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Overview

Electrostatic discharge (ESD) event can cause upsepesmanent damage of
integrated circuits (IC) aneélectrical systens. The risk of ESD fails needs to be
mitigated or preventedeSD robustness of IC products and electrical systésn
specified, verifed and qualified according to respective ESD stand&dishigh
voltagelC products based osmart powesemiconductor technagies forindustrial,
power and automotive applicatignslesign of effective andtostefficient ESD
protection is abig challenge demandingwide and deep technical knowledge
throughout highrequency and higipower characterization techniques, semiconductor
devicephysic, circuit desigmas well as modeling and simulation.

The required measuremesgtupsand tester components avedloped and introduced.
The characterization of ESD peation devices, IC and otfhip circuit elements is
enabled and improved.he risetime filters are important for the study of rgme
dependent ESD robustness. The human metal model (HMM) éesdaralternative to
IEC ESD generatorprovides voltage waveform measuremeith good qualityin
addition b current waveform measurenteh can be used for wafdevel or package
level device characterization. Theeasurement results bfMM testerand IEC ESD
generator are compared

The on-chip ESD protectiomesign relies oproper choice of different types of ESD
protection devices and structures, depending on ESD specifications and IC applications.
Typical onchip ESD protection, whether snapbackionsnapback, single device or
ESD circuit is introducedlhe failure levels studies givesgstematidenchmarlof the

ESD protection devices and structyresncerning device area, clamping voltage and
other relevant parameterfhe tradeoff between thee parameterand limitaton of
different ESD protectiois discussed. Moreover, understanding of ESD failure modes
is the key to implement effective ESD designunique ESD failure mode of smart
power semiconductor devigg discovered and investigated detail.In the scope of
finding ESD solutios, new active ESD clamps have been further developed in this
work.

The study of ESD protection is extended to the sydésel involving on and offchip

ESD protection elements. The characteristics of typitathip elements as well as the
interaction between IC and ethip protection elements plays essential role on the
system robustness. A systéavel ESD simulation incorporating IC and -athip
protection elements is desired for system efficient ESDgdgSEED). A behavioral
ESD model is developed which reproduces pelsergydependent failure levels and
selfheating effectsThis modeling methodology can be used for assessment of system
robustness even beyond ESD tid@main. The validation of the mel$ is given by
representative application examples.

Several main challenges of higbltage ESD design in smart pemtechnologies have
beenaddressed in this work, which can serve as guidancéSor development and
product support in future power semictuctor 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 applicafigns
Semiconductor technologies like smart power technologies enable the development of
large assortment of products of integrated circuit$ \{if@ich cover a wide spectrum of
product portfolio such as supply chips, system basis chips, engine management ICs,
driver ICs, DC/DC converters, logide and higtside switches, LEDRIrivers, sensor

chips etc.

Smart power technologieR2] enablethe integration of power modules, digital
processors, analog circuits and memoiiesone technology platform introducing
numerous challenges and opportunities in the technology development as well as in the
product developmentFigure 1.1 illustrates the block diagram of a typical
microcontroller IC with integrated LItansceiver and MOSFEdriver for automotive
applicatons. Besides the high integration, high quality and robustness is a critical
prerequisite for competitive automotive IC products, especially as functional safety
(1ISO26262)[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 JEBDbther electrical fast
transients (EF)[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 higages result in large
electric fields and high current densities in the small devices, which can lead to
breakdown of insulators and thermal damage in th&2

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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In fact, the development of exhip 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 handhiprnESD protection
implemented on IC products ensures safe frontend and backend fabrication and
assembly within IC manufacturing. The-salled componerevel ESD protection to

fulfill the ESD requirements for IC fabrication and assembly is addressed by the
standards such dmman body model (HBWM[85] and charged device model (CDM

[5] with dedicated discharge current waveforms. For automotive IC products the
gualification is performed according to AEZ100[6] [7].

Towards systerevel protection, as it is especially relevant for the autoreoti
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 elesystam
malfunctions and failuresvhich signify high cost of repair or replacement. The ESD

test methods on system level are described in the standar@40BG4-2 [29] or ISO
10605[113] which are much different from the componétel 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 theawd
elements and traces and is difficult to predict. This makedfactive and cost efficient

ESD protection on systetavel very challenging where compondevel ESD
robustness cannot be simply translated to sy#eel ESD robustned417]. As one

of the results of those investigations in this area during the pas{§ef}k co-design
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of onchip and offchip ESD protection published &iss y setfefm ci ent ESD
(SEED) approach10] provides a concept #nable system optimized ESD solution. An
effective and efficient ESD protection solution on systewel therefore requires deep
understanding of oohip and offchip ESD protection elements in terms of their
behaviors under various ESD stress conditions. Moredwe&quires strong technical
knowledge about the interaction betweercbip and offchip protetion elements.

Traditional onchip ESD protection for IC focuses more on ESD device concept and
device parameter engineering for comporewmel ESD protectiorj50]. However, a
comprehensive ESD development approach with an overview of broad technical
relevance, not only for componeetel but also for systefevel protection has still

not been systemiatlly 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 higlltage domains in smart power technologies. The
high-voltage applicatins in the context of this work aim at voltage classes typically
ranging from 10/ to 100V whereas the advanced CMOS technologies focusing on
computing applications with 3\ as already an ultrhigh voltage. On the other hand,
250V for power discreteeichnologies can be considered as a low voltage for example
MOSFETSs for the power supply switching applications.

