

e Region D: This region is defined at the moment when the bipolar
triggering happens. As the hole current through p-body is sufficiently
large to build up a voltage drop at the base-emitter junction, which is
larger than the build-in voltage. The bipolar transistor is then triggered
accompanied with significant electrons injected into p-body and holes
into source. It forms the snapback as lower drain-source voltage - for the
npn bipolar transistor the collector-emitter voltage — is required to
sustain a higher collector-emitter current due to the bipolar amplification
(Figure 3.18). When the nLDMOS enter into the region D, current
becomes significantly large while the current flow becomes
inhomogeneous. As a result the current filaments can easily occur,
leading to the local overheating and device destruction.

In addition to the simulation results comparing the electrical parameters including
impact ionization and charge carrier current in the four regions inside the transistor,
transient device simulation using the commercial TCAD simulator SDEVICE is also
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Figure 3.19: Transient simulation of drain-source voltage corresponding to various drain-source current
pulses as function of time. The used rise-times are 0.3 ns and 1 ns. In case current reaches the critical
level, the parasitic bipolar triggering takes place at very beginning of the pulse (indicated by X1 to X6).
The simulated maximal temperatures as function of time are displayed for Ips=0.6 mA and 1.3 mA.
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performed for the used nLDMOS in electro-thermal mode. In this mode, thermal effect
is coupled with electrical characteristic of the device.

Figure 3.19 depicts the simulated transient waveforms of the drain-source voltage Vps
and the maximal lattice temperature of the nLDMOS with Vgs of 10 V under various
drain-source current (Ips) injections. The drain-source current pulses with pulse
amplitude from 0.6 mA to 1.5 mA and rise-time of 1 ns are forced as a current
stimulation. For the 1.5 mA current pulse, 0.3 ns rise-time is also simulated. Note that
all drain-source current pulses remain constant with the given amplitude during the
simulated time period which is up to 1 us. X1 to X6 denotes the time instants when the
triggering of the parasitic npn bipolar transistor takes place. These specific time instants
are extracted by examining the electron current density in the device cross section
(Figure 3.17 (a)). A time instant is then marked, when large amounts of electrons are
not only found in the MOS channel but also in the p-body region. This means the device
was driven into the critical region D. In the measurements, triggering of the parasitic
bipolar transistor is accompanied immediately with voltage snapback due to current
filament (Figure 3.14). In the simulation however, the voltage snapback of an ideal
homogenous device in the simulation occurs after a certain time period (tens of
nanoseconds to hundreds of nanoseconds shown in Figure 3.19) beyond the bipolar
triggering. The simulation accuracy in terms of the onset of voltage snapback is very
limited. The simulated maximal voltage peaks observed in the transient waveforms are
therefore not usable to identify the onset of the snapback or device failure in practice.
Note that the simulation curve respect to the rise-time of 0.3 ns shows nearly the same
failure voltage to X1 as indicated with A, where the self-heating of the nLDMOS is not
significant according to the temperature curves. This simulation result confirms that the
triggering of the bipolar transistor is not affected by the rise-time as observed in the
measurements.

With X1 to X6 and A indicating the failure points of the studied nLDMOS, the power
to failure level as a function of time is plotted in Figure 3.20. The power to failure is
simply calculated as the product of Vps and Ips at the failure points. Note that the same
effect comes out as described with the term failure points crowding (Figure 3.14). In
summary of measurements and simulations, power to failure of nLDMOS as well as
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Figure 3.20: Simulated power to failure (the triggering of the bipolar transistor) of the nLDMOS at
Vis=10 V. A as well as X1 to X6 indicate the failure points as shown in Figure 3.19.



Chapter 3 Failure Levels, Criteria and Case Studies of On-Chip Protections 51

the active clamps using nLDMOS as the bigMOS cannot increase significantly by
shortening the pulse width.

The long pulse characterization beyond 1.5 us for the active clamps is also performed
as it is done for npn-BJT and pn-diodes. The utilization of the nLDMOS as the bigMOS
allows no bipolar snapback mechanism in the ESD devices design. Therefore the active
clamps as non-snapback ESD devices show the capability to conduct current with
longer pulse duration after the device triggering. The measurement results are presented
in the next section.

3.1.4 Comparison of the ESD Devices

In addition to the major failure mechanisms of three types of ESD devices, which are
detailed discussed above, a systematic comparison of the failure levels among the
protection devices is given in order to obtain an overview.

Figure 3.21 compares the failure power levels Pr per unit area of various ESD devices
calculated as the product of Irand V¢ per unit area. The overlapped curves of Prper area
within the device type pn-diodes as well as within the device type active clamps show
an interesting result: the ESD failure power per silicon area depends on the device type
and remain nearly the same within a device type regardless the voltage class.

In the ESD time range typically with a pulse width up to several hundreds of
nanoseconds, although the failure current I of the npn-BJT is higher than pn-diodes as
shown in Figure 3.1 and Figure 3.5, Pr per area is however smaller due to the lower
failure voltage V. The active clamps show however the smallest Py per area in this
pulse range compared to the npn-BJT and the pn-diodes. For even shorter pulse
durations below 20 ns, the curves of failure power of the active clamps become flat
which is known as the failure level crowding effect measured and simulated for the
nLDMOS (Figure 3.20).
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Figure 3.21: Failure power levels per unit area of various ESD devices with different device dimensions
and voltage classes. pn-diodes show advantage in terms of the ESD power dissipation capability per
unit area in short pulse range.
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Robust junction of the pn-diodes exhibits the highest power to failure level in the ESD
time range among the three device types due to the fact that the heat generated mainly
in the deeper junction (several micrometers away from the silicon surface) can be
dissipated in all directions in the vicinity of the silicon space. The npn-BJT is a device
close to the silicon surface where the hotspot — the collector to base junction - is at about
2 um depth. The hotspots in a DMOS based active clamp are located rather at the silicon
surface with only the shallow trench isolation (STI) in between (Figure 3.15 to Figure
3.18). In addition, the onset of the bipolar snapback and the accompanied current
filaments become the major constraints of the active clamps in the shorter pulse range.
In contrast to this, ruggedness of the pn-diodes is only limited thermally rather than
electrically in the entire studied pulse range.

With the longer pulse characterization ranging from 10 ps to 10 ms, all devices except
for npn-e15a2 exhibit nearly the same failure levels. In this pulse range, the on-chip
device interconnections (metallization), the chip packaging as well as the heat sink play
an important role because the heat generated in the junction region during the longer
pulse is dissipated towards outside of the chip. Time-dependent heat diffusion can reach
the lead frame and the heat sink of the package boundaries [62]. Further, the
metallization as well as the bond wires can limit the device robustness as the melting
point of e.g. copper is lower than the silicon. All three types of devices are encapsulated
in the same package LQFP-64 and tested using the square pulse generator. They share
the same thermal boundary conditions hence showing similar thermal robustness. On
the other hand as discussed earlier, the studied npn-BJT is not capable for the long pulse
stresses due to inhomogeneous current flow for longer pulses. Figure 3.21 shows a trend
line of the failure power to area indicating the device behavior.

Figure 3.22 compares the failure energy levels Er per unit area of the investigated ESD
devices calculated as the product of Prand ty per area. In the TLP characterization, the
active clamps show lower Er per area compared to the npn-BJT while the pn-diodes
have the highest Er per area as expected.

10

FEP: charactarization s [ong pilse charactenzation

w

—_
o

-

-_—
o,
%
3
%

Energy to Failure per Area (a.u.)

10 n . & npn-e15a2
) m:-; ¥ .‘v A1 ...@.--pn—ezsaz
10° VAR & 5 O pn-e25a4
e = ~#£x pn-e4ba2
) __‘,<T", g| X7 pn—e45a4
10 et aca—-e25a8
<} aca-e45a2
_2 ’
10 0 2 4 6 8
10 10 10 10 0

Pulse Duration (ns)

Figure 3.22: Failure energy levels per unit area of various ESD devices with different device dimensions
and voltage classes. pn-diodes show advantage in terms of the withstand ESD pulse energy per unit area
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Figure 3.23: Rondev area product of various ESD devices with different device dimensions and voltage
classes in the range of TLP characterization. npn-el15a2 as a snapback ESD device shows the lowest
Ron,dev area product.

Figure 3.23 gives the comparison of the ESD devices in terms of area product with
Ron,devdefined in 3.3. As Ron dev is a parameter which is more relevant to the ESD design,
only ESD pulse range is explicitly shown in the plot. For the npn-BJT, Vi, instead of Vi
is used for the calculation of Rondev. The data points confirm that the on-resistance of
the snapback devices is usually much lower than the non-snapback ESD devices.
Interestingly for pulses longer than 200 ns, the active clamps show lower Ron,dev
compared to the 45 V pn-diodes as indicated as the cross point.

As discussed in section 3.1.2, the absolute maximum value of the current conducting
capability or power to failure of stand-alone ESD device is not the only measure to
evaluate the area efficiency of the ESD protection. The maximum allowed voltage Vmax
defined by the protected circuits in conjunction with the ESD design window must be
considered. In many cases, Vmax of the protected circuits is lower than the failure
voltage of the ESD protection device, which makes the power to failure level of the
stand-alone ESD device not relevant. Therefore, instead of Rondev the effective on-
resistance Ronefr considering Vmax provides much better comparison of the area
efficiency of different types of ESD protections. 3.4 and 3.5 define the effective Ron of
the protection elements where Vi and lp are the failure voltage and current,
respectively,

| /4
M,for Vmax < VtZr 34

Ron,eff = Tav
max

Vtz - Vtr

Ron,eff = = Ron,dew fOT' Vinax 2= Viz- 3.5

ItZ

In case Vmax 1s larger than or equal to the failure voltage of the ESD device, Ronefris
equal to Ron,dev. Figure 3.24 shows Ronefrarea product of the investigated ESD devices.
Vimax for 15V, 25 V and 45 V devices are assumed as 35 V, 45 V and 65 V respectively
as typical values from experience. Under these conditions, Ronetr of the npn-BJT and
active clamps remains nearly unchanged compared to Rongev Of the same devices
(Figure 3.23). Ron.efr of the pn-diodes has comparable characteristics of their Ron,dev but
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Figure 3.24: Ronfrarea product of various ESD devices with different device dimensions and voltage
classes in the range of TLP characterization. At 45 V voltage class, the active clamp becomes more area
efficient within the whole range of TLP pulses compared to the pn-diodes.

are shifted to higher values due to the consideration of Vimax. Vmax practically limits the
utilization of the Egawa effect respectively the slope change of Ron in the pn-diodes
(Figure 3.5). As results, the 45V type-A clamp provides lower effective Ron area
product and becomes more area efficient compared to the 45 V pn-diodes in the total
range of the applied TLP pulses. As indicated by the results, for ESD protections with
higher voltage class, active clamps are more attractive due to lower Ronefr. This allows
the focus on the active clamps for high voltage ESD protection concepts. With more
advanced designs shown in later sections, Ron of active clamps can be further improved.

Based on the failure level studies, several advanced features in favor of the active
clamps compared to the pn-diodes are summarized as follows:

e Zener triggered active clamps give the possibility of defining Vi in a
more flexible way where pn-diode demands process design on device
level which is much more time consuming for generating a new device
with other trigger voltages. Several silicon learning cycles are usually
required.

e In case of higher trigger voltages, needed in certain applications, pn-
diodes are only realizable on extra cost of area efficiency. The trend is
already shown with the Roneffect area product.

e Process fluctuation and temperature dependence of the high voltage pn-
diode is usually much higher than the Zener diode in the active clamps.

It was noticed that the pn-diodes fail thermally whereas active clamps reach their
maximal current capability thermally for longer pulses and electrically for shorter
pulses. In order to address the impact of different failure mechanisms of the active
clamps and the pn-diodes in a practical manner, the HMM tester based on the coaxial
line technique introduced in Chapter 2 is used to simulate the system-level ESD pulses.
The HMM tester provides an excellent resolution of transient voltage and current
measurement.
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Figure 3.25: Active clamp aca-e25a8 tested with HMM. The snapback of the intrinsic bipolar transistor
in the nLDMOS observed after the first peak of HMM causing damage of the aca-e25a8. This device
sustains a 3 kV system-level ESD discharge (150 pF/330 Q) according to the current.

Figure 3.25 and Figure 3.26 show the waveforms confirming two different failure
mechanisms of the active clamps and the pn-diodes under HMM stresses. For the 25 V
type-A clamp, the decisive damage due to snapback of the nLDMOS is induced by the
first peak of ESD pulses. In the stress to failure, the voltage collapse after the first peak.
For the pn-diode on the other hand, a thermal breakdown occurs when certain amount
of energy is exceeded at the later part of the HMM pulse indicated in the voltage
waveform of the stress to failure. Furthermore, the calculated first peak power per unit
area is located on the flat line region of the power to failure level of the active clamps
shown in Figure 3.21. The pn-diode is not damaged by the first peak because the peak
power is below the power to failure level at the corresponding pulse duration.
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Figure 3.26: pn-diode pn-e25a2 tested with HMM. The thermal breakdown and the device failure
observed at about 130 ns of the HMM pulse. This device sustains a nearly 5 kV system-level ESD
discharge (150 pF/330 Q) according to the current.
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The HMM measurements performed on the stand-alone ESD devices are mainly used
to show different failure mechanisms. As discussed earlier, applying ESD pulses on the
single ESD devices delivers the ESD robustness of the ESD devices themselves but
does not necessarily reflect the ESD protection capabilities in the applications. For
example, a circuit protected by the 25 V pn-diode can probably not survive a 5 kV IEC
discharge without taking additional measures since the voltage overshoot of the diode
exceeds 80 V. Nevertheless from the effective Ron point of view, the first peak of the
HMM pulse in the range of several nanoseconds and the broad peak in the range of tens
of nanoseconds are still both in favor of the pn-diode for 25 V ESD protection according
to Figure 3.24.

3.1.5 Summary

The npn-BJT as one of the high voltage snapback ESD protection devices is robust to
shunt ESD current in many applications. It however shows weakness when long
duration pulses are applied. In case of EOS related applications, the usage of the
snapback ESD protection devices becomes much limited concerning disturbances
ranging from micro- to milliseconds. The conventional avalanche pn-diodes with
designed breakdown voltages for high voltage ESD protection utilize robust vertical
junction deep inside the silicon and deliver inherently very good ESD ruggedness with
high area efficiency. The Egawa effect provides an extra advantage of using pn-diodes
under high current conditions. The ESD performance of the active clamps relies mainly
on the used bigMOS, in this study, the nLDMOS. The unique saturation effect of the
failure power levels at shorter pulse duration is shown and explained

Generally, the relatively lower area efficiency of the active clamps for short pulses
implies that the pn-diodes furnish a better approach against system-level ESD pulses
with a high power peak according to IEC 61000-4-2. The active clamps however are
generally sensitive to the peak power due to the bipolar triggering in the nLDMOS.
More detailed, on a certain voltage level across drain-source of nLDMOS, the current
density in the body region will reach a sufficient value to trigger the parasitic bipolar
transistor, driving the MOS transistor into a destructive snapback mode.

On the other hand, depending on the voltage class and the given ESD window, the
active clamps can become eventually more area efficient compared to the pn-diodes. In
fact, all three types of the studied ESD devices can be suitable as ESD protections. They
all have their advantages and disadvantages. The best solution can be only chosen when
the constraints and conditions of individual application are fully analyzed and
understood. This makes an ESD efficient and effective design in high voltage products
a challenging work.
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3.2 Case Studies for Failure Modes of ESD Protections

The failure level studies of the ESD protection devices discussed in the previous section
provide overview and give insight of protection efficiency in terms of respective device
parameters such as power to failure and effective on-resistance concerning device area.
However only considering protection device is a misconception. The ESD protection
effectiveness can be evaluated with the ESD robustness of the ESD protected circuits
consisting of the ESD protection and the protected circuits (also called monitoring
circuits in the test structures). In fact the effectiveness depends strongly on the
behaviors, in particular the failure modes of protected devices and structures. This
section discusses mainly from the perspective of ESD protection effectiveness. To
obtain high effectiveness, special concerns such as circuit configurations, impact of
voltage overshoots have to be well addressed and taken into account. As previously
introduced as an example, it is well known that the use of npn-BJT can be risky due to
its limited turn-on speed and the induced harmful voltage overshoots. On the contrary,
the following study uncovers an unique failure mode observed on LDMOS transistors
even protected by pn-diodes [63].

Voltage overshoots due to finite turn-on speed of ESD protection devices often show
negative impacts on ESD hardness and have become a matter of concern in design of
advanced CMOS circuits for years [47] [64]. Harmful overshoots are frequently
reported in low voltage technologies, mainly causing damages at thin gate-oxide. In the
field of high voltage ESD protection, breakdown of thick gate-oxide is normally not a
critical issue in ESD design. However, power transistors usually DMOS transistors are
believed to be inherently weak against ESD depending on device sizes [65] [66]. As
discussed in the previous section, as the voltage reaches the region in excess of the
electrical SOA, current filaments can occur at the onset of snapback accompanied with
the danger of locally thermal overload in DMOS devices. TLP within only several
nanoseconds pulse duration actually result in destructive lateral DMOS snapback in
case the critical voltage and current are reached.

