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Abstract

The assurance that a technical system will perform its intended function

for the required duration and within a given environment requires a

variety of engineering activities to be performed, which start from the

project definition and continue during the whole life cycle. In the case of

non-repairable systems this task is accomplished essentially by

concurrent interdisciplinary efforts with the scope to contribute to the

system architecture design, to select materials, processes, and

components, as well to validate the selections made by means of tests,

modeling, and analysis.

Present work deals with some aspects related to the reliability physics of

Insulated Gate Bipolar Transistors (IGBT) for high power applications
and it is organized in three main thematic sections.

In the first thematic section {Chapter 2) a compendium of failure

mechanisms is presented, we observed to arise either during accelerated

tests, or in field applications. The list mainly includes thermomechanical

failure mechanisms, but it also refers to failure mechanisms, which result

into burnout events. For every failure mechanism, we provided the failure

modes, the physical or chemical process that leads to the failure, possible
countermeasures, and where it applied also quantitative prediction
models.

In the second thematic section (Chapters 3 and 4) physical and chemical

techniques are presented, which have been specially adapted to the failure

analysis and the to the thermal charactcri/ation of IGBT devices. Failure

analysis methods include both non-destructive (e.g. electrical

characterization) and destructive procedures (e.g. selective deprocessing).
All techniques are illustrated in very detail and they are demonstrated
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basing on real failure analysis case histories. Special attention has been

paid to the preparation and to the selective dclayering of the IGBT chip.
The recipes and the working conditions of the chemical solutions we

applied successfully for these processes are specially documented for

enabling reproducibility. Due to the relevance of the junction temperature

and of the junction temperature evolution in activating the most important

failure mechanisms, two experimental techniques are presented for the

quantitative characterization of this parameter. The first method is an

application of the infrared microradiometry for temperature mapping at

the steady state. In this case the sensitivity and the reproducibility of the

technique have been improved by the use of a dedicated surface coating

layer. The second method relates to an experimental set up we developed
for acquiring the transient cooling curve of a single IGBT chip device.

Because of the favorable experimental conditions the junction

temperature measured in the steady state by both techniques has been

demonstrated to agree within 10%,

In the third thematic section (Chapters 5 and 6) two models have been

developed for predicting the lifetime due to two specific failure

mechanisms: time dependent dielectric breakdown (TDDB) and bond

wire lift off. The model for TDDB assumes that extrinsic and intrinsic

breakdown occur according to the formalism for two competing Weihull

distributions. Basing on this assumption all relevant reliability parameters

are derived analytically. Unlike the common TDDB models present

approach is non-deterministic and enables to predict the failure rate even

for the lowest quantiles of the distribution function. The dependence of

the distribution parameters on the applied gate voltage has been derived

from the invariant transforms of the WeibiiU distribution. The acceleration

law has been validated with experimental data and it has been used for

the optimization of screening procedures, in order to achieve the

minimum yield loss. Finally, a model has been developed for the bond

wire lift off mechanism, which predicts quantitatively the lifetime due to

bond wire lift off in devices submitted to cyclic loads as they are

encountered in current converters of railway systems. It assumes linear

accumulation of the thermal-cycle fatigue damage, it is calibrated basing
on data from accelerated tests, and it takes into account the redundancy of

the bond wires within a complex multichip module.
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Riassunto

Per assicurare che un sistema esegua la funzione richiesta durante un

periodo stabilito e nelle condizioni ambientali fissate è necessario attuare

tutta una série di mi sure a parure dalla fase di progettazione e durante

tutto il periodo di vita utile. Nel caso particolare di sistemi non riparabili,
la realizzazione pratica di questa strategia passa essenzialmente per la

definizione di un'architettura di sistema robusta, per la scelta corretta dei

materiali, dei processi e dei componenti, come pure per la valutazione dei

prototipi mediante adeguate prove di collaudo, analisi di guasto e

modellizzazioni. Tutto questo riehiede il concorso di numerose discipline
tecniche e scientifiche.

In questo lavoro vengono trattati alcuni aspetti della fisica

dell'affidabilità relativi ai componenti noti come Integrated Gate Bipolar
Transistor (IGBT) ntilizzati per applicazioni di alta potenza. La

trattazione seguente è suddivisa in tre ambiti tematici.