Development of higtvoltage ESD protection elements to fulfill both compoHemél

and systerievel ESD encounters several major challengeswell 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 $ggtém

and componerevel ESD robustness has much to do withdtiferent parameters like
risetime, pulse duration, peak voltage and current, power and enerfiylg¢ttn order

to uncover device charactdits and the influences of different stress conditions on the

devices under test, advanced measurement techniques are prerequisites that must be
wel | reproduci ble and precisely <capture

transmission line puldé8] system requires an upgrade to provide definabletinses,

source impedance and dedicated pulse shapes to enable advanced device
characterizations eepially on wafeflevel measurements. The developed test methods

in this work can find their applications at each ESD development stage.

The stateof-the-art highvoltage orchip and offchip device portfolios need to be
evaluated and benchmarked from masigvant 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 atidadvantages of each type of ESD protection
elements are well understood, a good traffecan be made for optimized protection
scheme consisting edesign of orchip and offchip ESD protections that fulfills the
requirements. Beyond the ESD requiremeg®SD protection must be successfully
implemented without affecting circuit functions is usually a challenging task. On the
contrary, functional devices such as DM@8&nsistorsfor driver applications can
inherently conduct ESD current that provides new opportunities for ESD device
developmen[55]. Hence new protection dee concepts are often necessary to ensure
overall a good ESD design kit. In this work, design details of novehoghge on

chip ESD protection elements are introduced discussed.

Although the IC hard failures are mainly dielectric rupture or themmaway of
semiconductor as results, the fail mechanisms are rather manifold. Overvoltage and
overcurrent across and through the devices and structures depending on their amplitude

des

t
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and duration can result in physical damage in different se\&é{y The damage can
occur in any devices and structures exposed directly or indirectly to the disturbances.
Dielectric breakdown mainly gatexide breakdow during ESD regarding time
dependent dielectric breakdown (TDPiEas been extensively revealed in publications
e.g.[13]. On the other hand junction burnout including uniformed andumiiormed
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 investigatédhdiscovered 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 systelevel ESD stress conditions are essential, sophisticated
IC models that are useful for systéevel ESD simulation and verification are
generally desired by system engineftS]. The advanced modeling methodology
enables precise simulation that gives guidance of choosing adequate ESD solutions for
system applications. Compact modeling is often used forleligd ESD simulation

and desigifl6]. In recent years, several compact modeling and mmede simulation
approaches were introduced also for syslevel ESD desigfiL7]. As the failure levels

as well as the-V characteristics of ochip ESD protection elements can differ
significantly depending on the stress condition at IC pins on systesh it is believed

the behavior modeling approach introduced in this work offers-teaisyplement
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 isstructured as follows: Chapter 2 describes the used ESD testing techniques:
the risetime filters designed for a TLP measurement system provide the possibility to
study in detail the turon time of different ESD protection elements. Thecalbed
human retal model (HMM measurement system emulates ESD pulse of an IEC
610004-2 ESD generator that is used for device characterization both on wafer and
packagdevel. In Chapter 3, different echip ESD protection elemendse studied in

terms of their protection levels and failure mechanisms. Thevlyage active clamps

were further optimized with advanced circuit design techniques achieving good balance
between size, ESD performance and effects on functional -circufhe
characterization of ESD elements is then extended tohylf elements discussed in
Chapter 4. The combined effectiveness othip and offchip elements is investigated

and understood by the advanced ESD modeling methodology which reproduces ESD
devices behavior depending on the energy level and time duratiofrughrpulses.
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Chapter 2
ESD Testing Techniques

Well-developed testing techniques are essential for ESD inviestigaPrecise 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 systens count asone of the most powerful test equipmewhich 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 riseme andpulse duration. The pulse duration can be simply
adjusted with the length dhe charge cable. The setup of the +igee requires the
filtering techniques in high voltage and high current environment. This chapter provides
the design and the implementattiof a set of ris¢ime filters which belong to the major
hardware components in TLP system. Further, by modifying the hardware of the TLP
system, a s@alled human metal model (HMM) tester both for waéerd package level
measurements is developathbing a new characterization methdiddelivers system

level ESD (also calletEC) like pulses into device under test (DUThe HMM tester
enables easy and reliable characterizabdbrESD protection devices and circuits
compared to the traditional systdavel ESD tests usingsystemlevel ESD generator
according to 1ISO 10605The results from the HMM tests and the systewel ESD

tests are comparable. The HMM tests provide muchragasuremerguality of the
transient voltage waveforms.

2.1 RiseTime Filters of a TLP System

The integrated circuit (IC) industry has been using TLP testing equipment based on the
theory introduced by Maloney and Khurgi8] to characterize eohip and offchip
ESD protection structures and ESD protected circuits since 1985.

The most common ESD failures in ICs such as thermal runaway of metal
interconnections,unction burnout, dielectric ruptures in the ESD protection devices
and protected circuits depend heavily on the palsrgy Thus their robustness and
especially the robustness of those thermally limited devices and circuits can be
characterized by settithe 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 bya high dectric field such as voltage overshoots when ESD protections cannot
react sufficiently fast to the transient pulses, various TLRtinses become very
important for the characterization and verification of the ESD hardness of DUTSs.
Therefore, it is desed to design a set of ridgene filters[20] for the high power and
high frequency applications to achieve wadtablished TLP characterization in the
measuremergetup.