To avoid the triggering of the parasitic bipolar transistor in the LDMOS transistor,
voltage clamping devices such as avalanche pn-diodes are usually applied and
connected in parallel to protect the weak LDMOS transistors with the upper limit of the
ESD window given by the snapback trigger voltage Vi which is destructive. Avalanche
pn-diodes as protection devices belong to static-triggered voltage clamps. Thus, the
robustness of a stand-alone pn-diode has no dependence on rise-time of the ESD pulse.
However, TLP tests surprisingly showed this type of on-chip protection concepts do
not provide the expected ESD hardness especially during the TLP tests with short rise-
times. Using npn-BJT as a snapback device also does not effectively protect the
LDMOS transistor.
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Figure 3.27: Schematic diagram of the tested structures: (a) gg-nLDMOS protected by the ESD device,
(b) gc-nLDMOS with Zener protection on gate protected by the ESD device.
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Figure 3.28: SOA of the large nLDMOS with gate-biasing from 0 V to 14 V and I-V characteristics of
the pn-diode. Dashed lines show the current levels merely due to the pn-diode at different SOA limits
(V). Devices are tested using standard TLP with t=10 ns, t,==100 ns.

To address the problems, this section presents the case studies of four different high
voltage ESD test structures and explores two different failure modes in these concrete
examples. Many measurement and simulation results are carried out accompanied with
the detailed investigation of the nLDMOS as the device being protected. Device
simulation is utilized to identify the unique failure mode of the LDMOS transistor as
ongoing bipolar triggering. Suggestions of more effective ESD protection for voltage
sensitive circuits against stresses with fast transients are provided.

3.2.1 Case Studies and TLP Results

Figure 3.27 shows the schematic diagrams of the studied test structures, which are very
representative in the field of high voltage ESD applications. The nLDMOS transistor
with two different gate biasing conditions is protected with an ESD device connected
in parallel. In the grounded-gate (gg) configuration, gate and source are tied to ground.
In the gate-coupled (gc) configuration, Rgs is designed to obtain a discharge time
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Figure 3.29: (a) Failure voltages of the four test structures (Figure 3.27) with a pn-diode as the ESD
device depend on TLP pulse rise-time. (b) Failure currents of the four test structures depend on TLP
pulse rise-time.

constant Rgs'Cgs of about 100 ns, which allows the transient gate-biasing of the
transistor on a certain level during the stresses (e.g. pulse width t,=100 ns). A Zener
diode (clamping at 10 V) is used as overvoltage protection of the gate-oxide. In both
cases, gate-oxide will not be initially damaged during ESD events. In addition, the bulk
of the nLDMOS transistors are connected with source. Note that all the interconnections
of the on-chip test structures are kept very short with negligible parasitic effects such
as metal resistance.

For each circuit configuration two nLDMOS with different channel widths (device
scaling parameter) in ratio 68:1 are implemented. The smaller nLDMOS can only divert
current in the milliamp range with negligible contribution in the ESD performance,
while the larger nLDMOS has a certain capability of self-protection. During the first
study, the ESD protection device is implemented with a pn-diode in 45 V voltage class,
characterized with standard TLP with the pulse width of 100 ns. The diode is used to
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Figure 3.30: I-V characteristics of small (left) gc- and (right) gg-nLDMOS-pn test structures measured
with TLP: t=100 ps, tw=100 ns. The same TLP measurement is repeated five times for each test
structure in different sub-dies on the same wafer, showing big fluctuations.
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clamp the voltage across the nLDMOS and to keep it below the voltage limit
determined by the electrical SOA of the transistor with the specified ESD ruggedness
(current level corresponding to 4 kV HBM in this case study).

Figure 3.28 illustrates the pulsed SOA of the large nLDMOS used in the test structures
overlapped with the I-V characteristic of the ESD diode (pn-diode). Note that even by
neglecting the current diverted through the larger transistor, the pn-diode should
provide sufficient ESD robustness. In the case of gc-nLDMOS for example, Vi is
smaller with Vgs of 10 V compared to the case of zero Vgs (gg-nLDMOS). As the
current through the pn-diode is approximately 3 A at the voltage drop equal to Vi, with
Vs=10V, the failure current of the test structure is estimated at least at 3 A as well.
By assuming the correlation between 100 ns TLP and HBM, in the worst-case scenario,
namely the small nLDMOS in the gc-configuration protected by the pn-diode (small
gc-nLDMOS-pn), the current level is expected to be larger than 4 kV HBM
(corresponding to 2.67 A). Since the pn-diode works as a static-triggered ESD
protection element, no dependence on rise-times is expected in the test structures.

As a matter of fact, the target ESD performances are not well achieved during the
measurements for four test structures: small gg-nLDMOS-pn, small gc-nLDMOS-pn,
large gg-nLDMOS-pn and large gc-nLDMOS-pn. Figure 3.29 shows the strong
dependence of failure voltage and current on rise-times t.. TLP measurements are
performed using different rise-times t: but the same pulse width tw=100 ns with the
averaging window from 70 ns to 90 ns. For t; of 10 ns, failure voltage and current meet
the values which are predictable by using the TLP characterizations of the stand-alone
pn-diode and the nLDMOS (Figure 3.28). Under faster rise-times however, failure
levels of the structures with smaller nLDMOS are far below the expectation. For the
large gg-nLDMOS-pn, the I levels are also lower when rise-times are in sub-
nanosecond range. By repeating the TLP measurements for the same test structure using
the same TLP setup, big fluctuations are observed exemplarily shown in Figure 3.30.
Note that the early failures of these test structures are measured in TLP tests without
any pre-pulse voltage (PPV) on the discharge pins. The harmful avalanche breakdown
delay of the pn-diode or DMOS described in [39] due to PPV is not the cause of the
unexpected results.
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Figure 3.31: (a) TLP characteristics with the leakage current spots of the small gg-nLDMOS-pn tested
with the rise-time of 10 ns and 100 ps. 100 ns TLP I-V curve of the pn-diode is also shown. Different
failure levels are indicated in the spot measurements. (b) Voltage waveforms of the pulses causing
failures of the small gg-nLDMOS-pn structure with the TLP rise-time of 10 ns and 100 ps. Device
failures occur at completely different time instants.
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In addition to the failure voltage and current derived from the TLP I-V characteristics,
the transient waveforms of the TLP measurements are very interesting. As an example,
the TLP I-V results and voltage transient waveforms of the small gg-nLDMOS-pn with
the expected and the so-called early failures are illustrated in Figure 3.31, representing
two different failure modes, depending on the rise-times. As the small nLDMOS barely
conducts current, TLP characteristic of the small gg-nLDMOS-pn must follow the I-V
curve of the pn-diode until the nLDMOS fails. For t=10 ns, the failure occurs at the
end of the pulse because the electrical SOA is exceeded at about 80 V. The nLDMOS
is driven into the destructive snapback condition. For t,=100 ps on the other hand, the
early failures are always found at the very beginning of TLP stresses. The failure levels
of early failing devices become significantly lower. It turns out the voltage overshoot
can be the root-cause of the early failures.

The used ESD protection device pn-diode is known as one of the most reliable and fast
turn-on protection devices for high voltage applications. The voltage-overshoot-related
issue is so far not reported for pn diodes. On the other hand, snapback devices are
commonly known to be sensitive to pulse current and rise-time in terms of harmful
voltage overshoots. As discussed in section 3.1, snapback devices produce voltage
overshoots due to the snapback process which takes typically nanoseconds to tens of
nanoseconds. The protected circuits can be thus threatened by the high voltage at the
beginning of the pulses. To verify this in a practical manner, the test structures shown
in Figure 3.27 are also implemented with a snapback device — 45 V npn-BJT - as the
ESD protection instead of the pn-diode. Figure 3.32 shows the worst-case scenario with
the small gc-nLDMOS protected by the npn-BJT as an example (small gc-nLDMOS-
npn). The TLP rise-time is 100 ps and the pulse width is 100 ns. The stand-alone 45 V
npn-BJT has a TLP failure current of about 3.5 A. The small gc-nLDMOS-npn however
only reaches Ir of 1 A. Voltage waveforms show significant voltage overshoots. The
stress to failure is similar to the failing pulse of the small gg-nLDMOS-pn with 100 ps
rise-time (Figure 3.31 (b)). It indicates that in both cases, the small nNLDMOS protected
by the pn-diode or the npn-BJT, the transistor can fail due to the voltage overshoots.
Therefore, the voltage overshoots induced by the pn-diodes must be investigated more
in detail. Further, the failure mechanism of the nLDMOS introduced in subsection 3.1.3
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Figure 3.32: (a) TLP characteristics with the leakage current spots of the small gc-nLDMOS-npn tested
with the rise-time of 100 ps. Device failure is indicated in the spot measurements. (b) Voltage
waveforms of the last stress before failure and the stress to failure of the small gc-nLDMOS-npn
structure with the TLP rise-time of 100 ps. Device fails at the very beginning of the pulse due to the
voltage overshoot.



Chapter 3 Failure Levels, Criteria and Case Studies of On-Chip Protections 62

shows that the power to failure of the nLDMOS does not increase with decreasing pulse
width. The behavior of the transistor as a protected device under voltage overshoots
with respect to amplitude and duration is not yet fully understood, demanding further
detailed studies on this issue.

3.2.2 Study on the Dynamic Issues
3.2.2.1 Test Artifacts in TLP
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Figure 3.33: Wafer measurement configuration using four-point probes method.

Because the study on dynamic issues requires very accurate measurement techniques,
the test artifacts in the wafer-level TLP measurements must be firstly evaluated. The
four-point probes method [40] is applied in the TLP measurements as illustrated in
Figure 3.33. The sense needle with integrated 1 k€ resistor provides a measurement
bandwidth of about 7 GHz which is limited mainly due to the parasitic capacitances of
the 1 kohm at the needle.

The other parasitic effects caused by the inductances, primarily the mutual inductances
Lp, are quantified with an on-chip short. The voltage spikes induced merely by the
inductive couplings are very scalable and rather small as shown in Figure 3.34. For
instance, the on-chip short with 4 A TLP current and 100 ps rise-time only produces a
voltage overshoot of 1.2 V. Voltage overshoots with large amplitude are thus not due
to test artifacts.
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Figure 3.34: Inductive coupling tested for different current levels with an on-chip short.
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Figure 3.35: Voltage overshoots observed by testing the stand-alone ESD pn-diode with TLP (t. =
100 ps). Same test is repeated 200 times in order to illuminate the distribution.

3.2.2.2 Voltage Overshoots of pn-Diodes

The voltage overshoots induced by the npn-BJT is obvious and significantly depend on
the rise-time (Figure 3.4). The overshoot duration as well as the snapback process is in
nanoseconds range depending on the device structure. This section concentrates on the
overshoots issue of the avalanche breakdown based pn-diodes, which is for the first
time in focus for ESD.

According to the TLP results, the nLDMOS as the device being protected suffers from
early damage despite the ESD diode. Therefore, the detailed analysis of the protection
pn-diode must focus on the avalanche breakdown process. The mean avalanche
propagation speed when the current reaches its final value is rather fast and given by
[68]. Depending on device geometry, the avalanche propagation time is very short
(picoseconds to tens of picoseconds), representing the duration from high to low
resistive state of the diodes after the avalanche breakdown. However, the time until a
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Figure 3.36: Statistical distribution of the overshoot duration according to Figure 3.35. Mean overshoot
duration is about 145 ps.
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free charge carrier becomes available to initialize the avalanche multiplication is
statistically distributed. The result is voltage overshoot, which exceeds the static
breakdown voltage when the diodes encounter dynamic events such as ESD.

Figure 3.35 shows the voltage spikes of the stand-alone pn-diode under TLP tests with
t—=100 ps and a TLP current of 1 A. The voltage waveforms are recorded using an
oscilloscope with 40 GS/s sampling rate. The scattering in the rising edge of the pulses
is much smaller than in the falling edge of the overshoots. Hence the different duration
of voltage overshoots does not originate from fluctuation of the oscilloscope but is
mainly due to the pn-diode itself. Figure 3.36 gives the statistical distribution of the
overshoot durations. A faster triggering to avalanche breakdown produces a lower
voltage peak. Note that the voltage peaks (over 10 V at 1 A TLP current) vary in a
relatively wide range and cannot be test artifacts as discussed earlier (Figure 3.34).

It is also observed in the measurements that the average overshoot duration decreases
with increasing TLP current because the peak voltage V, is larger with a higher chance
to find a free carrier to launch the avalanche multiplication (Figure 3.37 (a)). And vice
versa, the time until a free charge carrier becomes available gets shorter, resulting in
the smaller increase of V), at higher current levels (AV2<AVp1). Note that during the
fast transients in the sub-nanoseconds time domain, the oscillations in the waveforms
are recorded due to the parasitic inductance and capacitance in the probe needles. Also
the peak voltages and overshoot durations might be not quantitatively excellent time-
resolved due to the sampling rate of the oscilloscope. The qualitative behavior of the
diode is however correct.

On the other hand, the average V, is getting smaller with the longer rise-times at the
same TLP current level. With rise-time above 5 ns, no significant overshoot can be
detected (Figure 3.37 (b)). As a result, voltage overshoot on avalanche pn-diode is an
inherent behavior, which should be carefully characterized and controlled in high
voltage ESD designs, even without the existence of pre-pulse voltage.
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Figure 3.37: (a) Voltage overshoot and its duration as a function of TLP current levels with the same
rise-time of 100 ps. (b) Voltage overshoot as a function of rise-times with 1 A TLP current. t=100 ps
and 290 ps show almost the same slope because of the parasitic capacitance of the pn-diode.

3.2.2.3 Transient SOA of nLDMOS

Since it is believed that the voltage overshoot studied in the stand-alone pn-diode plays
an important role for the early damages in the test structures, the safe operating area of
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Figure 3.38: Transient SOA tested with 5 ns pulse width vf-TLP for a (left) small and a (right) large
nLDMOS transistor. The average window is set between 50% and 70% of the pulses which is for 5 ns
TLP the steady state for both used rise-times 100 ps and 1 ns.

the nLDMOS with different device sizes with respect to the protected devices is further
investigated especially in short pulse range. In section 3.1.3, the onset of the parasitic
bipolar snapback in the nLDMOS is studied with focus on different pulse durations.
The electrical failure mechanism of the nLDMOS in the short pulse range is of
particular interest. It encourages the study on the transistor behavior under voltage
overshoots.

The term transient SOA introduced in [69] is used for the measurements in this work
applying the v{-TLP setup with TDR method [70]. The measurement results are shown
in Figure 3.38. 5 ns 1s used as the pulse width to simulate the voltage overshoots. Vgs
is biased on 0V and 10V, corresponding to gg- and gc-configuration in the test
structures, respectively. It is found that rise-times (100 ps and 1 ns) do not have
considerable impact on Vi, neither for the small nor for the large nLDMOS transistor.
The triggering of the inherent bipolar transistor in the nLDMOS as a function of dV /dt
or dI /dt is not observed.

In other words, the SOA of nLDMOS itself is not affected by rise-times but is limited
through absolute values of drain-source voltage. Note that Vi of the large nLDMOS
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Figure 3.39: Schematic of simulation setup. In voltage conditioned simulation, Vyuse and Ry are set
smaller representing the SOA measurement for the small nNLDMOS. In current conditioned simulation,
Vouise and Ry are set larger representing the measurement for the large nLDMOS.
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should be smaller than the measured values since the contact resistance between the
pulse needle and device pad is not de-embedded in the TDR setup. The voltage across
the contact resistance contributes to the measured V. In the large nLDMOS with Vs
of 10 V, the voltage across the resistance is larger compared to the case of zero Vgs due
to larger drain-source current. As a result different Vi of the small and the large
nLDMOS are test artefact and are not expected.

In addition to the SOA characterizations using vf-TLP, the time evolution of the bipolar
triggering inside the transistor is investigated by device simulation. The commercial
SDEVICE simulator by SYNOPSYS is used. The simulation setup is schematically
shown in Figure 3.39 with Vgs=10 V. The nLDMOS model is implemented with a 2-
D physical model which contains the geometry and the doping concentration of the
device. The model width of the nLDMOS is the third dimension and is set to a fixed
value (e.g. 1 um).

For the test structures with smaller transistor, the charged TLP cable acts like a voltage
source since the nLDMOS exhibits much larger impedance compared to 50 Q.
Therefore, the pulse amplitude Vpuise and the source resistance Rs are set small for the
voltage conditioned simulation to reflect the measurement case with the small
nLDMOS as the DUT. For the structures with larger transistor, TLP becomes more like
a current source since the impedance of the test structures is smaller than the impedance
of the 50 Q TLP system. Vpuse and Ry are set large for the current conditioned
simulation to reproduce the measurement case with the large nLDMOS. The transient
simulation is used to detect the onset of the bipolar snapback.