Nella prima parte (Capitolo 2) si présenta un compendio di meccanismi

di guasto osservati a seguito di prove accelerate e di collaudi in campo. In

aggiunta ai meccanismi in prevalenza di origine termomeccanica,

vengono trattati anche alcuni meccanismi di guasto intrinseci. Per ogni
meccanismo di guasto sono stati specificati i sintomi caratteristici, i

processi fisici o chimici che ne stanno alla base, eventuali contromisure

tecnologiche e ove la cosa fosse possibile anche modelli per la predizione
del tempo di vita.

Nella seconda parte (Capita It 3 e 4) vengono trattate quelle tecniche di

caratterizzazione chimico-fisica che son state specificamente adattate alle

esigenze delkanalisi di guasto e della termometria negli IGBT. Esse

includono metodiche non-distruttive (p.e. la caratterizzazione elettrica) e

metodiche distruttive (p.e. deprocessamento del chip). Le tecniche sono

discusse in dettaglio e vengono illustrate sulla base di casi reali di analisi

di guasto. E' stata prestata particolare attenzione alle tecniche di

preparazione del semiconduttore e agli attacchi selettivi per i diversi strati

del chip. La composizione e le condizioni di utilizzazione delle diverse
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soluzioni chimiche sono state documentate dettagliatamente in modo da

garantire la riproducibilità dei risultati. In considerazione

deU'importantanza della temperatura di giunzione nell'attivazione dei

principali meccanismi di guasto, vengono presentate due metodiche

specifiche per la determinazione quantitativa di questo paramétra. La

prima tecnica è un'applicazione della microradiometria infrarossa per

l'acquisizione di mappe di temperatura di /G^TalFequilibrio termico. In

questo caso la sensibilité e la riproducibilità della metodica sono state di

molto migliorate rispetto aile prestazioni standard, grazie allô sviluppo di

una particolare vernice per l'equalizzazione dell'emissività dei divcrsi

matériau. La seconda tecnica utilizza un banco di prova appositamente

progettato per l'acquisizione del transitorio di raffreddamento negli
IGBT. Si è potuto dimostrare che, grazie aile condizioni sperimentali
favorevoli, le temperature di giunzione misurate con entrambe i metodi

non si discostano di più del 10%.

Nella terza parte (Capitoli 5 e 6) sono stati elaboraü due modelli per

prédire il tempo di vita di un dispositivo a seguito di due meccanismi di

guasto specifici: la rottura del dielettrico ad alti campi (TDDB) e il

distacco dei fili di alluminio (bond wire lift off). Nel modello proposto per

il TDDB si presttppone che entrambe i meccanismi di breakdown

intrinseco ed estrinseco siano descritti dal formalismo relativo alla

competizionc di due distribuzioni di Weibull. Questo assunto consente di

derivare analiticamente i principali parametri affidabilistici.

Contrariamente ai modelli tradizionali, quello proposto non è

deterministico e consente di calcolare il tasso di guasto anche per i primi

quantili della distribuzione cumulativa. Inoltre, la dipendenza dalla

tensione di gale dei parametri della distribuzione cumulativa è ricavata a

partire dalle trasformazioni invarianti della distribuzione di Weibull. Le

leggi di accelerazione ottenute in questo modo sono state validate

mediante dati sperimentali e sono state inseguito applicate per ottimizzare

i processi di setacciatura in modo da rendere massima la resa, riducendo

al minimo gli scarti. Infine è stato messo a punto un modello per la

predizione di vita per il meccanismo del distacco dei fili (bond wire lift

off) in IGBT sottoposti a cicli tcrmici rappresentativi di quelli incontrati in

convertitori per sistemi di trazione ferroviaria. 11 modello assume che il

danneggiamento prodotto dalla fatica termomeccanica sia accumulato in

modo lineare e tiene in débita considerazione la struttura ridondante dei

fili all'interno di un modulo complesso.
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Chapter 1

Introduction

1.1 Working background

Thanks to the recent improvements made in handling large currents at

high voltage and at high switching frequency, Insulated Gate Bipolar
Transistors (IGBT) have almost completely replaced bipolar power-

transistors (BPT) and they are challenging the position of Gate Turn-Off

thyristors (GTO) in their traditional fields of application.

In the last five years, the need of increase the reliability of high-power
IGBT multichip modules has been one of the most powerful drivers that

forced engineers to design new products, especially intended for traction,

for power transmission, and for power distribution applications. In order

to cope this demand, various wide-band research projects have been

started which involved both industry and academia.