Time domain systems often contain significant energy beyond the relation of the
bandwidth to the ristme: 0 1@ p'Q [21]. ' Q denotes the bandwid Pulse
shaping by dimensioning the riiene and bandwidth can be accomplished by simply
low pass filtering the output signal. Classical frequency domain filters such as
Butterworth and Chebyshev filters have inherently poor group delay charactéhnistics
cause jitter in the time domain by delaying parts of the high frequency data with respect
to low frequency.Furthermore, anismatchedilter canresult 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 -tisge filters should have near
Gaussian rolbff characteristics, which is absongi as wideband as possible both in

the passand stopband to meet the requirements. Since high voltage or current may
damage the components in the filters during the TLP testbhgstcomponents should

be selected in the filter design.

A theoretical dexiation and a simplified approach of such filters were publishg®in

and [23], respectively. The riseme filters described in this section have the same
topology as if23] but are based on completely different power levels. ridegime
filters consist of the passive components RLC in an appropriate order to fulfill the
special demand of very fast TLP {VLP) applicationsin addition a more precise
approximation of derivation and a more practical design flow using the lusipetnt
approach and the microstrip approach are shown.

2.1.1 RiseTime Filters Design

From thenumericalderivationg22], the lossy transmission line represents adand
(all-pass) attenuator, with a frequerayariant attenuation. Hence, based on the model
of a lossy transmissidime, lumpedelement laddenetwork can be considered as the
fundamental structure of the riiene filters. As approximationof the inomplete
Gaussiarntransmissiotine, the topology of lumpedlement filterss used for the rise
time filter design Symmetrically, the filter shows absorption rather than reflection at
both ports and in both pasand stopband.

Figure2.1 shows the topology of @"%rder risetime filter. The inductance values are
identical addp 0¢ 0o 0Ot ¢ 3. Due to superposition of parallel capacitance

L1 L2 L3 L4
P Y e Y
500 R1 R2 R3
Pulse
Inp ut
Cl C2 C3

FigakrTopol ogiprafeta mleséilter.
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and resistance with the halélls,6¢ 60 0t (3 andoép O6uv O0.'Yp
Yo 'Y must be equal to the given characteristic impedénce v 1 in this design.
R2 to R4 yield principally a value 6ff¢ but empirically a value betweéyifo and"YA¢
for better performance.

According tothe mathematical deviatiorj22], following equations can be used to
determine the unique values of R, L and C for a giveand the quantity of inductors
N (e.g.0 T inFigure2.1).] ¢* JQ is given as the ctaff frequency.

0 OB YD 2.1
5 P
v~ CO U
1 mo s Y
ag Y 22

P 8
P& @ 3 MO

It has been found that the approximation]iﬁm 8s very reliable if0 T.

The order of filter is simplg0  p that equals the quantity of used reactive devices.
For the application of TLP and MfLP systems, the requirements of figae filter
design can be roughly concluded in the following points:

1 Transmission line in TLP testing with impedance matching.

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

Mechanical robustness.

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

= =2 =4 =2

The design of the filter set is implemented with two approaches: the microstrip filters
and the lumpe@lement filters. The microstriplters need to be made for ritene
smaller than 50@s due to their relativhigher cutoff frequencyand 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 lumysdement filters are more aggpriate for rise

times larger as fis, 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 FastHerjB4] simulation. Furthermore, the physical size

of the small scaled inductance or capacitance in the microstrip implementation is
comparable with thosef larger lumpeeklements, so thatldilters can be intentionally
designed for an identical mechanical dimension and placed into the same metal
enclosure withsizea gda ogada p @ a.

The Advanced Design System (ADS) from Agil¢p5] 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. Howibee
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 risitmes.
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All printed circuit board (PCBlayouts are designed using PADS Designer by Mentor
Graphics[26]. A 50ns lumpeeelement filter and a 500s microstrip filter fron the
series of the designed TLP rgme filters are concretely described as examples.

2.1.2 Filter Implementation and Measurement Results

Rather than each specified Fiime of the filters, the main difference of the filter design
comes from two types of thmplementation concepts: the lumpel@ment 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 parameteetsings of the other filters are also summarized.

2.1.2.150ns LumpeeElement Filter

In general, using a higbrder neaiGaussian 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 () 1) structure drawn iffigure2.1is a good compromise to

fulfill the design requirements. Starting fram v ® { oigsimply 7MHz. With the

given characteristic impedance=50q , the total values of the
calculatedusing2.1 and2.2as50q , BHBatd 134F, respectively.

The coil inductor produced by Coilcraft7] 132_20SM has the inductance of 588

that i s comparable with 2AL iR2 thi R4fiilst ere
between18 and ©@ achieve bett erlnagditonth®eSdel ay p:«
parameter models of the inductors ased in parameter sweep simulations in order to

determine the value of R and C for the optimal performance.