The pulse source acts as a voltage or a current source as in the TLP measurements by
setting the resistance R according to,

DUT width DUT width
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Figure 3.40: Simulated voltage waveforms of (left) voltage and (right) current conditioned setups with
Vs=10 V and various pulse rise-times. Vy, is marked by “X”, showing a fairly constant trigger voltage
of the inherent bipolar transistor in the nLDMOS.
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Figure 3.40 displays the simulated voltage waveforms. Note that in the voltage
conditioned simulation, the pulse source as a voltage source is only valid before the
bipolar triggering due to a substantial increase of current. On the other hand, the
snapback of the drain-source voltage Vps is not visible immediately after the bipolar
triggering in current conditioned simulation due to current limitation (similar to Figure
3.19). Furthermore the nLDMOS is an ideal homogenous device in this 2-D device
simulation not allowing current filaments. Hence, a destructive waveform with voltage
collapse is not reproduced in the simulation. The triggering of the bipolar transistor can
however be determined by inspecting the device cross section as introduced in
subsection 3.1.3.2. The time instants when the triggering occurs are indicated with “X”
in Figure 3.40. According to the simulation results, the bipolar triggering of the
nLDMOS is purely electrical in sub-nanoseconds to nanoseconds range. Trigger
voltage and current under voltage- and current-biasing conditions do not change with
rise-time. Note that simulation is not calibrated with experimental data, hence without
good agreement of V2 values compared to Figure 3.38 with Vgs of 10 V. The difference
is yet small. Based on experiments and simulations, the nLDMOS is not directly
affected by shorter rise-time (dV /dt or dI /dt) effects. The reduction of the TLP failure
levels of the tested structures using the pn-diode as the ESD protection must be caused
by rise-time dependent voltage overshoots of the pn-diode.

The qualitative agreement between experiments and simulations additionally verifies
the used simulation setup and results as reliable.

3.2.2.4 Ongoing Triggering of Parasitic Bipolar Transistor in
nLDMOS

Figure 3.41 shows the transient response of the pn-diode and a small nLDMOS to a
5 ns long TLP pulse. The well-designed ESD diode exhibits overshoots only for several
hundreds of picoseconds (Figure 3.36) and rapidly clamps the voltage to a lower value
below Vy. In this particular example, the nLDMOS snaps back and sustains the 5 ns
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Figure 3.41: Transient voltage response of a stand-alone pn-diode stressed by 1 A TLP current with
=290 ps showing an overshoot reaching V, of the nLDMOS with Vgs of 10 V. Voltage waveform of a
stand-alone small nLDMOS in snapback is also shown. The nLDMOS is stressed by 5 ns long TLP with
=290 ps at low current level without destruction. Gate-source voltage is biased on 10 V. Both devices
are independently measured and the waveforms are time-aligned for comparison.
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current without being damaged due to homogenous current flow and lower current
level. It is clearly shown that the clamping process of the ESD diode is much faster than
that of the LDMOS snapback (t; < t;). It could be expected that the process of
snapback in the nLDMOS transistor might be stopped before local burnout occurs if
the voltage drop across the pn-diode falls from its peak value quickly below V. This
is obviously not always the case according to the early failures in our case studies
discussed before.

To understand why the transistor suffers early failure due to voltage overshoots, the
study on the interaction of the pn-diode and nLDMOS is necessary. Transient thermo-
electrical TCAD device simulation is performed to give insight into the detailed
physical behavior of the transistor in the first few nanoseconds. The simulation method
described in Figure 3.39 is also applied here. The method is proven in Figure 3.40 as
reliable for the transient SOA study of the nLDMOS. Figure 3.42 shows current
responses of the nLDMOS biased at Vgs=10 V to voltage stresses with different peak
voltage V, and clamping voltage V., representing the voltage overshoots induced by
the pn-diode. The voltage pulses are applied to the transistor with Ins rise-time and
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Figure 3.42: Voltage overshoots applied to the nLDMOS with Vgs=10 V in simulation, oriented to the
test structures with ge-configuration. The unique failure mode where the bipolar triggering cannot be
turned off depends on V,, V. and is identified by the current waveforms. Local burnout due to the
temperature rise is indicated. This behavior leads to the term dynamic destruction of the nLDMOS
beyond voltage overshoots.

Table 3.2: Case I to case IV defined for the transient device simulations with various V; and V..
case | V,=V=72V Vp=V<Vy without overshoot
case I | V=85V, V=60 V V>V, V<V

case Il | V,=85V, V=70 V | same V), larger V. compared to case II

case IV | Vp=90 V, V=60 V | same V., larger V, compared to case II
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Figure 3.43: Simulation results of (top) impact ionization and (bottom) electron current density at time
instant (a) in Figure 3.42 for V=85 V.

with only 10 ps peak duration. The fall-time from V; to V. is set to 50 ps corresponding
to the previously found avalanche propagation time. This voltage conditioned
simulation is oriented to the small gc-nLDMOS test structure with four cases described
in Table 3.2.

If the maximal voltage remains at 72 V (case I) which is below Vi, the bipolar
triggering does not happen as expected. In case I (V,=85 V and V=60 V), the parasitic
bipolar transistor is initially activated and then turned off due to the lower clamping
voltage. However in case Il (V,=85 V and V=70 V), the triggering starts in the same
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Figure 3.44: (Top) Cross section of the nLDMOS. (Bottom) Along the cutline A-A’, (1) electric field
and (2) impact ionization at Vgs=10 V for cases II & III at time instant (a), case I at time instant (b),
case II at time instant (b), and case III at time instant (b), respectively.
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way as in case I because of the same V), but is not stopped due to the higher V.. The
result is device destruction even though V. is much lower than V. This transient
simulation actually reflects the voltage overshoot due to the pn-diode and the
destructive bipolar triggering. The overshoot duration is approximately 200 ps in the
simulation case. Case IV (V=90 V and V=60 V) also gives a combination of V, and
V. which result in the destruction of the nLDMOS.

Figure 3.43 shows impact ionization and electron current density in the device cross
section for cases II and III at the same time instant (a) indicated in Figure 3.42. Strong
impact ionization results in large generation of electron-hole pairs in the region around
the STI. Large amount of electrons injected from source to body clearly indicates an
active bipolar triggering in the nLDMOS transistor.

Figure 3.44 depicts a comparison of electric field and impact ionization for cases I, II
and III at the different time instants (a) and (b) along the cutline beneath the STI. At
time instant (b), the voltage is clamped to V. and the electric field is higher in a larger
area for case III compared to case II. The higher electric field in case III provides larger
impact ionization and hence more holes in the p-body. The hole current further biases
positively the base-emitter junction, resulting in more electron injection from the
source. This keeps the bipolar triggering process ongoing due to a positive feedback. It
leads to a drastic increase of current until thermal destruction. On the contrary, when
the clamping voltage is below the critical level, impact ionization is not able to keep
the bipolar triggering process ongoing. The current level then returns to the status where
Vps = V. as shown in case II.

Compared to case III, the electric field for case I at the location (indicated with dashed
line oval) in Figure 3.44 is stronger due to higher electric potential. The impact
ionization is however lower in the important drain n+ region and p-body to n-epi
junction region (indicated with solid ovals) without reaching the critical level. This is
because impact ionization rate is not only a function of electric field, but also depends
on current density G [49]

G=a, M +a, u

q q

3.7

an and ap denote ionization coefficients of electrons and holes which strongly depend
on electric field. J, and J, are electron and hole current densities, respectively. q is
elementary charge. In case III at (b), the ionization rate is above the critical level due
to the existing current flow generated by the previous voltage overshoot. Hence, impact
ionization is the key parameter which determines whether the process of ongoing
triggering takes place.

In addition to the clamping voltage V., the unique process also depends on the
precondition V). In case IV with the same V=60 V as in case Il but a larger V, 0of 90 V,
the bipolar triggering does not terminate and dynamic destruction of the nLDMOS
occurs due to the higher current density and impact ionization at time instance (b)
caused by the previous larger voltage overshoot (Figure 3.42).

In an overview, the critical condition for ongoing triggering after a voltage overshoot
as a function of V¢ and V, is shown in Figure 3.45 based on device simulation. At higher
Vp, Ve must be lower to avoid ongoing triggering. As an example, if a pn-diode as ESD
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Figure 3.45: The critical condition for the nLDMOS for ongoing bipolar triggering based on the same
transient simulation as described in Figure 3.42 with different combinations of V, and V.. 11, III and IV
indicate the cases defined in Table 3.2. The rise-time of the voltage pulses is 1 ns and the peak duration
10 ps. The transistor is biased with Vgs=10 V. Peak current as a function of V,, is also shown.

protection provides a fast clamping at 50 V, a voltage overshoot above 95 V is not
allowed. If V. is below the holding voltage Vi of the parasitic bipolar transistor,
ongoing bipolar triggering does not occur in the investigated range of V.

The peak current I, is defined as the drain-source current when the voltage reaches Vp.
The higher the peak voltage, the larger the peak current is expected due to larger impact
ionization at time instant (a) (Figure 3.42). Hence, from 3.7 the situation becomes more
critical, requiring a lower V. to start a recovery process from bipolar triggering. Again,
the level of impact ionization determines whether bipolar triggering is ongoing or a
recovery process takes place in the nLDMOS transistor.

Of course, for voltage stresses with other rise-times instead of 1 ns, ongoing triggering
as a function of V. and V,, is different in general due to different .

The effect of ongoing bipolar triggering is also observed in the gg-configurations
(Ves=0 V) in simulation. The formation of ongoing triggering process depending on V.
and V, is not as critical as in gc-case since the overall current density is lower without
MOSFET channel current. Together with larger Vi (Figure 3.38), it is clear that the
small gg-nLDMOS becomes less sensitive to overshoots as shown in the TLP results
(Figure 3.29).

Above all, the effect of ongoing bipolar triggering in the nLDMOS is found after a
careful review of the overshoot of the pn-diode and the transient SOA of the nLDMOS.
The dynamic destruction of the nLDMOS beyond voltage overshoots is believed to be
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Figure 3.46: Waveforms of stresses to failure regarding voltage overshoots for small (left) gc- and (right)
gg-nLDMOS-pn with various rise-times. Ongoing triggering is launched, causing dynamic destruction.
The curves are time-aligned according to the voltage peak for better comparison.

the reason of the early failures of the test structures protected by the pn-diode in the
TLP characterization. The voltage transient waveforms of the failing pulses with
respect to the early failures (Figure 3.31 (b)) become more explicable.

Figure 3.46 displays further the measured transient waveforms of the stresses to failure
in the first nanoseconds for small gg- and gc-nLDMOS-pn. The waveforms
demonstrate the dynamics of ongoing triggering. After the overshoot, the voltage is
initially clamped to V¢ due to the ESD pn-diode for a short time. Then a further voltage
reduction to approximately 10 V becomes visible. This implies the destruction of the
nLDMOS because the voltage falls lower than the non-destructive holding voltage
shown in Figure 3.41.

The duration of destruction can be related to the rise-time at least for the same test
structure. The longer the rise-time, the longer takes the destruction process. A possible
reason is the effect of rise-time on initial distribution of current filaments [72]. The
shorter rise-time induced current filaments can be multiple and delocalized in the small
nLDMOS, resulting in stronger heating and faster thermal damage under the stress of a
voltage conditioned pulse source.

3.2.3 Failure Analysis and HBM Results

In the previous sections, two failure modes have been investigated. The first failure is
caused by exceeding the quasi-static SOA derived from 100 ns TLP. The parasitic
bipolar transistor is triggered and the nLDMOS fails by the end of the pulse during TLP
characterization. Due to self-heating the voltage increases during one TLP pulse and
reaches the critical voltage by the end of the TLP pulse (Figure 3.31(b)). The second
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Figure 3.47: Failure analysis of (left) expected and (right) early damage in the test structure small gc-
nLDMOS-pn caused by 100 ns TLP tests. Both pictures show the final result of thermal runaway in the
nLDMOS.

failure of the nLDMOS is induced by the voltage overshoots of the ESD protection
device. The peak voltage is larger than the trigger voltage for the parasitic bipolar
transistor while the clamping voltage is not sufficiently low. As a result, the nLDMOS
is damaged due to the effect of ongoing bipolar triggering at the beginning of the pulse.

Although the failures are based on quite different mechanisms, they both can be lead
back to the snapback of the parasitic bipolar transistor. After the snapback, the
remaining pulse delivers enough energy and finally results in a thermal destruction of
the silicon due to current filaments and Joule heating. To confirm this theory, two
samples stressed by TLP have been analyzed in the failure analysis, one sample with
an expected and the other with an early damage in the configuration small gc-
nLDMOS-pn. Figure 3.47 shows the results: the damages of both failure modes are
located in the nLDMOS without any substantial difference.

In addition to the TLP characterization, standardized HBM tests have been performed
to observe the HBM robustness of the pn-diode protected test structures. The studied
structures are encapsulated in LQFP plastic package with 64 pins. The measurements
are finished on a KeyTek ZapMaster HBM tester. In order to avoid PPV effects reported
in [39] [73] [74] which can interfere with the test results, a 10 k€ shunt resistor is
connected to the HBM discharge pin and the reference ground pin.

Table 3.3 shows the test results for the four test structures. Several samples of each test
structure have been HBM stressed. All structures passed at least 3.5 kV HBM level.
The critical problem found in the TLP characterization with very short rise-times in
sub-nanosecond range was not observed. The failure current of about 1 A shown in
Figure 3.29 (b) did not agree on the lowest fail-level in the HBM tests. It is believed
that parasitic capacitance in the HBM tester, test board, socket and package modulates
the voltage rise-time to a relative longer range.



Chapter 3 Failure Levels, Criteria and Case Studies of On-Chip Protections 74

However, the lowest TLP failure current of the test structures without the early failures
is characterized to nearly 4 A with 10 ns rise-time for the small gc-nLDMOS-pn (Figure
3.29 (b)). 4 A TLP current with pulse width of 100 ns corresponds to approximately
6 kV HBM stress-level (0.67 A per kV). The expected HBM pass-level is obviously
not always obtained which can be a consequence of the early failures.

Furthermore, in the case of real world ESD discharges, e.g. from a charged person with
lower capacitance in discharge path, reduction of the ESD performance due to
overshoots can be more possible and significant. Further, the initial front rise (IFR) of
the HBM pulse can be much shorter than 10 ns since it is given by the time needed for
the voltage rising from zero volts to the breakdown voltage of protection element [75]
[76]. Hence, voltage overshoots induced early damage belongs to a potential danger in
this ESD protection concept according to the investigated test structures. For ESD
requirements such as CDM and IEC 61000-4-2 with shorter rise-times, overshoot
sensitivity of the ESD protection as shown in the case studies can lead to unpredictable
performance thus must be prevented.

3.2.4 Improvement Proposals
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Figure 3.48: Voltage transient waveforms of the 45 V small gc-nLDMOS-pn with and without 56 pF
capacitance parallel connected to the pn-diode. The TLP current is 1 A using 100 ps rise-time in the
setup. The capacitor increases the rise-time for the DUT thus preventing the early damage.

The prevention of the voltage overshoot by increasing the capacitance between the
discharge pins is the most straightforward solution. Wafer-level TLP measurements
with additional capacitances (e.g. 56 pF for the small gc-nLDMOS-pn) connected in
parallel to the test structures showed a successful suppression of the overshoots and

Table 3.3: HBM results of the 45 V ESD test structures in LQFP-64 package.

highest pass-level | lowest fail-level

45 V small gc-nLDMOS-pn >6 kV 5.5kV
45 V small gg-nLDMOS-pn >6 kV 4 kV
45 V large gc-nLDMOS-pn >6 kV 6 kV

45 V large gg-nLDMOS-pn >6 kV 4.5kV
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hence the prevention of the early damages. This solution equals a transformation of the
ESD pulse with an RC-filter into a pulse with longer rise-time. Figure 3.48 shows the
transient voltage waveforms corresponding to 1 A TLP current for the small gc-
nLDMOS-pn. 100 ps rise-time is used in the TLP setup. The existence of a 56 pF
capacitance has great impact on the voltage rising slopes, hence the overshoots.
However, adding on-chip capacitances as an ESD protection method is area expensive
and an off-chip capacitance is not always desired.

Another improvement possibility is the use of larger pn-diodes, which have higher ESD
capabilities in the same voltage class. They keep the voltage drop during the ESD stress
at lower levels. The larger area enables a higher possibility to find free charge carriers
initializing the avalanche breakdown. A drawback of this strategy is again the reduced
area efficiency. And this improvement is still not fully controllable due to statistic
distribution of the avalanche breakdown.

Advanced ESD protection concepts using active clamps introduced in section 3.1.3
instead of pn-diodes are the solution which prevents the overshoot issue. Due to the
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45V pn-diode
E Zener string : L
. /
: 45V type-A clamp RGS !

Figure 3.49: Comparison of the layout areas of the small gg-nLDMOS-pn and the small gg-nLDMOS-
aca. The 45 V pn-diode and the 45 V type-A clamp occupy nearly the same area.
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Figure 3.50: (a) TLP characteristics of the 45 V small gc-nLDMOS-aca and the 45V small gg-
nLDMOS-aca tested with the rise-time of 100 ps. The averaging window is 70 ns to 90 ns within the
pulse width of 100 ns. 100 ns TLP I-V curve of the 45 V type-A active clamp as the ESD protection is
also shown. (b) Voltage waveforms of the pulses causing failures of the 45 V small gg-nLDMOS-aca
structure with the TLP rise-time of 100 ps showing no voltage overshoot issue.
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Figure 3.51: TLP characteristics of the 25 V small gc-nLDMOS-pn and the 25 V small gc-nLDMOS-
aca compared to the TLP characteristics of the 25 V pn-diode and the 25 V type-A clamp, respectively.
The pulse rise-time is 100 ps. The averaging window is 70 ns to 90 ns within the pulse width of 100 ns.

much faster turn-on of the channel current in large DMOS transistors, harmful voltage
overshoots can hardly exist even with extremely short pulse rise-times (e.g. 100 ps).
Active clamps are area efficient in higher voltage class (Figure 3.24). Figure 3.49
compares the layout footprints of the 45 V pn-diode protected small gg-nLDMOS and
the type-A active clamp protected small gg-nLDMOS (small gg-nLDMOS-aca). The
area consumptions of the both ESD protections are nearly the same. However, TLP
measurements using 100 ps rise-time and 100 ns pulse width shows early failures of the
small gg-nLDMOS-pn (Figure 3.31) while the small gg-nLDMOS-aca is not affected
by the short rise-time and meets the desired TLP robustness (>3 A). Figure 3.50 depicts
the TLP results where the I-V characteristic of the stand-alone 45 V type-A clamp is
overlapped with the I-V characteristics of the small gg-nLDMOS-aca and the small gc-
nLDMOS-aca. The failure levels of the protected test structures under TLP pulses with
very short rise-time (100 ps) are determined by the active clamp. The early failures do
not occur because the harmful overshoots are prevented by the active clamp.

