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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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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 

 

Figure 1.1: Block diagram of a typical Microcontroller IC with LIN and MOSFET driver for automotive 

applications.  
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of on-chip and off-chip ESD protection published as ñsystem-efficient ESD designò 

(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 devicesô 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.  



Chapter 2 ESD Testing Techniques 7 

 

 

 

 

 

 

 

 

 

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: ὸ πȢσυὪϳ  [21]. Ὢ  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 Chebyshev 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 9th-order rise-time filter. The inductance values are 

identical as ὒρ ὒς ὒσ ὒτ ςϽὒ. Due to superposition of parallel capacitance 

 

Figure 2.1: Topology of a 9th-order rise-time filter. 
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and resistance with the half-cells, ὅς ὅσ ὅτ ςϽὅ  and ὅρ ὅυ ὅ . Ὑρ
Ὑυ Ὑ  must be equal to the given characteristic impedance ὤ υπ    in this design. 

R2 to R4 yield principally a value of ὙȾς but empirically a value between ὙȾσ and ὙȾς 
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 Zc and the quantity of inductors 

N (e.g. ὔ τ in Figure 2.1). ‫ ς“ϽὪ  is given as the cut-off frequency. 

 ὒ ὤ Ͻὅ Ὑ Ͻὅ 2.1 

 

ὅ
ρ

‫ ϽὤϽ
ςὔ
ὰὲς

υ
ψ

 

ρ

ρȢχρϽ‫ ϽὤϽЍὔ
 Ȣ 

2.2 

It has been found that the approximation in Ū
Ȣ Ͻ ϽϽЍ

 Ȣ is very reliable if ὔ  τ. 

The order of filter is simply ςὔ ρ 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: 

¶ 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 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 σχȢς άά φχȢς άά ρφ άά. 

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 9th order (ὔ τ) structure drawn in Figure 2.1is a good compromise to 

fulfill the design requirements. Starting from ὸ υπ ὲί, ɤ0 is simply 7 MHz. With the 

given characteristic impedance Zc=50 ɋ, the total values of the RLC can be readily 

calculated using 2.1 and 2.2 as 50 ɋ, 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 2ĀL in this filter design. Rather than 25 ɋ, R2 to R4 is designed 

between 18 ɋ and 22 ɋ 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 Ůr 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 is 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 ɋ, 0.25 W are used for R1 and R5. Also, R2, R3 and R4 are implemented with 20 ɋ.  

 

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

|S22| 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 σπ άά φπ άά, an 11th-order low pass filter is implemented for a 

500 ps rise-time. Figure 2.5 shows the schematic diagram of the filter. Several ‗Ⱦτ 

 

Figure 2.4: |S11| and |S21| of the 50 ns filter. 
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Figure 2.3: Photograph of the 50 ns lumped-element rise-time filter. 
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microwave stubs TL1 to TL4 were also designed to suppress |S21| in the high frequency 

stopband and to smooth the output. 

Again, for ὤ υπ  ȟὔ υ 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 υ άά ωȢψ άά, 

and ρπ άά ρπȢψ άά 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 ɋ while the other resistors 

have the value of 18 ɋ. 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 2.5: Schematic diagram of the 500 ps microstrip rise-time filter. 
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Figure 2.6: Photograph of the 500 ps micro-strip rise-time filter. 
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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 ɋ load. All pulses are recorded using 

 

Figure 2.8: Measured reference pulse and pulse response of rise-time filters up to 2 ns. 
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Figure 2.7: |S11| and |S21| of the 500 ps filter. 
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Tektronix TDS6124C, a 40 GS/s oscilloscope with the input limit of 5 V. Therefore, in 

series connected attenuators with σὨὄ σὨὄ σὨὄ σὨὄ ρπὨὄ ρπὨὄ
ςπὨὄ υςὨὄ 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.  

The lumped-element rise-time filters are implemented based on the 9th-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 tr (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 

(17th) in order to utilize the given size of PCB frame. 

 

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

ñGUNò) 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.  

Table 2.1: Parameter settings and used components of the lumped-element rise-time filters. 

tr 
(ns) 

R1,R5(ɋ) 

(Size) 
R2ḐR4(ɋ) 
(Size) 

L1ḐL4(nH) 

(Product Code) 

C1,C5(pF) 

(Product Code) 
C2ḐC4(pF) 

(Product Code) 

1 51 (1206) 20 (1206) 17.5  

(B06T) 

2.4 

(100B2R4BW500X) 

5.1 

(100B5R1CW500X) 

2 51 (1206) 20 (1206) 27 

(1812SMS27N) 

5.6 

(100B110KW500X) 

11 

(100B110KW500X) 

5 51 (1206) 20 (1206) 56  

(1812SMS56N) 

15 

(100B150KW500X) 

30 

(100B300KW500X) 

10 51 (1206) 20 (1206) 130 

(132_11SM) 

30 

(100B300KW500X) 

62 

(100B620KW500X) 

20 51 (1206) 20 (1206) 246  

(132_15SM) 

62 

(100B620KW500X) 

110 

(100C111JW2500X) 

50 51 (1206) 20 (1206) 538 

(132_20SM) 

130 

(100C131JW2500X) 

270 

(100C271JW2500X) 

 

Table 2.2: Simulation vs. measurement for the rise-time filters. 

Simulation (ns) 0.3 0.5 1 2 5 10 20 50 

Measurement (ns) 0.29 0.6 1.1 2.1 4.8 10 19 45 
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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 

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 ɋ, a reflected signal will distort the IEC-like waveform after several tens of 

 

Figure 2.10: Simplified schematic diagram of a TLP based HMM pulse generation. 
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nanoseconds. Thus, to avoid the reflection and deliver an acceptable current waveform 

to the DUT, nearly 50 ɋ 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 τ ὯὠȾςȾυπ    τπ ὃ 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.  