A prototype of the filter isdeveloped on the PCB material ROGERS 4003C. The
substrate has a rof&B8and a thickness rofnfli5edn.iThel t y U
microstrip interconnections are included in the filter simulation as well. High Q and
high voltage multilayer capacitors areosen in order to ensure the ruggedness of
components during TLP testing. The ATZB] capacitor 100C131JW2500X 18 is

used as C1, C5. 100C271JW2500X with thieeaf 270pF is applied as C2, C3 and

C4. All of the capacitors can work perfectly up to 250DC that is sufficiently robust

for the filterstressed bitigh voltage pulses with very short pulse width. Instead of high
power resistors, high frequency sgiied metal layer resistors with small parasitic
inductance are desired for the filter design. SMD resistors, type Yageo RC1206 with
51q, OV agbsedfor R1and R5. Also, R2, R3 and R4 are implemented with 20

n} 03 (5

R1
o
R3
o

INPUT [ O  []outpur

)
4
— —l —i —l —

X1 £ L1 2 13 L4 —= X2

— | — | — —
-~
o=

2 C4

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

Fi glZleayout o¢é L besipeBment mei $é | t er .
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Figure2.2 andFigure2.3 show the layout of the 5@s risetime filter and a photograph

of the fabricated filter. Indicated with dashed oval$-igure2.3, extra paraffin wax is

used at the input and output interface to avoid occasionally @kdwesn under high
voltage. Figure 2.4 displays the measured magnitude of the reflection [S11| and
transmission |S21| coefficient compared to the resdilADS simulation. As expected

for the filter with relatively slower rise and fall slopes (8§, very good agreement
between the theoretical and experimental results can be obtained. Parasitic effects are
rather negligible compared to the designed RhlDes, thus do not have much negative
impact on the circuit. Note that since the filter design is very symmetrical, |S12| and
|S22]| are not explicitly shown.

2.1.2.2500ps Microstrip Filter

According t02.1.2.1the 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 ialready defined by the lumpedement filters. Within the given PCB
with the size ob @ & ¢ 1@ &, an 11"-order low pass filter is implemented for a
500ps risetime. Figure 2.5 shows the schematic diagram of the filter. Sevefal

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

PN DRt

-40

-60

-80 M‘w
—=—|S21| Measurement \

-100-| ——1S21] Simulation hon N

—e—|S11| Measurement N>

—&—|S11| Simulation

|S11],/S21| (dB)

1205 50 100 150

Frequency (MHz)

Fi g24|leShAh|d | S21s offi Itther .50



Chapter 2 ESD Testing Techniques 12

C6

R6
Output

Fi g5 eSchematic dpsagmiacenr e@d tmeihg i bi0®e .

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

Again, for®d v mHh v and a cubff frequency of 700MHz, the parameter
settings of L and C are derived as 8 and 1.2F. It is found in the design procedure

that thecapacitance 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 lurgpeient filters, the inductors

are differenty implemented with narrow microstrips with trace width & and

length 10mm. The microstrip capacitances have the dimensionsioft o &,

andp ™ @ p @& a depending on their positions. The only used SMD components
in the microstrip filters are 1206 resistors which are the same resistors used in the
lumpedelement filters. The parasitic capacitive coupling becomes the main
challenging task in the design &iet microstrip filtersFigure2.6 shows the picture of

the fabricated prototype.

Base on the simulation, R1 and R6 are implemented with5whi | e t he ot her
have the value of 1§ . Bec aus e -timé fdter s mlativdly sensitiseeto the

coupling capacitancedrigure 2.7 exhibits a certain level of mismatch between
simulation and measurement results. Thetiree has been expanded to about pS0

that is larger tha the expected value of 5@8. Neverthelessthe low reflection
requirement is also important and can be fulfilled for the TLP testing applications.

Figa e Phoaph opstmetcsi®d meé sfei | t er .
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Magnitude of S11 and S21 for 0.5 ns Rise-Time Filter

|S11],|S21] (dB)

-50

—&—|S21| Measurement
{ | ——|[S21| Simulation
-60 —o—|S11| Measurement

|S11| Simulation

. lf \/
|

i

0.5 1 15 2
Frequency (GHz)

-7
0O

Fi g2an|leS11| and |pSs21f]|i loofert.he 500

2.1.3Summary

The absorptive low pass filters with different rismes are designed and fabricated.
The dynamic respons of all the filters are measured by using a TLP system, which
can originally provide very precise rectangular pulses with an initiatims=of about
100ps as the reference pulse without filter. The pulse duration is less relevant for the
testing of he risetime filters, thus is set to 106 in the TLP measurements. In order

to test therobustnesf the risetime filters under high voltage and high current
condition, the discharge voltage of the transmission line is set t¥ 88@8ulting in a

pulsewith the peak power of 128V at 500 | oa d . Al pul ses ar e
1000f
900
800 Pt
S 600 V4
- /7
g 500
S 400 :
—reference (no filter) | 1
300 —300 ps
=500 ps
200 .
1ns
100 —2ns o
O Napa s
1 0 1 2 3 4 5

Time (ns)

Fi gh& Measured reference puiltdeneard |gslrse umpe
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Tektronix TDS6124C, a 4GS/s oscilloscope with the input limit oNa Therefore, in
series connected attenuators witfRQ6 Q06 cQ6 cQd6 p 6 p WO

¢ @6 v &§ dattenuabn (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 smallerise-times up to 2s including the reference pulse are precisely
measured, and depicted zoomedin Figure 2.8. The overview of all the pulse
responses with various risines from 30(s to 50ns is then illustrated iRigure2.9.

The reference pulse, which can be considered as the gt sif risetime filter, is

not displayed in this plot.

1000
900
800 =
700
g 600
% 500 =300 ps
= —500 ps
o
= 400 —1ns
2ns
10ns
200 —20ns
-(_)LO 0 10 20 30 40 50 60 70 80
Time (ns)
Fi g29% e Measured pul se reasimoeensfea |aferasl.| real i

The lumpeeelement risdime filters are implemented based on tHeo®der low pass

filter topology and already described kigure 2.1. Table 2.1 shows the parameter
settings and the used components in detail for all designed luehp@entfilters.
Table2.2 summarizes the experimental results of all the measuretimiss t (10%-

90%) based on-parameter measurements. Mismatch is noticeable for the microstrip
filters since the parasitic components especially capacitances have large impact on the
frequencyresponse of the filters. A more complexD2or 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 bemplemented easily with lower cost. The parameter settings of resistors
are not summarized explicitly. The 308 filter is similarly developed by applying the
same resistors as in the 580filter. Although it is designed with a higher filter order
(17" in order to utilize the given size of PCB frame.