Not only the 45 V ESD protection concepts are studied, but also the ESD protection in
another voltage class is revealed. 25 V ESD protections using pn-diode and type-A
clamp are verified in gc-configuration with small 25 V nLDMOS transistor as the
protected device. TLP measurements show similar results compared to the 45 V test
structures. At 100 ps rise-time, the 25 V pn-diode is not able to protect the small gc-
nLDMOS sufficiently while the 25V type-A clamp provides the desired TLP
robustness. Figure 3.51 shows the TLP I-V curves of the stand-alone ESD protection
elements and of their protected small ge-nLDMOS structures.

As a result, active clamps prevent the harmful voltage overshoots thus effectively
protect the drain-source of nLDMOS transistor. They can be used as the robust ESD
protections against the investigated unique failure mode as well as the ongoing bipolar
triggering of nLDMOS.
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3.2.5 Summary

Based on the evaluation of the failure levels and failure modes of the ESD devices given
in the previous section, this section presents case studies verifying the ESD protection
by using monitor structures protected by the ESD protection devices and structures. It
is expected that the use of the high voltage npn-BJT with limited turn-on speed is
critical to protect the monitor structures against ESD pulses with fast transient voltage
rises. Surprisingly the pn-diodes are also not able to provide reliable ESD protection in
case of extremely short rise-time of pulses and the voltage overshoots. The overshoot
is caused by the finite reaction time of the avalanche breakdown diode which is already
very short (<200 ps). The protected nLDMOS structures are still damaged because of
the triggering of the inherent parasitic bipolar transistor. The triggering of the bipolar
transistor into the snapback mode results in a significant degradation of the ESD
protection’s effectiveness.

Although the duration of the voltage overshoots at the pn-diodes are much shorter than
the time for bipolar triggering in the nLDMOS transistor, the overshoots can still induce
a unique effect so-called the ongoing bipolar triggering in the nLDMOS transistor.
TCAD simulation is carried out for the detailed analysis of the effect. Rise-time (dV /dt
or dI /dt) does not affect the bipolar triggering in the nLDMOS transistor directly but
can certainly impact on voltage overshoots. Development of overshoot-free ESD
protection devices insensitive to rise-time effects for example the active clamps is
gaining more interest in order to eliminate early damages.

3.3 Novel On-Chip Statically Triggered Active Clamps

In the previous sections, active clamps show high area efficiency and high protection
effectiveness, gaining a lot of attentions. In fact, as a type of the major ESD protection
structures, active clamps especially the type-A clamps have been used for many years
in the field of high voltage ESD protection. This section presents advanced and
innovative trigger circuits in different types of active clamps which involve circuit-level
ESD design and enable diverse new features. The active clamps are proven to be a very
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Figure 3.52: Schematic diagram of the high voltage active ESD clamp.
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fast triggered ESD solution. Furthermore, considering flexibility, cost of development,
voltage class and other factors, design of active clamps is more beneficial and even
necessary as they belong to circuit-level instead of device-level ESD design.

RC-triggered ESD clamps for example as on-chip ESD protection are commonly used
in CMOS technologies [50] [52]. Also in the field of high voltage (HV) ESD protection,
transiently triggered active ESD clamps have been developed using various circuit
topologies [77] [78]. The dynamic trigger circuit design however faces major
challenges [58] [79] [80] [81]. It must prevent false triggering regarding slew rate
detection. Also time-out control must be considered. In the high voltage applications
especially for automotive products, numerous disturbances in the form of fast transient
pulses can occur in the field. False triggering of ESD elements due to disturbances can
even lead to critical safety issues with high severity. Avoiding such problems, this
section focuses on statically triggered active ESD clamps which are turned on only if a
designed trigger voltage Vi is exceeded [82] [83]. Such active clamps can be designed
more sophisticatedly with an improved trigger circuit. Many advantages like smaller
ESD on-resistance Ron per area, larger failure current Ir and further advanced features
for ESD applications with limited ESD windows can be realized by designing more
complex trigger circuits. The development of such active high voltage ESD clamps with
advanced trigger circuits is of essential importance. In this section, several types of high
voltage active ESD clamps and their benefits are shown. The use of simple but effective
triggering techniques allows a small area of the trigger circuit compared to the switch
transistor (bigMOS as described in 3.1.3). The new types of active ESD clamps using
the same size of the bigMOS demand less ESD design window and provide higher ESD
robustness. Of course, the higher ESD robustness can be exchanged for lower area
consumption in typical ESD applications.

3.3.1 Studied Active ESD Clamps

Figure 3.52 shows the basic idea of the ESD protection circuits using area efficient n-
type bigMOS transistors. The active clamps differ mostly in their trigger circuits which
define the trigger condition of the clamps. The bigMOS conducts the main ESD current.
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Figure 3.53: SOA characteristic of an nDMOS at different gate voltages. I indicates the grounded gate
case (ggNMOS), II the floating gate case and III the actively controlled gate case.
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Only a small amount of the current supplies the trigger circuit for the control of the
bigMOS gate. The details of the trigger circuits and the bigMOS are outlined in the
following subsections.

3.3.1.1 Safe Operating Area (SOA)

SOA and its meaning has been briefly introduced in 3.1.3.1. This section focuses more
on the advanced active clamps which are essentially based on the utilization of SOA.
Hence a more comprehensive understanding of SOA is required. Figure 3.53 shows the
I-V characteristics of an n-type DMOS (nDMOS) at different gate-source voltages
(SOA characteristic) from 100 ns TLP measurements. From the SOA characteristic,
one can deduce the behavior of the power MOS transistor in three fundamental ESD
protection configurations.

In the first configuration, gate and source of the nDMOS are shorted. Significant ESD
current flows only after the avalanche breakdown has occurred at Vgp (curve I).

In the second configuration, the gate terminal is left floating. The gate-source voltage
is defined by the inherent capacitive coupling [59]. Curve II shows the resulting pulsed
[-V characteristic. This configuration reflects also the category of dynamically
triggered active clamps. -V curves of the dynamically triggered clamps can certainly
differ from curve II in case of additional RC-based trigger circuits.

In the third configuration, the active clamp is statically triggered at Vi. Curve III
qualitatively displays a corresponding I-V characteristic. This configuration is the main
focus of this section. The absolute current capability of the active clamp depends on the
maximum allowed current given by the SOA. The trigger voltage V of the active clamp
and the voltage drop across the active clamp are not allowed to be larger than the trigger
voltage of the inherent bipolar transistor. The voltage and current at the onset of the
snapback are considered as the failure voltage V¢ and failure current I, respectively.
For the design of an active clamp, Vgs needs to be controlled and optimized for the
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Figure 3.54: (a) Schematic view and (b) simplified equivalent circuit of the type-A active ESD clamp.
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ideal utilization of the bigMOS, i.e. for reaching the maximal failing current Itmax. In
this particular example, Vs between 16 V and 18 V grants the maximal failing current.
Major efforts have been spent to the design of the trigger circuit based on these
considerations.

3.3.1.2 Type-A Clamp

The state-of-the-art statically triggered active clamp has been introduced in section
3.1.3. This clamp including the trigger circuit is depicted in Figure 3.54 (a) again which
is similar to the schematic shown in Figure 3.10. The type-A clamp comprises two
circuit parts according to the basic idea in Figure 3.52. The bigMOS transistor, usually
an nDMOS in power technologies, serves as the protective device in the circuit
conducting the ESD current from cathode to anode. The cathode and anode indicate
both terminals of the active clamp. They are also the two terminals of the inherent body
diode (bulk-drain pn-diode) of the source-bulk shorted nDMOS transistor. The trigger
circuit aims to control Vs of the nDMOS. The Zener string Zp gigger defines Vi at which
the active clamp is switched to conducting or non-conducting state. The Zener
protection Zpgsn prevents the overdriving of the nDMOS. The bias resistor Rasn
provides a defined gate-source discharge time constant for Vps < Vi, and on the other
hand maintains the designed gate-source voltage if the active clamp is in conducting
state. Note that in general the Zener string can consist of forward biased diodes and
reverse biased Zener diodes in order to achieve the desired total breakdown voltage of
the string (Vi) in 0.7 V steps — the forward voltage at room temperature. Also the gate-
source voltage can be limited in this type of Zener string.

The type-A active clamp works well in many cases as shown in the previous sections.
However the achievable lowest Ron of the type-A circuit depends mainly on the size of
the nDMOS. Figure 3.54 (b) depicts the ideal behavior of the type-A clamp by
neglecting the resistance of the Zener diodes when conducting current. Vy is therefore
constant under this assumption. The nDMOS works in the ESD case with
approximately a linear large-signal gain G in the transistor saturation region. It is

AVps = A(Vps — Vi) = AVgs = A(Vgs — Vip), 3.8

where Vi as a constant is the threshold voltage of the nDMOS. The Ron of the type-A
clamp is then calculated by
_AVps AVps 1

R = = =— 3.9
o Alps  A(WVgs = Vin) "G G

Gm depends only on the nDMOS size which determines the Ron of the type-A clamp. It
implies that at the failing point given by the SOA (Figure 3.53), Vgs of the nDMOS
cannot be larger than (V¢Vy). Depending on the DMOS SOA and the desired Vg, the
optimal Vs may not be reachable with a type-A clamp.

3.3.1.3 Type-B Clamp

To improve the Vgs control, an amplification stage is implemented in the type-B active
clamp which is schematically shown in Figure 3.55 (a). Compared to the type-A clamp,
the trigger circuitry of the type-B clamp employs again a Zener string as the trigger
voltage definition but a p-type DMOS transistor (pDMOS) as the current source driving
the nDMOS during the ESD stress. Optional Zener protection diodes Zp,gsn and Zp,Gsp
protect the nDMOS and pDMOS transistors from overvoltage at the gate.
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Compared to the type-A clamp, Vgs of the nDMOS can be biased higher due to the
large-signal amplification of the pPDMOS with the load Rgsn. Ron of the type-B clamp
can be again calculated based on the ideal assumptions (Figure 3.55 (b)) similar as in
the type-A clamp. With the conditions

AVpsn = AVpsn — Vi) = AVgsp, 3.10
A(Wesn — Vinn) = AVgsn = AIDSp *Rgsn

3.11
= AVGSp ’ Gmp *Rgsn,
the Ron of the type-B clamp is given by
_ AVDSn _ AVDSn
Ron = - — .
AIDSn A(VGSn1 Vthn) Gmn 3.12

B Gmp GmnRGSn.

For Gmp'Rgsn>1, smaller Ron can be obtained in the type-B clamp compared to the type-
A clamp while using the same size of the nDMOS, which is dominating the total layout
area of the active clamp. As long as V¢ of the nDMOS at optimal Vgs is larger than Vy,
a type-B clamp can be designed to maximally utilize the current capability of the used
nDMOS. Hence, a most area efficient ESD design can be achieved.
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Figure 3.55: (a) Schematic view and (b) simplified equivalent circuit of the type-B active ESD clamp.
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3.3.1.4 Type-C Clamp

Even using very large amplification with the type-B clamp, the optimal Vgs cannot be
obtained if Vi is larger than Vr for Ifmax. Irmax describes the maximal achievable failure
current for the given nDMOS. For example in Figure 3.53, if V,,, =60V, Irat Vs =
16 V can never be reached with a positive Ron. Fortunately, with proper circuit design
of the active clamp, one can implement a solution for example with the type-C trigger
circuit (Figure 3.56 (a)).

The type-C clamp works in the same way as the type-B clamp while the nDMOS2 keeps
turned-off in so-called non-snapback mode. The type-C clamp triggers and conducts
current at Vi with the same Ron as described in 3.12 under ideal conditions. Once the
threshold voltage of the shorting transistor nDMOS?2 is reached, a part of Zp trigger With
break down voltage Vinort is bypassed. The nDMOS2 operates in its linear region and
acts as a resistor conducting several mA current. The bigMOS nDMOS is then forced
to jump to another operating point and shows a snapback behavior in its quasi-static I-
V. Once the snapback mode is established, the Ron of the clamp remains nearly
unchanged because the resistance of the nDMOS?2 is much smaller than Rgsp thus can
be neglected (Figure 3.56 (b)). The remaining part of Zp yigeer With break down voltage
Viemain and the drain-source voltage of nDMOS2 Vps: define the holding voltage Vi of
the clamp,

Vi = Vir = Vshort + Vbs2 = Veemain + Vpsa- 3.13

Note that the voltage divider consisting of Rgsa1 and Rasnz controls the onset of the
snapback depending on the threshold voltage of the nDMOS2. Hence, trigger current
and voltage of the snapback are circuit design parameters. An appropriate setting of
these design parameters prevents false-triggering in order to fulfill certain EOS or EMC
requirements.
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Figure 3.56: (a) Schematic view and (b) simplified equivalent circuit of the type-C active ESD clamp.
In the non-snapback mode, the Zener string clamps at V. In the snapback mode, Vj is the clamping
voltage given by the voltage definition circuit consisting of Zener string and the nLDMOS2 transistor.
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Figure 3.57: Qualitative comparison of the type-A, type-B and type-C active ESD clamps.

The prevention of the snapback during non-ESD pulses does not aim to protect the
clamp from destruction but to avoid disturbance of the functional signals. Without
involving any bipolar snapback mechanism, the clamp will not encounter the problems
a bipolar snapback device usually deals with, such as current filaments, voltage
overshoots etc. [64] [80].

The essential benefits of the type-C clamp are the low ESD window consumption (even
Vi<V is possible) as well as the maximal utilization of the nDMOS SOA. A qualitative
comparison between type-A, type-B and type-C clamps are depicted in Figure 3.57.
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Figure 3.58: TLP characteristics of type-A, type-B and type-C clamps implemented with the same
trigger voltage and with a comparable size of the nDMOS.
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3.3.2 Measurement and Simulation

3.3.2.1 TLP Investigation

All three clamp types have been implemented on silicon and have been measured with
standard 100 ns TLP using 10 ns rise-time (Figure 3.58). The experimental curves of
the three clamps show the expected behavior regarding on-resistance and snap-back
behavior (two Zener diodes shorted). A different nDMOS type has been used in the
type-C clamp compared to the type-A and type-B clamps and hence a detailed
comparison is not straightforward.

SPICE simulation is very useful to study and design the active clamps because it gives
access to all circuit nodes. For example, the gate voltages are usually not measurable
but are available in simulation. Also, depending on the model quality simulation
enables more accurate design.

Figure 3.59 (a) displays the simulated quasi-static current Ica (cathode to anode)
through and voltage Vca across the active clamps (all with the same nDMOS). The
simulation results are qualitatively in good and quantitatively in acceptable agreement
with the measurement results. In addition, Figure 3.59 (b) shows the quasi-static
nDMOS gate-source voltages as a function of the voltage across the clamps.

All three clamps show a turn-on voltage of about 50 V due to the identical Zener diode
string. The type-A clamp exhibits the highest on-resistance as expected. The gate-
source voltage rises nearly linearly with the drain-source voltage of the nDMOS. The
slope is ~0.8 accounting for the finite resistance of the Zener diodes. For a type-A clamp
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Figure 3.59: For the active clamps of type-A, type-B and type-C, simulated quasi-static (a) I-V curves
and (b) nDMOS gate-source voltages as a function of the voltage across the clamps. The quasi-static
values of voltages and currents are calculated by averaging the100 ns long TLP-like transient curves
between 70 and 90 ns.
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with an ideal Zener string (with zero resistance), the increase of the gate-source voltage
equals the increase of the drain-source voltage (i.e. the slope is 1).

The type-B clamp has an improved on-resistance. Again, the gate-source voltage rises
linearly with the drain-source voltage but the slope is ~2 showing the beneficial
amplification due to the pDMOS.

The type-C clamp shows the expected snapback behavior (one Zener diode shorted in
the simulation). The same resistance has been chosen for Rgsni and Rgsn2 in the
simulation leading to a snapback trigger current of 200 mA. The type-C clamp shows
roughly the same on-resistance than the type-B clamp in the current range above the
snapback due to the identical pDMOS transistor and Rgsan. But the operation point is
different due to the shorting of one Zener diode. Thus the voltage drop across the clamp
is significantly reduced.

The type-B and type-C clamps show a distinct kink in their -V at about 1.6 A. It is
caused by the two Zener diodes between gate and source of the nDMOS. They turn on
at this point and limit the gate-source voltage. While protecting the gate oxide of the
transistor, the Zener diodes do not significantly reduce the protection capability of the
clamps because the SOA boundary of the nDMOS transistor is also close to this point.
In fact, the gate-source voltage limit is just another design parameter allowing to head
for the optimal Vrand Ir values.
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Figure 3.60: (a) TLP characteristics of type-A, type-B and type-C clamps using an average window
between 1 ns and 3 ns, and a rise-time of 100 ps (b) Three transient voltage waveforms exhibit the turn-
on behavior of type-A, type-B and type-C clamps at 4 A TLP current.
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The measurement data and simulation show the strong improvement in the ESD
window of the advanced active clamps: it drops from 13 V for the type-A clamp, over
7 V for type-B clamp to 3 V for type-C clamp in the simulation.