I



2 Chapter 1: Introduction

The European Project Reliability of Advanced High Power

Semiconductors for Railway Traction Applications (RAPSDRA, 1995-

1999) has been based on requirements defined by railway operators, who

were apart of a wide consortium including also European device

manufacturers and research institutes.

Basing on the experience with GTOs and on logistic considerations (no

preventive maintenance for semiconductors devices) the consortium has

summarized the project reliability goals in two main requirements. The

first refers to the useful life of a device that is specified in at least 30

years. The second is the failure rate of a single module, which is specified
not to exceed 100 FIT (1 failure in 10 millions cumulated operating

hours) over the whole useful life of the device. In addition, field

measurements on locomotives have lead to the definition of equivalent
environmental conditions describing typical railway applications (e.g.
Table 1.1).

Table 1.1 Equivalent junction temperature swings and number of cycles over 30 years

operation as defined in [\ ] (A: stop to stop. B: station to station, C: day to day, D:

year to year)

A B C D

AT Cycl AT Cycl AT Cycl AT Cycl

Metro, Tram, Bus 40K 10' 50K 106 60K 104 170K 30

Suburban 50K 2 106 60K 105 80K JO4 170K 30

1C and high speed 60K 2 10' 80K 4 104 100K to* 170K 30

Starting from existing IGBT products in bond wire technology, the efforts

of several working groups within RAPSDRA have been focused on two

objectives: postpone the occurrence of wearout mechanisms beyond the

useful life of the device and keep the failure rate due to random failures

within the specified limits.

While wearout failure mechanisms can be attacked by adequate design
rules (and represent essentially a cost optimization problem), random

failures are not necessarily related to a given failure mechanism. In fact,

they express the random character of both the occurrence of physical

processes (failure mechanisms) and of the quality of manufacturing

processes. Nevertheless, as shown in Figure /./, random failures play a
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very relevant role in determining the survival probability of a mature

system.

~

1

2

4

100 1000

Failure Rate [FIT]

Figure 1.1 Survival probability after 30 years operation of a unit consistmg of a

different number of modules (parameter) without redundancy as a function of the

constant failure rate of every single module.

Eor instance, the survival probability after 30 years operation of a unit

with 6 modules, each having a constant failure rate of 100 FIT is close to

0.85. In converse, for a constant failure rate of 400 FIT, it is in the

unacceptable range of 0.5. This simple but realistic case stresses the

importance of developing efficient techniques for controlling the failure

rate during all phases of the useful life of a complex device.

Under previous assumptions, the traditional reliability metrology

approach based on the a posteriori failure rate assessment cannot be used

here. In fact, even a simple measurement of the failure rate as function of

time would require many millions of cumulated component-hours (even

at accelerated conditions). In addition it would not provide relevant

information about the corrective actions for reliability improvement.

Instead of this a more sophisticated reliability engineering approach has

been used in RAPSDRA, being based on the concept of built-in reliability.
The built-in reliability strategy is currently used in ULSI manufacturing
for improving the reliability of already mature technologies [31. The main

idea behind this approach is the continuous control of those process

parameters, which may affect the reliability of the final product. This

initial phase is followed by dedicated experiments and characterizations,

which are intended to investigate the system response over the variation
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4 Chapter I: Introduction

of a given parameter. Finally, the obtained information is returned into a

feedback loop for finely tuning the process conditions. The engineering

discipline dealing with the theoretical and experimental aspects of the

back end of the built-in reliability process is called reliability physics.

A successful example of reliability growth of high power IGBT devices is

presented in Figure 1.2.

500

L400

Ä300-
CTS

<r

g 200

£100-,

0 10 20 30 40

Time [months]

Figure 1.2 Reliability growth of high power IGBT devices. Dashed lines represent the

upper and the lower limits of the failure rate interval estimated with a confidence level

of 0.9. The solid line is the point estimate of the failure rate.

Figure 1.2 refers to the investigation of non-package-related field failures

observed in a population of 150 '000 high-power IGBT devices delivered

between 1995 and 1998 and corresponding to about 700 millions of

cumulated device-hours [4J. The rapid decrease of the failure with time

and the consistent saturation to a level of about 60 FIT is a practical
demonstration of the efficiency of the built-in reliability approach, as well

of the capability of the IGBT technology to reach the required reliability

specifications.

1.2 Scope, main results, and content of the thesis

The work behind this thesis was intended to address three different

aspects of the reliability physics of high power IGBT multichip modules,

namely modeling of intrinsic and package related failure mechanisms,
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development of efficient failure analysis techniques, and modeling of the

lifetime for dominant failure mechanisms.