Chapter 2 ESD Testing Techniques 15

Tab2lldar ameter settings and -edseende fciommep ofnéelntt es

tr R, X q) RDR4( q L DL4( nH) Cl,C5(p! CDCA p F)
(nt (Siz (Siz (Produc (Product (Product
1 51 (1:20 (1:127.5 2.4 5.1

(BOG6T) (100B2R4BV(100B5R1C)
2 51 (1:20 (1:27 5.6 11

(1812SM¢(100B110KV(100B110K\
5 51 (1:20 (1:56 15 30

(1812SM¢(100B150KVvV(100B300K)
10 51 (1:20 (1:130 30 6 2

(132 _11¢<(100B300KV(100B620K)
20 51 (1:20 (1:246 6 2 110

(132 _15¢(100B620KV(100C21112J\
50 51 (1:20 (1:538 130 270

(132 _20¢(21200C131Jv(100C271J)
Tab22e Si mul ation vs. -memsufieimeeats for the r

Simulati‘o. 0. 1 2 5 102050
Measurerr‘O.:O.1.2.4.101945

2.2 TLP Based Human Metal Modé&kster

As discussed, TLP systamare widely used in the field of ESD testing and
characterization for devices and components. Systeel ESD tests are also often
required as one of the specifications on the product data sheets. Over the last few years,
systemlevel ESD tests according to IEC 61602 [29] ( of t en r ef erred as
AGUNO) have been applied directly on stand
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 und@dkests

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 systemshé&mnone is that

in the area of electric vehicle networks the ICs have to become more and more robust
since the number of electrical overstress (EQ@3] events such as switching of
inductive load has significantly increased. This is especially requested fpwhich

are for example attached directly to the connector of an electronic control uni}.(ECU

A further reason for improved systdevel ESD robustness of such pins e.g. of
controller area network (CANand 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 sistemESD

testing do not show experimental reésulvith very high quality: Traditional system

level ESD tests often suffer from poor reproducibility, poor measurement precision,
elaborate setup etd31]. Thesecan yield ambiguous results from vendors and
customers on verification of ESD requirements.
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In order to improve this unsatisfied situation thecated human metal model (HMM)
evaluation method has been discussed intensively in the standardization teemmit
SP5.6, ESDA32]. HMM is a testing method which by definition is directly applied to
IC components. The current stress efavm of HMM issimilarto the IEC 6100&1-2

one. Recent publication83] [34] [35] reported that there is an alternative way to
generate IEdike pulses by employing coaxial transmission lines, passive networks
and a proper riseme filter. A waferlevel HMM tester with a noicoaxial approach is
also presented if86] [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 preseniedthis work with an accurate
measurement technique for recording voltage and current waveforms both on board
and on wafefevel [38]. Several measurement setups for measuring transient
wavefoms are introduced\ot only to describe the HMM tester, the goal is also to
validate this ESD testing technique for the application of nigtage ESD
developmentin the following sectionsyarious DUTs are stressed both with the IEC
ESD generator and¢rHMM 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 HMMfor the comparisanFurther, conditions of the usage of the HMM
tester for ESD tests are dissed. The attempt of applying the TLP based HMM
measurement techniqgue on real systewmel 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 TUsased 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

Fi gar0Si mpl i fied schematic diagram of a TLI

Different tofirstly introduced byGrund Technical Solutiori84], another approachf

the coaxial HMMtesterwith schematic diagram shown kigure 2.10 was basically
outlinedin [39]. This work further improves the desighhe short charge line with
about 20cm length is responsible for the generation of the first peak current. The RLC
network is used to generate the broad el called second peatgrrent. The values

can be easily determined using circuit simulation using simulators such &s. SiHe

that the transmission cable length between thetinse filter (RTF) and the system

load is normally several meters, which means when the system load differs much from

50q , a reflected si dkeanMaveform bfler severa teasr t t he
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(b)
Fi g2ar1®r ot otypes of pulse shaping circuits
equi valent capacitances are the same rasl tahrc

nanoseconds. Thus, to avoid the reflection and deliver an acceptable current waveform

tothe DUT,nearly5q system | oad must be insured duri
voltage on the 28m charge line is limited by the used TLP &\ This results in a

maximal peak current af ‘Qdcfu Tt T 710 corresponding to a discharge voltage

level of about 1&V IEC pulse (peak current 374. High power attenuators usually

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

40 ) 5 ?
: —— pulse shaping (a)
3oL st peak — pulse shaping (b)
—simulation
@ 20
E L l6ons
o "%H./
= 10 "\_\
O [30ns %m
T 16
0 50 100 150
Time (ns)

Figlr2aMeasur ed curr erkty w&We fl®ervred aitsi h@ di f
and (b) acicgRirdei S®1 C& Si mul ati on r es ulitg &dr &
al so shown for comparison.
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Tab2l3e Deviations ¢

40 referring to the
——10kv
30 —— 8kV
— 6KV Vv Qrst peak  Pdons Pdons
< 20 1 akv kv) | (%) (%) (%)
= —— 2kV
o 2 2% 8% 0%
Gt:j 10 ‘Mfﬂmm‘\_:“\‘:"k 0 0 0
O [\/\\% 4 6% 6% 10%
O s e 6 5% 6% 10%
8 4% 8% 9%
T 50 100 150 T 10 | 4% 3% 11%
Time (ns)
Figwkn8&8Measur ed HMM curr
di fferent I EC |l evel s.