In addition, TLP is also applied to study the clamping behavior of the active clamps
under CDM-like conditions. Thereto, the rise-time is set to 100 ps and the average
window is chosen between 1 ns and 3 ns showing the peak voltage as function of TLP
current. Figure 3.60 shows the TLP characteristics of type-A, type-B and type-C clamps
with the bigMOS nDMOS transistor about 4 times larger than the nDMOS used in
Figure 3.58. Figure 3.60 (b) shows the voltage transient waveforms as well as the turn-
on of the three clamps at 4 A TLP current indicated by A, B and C.

In the CDM time domain (a few nanoseconds) the dynamic gate coupling due to
parasitic capacitance plays a dominant role. Without pPDMOS amplification stage, the
type-A clamp has the lowest gate coupling and therefore the highest clamping voltage.
The type-B and type-C clamps using the same pDMOS amplification exhibit the same
[-V up to about 40 V. Above 40 V the type-C clamp shows even lower clamping voltage
because the shorting transistor delivers more current into the Zener string and Rasp,
hence drives the pDMOS stronger. As a conclusion, this TLP investigation clearly
indicates that active clamps also provide effective protection against CDM stresses.

3.3.2.2 HBM Investigation

Active clamps without any further protected circuitry have been stressed according to
the HBM standard [85] to show their intrinsic ESD hardness. Figure 3.61 summarizes
the HBM pass-levels compared to the TLP failure currents of various active clamps. In
the HBM tests, the devices are zapped from 2 kV in 0.5 kV steps until failure occurs or
until the tester limit of 12 kV is reached. All clamps which pass 12 kV HBM have not
been damaged. In the TLP tests, 100 ps rise-time and 100 ns pulse width are used. The
devices are assembled in the plastic package MQFP-44 for both types of measurements.

The clamps are realized with different nDMOS sizes hence different layout areas
targeting on different HBM pass levels accordingly. The size of the nDMOS transistor
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Figure 3.61: Type-A, type-B and type-C clamps stressed with TLP and Thermo Fischer MK2 HBM
tester.
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in the active clamps is doubled from group I to group II as well as from group II to
group III. The HBM and TLP robustness clearly scales with the device size.

In each group, type-A and type-B clamps for 30 V, 45 V and 60 V voltage classes are
tested. One 60 V type-C clamp is also included in group III. Within the same group and
for the same voltage class, the type-B clamp is implemented with a smaller nDMOS
compared to the type-A clamp. For example in group 11, the layout footprint of the 45 V
type-B clamp is about 20% smaller than the 45 V type-A clamp, yet shows comparable
HBM and TLP hardness. The 60 V type-C clamp shares the same nDMOS size as the
60 V type-B clamp but the ESD robustness is higher according to the TLP results. These
findings confirm the performance improvement of the type-C clamp compared to the
type-B clamp, as of the type-B clamp compared to the type-A clamp. Among all the
three types, the type-C clamp ensures the best utilization of the bigMOS SOA hence
achieves the highest ESD robustness by itself.

In addition to the measurements, the response of the active clamps to a 2 kV HBM
stress has been investigated using SPICE simulation as in the TLP investigation.
Besides the insight into the differences between the three clamp types, HBM SPICE
simulation is interesting because of the steep voltage rise at the beginning of the HBM
pulse, and because of the exponential pulse decay over some 100 ns. Hence HBM
reveals possible weaknesses of ESD clamps regarding turn-on (e.g. voltage overshoots)
as well as turn-off issues (e.g. time-out in RC-triggered clamps).

Figure 3.63 shows the voltages across the clamps Vca, the currents through the clamps
Ica and the nDMOS gate-source voltages as a function of time in logarithmic scale. The
maximal clamping voltage of the type-C clamp is the lowest among the three clamps
(Figure 3.63 (a)). No significant voltage overshoots are visible. The current waveforms
are typical for 2 kV HBM stresses. The different voltage response of the three clamps
together with the parasitic elements (e.g. cable inductance and test board capacitance
modeled in the HBM source) result in slight differences in the current waveforms
(Figure 3.63 (b)). In the type-C clamp, one Zener diode is shorted. Hence, the Zener
diode string in the type-C clamp delivers more current than in the type-B clamp. The
nDMOS gate is boosted to a higher voltage at about 10 ns (Figure 3.63 (c)) resulting in
an enhanced clamping (Figure 3.63 (a)). The enhanced clamping of the type-C clamp

—— Cop
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< Time
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Current
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Figure 3.62: (a) Schematic of the simplified active clamp with gate discharge resistor Rgs and the
parasitic gate capacitors Cgp and Cgs. (b) Transient turn-on of the DMOS due to capacitive gate
coupling showing typical I/V waveforms when the stress voltage is below the designed V.
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Figure 3.63: Simulated transient response of the active clamps of type-A, type-B and type-C to a 2 kV
HBM stress. The individual pictures show (a) the voltage across the clamps, (b) the currents through
the clamps and (c) the nDMOS gate-source voltages as a function of time in logarithmic scale.

ends around 180 ns when the gate-source voltage of the nDMOS2 drops to the threshold
voltage. Nevertheless, the shorting transistor nDMOS?2 has fulfilled its purpose and
reduced the maximum voltage drop across the type-C clamp by approximately 4 V
compared to the type-B clamp.

It is apparent from these simulation results that the active clamps do not show any turn-
on delay. The simulation verifies in addition that the presented active clamps also do
not suffer from any turn-off issues. During the exponential pulse decay, the Zener diode
string ensures a turn-on of the active clamps if the voltage drop across the clamp is
larger than the static trigger voltage. In the HBM simulation, the advantage of the type-
C clamp with the lowest clamping voltage is clearly shown. The required ESD window
is therefore smallest for the circuits protected by the type-C active clamp.
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3.3.3 Discussion

3.3.3.1 Capacitive Coupling Effects

All active clamps and in general the switch based ESD protections encounter parasitic
capacitive coupling effects. The bigMOS conducts current for a certain time period
under normal operation due to fast switching. Also for the statically triggered active
clamps, the transient turn-on of the nDMOS due to the capacitive gate coupling leads
to significant current flow as exemplarily depicted in Figure 3.62 for a rectangular
pulse. This behavior is preferred for ESD performance as shown in Figure 3.63. It might
however limit the usage of active clamps for I/O or supply protection with functional
steep voltage rise requirements or severe EMC specifications.

The impact of the capacitive coupling effect is reduced by shortening the gate discharge
time. For the studied active clamps, the gate discharge time constant is a function of the
parasitic MOS capacitance and the gate-source resistance Rgs. Adding additional
capacitance in parallel with Cgs to change the capacitive divider would be an expensive
solution. The straightforward solution is the reduction of Rgs.

This however affects directly the Ron during ESD as the resistance of the Zener string
is not negligible. As a countermeasure, a larger pPDMOS can be employed in the type-
B clamp to compensate the effect of the small Rgsn. According to 3.12, the same Ron is
achieved if

Gmp, ' RGSTL, = Gmp b RGSTI.' 314

Ragsn” and Gmp’ describe the reduced Rgsn and enlarged pDMOS, respectively.
However, the pDMOS also has the capacitive gate coupling effect delivering increased
current to Rgsn at steep voltage rise. Therefore only increasing pDMOS size is not
efficient enough to overcome the capacitive gate coupling without affecting Ron.

A more advanced solution applies the two-stage amplification as displayed in Figure
3.64. 1t shows a two-stage type-B clamp (named type-B2 clamp). The nDMOS3 of the
second stage boosts Vgsp and hence the drain current of the pDMOS. With similar
assumptions as used in 3.12,

1

R, = :
on Gmn3 Gmp GmnRGSp RGSn

3.15
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Figure 3.64: Schematic view of the type-B2 active ESD clamp with two-stage amplification and small

Rasn.

The terms Gmn3 and Rgsp increase the amplification further and allow an even smaller

Rasn

Figure 3.65 gives an example, which shows the reduction of the gate-coupling effect in
the active clamps by using the type-B2 clamp. The 45 V pn-diode with a layout area
comparable to the active clamps is given as the reference device, which does not suffer
from the gate coupling effect. All the active clamps are designed with the same nDMOS
and with the same Zener string. The type-B clamp employs the same Rasx as the type-
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Figure 3.65: (a) 100 ns TLP I-V characteristics of 45 V active clamps and a pn-diode. (b) The transient
voltage waveforms of the active clamps and a pn-diode at 43 V pulse voltage which is below the
designed V. The rise-time of the TLP is 100 ps.
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A clamp. The gate coupling is more pronounced in the type-B clamp compared to the
type-A clamp since the pDMOS boosts the gate-source voltage of the nDMOS (Figure
3.65 (b)). The type-B2 clamp uses a much smaller Rgsa. The gate-coupling becomes
much less conspicuous. The ESD performance of the type-B2 clamp remains
comparable to the type-B clamp since the optimal Ir is reached (Figure 3.65 (a)).

A similar two-stage type-C clamp is also feasible applying this technique.
3.3.3.2 ESD Window Considerations

From an ESD design window point of view [86], the proposed advanced active clamps
allow improved design flexibility. The upper ESD limit is typically the minimum failing
voltage of the protected devices. It is for example the maximal allowed drain-source
voltage of a power transistor in many applications. By applying the same transistor type
for the nDMOS and the protected power MOS, the protection is easily established with
minor concern of process variations. Due to the SOA and improved control of Vgs, the
failing voltage of the active clamp type-B or type-C can be designed smaller than that
of the protected transistor so that the protected transistor is safe with the target ESD
robustness granted by the active clamps.

The advanced trigger circuit can be combined with the functional circuit if the power
transistor is already sufficiently large, e.g. a large driver. Moreover, regarding a rail
clamp ESD concept, an advanced active clamp is preferred as the central clamp. The
bus resistance depending on the interconnection length between the central clamp and
the protected devices becomes an important constraint for the ESD design. The voltage
drop across the forward ESD diode and the interconnection resistance must also be
taken into account. These constraints can be relaxed with the reduced ESD window
need of the type-B or type-C clamps. Figure 3.66 shows a test structure example. Both
of the type-A and type-B clamps can effectively protect the small ggNMOS M2 with a
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Figure 3.66: Example of a rail clamp ESD concept and the measurement results from 100 ns TLP.
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low bus resistance as shown in the TLP characterization. In this case, the active clamps
are destroyed above the target because the designed failing current levels of the active
clamps are reached. In the case of a larger bus resistance Rs and involved forward diodes
Dy, the type-A clamp cannot effectively protect M1. Despite the type-A clamp, the
protected device fails since the SOA limit of M1 is violated. On the contrary, with the
type-B clamp, the designed failure level is reached due to the lower consumption of the
ESD window.

With the type-C clamp, even larger Rs and smaller Drare allowed in the ESD protection
concept due to the smaller clamping voltage. The use of the advanced clamps results in
significant improvement of the ESD area consumption in applications.

3.3.3.3 Voltage Overshoot and Breakdown Delay

As discussed in the previous sections, voltage overshoots of the ESD protection devices
have become one of the most critical concerns for the ESD protection. Hence, the rise-
time dependence is often questioned. Shorter rise-times can induce larger voltage
overshoots due to the finite response speed of the ESD elements such as SCRs, bipolar
transistors or even pn-diodes. The active clamps proposed in this work are insensitive
to the pulse rise-times since the transient SOA of the used nDMOS in the clamp is not
influenced by dV/dt. Moreover, at the beginning of the ESD pulse, the gate of the
nDMOS is biased by the capacitive coupling and the nDMOS immediately conducts
channel current, thus preventing the voltage overshoots.

The breakdown delay in case of pre-pulse voltage (PPV) is another issue causing ESD
failures in the field [87]. A pn-junction subjected to PPV can suffer from a significant
delay of the avalanche breakdown. The ESD protection is diminished in this case [88].
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Figure 3.67: The type-A, type-B and type-C active clamps using the same nDMOS characterized by
100 ns TLP with and w/o 25 V PPV. The maximal utilization of the nDMOS SOA in the type-C clamp
is experimentally confirmed.
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Figure 3.68: The voltage responses of the type-C active clamp to TLP with and w/o the 25 VPPV at 6 A
TLP current.

The active clamps on the contrary do not work as a type of breakdown devices hence
are usually not affected by the pre-pulse voltage. The Zener string itself is physically
based on pn-junction breakdown. However for low breakdown voltages (<10 V) the
breakdown delay under PPV condition is not observed. In fact, the triggering of low
voltage diodes are much more insensitive to PPV compared to high voltage pn-diodes.
Figure 3.67 shows the TLP characteristics of type-A, type-B and type-C clamps using
equally sized nDMOS. All curves are derived from 100 ns TLP with 100 ps rise-time
except for one I-V curve of the type-B clamp, which is measured with 10ns rise-time
showing exemplary the rise-time independency of the active clamps. During the TLP,
a pulse biasing of 25 V via a bias tee is applied to simulate the PPV. No breakdown
delay and no significant reduction of the failure level due to PPV is observed in these
cases.

However it must be pointed out that the active clamps as well as the ESD protection
concepts using active clamps are not completely immune from PPV. In case that PPV
is very large, the ESD robustness can decrease. It can be overcome or compensated by
the proper design of the trigger circuit. Figure 3.68 displays the transient voltage
waveforms of the type-C clamp at 6 A TLP current. Without PPV, the capacitive gate-
coupling effect is clearly shown as indicated by the arrow in Figure 3.68. PPV reduces
the increase of the drain-source voltage of the nDMOS during the initial voltage rise.
This reduces also the Vgs bias due to capacitive coupling. A well designed trigger
circuit provides the necessary Vs bias to turn on the clamp. The design example in
Figure 3.68 demonstrates clearly the feasibility. No voltage overshoot occurs and hence
the trigger circuit with Zener diodes is sufficiently fast.
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Figure 3.69: (a) Schematic view and (b) simplified equivalent circuit of the type-C2 active ESD clamp.
In the non-snapback mode, the Zener string clamps at Vy. In the snapback mode, Vy is the clamping
voltage given by the voltage definition circuit consisting of Zener string and the pDMOS transistor.
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3.3.3.4 Alternative Circuit Topology with Controlled Snapback

The main feature of the type-C clamp is the controlled snapback. It is based on the
switching of the operating point of bigMOS in ESD case using circuit-level design
measures. Various circuit implementations are possible. The type-C clamp illustrated
in Figure 3.56 can be considered as an enhancement of the type-B clamp with an
additional shorting transistor from a circuit topology perspective. Figure 3.69 (a) shows
another circuit example, so-called type-C2 clamp that is related more to the type-A
clamp and provides also a controlled snapback. The pDMOS is no longer used as an
amplification stage but as the shorting transistor which bypasses part of the Zener string
Zp rigger- The pPDMOS 1is turned on once the small nNDMOS4 is activated by a voltage
divider similar to that in the type-C clamp. By removing the circuit part which enables
the snapback mode including nDMOS4 and pDMOS as well as its gate-source resistor
Rasp and gate-source protection ZpGsp, the remaining circuit shares the same circuit
topology as the type-A clamp (Figure 3.69 (b)).

Compared to the type-C clamp, the type-C2 clamp does not require a pDMOS with the
same or higher voltage class. The pDMOS can be implemented at lower voltage class
depending on the Zener diodes it bridges. Figure 3.70 (a) gives the TLP results of a
type-C2 clamp and a type-C clamp using the same nDMOS. The failure currents of both
clamps are nearly the same due to the SOA of the used nDMOS transistor. The Ron of
the type-C2 clamp is higher than that of the type-C clamp because of the lack of
amplification.

Depending on the application, another advantage of type-C2 clamp is the smaller gate
coupling effect as discussed in Figure 3.65. The capacitive coupling of the type-C2
clamp is more like the one of the type-A clamp and thus has less pronounced gate
coupling compared to type-C clamps as shown in Figure 3.70 (b).
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Figure 3.70: (a) 100 ns TLP I-V characteristics of 45 V type-C and type-C2 clamps. (b) The transient
voltage waveforms of the active clamps at 50 V pulse voltage which is below the designed V. The rise-
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3.3.3.5 Combinations of Active Clamps
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Figure 3.71: (a) stacked type-A clamps to achieve high Vi with DMOS of lower voltage classes. (b)
Anti-serial connected type-A clamps for the pads which require reverse voltage capability.
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The active clamps provide high degree of freedom for the high voltage ESD design. In
addition to the implementation of the trigger circuit such as type-A, type-B and type-C
clamps, also various combinations of the single clamps are feasible. Figure 3.71
demonstrates two active clamp combinations. The type-A clamps are chosen for the
simplicity.

It is common practice to achieve higher turn-on voltage by stacking existing ESD
devices of lower voltage classes, e.g. ESD diodes. The total ESD Ron of in series
connected ESD diodes is the sum of the Ron of all single diodes. The ESD area
efficiency can be rather low because of the given ESD window. Active clamps are
easily stacked (Figure 3.71 (a)) as long as parasitic breakdown voltages such as the
substrate breakdown in the given power technologies do not become limiting factors.
The increasing Ron of the stacked active clamps is of minor concern if type-B or type-
C clamps are used.