 

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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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. 
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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 ɋ load for the HMM tester output (Figure 2.10) 

without strong pulse reflections and distortions. After the 50 ɋ transmission-line cable 

as depicted in Figure 2.14, the HMM pulses see approximately 50 ɋ into the test 

boards: 

On the test board 1 (TB1), the system load consists of a robust 47 ɋ 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: 

 

Figure 2.13: Measured HMM current waveforms at 

different IEC levels.  

Table 2.3: Deviations of the current values 

referring to the standard.  
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 ὠ ȟ ὠȟ Ὅ ȟ

ὠ ὠ

τχ Џ
 2.3 

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 ɋ attenuators and the 50 ɋ oscilloscope 

input: 

 ὠ ȟ ὠ ὠȟ Ὅ ȟ

ὠ

υπ Џ
 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 V1 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 ὠȾὠ is simply calculated as the voltage 

divider:  

 
ὠ

ὠ

υπ Џ

υπ Џ τȢχ ὯЏ
 2.5 

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:  

 
ὅ

ὅ

ὤ

Ὑ

υπ Џ

τȢχ ὯЏ
 2.6 

 

Figure 2.14: Concepts of two HMM test setups for PCB with nearly 50 ɋ from the input of test boards 

to ground. 
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The test boards TB1 and TB2 for the HMM measurements are implemented for the 

verification. A 2.2 ɋ 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 ɋ resistance is measured by ὠὸ σπὲίȾὍὸ
σπὲί precisely. In the zoomed diagram, it is observed that first voltage peak is slightly 

earlier than first current peak. ὠὪὭὶίὸ ὴὩὥὯȾὍὪὭὶίὸ ὴὩὥὯ is also larger than 2.2 ɋ. 

This is due to the parasitic inductance in the package of the used 2.2 Ý resistor and on 

the PCB.  

On the other hand, the same 2.2 Ý 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 V1 is much smaller than V1. 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. 

 

Figure 2.15: Configuration of the voltage probe with the compensation of parasitic capacitance. 
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Figure 2.16: Transient measurement results of a 2.2 ɋ resistor as DUT with TB1. 
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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 ɋ 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 Ý 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. 

2.2.2 HMM vs. IEC: 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 

 

Figure 2.18: Photograph of a wafer-level HMM setup with the modified pulse force needle. 
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Figure 2.17: Transient measurement results of a 2.2 ɋ resistor as DUT with TB2. Only the current is 

measured with sufficient quality whereas the voltage waveform(in grey) is completely noisy. 
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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. 

2.2.2.1 DUT A 

As depicted in Figure 2.19, a varistor CT0603K14G by EPCOS connected in parallel 

to a resistance of approximately 10 ɋ is defined as the DUT in the IEC tests. Note that 

this resistance is implemented with a 12 ɋ resistor and 50 ɋ 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 Ý 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 ɋ 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.  

 

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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Figure 2.19: Measurement Setup using Noiseken (ESS-2000) IEC ESD generator for DUT A: 

CT0603K14G parallel connected to equivalent 10 ɋ. Tektronix CT6 is used for current probing. 
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On the other hand, the same DUT A - CT0603K14G in parallel to 10 ɋ - is also tested 

with the HMM tester on the TB1 configuration described in Figure 2.14. In this case a 

10 Ý resistor is simply used instead of 12 Ý in parallel to 50 Ý. 

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. 

2.2.2.2 DUT B 

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 Ý attenuators and scope input 

are not allowed to be directly connected to the DUT. The impedance of the varistor 

comparing to 50 Ý 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. 

 

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. 
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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.  

2.2.2.3 DUT C 

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. 

 

Figure 2.22: Measurement Setup using Noiseken (ESS-2000) IEC ESD generator for DUT B: stand-

alone CT0603K14G. 
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Figure 2.23: Comparison of voltage waveforms at 2 kV, 4 kV and 8 kV IEC levels for DUT B. 
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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 Ý 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 Ý 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. 

 

Figure 2.24: Comparison of current waveforms at 2 kV, 4 kV and 8 kV IEC levels for DUT C. 
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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. 

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 

 

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 
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on-chip ESD protections, actively controlled MOSFET ï 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 Schaffner 

 

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 2.27: Picture of IEC test setup for electrical failed DUTs 
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ESD generator, model NSG-438 150 pF/330 Ý. 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 ñkVò levels are determined according to the current values in 

the IEC standard. The IEC tests show some minor fluctuations with acceptable 

reproducibility. 

 

Figure 2.29: Comparison of current waveforms at stresses to failure for active clamp A. 
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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 3.4 2.9 3.1 

Active clamp B #1 2.2 1.9 2.1 

Active clamp C 
#1 2.8 2.6 2.7 

#2 2.8 2.5 2.6 

Active clamp D 
#1 3.2 2.8 2.9 

#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 

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 Ý 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 Ý 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 Ý system is turned to a nearly 100 Ý 

source impedance with the 47 Ý resistor in place. The ground connection can easily 

 

Figure 2.30: HMM tester for board- and wafer-level component tests. DUT must fulfil the condition to 

be low-ohmic during ESD events. 
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Figure 2.31: Experiment of applying HMM at a 2 Ý current target through a metal discharge tip. 

2.1Ý

48Ý

dB

47Ý
Scope

50Ý

GND conncetion

Current Target

Transmission Cable

HMM



Chapter 2 ESD Testing Techniques 30 

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. 

 

Figure 2.32: Picture of HMM test setup described in Figure 2.31with different ground connection: (a) 

cable and (b) copper slice. 
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Figure 2.33: Comparison of current waveforms at same stress level using different grounding. 






























































































































































































