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 puldégure 2.11 shows two
different implementations of the pulse shaping circuits. Main differences are the types
of inductors: one is ferritehe other is air coil inductorFigure 2.12 gives the
comparison of the current pulses atkMOIEC level delivered using both pulse shaping
circuits. All current waveforms are recorded by aG@%®)s osdioscope. The ferrite
inductor experiences saturation effect when the current density is too high. It results in
the distortions in the waveformas the pulse shaping circuit cannot give the current
waveforms defined in IEC 610082 especially at higheturrent level. The air coll
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 parasp@itances and inductances.
Figure 2.13 shows the measured current waveforms corresponding to different IEC
levels where the deviations to the IEC staddaalues are given ifiable2.3. Within

the allowed range of deviations {20%) according to the standard, the pulse shaping
circuits based on tharaoil inductor is used in the HMM tester.

2.2.1.2 Measurement Setups for PdBvel Tests

One of the main drawbacks of the systiewel ESD tests using an IEC generator is that

it is very difficult to measure the voltage transient waveforms. Therefore the
measuement 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 arrent during ESD event. At least two test setups on the PCB test boards are
possible for achievinganearly 50 | oad f or t he (FgM&R1@® est er o
without strong pulse reflections and distortions. After thg 50t r a n dimeicable i 0 n

as depicted irFigure 2.14, the HMM pulses see apprioxately50q i nt o t he t e
boards:

Onthe test board 1 (TB1), the system load consists ofarobgst47e si st or and a
connected lowesistive ESD or ESD protected device as DUT. The voltadearrent
at DUT are easily obtained as described in:
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(b (blvlvo ’ ’

The configuration of the test board 2 (TB2) is similar to the approach propd$4dl.in
The current at DUT is measured withthecpO at t enuat @qr o sand | olse op @
input:

2.3

W K w whO j m

Note that no current probe is involved in either of the measurement setups above.
Practically, a proper current probe instead of the voltage probe measuroag We
applied for the current measurerteemas well. The voltage measurements require a
voltage probe with large measurement bandwidth and high input impedance to avoid
significant current flow into the voltage proldéigure 2.15 gives an implementation
example of such voltage probe with a measurement bandwidth of alééde.ZT'he
method to obtain a large bandwidth is the compensation of the parasitic capacitance of
the probe resistor. Theoielly the relation ofo ¥w is simply calculated as the voltage
divider:

24

W v Tl
PRI 25

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 compesation capacitor is added at output side to ensure the relation as:

0 @ v Tt

0 Y & Ql

/\f\
———g )
50 Y Transmission Line 5 .

Voltage Probe Voltage Probe
V1 Vi
a7y l DUT Attenurator
_ l AAN — —\/2 oltage Probe < \,2 Scope
P

AR

2.6

DUT

\ . = Test Board 1 / \ Test Board y

FigAr4a&&oncepts of stewaupldMMotre Pt@E rwint it hree a rnlp
to ground.
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/ Cparasitic \

||
]
4.7k Attenurator
® NN ¢ @& — Scope
Vi Ccompensation Vo

! = V Voltage Proby

Fi gar5€onfiguration of the voltage probe wi

The test boards TB1 and TB2 for the HMM measurements are implemented for the
verification.A2.2q0 resi stor as DUT is tested on TB1
of transient measurements is obtained on TB1 as shokigune2.16. The arrowsand

circles markthe waveforms and theespectivey-axes: the left yaxis for the voltage
waveformsandthe right yaxis for thecurrent waveformin the figures of this work

hereafter, similar marks for-gxes are usedy looking at the transient voltage cn

current in the broad peak range, 8.2 r esi st ancewd sc EmE@®s ur ed by
o u i precisely. Inthe zoomed diagram, it is observed that first voltage peak is slightly

earlier than first current peat. "Q Qi ni OIT'Q'QI Ni 6D is also larger than 2@ .

This is due to the parasitic inductance in the package of the us¥d 2r2e si st or and
the PCB.

On the other hand, thesame ¥2 i s tested using TB2 setup.
the results the voltage transients cannot be really measured with this setup because the
difference of \dand Vi is much smaller than iV The signal to noise ratio is then too

small for the extraction of the voltage drop across therksistive DUT .Figure2.17

shows the results whetiee voltage measuremenith the TB2 setugails. As a result

TB1 setup is clearly preferred for the HMM test setup.

Transient (corresponding to 10kV IEC)

120 120
100 100
100 100
80 80
80 80 N
2 60 0 9
60 60 & T 60 =
8 40 40 S
G S
~ Il VA =
20 /’"‘U: 20
0 ,,;.,,,._,....,,",M\ o 0
20 20
0 50 100 150
Time (ns)

Fi g2ar6dr ansient measurgmesits ir evs uwahk sTDBOT a 2.
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Transient (corresponding to 10kV IEC)
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FigBr®&ransi ent measurgmest st esulatss Dalflh eavictu
measured with sufficient quality whereas t

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 appliech avafer level measuremeni®he concept of the TB1 can

be straightforwardly @apted for the wafer level HMM.he majorwork of the wafer

level setup is to implement the four point probing metf#®] with a modified probe

needle to produce approx. 7 sour ce i mp e dFgare2d8 Ehepulseh o wn i n
generator delivers HMM pulses out of a transmission cable while the pulse sense needle
works as a normal voltage probe dire@tythe DUT. The setup is verified in the same

way as for PCB setups usinga ¥2 r esi st or as the DUT. The
waferlevel setup provides reliable measurement of the transient waveforms with
minimal parasitic effects involved. The curremhveforms can be measured directly

using a current probe. In that case only one voltage probe on the modified pulse force
needle is required.