Figure 3.72 shows TLP measurements of a single 60 V type-A clamp compared to a
120 V. clamp implemented with two stacked 60V type-A clamps. The I-V
characteristics confirm the same failure levels for both clamps as expected (Figure 3.72
(a)). The 120 V clamp has nearly doubled Ron of the 60 V clamp.

Additionally, the capacitive coupling effect is reduced in case of stacked active clamps
due to the cascaded parasitic capacitances as indicated in Figure 3.71 (a). The transient
voltage waveforms at voltages below Vi show the reduced gate-coupling effect of the
stacked clamp (Figure 3.72 (b)).
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Figure 3.72: (a) 100 ns TLP I-V characteristics of 60 V and 120 V type-A clamps. (b) Comparison of
the transient voltage waveforms of the 60 V and 120 V clamps at 60 V and 120 V pulse voltages. Rise-
time of the TLP is 100 ps.
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Other applications require reverse voltage capability for the high voltage supply or I/O
pins. Figure 3.71 (b) gives a schematic view of an anti-serial combination (like anode-
cathode-anode arrangement of two diodes) of active clamps for ESD protection. In
many power technologies such as bulk technologies. The parasitic structures again have
to be taken into consideration. Well connections as well as junction breakdowns as
indicated by the substrate diodes must be considered to prevent unwanted leakage
current paths. For the upper part of the anti-serial active clamp for example, the Zener
diodes are implemented using emitter-base breakdown of an npn transistor. Its collector
is appropriately connected for avoiding substrate leakage current while negative voltage
is applied to the pad.

3.3.4 Summary

The advanced trigger circuits discussed in this section aim at optimizing the gate control
of the nDMOS. Thereby they lower the differential on-resistance Ron and the clamping
voltage of the active clamps thus also the requirement of the ESD window. This allows
area savings due to relaxed bus resistance rules. Furthermore, the advanced trigger
circuits enable the designer to reach the maximal failure current of the nDMOS (as
given by the SOA) even if the corresponding failure voltage is smaller than the trigger
voltage.

The capacitive coupling effect can be controlled. On the one hand, it is utilized to
prevent voltage overshoots by turning on the clamp very quickly e.g. in CDM-like ESD
cases. On the other hand, the capacitive coupling effect can be suppressed sufficiently
to avoid unwanted current absorption of the clamp due to steep voltage transients e.g.
during EMC events. The presented active clamps do not suffer from hazardous effects
such as PPV induced breakdown delay, voltage overshoots (e.g. due to turn-on delay),
and turn-off issues. The development of the active ESD clamps using advanced trigger
circuits is a matter of circuit-level design. The wanted features, for example the
controlled snapback, are implemented in different circuit topologies. The
characteristics of the clamps are compared. Series stacking and anti-serial combination
of active clamps are feasible. If applicable, the advanced trigger circuit can be even
combined with the power transistor of a functional circuit. The power transistor is then
used as the bigMOS of the active clamp in ESD case.

In the field of component-level ESD regarding HBM and CDM, active clamps show
competitive protection capabilities and their special value in case of limited ESD
windows. In addition, the active clamps are also decent protection devices for system-
level ESD stresses (like IEC 61000-4-2) [89].

3.4 Conclusion

In this Chapter, failure levels, failure modes of high voltage on-chip ESD protections
are discussed extensively including various case studies. Advanced active clamps show
their advantages hence are investigated with further details.

Characterizations and failure level studies for high voltage snapback and non-snapback
ESD devices are carried out. Experimental and simulation results show various failure
mechanisms and -V characteristics of the protection devices, which are of great
importance in high voltage ESD design.

An aspect of evaluating ESD devices in a wide range of pulse duration is presented
based on the Wunsch-Bell theory. One of the most important results is that in short
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pulse ranges the DMOS transistors as well as the active clamps suffer from electrical
failure mechanism rather than a thermal one. Based on the systematic comparison
showing the drawbacks and advantages of the various ESD devices, it suggests proper
decisions on ESD concepts according to the applications.

It was found in the case studies that voltage overshoots due to fast transients can lead
to ongoing bipolar triggering in high voltage LDMOS transistors. This even happens
due to the overvoltage caused by the finite reaction time of the avalanche breakdown
diode, which is much shorter than the transition time for bipolar triggering in the
nLDMOS transistor in the monitor structures. TCAD simulation is used to understand
the unique effect called ongoing bipolar triggering. Improvement solutions are given
clearly showing the benefit of the active clamps.

As the ESD protection concept using the high voltage active clamps draws more
attention, the active clamps are designed with advanced trigger circuits enabling many
sophisticated features and improving the on-chip ESD protection with high degree of
freedom in ESD design. The active clamps significantly reduce the development effort
of ESD protection devices because all relevant parameters are accessible by circuit
design and do not necessarily require any process development.
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Chapter 4
Concept for System-Level ESD Protection

System-level ESD protection has gained more and more attention especially in the field
of automotive applications where the safety is of great importance in the criteria of the
products. Instead of implementation of system-level ESD protection only on chip-level
which is in many cases of high cost or even not applicable, the co-design of system-
level ESD protection both on chip and on printed circuit board (PCB) is the one of the
main challenges for system ESD designers. This Chapter provides several basic
concepts and introduces behavior modeling methodologies which improve the system-
level ESD design.

Different high-voltage on-chip ESD devices and protection approaches are
characterized, compared and further developed in Chapter 3. In the scope of this
Chapter, off-chip (external) ESD devices as a part of system-level ESD co-design are
characterized also with TLP system, but with a different focus compared to on-chip
ESD protections. In addition they are verified directly using the IEC 61000-4-2 ESD
generator showing their clamping behaviors. Behavior modeling of on-chip and off-
chip ESD elements aiming at system-level efficient design using ESD simulation is
discussed. Particularly for the on-chip ESD protection, the so-called Wunsch-Bell
characterization based modeling methodology gives the possibility to simplify the
model complexity, yet improve the simulation accuracy by reproducing the self-heating
effect in the on-chip devices susceptible to ESD.

4.1 Characterization and Systematic Evaluation of
External ESD Protection Elements

ESD tests on system level according to IEC 61000-4-2 or ISO 10605 play today an
important role in the electronic release process of components and systems. To fulfill
ESD specifications, external protection elements are often used to protect the
semiconductor devices on the PCBs against system-level ESD. Different types of
external protection elements are possibly employed for ESD protection in system.
However the required protection effectiveness cannot always be achieved. Although
the external device descriptions in the datasheets are not wrong in general, the ESD test
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conditions are often not sufficiently specified. That is even with the same external
protection elements, different protected devices and systems often lead to different test
results, making the system-level ESD robustness difficult to predict.

In this section, a general ESD characterization method is developed for the systematic
comparison of the different types of off-chip protection elements e.g. varistors, TVS
diodes, polymer devices and also discrete capacitors and resistors. The approach of
characterization and evaluation of the ESD devices generally deliver informative and
comparable device parameters in order to design more reliable and more
straightforward ESD protection concepts for systems [90].

Same to the on-chip ESD device characterization as introduced in the previous chapters,
TLP belongs to one of the most important characterization methods also for the
evaluation of the off-chip ESD protection elements. In addition to TLP, IEC 61000-4-
2 ESD generator were used to investigate the behaviors of the protection elements
stressed by the standardized pulses. The characterization in the frequency domain by
S11 measurements is a further prerequisite to determine the parasitic capacitances and
inductances of the devices under test.

A systematic comparison of the ESD effectiveness of diverse off-chip protection
elements such as varistors, TVS diodes, gas discharge tube and polymer enables on one
hand, a proper choice of the protection elements for ESD protection in system. On the
other hand, the ESD characterization method facilitates the data provision for the
modeling of ESD protection elements. The parameterized model based on the
characterization of the devices allows accurate ESD simulation improving also the on-
chip and off-chip ESD co-design [91] [92].

4.1.1 High-Current TLP Characterizations

4.1.1.1 High-Current TLP Setup

As previously discussed in Chapter 2, TLP as well as vf-TLP are proved to be very
commonly used measurement equipment for the characterization and evaluation of
ESD protection devices. For on-chip ESD protection devices and for external protection
elements, TLP parameters such as pulse width, rise-time as well as current or energy
level allow profound characterization of the devices’ properties in ESD time domain.
The pulse width can be adjusted so that I-V curves of the devices under test are derived
as function of pulse width, i.e. the Wunsch-Bell characterization as introduced in
Chapter 3. The rise-time of the TLP is variable to determine the device reaction time
depending on different ESD pulses.

External protection elements often used for the primary system-level ESD protection
are more robust against ESD compared to on-chip ESD protection devices.

600ps to 1ns RTF
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Figure 4.1: Simplified schematic of the high-current TLP system
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Figure 4.2: Test board with voltage probe for the TLP characterizations of external elements.

Conventional IEC 61000-4-2 compliant ESD generators deliver a discharge voltage up
to 30 kV with an initial current peak of over 100 A. Hence, the standard TLP system
must be modified to a high-current version to characterize the external elements at
higher current levels. Figure 4.1 depicts a simplified schematic view of the high-current
TLP system. The 3dB attenuator is the only attenuator for suppression of reflected TLP
pulses due to load mismatch. The high voltage relay in the prototype of high current
TLP works up to 4 kV. This implies that the maximal current flow into the DUT is

4kV/50 Q-2 =56.6 A when the DUT is 0 Q. The pulse duration was set to be
comparable to IEC 61000-4-2 pulses with a length of the charge cable of about 3 m
corresponding to 30 ns. Further, 600 ps and 1 ns rise-time filters were used to match
the rise-time of IEC ESD pulses in contact discharge mode.

The current probing using CT1 from Tektronix allows sufficient measurement
bandwidth for recording the current transient waveforms also in the high current region.
With a 30 ns pulse width, the saturation effect at the current sensor does not occur up
to the tester limit (56 A). The voltage measurement applies the same configuration with
compensation of parasitic capacitance as described in subsection 2.2.1.2. It has a
measurement bandwidth of 4.4 GHz according to S21-parameter measurements. Figure
4.2 shows a photograph of the test board for the TLP characterization with integrated
RC network for the voltage measurement.
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Figure 4.3: TLP I-V characteristics of varistors in high-current region.
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Figure 4.4: DC characteristics of varistors before and after high-current TLP stresses.
4.1.1.2 Characterizations of the protection elements using TLP

In this section varistors, TVS diodes as well as gas discharge tube and polymer are
characterized using the high-current TLP system. In addition, external capacitors and
resistors are also characterized using TLP to verify the behavior of these passive devices
under high current or high voltage condition in the ESD time range.

A varistor is known as voltage dependent resistor whose name is a portmanteau of
variable resistor. Varistors are often used as commercial devices to protect ICs against
excessive transient voltages such as ESD by applying them into the circuit. When
triggered, they should shunt the current away from sensitive components. In the scope
of this work, two multilayer varistor from EPCOS EPCOS CT0603K14G and
CT0603S14AHSG are investigated.

I-V curves of the varistors are depicted in Figure 4.3. A symmetric behavior of the
varistors in positive and negative stress polarities is observed. Although the breakdown
voltages are nearly the same, these two varistors show very different dynamic behaviors
in terms of their dynamic on-resistances. This very important information for ESD is
normally not provided in the device datasheet.

Also, it is observed that these two varistors show noticeable deviation of the leakage
current or the breakdown voltage prior and post to high current stresses. Figure 4.4
compares the DC characteristics of the varistor CT0603K14G and CT0603S14AHSG
before and after the TLP stresses where increase of leakage current and decrease of
breakdown voltage are clearly observed. This is a known phenomenon especially for
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Figure 4.5: Voltage waveforms of CT0603K14G as a function of rise-time at 40 A TLP.

ZnO-Bi based varistors as described in [93]. As long as the decreased breakdown
voltage is still far beyond the operating voltage under the use condition, varistors can
be still considered as good off-chip ESD protection devices.

Not only delivering quasi-static I-V curves, the TLP characterization also captures the
dynamic behaviors of the DUT. Various rise-times are used in the TLP setup to obtain
the transient response of the varistors to fast energy pulses. Figure 4.5 shows the
different voltage overshoots depending on different pulse rise-times. The voltage
overshoots are at least partly due to the parasitic inductance of the varistor so that the
voltage peak can reach 120 V at 40 A TLP current. For all three pulses with different
rise-times, the voltage falls to a steady state of about 60 V after about 10 ns. In general,
the voltage overshoots must be considered in case the protected devices are sensitive to
voltage peaks as discussed in Chapter 3. For example to protect chips with snapping
on-chip ESD protections, the off-chip protection elements might lose their protection
effectiveness due to the overshoots [94].
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Figure 4.6: Voltage waveforms of CT0603K14G with and without 10 V pre-biasing at 10 A TLP.
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Figure 4.7: TLP I-V characteristics of TVS diodes in high-current region.

It was shown in [95] the effect of the pre-pulse voltage (PPV) which is a voltage built
up across the DUT before the actual ESD takes place can be present in real world ESD.
The question has been raised whether this effect which is observed for many on-chip
protections (Chapter 3) could cause also significant turn-on delay of the external
protection elements. In fact, this is not expected at least for varistors because the
breakdown mechanism of the varistors is different to the avalanche breakdown which
then suffers from the breakdown delay when PPV is applied. Figure 4.6 compares the
voltage waveforms of CT0603K 14G with and without 10 V pre-biasing voltage at 10 A
TLP current. No breakdown delay is shown in the voltage waveform under pre-biasing
condition.

In addition to varistors, transient voltage suppression (TVS) diodes shunt usually ESD
currents with the robust pn junctions. Zener or avalanche breakdowns allow the diodes
clamp excess voltages induced by ESD. I-V curves of the characterized TVS diodes are

x107°
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Figure 4.8: DC characteristics of TVS diode GBLCS05C-LF before and after high-current TLP stresses.
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Figure 4.9: Voltage waveforms of GBLCSO5C-LF as a function of rise-time at 10 A TLP.

depicted in Figure 4.7 showing one-directional and bidirectional protection diodes.
Unlike varistors, the TVS diodes does not show degradation after high current stresses.
Figure 4.8 compares the DC characteristics of the TVS diode GBLCSO05C-LF before
and after TLP stresses. No degradation is observed. The voltage overshoots of TVS
diodes are also measured using different pulse rise-times. Figure 4.9 shows for example
the voltage waveforms of the diode GBLCSO5C-LF, displaying an even stronger
dependence on rise-time compared to the investigated varistors. The impact of PPV on
the TVS diodes is also investigated using pre-biasing TLP measurements. Under 6 V
pre-biasing, the diode GBLCSO5C-LF shows no breakdown delay. This is also
expected because breakdown delay usually occurs with higher PPV at pn-junction with
higher breakdown voltage.

Furthermore, a gas discharge tube Mitsubishi CSA-30 and a polymer SurgX
0805ESDA-SP1 are chosen as alternative of the external protection elements. Both
devices exhibit a snapping behavior with very high breakdown voltages (Figure 4.10).
Hence, the DC characterization showing devices’ breakdown was not possible due to
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Figure 4.10: TLP I-V characteristics of a gas discharge tube and a polymer in high-current region.
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Figure 4.11: (a) breakdown voltage of the polymer as a function of the TLP test round. (b) Detailed TLP
characteristics show holding voltage as a function of the TLP test round.

the hardware limit of the used source measurement units (SMU). TLP shows the benefit
to characterize the extremely high breakdown voltages. An interesting device behavior
was observed: the breakdown voltage of the polymer increases significantly after each
TLP test round i.e. multiple TLP stresses at higher current level (Figure 4.11 (a)). The
holding voltage also increases during the TLP characterization (Figure 4.11 (b)). This
effect must be considered when the polymer is applied as a protection element.

Stressed by high power pulses such as ESD, the external resistors show the dynamic
TLP on-resistances same to their specified resistance values. However, the reliability
deterioration of the SMD resistors is a known issue where the change of the resistance
value is observed after multiple ESD stresses [96] [97]. In this study, TLP
measurements on external resistors gained no novel results hence is not explicitly

70
601 O Ceramic 22nF
i 0 Ceramic 68
A50_ ............... .. * Ceramic10nF
< ! O Ceramic 2nF
GCJ 40_ ......
=
>
S P
= OOOOO
20 ~0OQ
OQOJ‘
10 ~)
o OO OO0
200 309 460 %00 YeooY 700 800

TLP Voltage (V)

Figure 4.12: 100 ns TLP characteristics of ceramic SMD X7R 1206 capacitors 68 pF, 2 nF, 10 nF and
22 nF. Average window is between18 ns and 25 ns.
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Figure 4.13: TLP characteristics of electrolytic, tantalum and ceramic capacitors

shown. The external capacitors are often used for stabilizing the supplies or I/O signals.
At the same time they also work as protection elements which absorb the ESD current
and clamp the voltage for the protected ICs. However, the capacitors even with large
capacitance values only show limited protection efficiency or even fail to protect the
ICs. DC voltage dependent capacitance of ceramic capacitors could be one of the
reasons [98]. The parasitic inductance depending on the type of the capacitors can
induce significant voltage overshoots when high current and fast pulses are applied.
This effect can easily introduce failures if the ICs are sensitive to voltage overshoots
(Chapter 3). Concerning the voltage overshoots, various types of external capacitors
including SMD ceramic, SMD tantalum and through-hole electrolytic capacitors are
characterized using TLP. Figure 4.12 shows the for example the ceramic capacitors
with different capacitance values characterized by the high-current TLP system. The
larger the capacitance the lower is the impedance hence a lower Ron is derived from the
TLP quasi-static [-V characteristics. The TLP averaging window was chosen between
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Figure 4.14: Voltage responses of electrolytic, tantalum and ceramic capacitors to 10 A TLP pulses.
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Figure 4.15: Maximal voltage at the protection elements parallel to a 25 € resistor as a function of the
discharge voltage.