Modeling of intrinsic and package relatedfailure mechanisms

In Chapter 2, the failure mechanisms issued either from accelerated tests

or from field failures (except partial discharge) have been identified,

documented and characterized. The associated physical (or chemical)

mechanisms have been described with the observed failure modes, the

probable root causes, and possible technological countermeasures.

Finally, where it was required by the relevance of the failure mechanism,

quantitative lifetime model has been provided as function either of the

time, or of the number of thermal cycles.

Development of efficient failure analysis tecliniques

In Chapter 3, efficient failure analysis techniques and procedures for

IGBT modules have been especially trimmed for IGBT devices and

successfully tested. After describing the fundamentals, the advantages

and the drawback of each technique, they have been illustrated basing on

original case histories related to IGBT devices. The use of several

microscopy techniques is demonstrated, in particular of optical

microscopy, scanning electron microscopy, emission microscopy, and

scanning probe microscopy. Special attention has been paid to sample

preparation techniques. They include procedures for non-destructive

encapsulation of IGBT modules, for selective delayering and for structure

delineation of IGBT chips. The related process conditions and recipes
have been clearly documented.

In Chapter 4, an experimental set up has been realized, which enable to

measure both the thermal resistance and the thermal impedance of IGBT

subassemblies. The equipment combines static temperature

measurements by infrared thermography with the acquisition of cooling
transients. The sensitivity of the infrared thermograph has been improved

by the use of an innovative surface coating, which highly enhances the

emissivity of the sample without perturbing the electrical behavior of the

device. The impedance is measured by the acquisition of the VCE transient

at a constant low level injection of Ic when the power is switched-off.

Temperature drifts with time of the heat sink can be eliminated by a

differential measurement technique controlled either manually or by a
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simple finite state machine. The static temperature values provided by

both systems have been shown to deviate by less than 0.5 °C.

Modeling of the lifetime for dominant failure mechanisms

Since gate oxide breakdown events occur as random failures due to the

presence of process-related defects in the dielectric, a quantitative model

has been developed in Chapter 5, which enables to predict the failure rate

of IGBT devices, basing on the results of breakdown experiments on

representative MOS capacitors. The model assumes that the robust and

the defective sub-populations arc both statistically described by two

different Weibull distributions. Starting from this statistical model, the

most relevant reliability parameters have been derived analytically from a

probabilistic model, which bases on the formalism for competing risks.

The model has been strictly derived from clear assumptions and some

inconsistencies found in the literature have been clarified. A new

approach assuming the invariance of the Weibull statistical model has

been pursued by leading to definition of time transforms, which simplify
the calculations involved in the design of screening strategies and the

evaluation of the related yield.

Finally, in Chapter 6 a model has been developed for the bond wire lift

off mechanisms, which predicts quantitatively the lifetime of devices

submitted to cyclic loads as they are encountered in current converters of

railway systems. It takes into account the redundancy of the bond wires

within an IGBT module, the thermomechanical stress due to realistic

application profiles, and it assumes linear accumulation of the thermal-

cycle fatigue damage. Model calibration has been carried out with

experimental data obtained from power cycling experiments. Bond wire

redundancy has been shown to play a minor role. On the contrary, the

model has been shown to be very sensitive both against the Coffin-
Manson parameters and on the frequency distribution of the temperature

swings suffered by the device.

1.3 Investigated devices

The devices that have been investigated are NPT IGBT multichip modules

from different manufacturers rated for 300 A up to 1200 A and with a
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blocking voltage ranging from 1.2 kV up to 3.5 kV. All the investigated

devices were mounted with anti-parallel freewheeling diodes.

emitter metallization

p+ emitter

n substrate

polyoxide

^— gate

gate oxide

n+ source

collector metallization —*-&

-p+ collector

Figure 1.3 Schematic cross-section of a non-punch-trough (NPT) IGBT

The simplified cross-section of an IGBT device is presented in Figure
1.3. More technological details can be found in Chapter 3, and especially
in the micro-sections of Figure 3.21 and 3.22.