“ Pulse Force

Fi g8 hot ogr aph evfel a HWMaUf esred duipf iwve d hp ulhsee nf o
2.2.2 HMM vs. IEC: Transient Waveforms

For the verification of the newly developed HMM tester, it must deliver the szsuks

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
mustbe 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 dting 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.

2221 DUTA

Noiseken dB
ESS-2000 CTG/L

T
_—

dB Scope
Y,

Varistor & 12Y
GND Plane

1

Figat® eMasur ement Setup 2800y NeBOQe&l®&dorgeE
CT0603K14G parallel @ oTnenket crtoend xt oC Tebq Ui isv aul seen

As depicted irFigure2.19, a varistor CT0603K14G by EPCOS connected in parallel

to a resistance of approxatelyl0g i s defined as the DUT in t
this resistance is implemented with adl2 r eramd$b@ att enuators i n pa
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 bandwidtthe50Y att enuat ors are dire
to the discharge path as a part of the DUT. In a practical consideration, varistors are

often chosen as offhip ESD protection devices0q r esi st ance i s assum
the typical impedances of an ESD pra¢ecIC pin during ESD. DUT A can thus

represent a test item consisting of a fictive IC pin in conjunction with achgdfESD

element.

30
N IEC 2kV
0 /~ 25 —HMM 2KV || ]
IEC 4kV
= I_ —HMM4kv || ]
20 < IEC 8kV
I = —HMM 8KV
15 I 1 S 15
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[~ N Ll MR 1 AeAng ]
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FigRa®e Comparison of <curr entpevaskyv afamvgriesidawik
|l EC Il evels for DUT A.
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On the other hand, the same DUF BT0603K14G in parallel to 1 - is also tested
with the HMM tester on the TB1 cagfiration described ifigure2.14. In this case a
10Y resistor i s siYrpganalleltoSO&d i nst ead of 12

The current waveforms are showrFigure2.20at three different discharge levels. The
HMM levels are already converted to the corresponding levels of IEC.KOeel,

the currentvaveforms 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
displaysthe highfrequency 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.
Figure2.21 shows three pairs of the voltage waveforms (HMM vs. IEC) on the DUT A
corresponding to the current pulsesigure2.20. Tharks 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 teststhe 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 vosiggels.

100 \

IEC 2kV
—HMM 2kV

IEC 4kV
—HMM 4kV
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——HMM 8kV

[
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[e2]
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N
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N
o

T

0 50 100 150
Time (ns)

o

Time (ns) r

FigRr2l Comparison of voltage wavef bV, ks4 wmiktt
|l EC Il evels for DUT A.

2.22.2 DUTB

Another DUT is defined with the staradone varistor CTO603K14G without parallel
resistors. It is interesting to investigate how good will be the clamping capability of a
standalone offchip device during systetievel ESD stresses. In thimse the HMM

setup remains unchanged. Howewethe IEC setup, 59 att enuators and
are not allowed to be directly connected to the DUT. The impedance of the varistor
comparingto 5/ i s not negligible smallcursnb t hat
would flow into the attenuators. Therefpaevoltage probe implemented with an high

resistive isolation resistor has to be applied as showigimre2.22.

S

C

q
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The measured current waveforms are roughly the same as depidteglia 2.20
because both ESD generators exhibit nearly as cuoantes without being too much
affected by the DUTdgrigure2.23 shows comparison of theoltage transients where

the HMM results show very clean waveforms and the IEC results instead display
oscillated waveforms due to the poor voltage measemesapability 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. Neviegsea rough agreement of the voltage
waveforms from the HMM and IEC tests can still be foundhgysignal envepes. 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 systéemel ESD. A 1InF 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 iigure2.14 andFigure2.22in HMM and IEC tests, respectively.
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The current waveforms at the 48 SMD capacitor are shownfingure2.24. As shown
in the plot, the first current peak in the IEC tests is larger thanA3krs, which is still
valid for the HMM current peaks. This is because the current values in IEC-81D00

are only standardized for theY2

current

target

t he

impedance, different IEC generator can exhibit different behajddis On the otler

hand in the HMM test system, the current values do not change much as long as the
DUT is lowresistive compared to the approximately 00 s y st e m
The voltage measurements show nearly the same phenomena as in the case of DUT B.

sour ce

The IECtested waveforms are quite distorted with LC oscillations depictétyure
2.25. However, the later part of the pulses can be considered as thmegréetween

the IEC and HMM tests.