18 ns and 25 ns, which gives comparison of clamping voltages of different capacitors
during typical ESD pulses. Further, due to the different types of the capacitor the Ron is
not always the same with the same capacitance values. Figure 4.13 compares three pF
range capacitors showing the lowest clamping voltage of the ceramic capacitor. In
addition, the voltage overshoots induced by the TLP pulses confirms the voltage
clamping of the SMD ceramic capacitors is preferable among the three tested capacitors
(Figure 4.14).

4.1.2 1EC 61000-4-2 Generator Characterizations

In addition to the TLP characterizations, IEC 61000-4-2 ESD generator was used to
characterize off-chip protection elements. To verify the effectiveness of the ESD
protection concepts in a more realistic way, a defined load is connected parallel to the
protection elements to mimic a protected device such as IC. Although the IC pins vary
a lot in the input impedance, a 25 Q resistor as the load was used during the IEC
measurements for simplicity. Figure 4.15 depicts the maximal voltage (voltage
overshoots) of various protection elements as a function of the discharge voltages. The
protection element is connected parallel to a 25 Q resistor during the IEC 61000-4-2
ESD test. Using the ESD generator characterizations, the protection effectiveness
against ESD can be easily assessed which also matches the results from the TLP
characterizations.

4.1.3 Characterizations using Network-Analyzer

The parasitic capacitance and inductance of the off-chip protection elements were
measured. Typical values are summarized in the Table 2.4 derived from the S11
measurements using a network-analyzer.
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Table 4.1: Parasitic capacitance and inductance of different protection elements.
Type Description Parameter
C L
Resistor EPCOS 1kQ 0805 5 pF 4.0 nH
Capacitor EPCOS 10nF 0805 X7R n.a. 1.2 nH
Varistor EPCOS CT0603K14G 155 pF 2.0 nH
EPCOS CT0603S14AHSG 18 pF 2.0nH
TVS Diode Protek TVS GBLCS05C-LF 1.2 pF 1.8 nH
Taiwan Semiconductor TS4148 750 fF n.a.
Gas tube Mitsubishi CSA-30 100 fF 1.8 nH
Polymer SurgX 0805 ESDA-SPI 100 fF n.a.
Tyco PESD0603-140 200 fF n.a.

4.1.4 Summary

From the high current TLP and IEC 61000-4-2 ESD test results it was found that
varistors and TVS diodes can provide a very effective ESD protection, while gas
discharge tube and polymer are only in particular cases of interest due to their higher

breakdown voltages.

The quasi-static I-V curves as well as the dynamic behaviors especially the voltage
overshoots demonstrate different behaviors of different types of off-chip protection
elements under ESD stress conditions. It is important for the on-board ESD protection
concept. Based on the gathered data the modeling of the protection elements for the
system-level ESD simulation is enabled.
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4.2 ESD Simulation with a Wunsch-Bell based Behavior
Modeling Methodology

Conventional modeling methods for ESD protection especially for on-chip ESD
protection can be specific to device types or cannot reproduce the self-heating effect.
This section proposes a straightforward modeling methodology based on the Wunsch-
Bell characterization method (Chapter 3) using TLP. It allows precise ESD simulation
verified by measurements [99].

Traditional simplified models of ESD devices and structures reproduce their quasi-
static [-V characteristics without concerning self-heating during ESD [100] [101]. In
fact, as given by the Wunsch-Bell theory, the failure levels (failure power and failure
energy) of semiconductor structures due to thermal run-away strongly depend on the
pulse width (tw) (Chapter 3). The power to failure as function of pulse width has
different slopes between adiabatic region and Wunsch-Bell region according to
Dwyer’s works [56] [57]. In many ESD concepts, the ESD protection elements are
designed to be firstly damaged above the ESD target level, and the modeling of ESD
protection elements up to the high-current density regime or up to the failure level is of
prime importance. Besides the failure levels, also the on-resistance (Ron) which directly
affects the transient response of the ESD protections differs significantly because of
self-heating when the ESD elements are carrying different pulse energies with different
pulse durations. In fact, the ESD requirements of the semiconductor products have
become manifold nowadays. Due to different ESD standards from CDM, HBM to
system-level ESD with various pulse forms one has to expect different behavior of the
ESD structures with respect to self-heating. Further, the robustness of ESD elements
stressed by pulses which are even beyond ESD range such as EOS pulses has also
gained increasing interest [102] [103]. Hence, the thermal effects and the modification
of Ron in terms of stress duration need to be taken into account for the modeling issues.
There are a few SEED [10] publications which addressed those modeling challenges.
[15] is one of the important works in this area.

Apart from many compact physical models which are available for SPICE simulation
[104][105][106] [107] [108] [109], this section introduces a novel Wunsch-Bell based
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Figure 4.16: Simulated and measured voltage response of the pn-diode stressed with IEC-like pulse at
2 kV level. Corresponding current waveforms (not shown here) match very well due to the well modeled
current source.
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behavior modeling methodology which basically considers the ESD structure or
protected I/O pin as a black-box without dealing with the details of the device physics.
As the electro-thermal simulation or thermal equivalent circuits often required for
physics-based models are not necessary any more in the proposed behavior modeling
method, technology parameters and device geometries are out of concern simplifying
the modeling significantly. I-V properties as well as the failure levels of the device of
interest can be simply characterized with TLP in a wide pulse range. The behavior
modeling itself is in principle language-independent. VHDL-AMS is chosen in this
work for the modeling study. In prior publications, the behavior modeling
methodologies using ETABLE operator [110] or lookup-table [111] focus mainly on
the device characterizations with 100ns TLP. They can have very good usage for ESD
simulation if self-heating in the protection elements is negligible. For most of the area
efficient on-chip ESD protection devices, self-heating already becomes significant due
to very high power density per unit silicon volume during ESD pulses. Hence it is often
shown with 100 ns TLP characteristic only, that the model quality is not satisfying if
an [EC 61000-4-2 system-level ESD pulse (hereafter called IEC pulse) is applied to the
modeled pn-diode (Figure 4.16). The simulated first peak (also called initial peak) and
the broad peak voltages deviate from the measured voltages. The only match of voltages
is found at 100 ns because the lookup-table model reproduces the TLP characteristic.
For the stress-level higher than 2 kV, the deviation of measurement data and model
becomes even larger.

The modeling method in this work focuses on the one hand on the self-heating behavior
and enables on the other hand the prediction of the robustness of the protection
structures under various ESD stresses. A detailed modeling methodology is described.
Since the individual physical details are not required, the proposed methodology can be
generally applied to model different types of ESD devices or protection networks. Three
modeling examples for various types of ESD protections are introduced in the following
subsections. In addition, ESD simulation is performed in the co-design of on- and off-
chip ESD protections to estimate their robustness.

4.2.1 Modeling Methodology

Aiming at successful ESD simulations, the model has to reproduce the transient
responses of the ESD elements at first. Based on that, the power and energy dissipated
in the modeled devices can be accurately calculated from correctly simulated voltage

(@)
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Figure 4.17: Based on (a) TLP characterization using the average windows of tw1, tw2 and tus, (b) Ron, 1
and Ry, 2 are derived from averaged voltage and current transients as functions of t,.
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and current waveforms. The failure or the robustness of the ESD structure is then well
predictable.

As described in Chapter 2, the ESD devices are characterized using TLP system with
tw from 5 ns to 1.5 ps. It was intended to cover a wide pulse range from component- to
system-level ESD requirements. Figure 4.17 illustrates schematically the TLP
characterization for a breakdown device using different pulse widths, in this example
three different pulse widths. The characterization method as well as the measurement
setup is similar as described in [107]. In Figure 4.17, the modeling principle is
qualitatively shown based on a breakdown ESD device with two linear on-resistances
Ron, 1 and Ron, 2. In practical cases, more than two Ron can be defined depending on the
complexity of the device behavior such as pn diodes described in Chapter 3 and the
target model accuracy. I-V curves derived from the different averaging windows
correspond to different pulse durations twi, tw2 and tw3. The calculated I-V point from
the current and voltage transients in Figure 4.17 (a) is marked in Figure 4.17 (b) for
each ty. Note that with self-heating, the voltage across the device increases with
increasing pulse width while the current decreases. Self-heating takes noticeable effect
showing tw dependent Ron. The device modeling reflects this device behavior by using
a fitting function R,, = f(t,) within a linear segment of the I-V curves. In this
example, two Ron (Ron, 1 and Ron, 2) as functions of ty are used for the modeling. The
quality of the Ron fitting functions relies on the numbers of ty used in the TLP
characterization.

During the simulation, Ron is modified for every time step taking the effective pulse
width into account:

Ron,t1 = Ron(ty =t; — to) 4.1

where t; is the present time instant and to is the ESD device turn-on time which is
detected by the model. A time instant is considered as to when the current through the
modeled ESD element exceeds a pre-defined limit or the voltage across the modeled
ESD element reaches the turn-on voltage (V). Hence, to is in general not equal to the
start time of the pulse generation. The present voltage and current values at ti, V(t1) and
I(t1) are self-consistently calculated by the simulator with the appropriate Ront given
by 4.1.

Figure 4.18: illustrates the principle of building the failure criteria power to failure (Pr)
or energy to failure (Ef) into the model with the fitting functions Py = f(t,,) or Ef =

(b)
log(&) power law i
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Figure 4.18: Er as function of tw (b) derived from failure current and voltage in TLP characteristics (a).
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begin
Ronl=F1(t); Ron2=F2(t);...
E=integ (V*I); Ef=F3(t);

if E<Ef use
if I1>I>I0 use
R=Ronl;
V=F4 (I,Ronl);
elsif I2>I>I1 use

R=Ron2;
V=F5(I,Ron2);
elsif ...
else
Device is damaged!
end

Figure 4.19: Simplified VHDL-AMS modeling flow in Wunsch-Bell based behavior model. The switch
conditions for fitting functions are the currents. Also voltage levels could be used as switch conditions.

f(t,). A power law is adequate for devices such as pn-diodes within the Wunsch-Bell
region. In the simulation, the failure level limit at ti, Ef 11, is given by

Ef;tl = Ef(tW = tl - to) 42
The energy dissipated in the device Ey is calculated as

t=t,
E; =f I(t) - V(t)dt 4.3

1
=t0
The modeled device is considered as thermally damaged at any t; if the condition E;; <
Ef ¢1 1s violated. Figure 4.19 gives the simplified modeling flow where all the fitting
functions are defined by the Wunsch-Bell characterization. Note that by means of
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Figure 4.20: TLP characteristic of a 45 V pn-diode with t,, from 10 ns to 1.5 ps. As an example, the
dashed lines represent different Ron (R1, R2 and R3) in three segments for the 10 ns I-V curve as
approximation. For each ty such Ro, approximation is done showing ty dependent Rop.
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Figure 4.21: Fitting functions of the key parameters for the modeling of the pn-diode using TLP
characterization.

Wunsch-Bell characterization, the choice of the pulse duration is not only limited to the
Wunsch-Bell region. The fitting function of failure power does not have to follow the
power law. In addition, for ESD structures eventually having electrical limits such as
active clamps (Chapter 3), maximal allowed power (Pmax) is used as an additional
failure criterion.

4.2.2 Models of ESD Structures
4.2.2.1 Pn-Diode

Pn-diodes are known as very simple but also very effective and reliable non-snapping
ESD protection devices. As described in Chapter 3 a typical 45V pn-diode is
characterized by TLP measurements with various pulse widths. In this chapter, the -V
characteristics are used for the behavior modeling where the key parameters included
in the behavior model are the trigger voltage and the on-resistances e.g. R1, R2 and R3
for the three different linear segments within one I-V curve (Figure 4.20). The
thresholds for Ron switching determine the transition between R1, R2 and R3. In this
specific example, the switching from R1 to R2 happens at the same current level
regardless of the pulse width, which implies that the current density is responsible for
this transition (Egawa effect). The voltage around 93 V is used as the threshold between
R2 and R3. The failure criterion is described with Ef because the investigated stand-
alone pn-diode fails thermally. Figure 4.21 shows the fitting functions of the parameters
depending on ty. For the pn-diode eight different pulse durations are selected in the
characterization which delivers eight data points for building the function E«(tw) and
R1(tw). For R2(tw) and R3(tw), there are less data points because the pn-diode does not
reach the thresholds of corresponding Ron transitions in case of longer pulses.
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Figure 4.22: Simplified TLP simulation setup to perform the comparison of data and model. C; is the
junction capacitance of the DUT, which amounts 2 pF for the pn-diode.

TLP simulation is the first step to verify the proposed modeling methodology. A good
agreement of model and data is expected because the modeling itself is based on the
TLP characterization. The results of the simulated and measured transient waveforms
show excellent agreement with a wide range of pulse durations. Figure 4.22 depicts the
schematic of a very simplified TLP setup in the simulation. Figure 4.23 shows
exemplary the simulated transients overlapped by the experimental results for 100 ns
TLP. The corresponding I-V pairs (“A” and “B”) are marked in Figure 4.20. The
current probe was placed away from the DUT with tens of centimeters distance
resulting in the test artefact due to reflected waves at the beginning of the current
waveforms. Note the different levels of self-heating in the pn-diode in low and high
current density regions. In addition to the waveform comparison, Figure 4.24 shows
that the behavior model reproduces also the failure levels. A 1 us TLP pulse is taken as
an example. The waveforms of the last stress before failure and the failing stress clearly
show the correct estimation of the simulated failure levels. As soon as the device is
considered as damaged, for example E; = Ef 14, the model will switch the ESD device
to a low impedance (e.g. 1 Q) to represent nearly a short indicating the device failure.
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Figure 4.23: Comparison of Wunsch-Bell based model and TLP data with respect to transient responses
of the pn-diode for t,=100 ns. “A” and “B” denote the corresponding I-V waveforms.
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Figure 4.24: Comparison of Wunsch-Bell based model and TLP data forl ps TLP regarding the failure
levels of the pn-diode.

As aresult, the current and voltage transients will change abruptly in the simulation and
the device failure can be easily distinguished in the simulated waveforms. Error or
warning message is certainly delivered as well. In the TLP measurements, the device
failure is indicated by the transient waveforms and the current leakage spots while the
device is stressed to fail.
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Figure 4.25: Simulated and measured waveforms for the pn-diode stressed by IEC-like pulses at 6 kV
stress level (stress to failure). Thermal destruction is observed both in simulation and measurement.
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In addition to the TLP simulation, ESD-like pulses with non-square waveform are more
practical and convincing for the validation of the modeling method. Figure 4.25
compares the failure levels of the pn-diode stressed by IEC-like pulses applying wafer-
level HMM tests (Chapter 2). The same failure current is found in simulation and
measurement. Moreover, the voltage transients clearly show the improved reproduction
capability of the proposed modeling methodology including self-heating compared to
the 100 ns TLP based method in Figure 4.16.

4.2.2.2 Active Clamp

Standard active clamps as a type of non-snapping high-voltage ESD protection circuits
have gained increasing attention and have been used as one of typical on-chip ESD
solutions. Advanced design of active clamps have been introduced in the previous
chapter. From the modeling point of view, the Wunsch-Bell based methodology can
easily be adapted to various types of protection elements including also active clamps.
Although the modeling method itself demands no details of the clamps, the
understanding of the device behavior is however essential. The main difference of the
active clamps compared to the pn-diodes from a modeling aspect is the transient turn-
on behavior due to the capacitive gate coupling. The Zener-trigger defines the static
trigger voltage of the active clamp. The DMOS transistor is designed to turn on and
conduct ESD current for Vps>Vy. The transistor is supposed to be off if Vps does not
exceed Vi. However for Vps<Vy the capacitive coupled gate-source voltage can still
turn on the transistor transiently. After the R - C;s discharging, the transistor is turned
off when Vs goes below the threshold voltage of the DMOS. Figure 4.26 shows the
schematic of the active clamp circuitry as well as the transient turn-on behavior
illustrated with the TLP waveforms for Vps<Vy.

ZD,trigger i

[
H» DMOS
'_

)| < - time
(a) (b)

Figure 4.26: (a) The schematic of a Zener-triggered active clamp with gate discharge resistor Rgs and
gate protection Zpgs. (b) The transient turn-on of the DMOS due to gate coupling showing typical I-V
waveforms when the stress voltage is below the designed V.
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Figure 4.27: TLP characteristic of a 25 V active clamp with tw from 5 ns to 1.5 ps. R1 represents the
transient turn-on behavior of active clamp where R2 and R3 represent different Ron after Vy is reached.

Spectre modeling approach can be involved to accurately model the parasitic
capacitances and the DMOS transistor in terms of the transient turn-on behavior [82]
[83]. The consideration of self-heating under ESD conditions would be however very
complicated using thermoelectric elements. On the contrary, the proposed behavior
modeling in this work assumes that the active clamp exhibits a finite on-resistance also
for V<Vi under short pulses. This effectively translates the transient turn-on of the
active clamps into a tw dependent Ron. Figure 4.27 shows the TLP characteristics of a
25 V active clamp: here R1 is defined for the segment between 0 V and Vy. Figure 4.28
shows the agreement of data and model for 100 ns TLP with different voltage and
current pairs indicated in Figure 4.27.

For the failure estimation of the active clamps, Pmax is built in the model as electrical
limit in addition to Ef. Simulation and measurement with IEC-like pulses confirms the
prediction of the electrically induced failure and the failure level as shown in Figure
4.29. Note that there is a mismatch of the transient voltage waveforms after the device
damage, which is not meant to be correctly modeled. The silicon melting in the device
after damage exhibits a time dependent degradation leading to leakage increase. In the
simulation however, the device model is simply switched to a 1 Q resistance to indicate
the failure.
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Figure 4.28: Comparison of Wunsch-Bell based model and TLP data with respect to transient responses
of the active clamp. “A”, “B” and “C” denote the corresponded I-V waveforms.
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Figure 4.29: Simulated and measured waveforms for the active clamp stressed by IEC-like pulses at
3 kV IEC level (stress to failure). Electrical failure is observed both in simulation and measurement.
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Figure 4.30: TLP characteristic of a 25 V active clamp with tw from 5 ns to 1.5 ps. R1 represents the
transient turn-on behavior of active clamp where R2 and R3 represent different Ron after Vtr is reached.

Modeling of snapping ESD structures often encounters convergence problems in
simulation. The behavior modeling methodology can be applied to snapping ESD
elements without suffering from convergence issues. In addition, the self-heating
behavior is also modelled using this methodology. An npn-BJT implemented in a power
technology exhibiting snapback characteristic was chosen as another modeling
example. The device characterization was introduced in Chapter 3. The TLP
characteristics with various pulse durations are shown in Figure 4.30 with the focus on
modeling. Note that for t,, = 5 ns, the holding voltage Vi seems to be larger than for
longer tw. This is explained by the snapback process of the bipolar transistor, which
takes several nanoseconds. The transient snapback from the trigger voltage to the
steady-state voltage i.e. the holding voltage can last longer than 5 ns. The averaged
pulse voltage in the first few nanoseconds is thus larger than the real Vy. Similar to the
modeling of the transient turn-on behavior of active clamps, a virtual tw-dependence of
Vi can be utilized in the modeling to reproduce the snapback process of the device.
With this approach, one can use the proposed methodology to model very complex
behavior of snapping ESD devices such as specific turning-on and self-heating effects.
Figure 4.31 confirms the agreement between model and measurement data with respect
to transient waveforms in 100ns TLP. “A” to “C” indicate again the voltage and current
waveforms corresponding to the I-V points in the TLP characteristics (Figure 4.30).

For the validation of the device model in reproducing the failure level, the same IEC-
like pulse generator as in the study of non-snapping ESD protection elements is applied
to the npn-BJT. The device fails thermally at 2.5 kV according to both, simulation and
measurement (Figure 4.32).
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Figure 4.31: Comparison of Wunsch-Bell based model and TLP data regarding transient responses of
the npn-BJT. “A”, “B” and “C” denote the corresponding I-V waveforms.
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Figure 4.32: Simulated and measured waveforms for the npn-BJT stressed by IEC-like pulses at 2.5 kV
IEC level (stress to failure). Thermal failure is observed both in simulation and test.



Chapter 4 Concept for System-Level ESD Protection 122

As a conclusion for the modeling examples demonstrated in this section, the Wunsch-
Bell based behavior modeling is widely applicable for different types of ESD devices
and circuits. The investigated stand-alone structures are modeled to reproduce self-
heating and failure levels which are validated with experimental data.

4.2.3 Application of the Behavior Models
4.2.3.1 ESD Co-Design on PCB

As the on-chip ESD protection elements are characterized and described in VHDL-
AMS, one of the most interesting applications of the models is the prediction of system-
level ESD robustness. To achieve the ESD target level of the circuit on board, the co-
design of on- and off-chip protection elements is often necessary. Capacitor, multi-layer
varistor (MLV), TVS-diode et cetera are commonly employed as off-chip ESD
protection elements. The ESD characterization of the off-chip elements are extensively
discussed in the previous section. In general, accurate ESD simulations substantially
help to select the proper off-chip devices in the system (PCB) design in an early stage
of the product design e.g. ECU for automotive applications.

Combinations of diverse on-chip protection elements with off-chip devices are
simulated and measured showing the straightforward application of the proposed
modeling methodology. In the simulation setups, a discharge lumped element network
including parasitic RLC is used as a common ESD generator (IEC) model which is
similar to [112].

In the measurements, the on-chip ESD devices introduced earlier are assembled in the
plastic package LQFP-64 and placed in a test socket on PCB. The ESD generator
TESEQ NSG438 with the discharge network 150 pF/330 Q is used to perform the
system-level ESD tests. Figure 4.33 shows a photograph of the test PCB board with
external devices and the IC socket. The pin to ground I-V characteristic by curve tracing
before and after each stress is used for monitoring the leakage current as detection of
the failure level in the IEC tests.

Figure 4.33: Photograph of the test PCB. Board traces, package and socket parasitics have negligible
impact on the system-level ESD robustness in this design.
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Figure 4.34: Simulated waveforms of a 6.8 nF ceramic capacitor in parallel to an on-chip 25 V active
clamp under IEC stress. The current distribution is shown at 6.5 kV. The failing stress caused by thermal
breakdown of the active clamp occurs at 7 kV.

The stand-alone active clamp fails at 3 kV stress level of IEC-like pulses according to
the HMM measurement. The same failure level is confirmed by the IEC tests using the
ESD generator. The simulation predicts an improved total ESD robustness of about
6.5 kV of the active clamp in conjunction with a parallel 6.8 nF ceramic capacitor. The
on-chip active clamp fails in this case thermally rather than electrically in the stand-
alone case according to the simulated waveforms (Figure 4.34). This result is validated
by applying IEC tests where the failure occurs at 6.5 kV to 7kV stress levels.

Another example of ESD co-design is shown by using a 45 V pn-diode as the on-chip
protection. A varistor with typical turn-on voltage of 60 V is used as the off-chip ESD
device. The 100 ns TLP characteristic of the varistor is illustrated in Figure 4.35. The
turn-on voltage is larger than Vi of the on-chip diode (Figure 4.20). Note that the model
of the varistor is simply generated using 100 ns TLP curves because the self-heating of
off-chip devices is usually not as significant as for the on-chip devices due to their much
higher energy dissipation capability. The stand-alone diode fails at approximately 6 kV
IEC stress. According to the simulation, the failure level of the combined ESD
protection — the ESD diode and the varistor - increases significantly to 19 kV. This is
again confirmed by the test results.
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Figure 4.36: Comparison of simulated and measured failure levels (0.5 kV steps) for different
combinations with on- and off-chip ESD protections.

Figure 4.36 further summarizes several system-level co-design case studies, clearly
showing the accuracy of predicting the ESD robustness of the protection networks with
the Wunsch-Bell based modeling methodology.

4.2.3.2 Various System-Level ESD Discharge Models

Due to the characterization of wide range of pulse width tw, the proposed behavior
models can also be used to estimate the ESD robustness of the DUTs when applying
other system-level pulses such as defined in ISO 10605 [113]. In addition to the
discharge network (150 pF/330 Q) as defined in IEC 61000-4-2, the ISO 10605
standard includes more C/R values such as 330 pF/330 Q, 150 pF/2 kQ and
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Figure 4.37: Simulated current waveforms of different discharge models showing different pulse
duration at 6 kV on a 2 Q load.

330 pF/2 kQ, which represent various pulse lengths due to different time constants as
depicted in Figure 4.37. The shown current waveforms are simulated 6 kV discharge
into a 2 Q load.

The 45 V pn-diode and 25 V active clamp are used as DUTs in this investigation. Table
4.2 and Table 4.3 show the devices robustness for the different discharge models
obtained by simulation and measurement. The measurement results verify the
simulation results. Note that for the 45 V pn-diode a certain mismatch is observed
between data and model for the 330 pF/2 kQ discharge network. The 330 pF/2 kQ
pulse shows the longest duration, i.e. time constant (Figure 4.37). Hence the mismatch
gives an indication of the limit of the diode model which only reproduce the diode
behavior for up to t,, = 1.5 ps pulses. This issue however does not affect the results
for the active clamp since the device failure is induced by the first IEC peak (electrical
failure).

Table 4.2: Comparison of data and model for the 45 V pn-diode stressed by different discharge networks
according to ISO 10605.

45V
pn-diode Sample Model Data
C/R Pass Fail Pass Fail
150 pF/330Q | 1 55kV | 5.6kV | 55kV | 6.0kV
1 41KV | 42KV | 40kV | 45kV
330pE330Q 40kV | 45kV
1 | 11.9kV | 120kV | 11.0kV | 11.5kV
150 pF/2 kQ
S0 pE/ 2 105kV | 110KV
1 88KV | 89KV | 7.0kV | 75kV
F/2 kQ
330 pF/ 2 65kV | 7.0kV
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Table 4.3: Comparison of data and model for the 25 V active clamp stressed by different discharge
networks according to ISO 10605.

.25 v Sample Model Data
active clamp
C/R Pass Fail Pass Fail
150 pF/330 Q ] 27kV | 28kV | 25kV | 3.0kV
] 27kV | 28kV | 25kV | 3.0kV
F/330 Q
330 pF/330 2 25KV | 3.0kV
] 34KV | 35kV | 25kV | 3.0kV
150 pF/2 kQ 2 30KV | 35kV
1 34KV | 35kV | 3.0kV | 3.5kV
330 pF/2 kO 2 30KV | 35kV

4.2.4 Summary

The presented behavior modeling method is portable and easy-to-implement. Good
correlations between silicon measurements and simulations have been achieved
validating the methodology and the models. Details of the application examples
including system-level ESD co-design and impact of different pulses on the robustness
of the ESD devices are given. During the Wunsch-Bell characterization a wafer-level
TLP setup is used which minimizes parasitic effects. In the system-level tests, the
parasitic of the used test PCB, package and socket in the case studies has no significant
impact on the simulation results. The robustness of the on-chip in conjunction with the
off-chip devices is simulated and validated by the measurement results.

The main advantage of the proposed modeling methodology is the behavior description
based on the profound TLP measurements. It avoids the emulation of physical
parameters or circuit details, which can be complicated. The presented methodology
easily allows generalizing the modeling method to different types of ESD protection
elements. On the other hand however, the main drawback of the proposed behavior
model is also due to the lack of the physical basis. The self-heating effect is obtained
with the fitting function R,,, = f(t,,) which is derived from the TLP tests. In the real
applications, the ESD pulse waveforms differ usually a lot from the rectangular TLP
pulses. Fortunately, most of the real-world ESD pulses exhibit an exponential decay,
where at the long tale of the pulse the current level is low enough so that the self-heating
is not significant anymore. The inaccuracy of the Ry, estimation for this pulse part is
therefore negligible.

The application range of the proposed behavior modeling can be extended. In this study,
the model is valid up to pulse length of 1.5 pus. An extended characterization up to the
milliseconds range would enable the simulation of the robustness of protected devices
and circuits stressed by electrical fast transient (EFT) or disturbances such as defined
in ISO 7637 [114] [115] [116]. Moreover, for on-chip ESD design, with the ESD
window given by the circuits being protected, different types of protection schemes can
be simulated using the introduced modeling method to achieve the optimal design
considering the area consumption and target robustness. The underestimation of the
ESD device capability due to models without self-heating can lead to ESD overdesign
and must be avoided with a cost efficient design.
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4.3 Conclusion

The traditional characteristics of the off-chip protection devices provided in their data
sheets are based on the data measured under DC or surge pulse conditions, which are
only of limited usefulness for the evaluation of their ESD protection capabilities. In this
Chapter, the off-chip protection devices including resistors, capacitors, varistors and
other voltage limiting elements are characterized in the ESD time and power domain.
With the presented characterization methods, on one hand the devices’ behavior such
as voltage overshoots and device degradation under ESD conditions is shown, which
give a first instruction suggesting the proper ESD protection depending on the
applications. On the other hand, the characterization of the protection devices enables
the ESD modeling which is of essential importance for the ESD design on the module
or PCB level.

The characterization of the off-chip protection is important. The same characterization
methods can be also applied to the on-chip protection in an extended way. Because of
cost reasons, the on-chip protection devices are usually only capable of limited ESD
power and show more significant self-heating effects compared to the off-chip
protection devices. It requires a more sophisticated modeling methodology to reproduce
the devices’ behaviors for ESD simulation. The presented modeling methodology is
developed based on the so-called Wunsch-Bell characterization for DUT measured
using various pulse widths. Using Ron modulation, failure power and failure energy
criteria, the transient response as well as the failure level of the different types of on-
chip ESD protection devices are reproduced in the ESD simulation. With the help of
the off-chip device’s models, representative ESD co-design investigations are carried
out, showing agreement of the measurement and simulation results. The described ESD
modeling methodology enables further data exchange between semiconductor vendor,
Tier] and OEM without concerning sensitive IP sharing. The ESD model is generated
using a black-box approach.
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Chapter 5

Conclusion and Outlook

This work has presented a variety of on-chip high-voltage ESD protection elements and
their characterizations in a smart power technology that is used for automotive and
industrial IC products with wide portfolios. The so-called Wunsch-Bell characterization
— pulse length dependent failure levels - for typical on-chip ESD protection elements
on different device concepts is systematically applied that not only enables detailed
investigation and understanding of device failure mechanisms during ESD or longer
disturbance pulses. The unique failure mode that was studied and understood in detail
for the lateral DMOS transistors received large interest in the industry-wide ESD
community.

The work also opens up a way of thinking in how efficient ESD protection and co-
design of on-chip and on-board at system-level can be made. Only 100 ns TLP based
IC characteristics cannot sufficiently provide required information that can predict the
failure levels especially when the pulse shape and length is significantly different to
ESD pulses like HBM. In the applications, e.g. in production of electronic components,
it is the case that a large variety of disturbance pulses exist. Hence, the pulse length
dependent models are essential for accurate ESD or EOS simulation. The modeling
methodology not only can be used for system-level simulation and co-design, but also
can be used for IC level ESD or ISO7637 protection concept design. In the follow-up
studies, the modeling methodology is further improved to a more generic method that
on one hand makes ESD or EOS troubleshooting much easier, and on the other hand
even enables more requirements driven IC protection design in pre-silicon phase [118]
[119] [120] [121].

In this work, different on-chip protection device concepts are compared concerning
their failure levels and failure mechanisms. It shows advantage and disadvantage of
each device concept. The knowledge is necessary for developing high performance
protection devices and for choosing adequate device for protection depending on
requirements. The novel high-voltage active clamps published as an invited paper on
IEEE Transaction on Device and Materials Reliability [83] gains follow-up study and
application even in the advanced CMOS world. Regarding the high-voltage active
clamps that are more sophisticated clamps can be developed in the upcoming power
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technologies with more advanced features, e.g. snapback clamps with self-switched-off
capability.

ESD measurement technique and equipment is always a challenge as ESD pulses are
high power and very fast pulses. In this work, several useful measurement methods e.g.
rise-time filter and HMM tester are developed that enable advanced characterization
and testing of protection devices. As new requirements and special device physical
effects will be more and more discovered, ESD measurement technique is one of the
important development areas in the modern ESD protection engineering.

Overall, an inside-out study of ESD and EOS protection has been presented in this
work. From the exploration of detailed device-level physical phenomenon to the
consideration of system-level protection optimization aspect, this work gives a brief
overview of ESD protection in a smart power technology that supports further studies
in this area of knowledge.
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List of Abbreviations

AEC. Automotive Electronics Council
bigMOS. big DMOS transistor

BJT. Bipolar Junction Transistor
CAN. Controller Area Network
CDM. Charged Device Model
DMOS. Double-diffused MOSFET
DUT. Device Under Test

ECU. Electronic Control Unit

EFT. Electrical Fast Transients

EOS. Electrical Overstress

ESD. Electrostatic Discharge

ESDA. EOS/ESD Association
gc-nLDMOS. gate-coupled nLDMOS
gg-nLDMOS. grounded-gate nLDMOS
ggNMOS. grounded-gate NMOS
HBM. Human Body Model

HMM. Human Metal Model

I/O. Input/Output

IC. Integrated Circuit

IEC. International Electrotechnical Commission

IFR. Initial Front Rise

ISO. International Organization for Standardization

LED. Light-Emitting Diode
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LIN. Local Interconnect Network

LQFP. Low Profile Quad Flat Package

MLV. Multi-Layer Varistor

MOSFET. Metal-Oxide-Semiconductor Field-Effect Transistor
nDMOS. n-type DMOS

nLDMOS. n-type Lateral DMOS

PCB. Printed Circuit Board

pDMOS. p-type DMOS

PPV. Pre-Pulse Voltage

SCR. Silicon Controlled Rectifiers

SEED. System-Efficient ESD Design

SMA. SubMiniature version A

SMD. Surface-Mounted Device

SMU. Source Measurement Units

SOA. electrical Safe Operating Area

STI. Shallow Trench Isolation

TCAD. Technology Computer-Aided Design
TDDB. Time-Dependent Dielectric Breakdown
TDR. Time-Domain Reflectometry

TLP. Transmission Line Pulse

TVS. Transient Voltage Suppressor
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