As a conclusion for the comparisons of the transient waveforms derivedieddMM

and IEC tests, the stasadone 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 kefficiently high
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2.2.3 HMM vs. IEC: Failure levels

The £cond 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 electrily induced failures such as dielectric ruptures. In this settartypes

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 pdefage-

8 and used as the first DUT. The pin combination BUS vs. GND is designed to sustain
at least +&V IEC sysem-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 repeatablekMsystemlevel ESD hardness according to the
curve tracer. The flre 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. Howew#iis cannot be examined and proved
with lack of the voltage wavefms 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 & 23&crement of charge
voltages. Also, a HMM hardness cesponding to 18V 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 irigure2.26. 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 waeforms which are mainly caused by the package parasitic.
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2.2.3.2 Electrical Failure Levels

The HMM and IEC tests have delivered the s#wels ofthermal failure as described
in the previous example. The correlation of the HMM and IEC tests on the electrical
induced failureghereafter electrical failuresf DUTSs is also of interest. In the field of
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UT in LQFP-64

Fig2a27 Picture of | EC test setup for elect

on-chip ESD protections, actively controll®lOSFET1 so-called active clamp is
widely used as a type of ESD protection elemeagsts principle is generally easy to
apply andrelativelytechnology independent. The ESD capability of the active clamps
is often limited by the electrat safe operamg area of the used MOSFET transistor.
The active clamp engages itgbustnesdimit and is damaged when the electic
parameters such as voltage and current density at the traaserthe critical values
during ESDeven with very short pulse duiats e.g. ;1s. This means that in many
cases the failures of the active clamps are induced by the first peak of theleysiem
ESD pulsesThe highvoltage active clamps and their failure modes will be discussed
in detailin later chapters.

In the studyof the HMM testerseveral active clamps with different sizes are used as
DUTs which are all expected toVeelectrical failure levels. In the IEC tests, the test
structures are assembled in the plastic package 83Fd stressed with a Schaffner
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ESD generator, model NS&8 150pF/330Y . Current wavefor ms
CT6 current probe in the test setup showRigure2.27. The HMM tests are performed

on the same structures with the TB1 setup but using CT6 for the current pFagurg.

2.28 depicts the waveforms of stresses-jamed postfailure for a 25V active clamp A.

The electrically induced destructive snapback is clearly visible as the voltage collapses
at the beginning of the pulse. The spot leakagdsis plotted indicating the failure
current level during the HMM test corresponding to abouk.4EC level. In the IEC

tests, the active clamp A passeskSand fails at 3.KkV. In Figure2.29, the zoomed
stressto-failure IEC current pulse measured by CT6 is compared to the-girkshkire

HMM current, showing a very good agreement of the failure levels. A correlation of
the HMM and IEC tests otine 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 @ble2.4 andshow good agreements
between IEC and HMM. Note that all the failure levels from the HMM tests are very
reproducible The HMMkVo levels are determined according to the current values in
the IEC standard. The IEC tests show some minor fluctuations with acceptable
reproducibility.

Tab2de&Summary failure | evels of various act.i
Devi ce Samp HMM I EC
Fai l Pass Fail
Actchivaem| #l 3.4 2.9 3.1
Acti ve #1 2. 2 1.9 2.1
#1 2.8 2.6 2.7
Acti ve
#2 2.8 2.5 2.6
) #1 3.2 2.8 2.9
Acti ve
#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 deliversrtteersaults

as obtained in the traditional IEC systéemel ESD tests for the devices and circuits
under test. The HMM tester further enaldesuratevoltage measurements and is easily
applicable for board or wafdevel tests.

2.2.4 Discussiorand Summary

EUT/DUT on PCB

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

Fi g3 HMM test-andf weefveedarc mponent tests.
be -bobwmi ¢c during ESD event s.

As already discussed earlier, to obtain reproducible and reliable HMMeimdt,
several conditions have to be fulfilled. The most important one is that the DUT must be
low resistiveduring the test. From the ESD protection point of view for IC components,
DUTs are in the majority of cases loesistivebased on the considemti: The ESD
protection elements have the task to safely discharge ESD currents viangedance
shunting path the ground. The DUT with highpedance interface which can safely
limit the ESD current is straightforwardly ESD protected hence is not usfotthis
work. As depicted ifrigure2.30, the HMM test can be done on wafand PCBlevel.

The applied HMM setup is based on TB1 configuratioroohiced inFigure2.14. The
HMM tester symbolized irFigure 2.30 contains the IEdike pulse generator and a
robust47?y serial resistor.

The usage of the TLP based HMMs 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 qualitiiés 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-nptimized ground connection,

experiment was carried out with the setup shawhkigure2.31. The HMM pulse is

appliedtoaY current target mounted on a | arge n
used for the calibration of {E pulse generators. In this case, the HMM discharging

pulse cannot be implemented with SMAnnection but through a metal tip to enable

the contact discharge. In the HMM test setupy50s y st em i s tl@¥ned t o ¢

source impedance withthe ¥7 r esi st or in place. The groul
4 N
HMM
/\/k_’ ("Current Target )
47Y 48Y
c I— iz scope
50V M
Transmission Cable
IGND conncetion
g

- J

Fi g23% Experiment of Yacpupriryeinthg oHaMNy esat tee t2a |
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(b)

Figh¥2 Picture of HMM Rieg3 M dthupdiddsareinked
cable and (b) copper slice.

introduce significant parasitic inductance that distort the HMM puBigsire 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 @frl0A strong dependence on
grounding methods was found in the test resuldegscted inFigure2.33. A 20nH

ground inductance was addedtive 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,hte first peak current is also deteriorated by the ground
inductanceThe 10cm copper cable introduces largmpact 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 belowmH0n order to deliver
acceptable pulse quality in the HMM test setup. In pratioeever, it is challenging

to ensure a ground line between coaxial shielding and DUT ground with less thidn 20
during the HMM test.

Fi g3 Comparison of current waveforms at













































































































































































































































































































