The IGBT is basically a four-layer structure, which does not exhibit

regenerative turn-on. The device is brought in on state by applying a

constant gate bias. The conducting n-channel MOS structure enables the

injection of electrons into the n-substrate and causes the // -collector to

inject holes into the n-substrate. The resulting carrier density in the n-

substrate exceeds by more than three orders of magnitude the background

doping concentration. The output characteristics of an IGBT are similar

to those of a bipolar transistor, except in the saturation regime, where

they are dominated by the MOS characteristics. The IGBT is fully
controlled by the gate electrode, since, when the gate bias is removed,

the electron injection is instantly interrupted, by stopping also the hole

current from the anode. The state of the art and the future developments
of the IGBT technology are exposed in [2].

The structure of high-power IGBT multichip modules in bond wire

technology for is discussed in detail in Chapter 2, while recent packages
in press-packaging technology are presented in [5].





Chapter 2

Failure mechanisms

of IGBT modules

2.1 Introduction

Failure mechanisms are physical, chemical, or other processes resulting
into a failure. For practical purposes they can be divided in two

categories. The first includes mechanisms, which result from poorly
controlled or poorly designed manufacturing processes. The second

category includes those failures, which occur during the normal operation
of the device. In the case of a mature product the first category of failures

is normally suppressed by a suitable reliability assurance program, which

can include inspections and other screening procedures. One among the

main tasks during a prototyping phase is to classify the observed failure

mechanisms, in order to define appropriate corrective actions for the first

category, and to develop quantitative models for the second with the

scope to realize the concept of built-in reliability.

9



10 Chaptei 2. Failure mechanisms of IGBT modules

In the following, we will shortly review the most frequent failure

mechanisms we observed either during reliability tests, or in field

applications. Almost all failure mechanisms listed below are package-
related and refer to thermomechanical stresses. This is because in our

case the vast majority of the failures originate from accelerated tests, and

in particular from thermal cycling experiments. At present, there is no

statistical data accounting for the occurrence probability of each

mechanism in field applications. More process related failure

mechanisms, like those associated with crystal and oxide defects and

ionic contamination are discussed in Chapter 3 in conjunction with some

targeted failure analysis techniques.

Where applicable, we provide some simple lifetime models, mainly based

on power laws. The presented models are semi-quantitative and have not

been especially validated for IGBT devices. Where dedicated material or

model parameters were not available, engineering estimates have been

used, which have been extrapolated from similar microelectronic

applications. Additional models and analytical procedure for estimating
the mechanical stresses, which arise in multilayerecl structures, are

presented in [6].

2.2 Package-related failure mechanisms

Multichip modules for high power IGBT devices are complex

multilayered structures consisting of different materials, which have to

provide a good mechanical stability, good electrical insulation properties,
and good thermal conduction capabilities. The schematic cross-section

through a module of type A (e.g. a standardized E2 package) is

represented in Figure 2.1a, and the related physical parameters are listed

in Table 2.1. Starting from the bottom one can recognize the base plate,
the direct copper bonded ceramic substrate, the silicon chip, the

aluminum metalization (not shown), and the bond wire.

A type B module is schematically sketched in Figure 2.1b. The most

important structural difference with the type A module is the use of a

strain buffer layer soldered on the top of the IGBT chip (layers a' and b'

in Figure 2.1b).
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a

b

c

r i

o- 1

h

!

Figure 2.1 Schematic representation of the multilayer in a multichip module of type

A (a) and (b) of type B

In both module types they are additional compliant layers, which are

placed at the interface of materials with large differences in thermal

expansion. This is the case of the solder layers.

Table 2.1 Thickness (t), coefficients of thermal expansion, typical length (L)

Material t [pml CTE [ppm/°C] L Imm]

Al 300 22 I

Si 250 3 12

solder 100 compliant
Cu 280 not relevant

AlA or A1N 1000 7 or 4 30 - 55

Cu 280 not relevant

solder 180 compliant
CuorAlSiC 4000 17 or 8

When considering thermal cycling of these multilayered structures and

the consequent thermomechanical fatigue induced failure mechanisms, it

is important to take into account all the factors, which play a role in

determining thermomechanical stresses.

In first approximation, they are the mismatch in the coefficient of thermal

expansion (CTE), the characteristic length of the layer, and the local

temperature swing (see also Chapters 3 and 6). The first two parameters
for the relevant materials and layers in a multichip module are listed in

Table 2.1. In Figure 2.2a we represent the computed (one-dimensional

approximation) relative temperature swing at different interfaces within

two modules having the same geometry (as in Table 2.1), but with layers
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made of different materials. In particular, the first module includes a

ceramic substrate of Al203 and a base plate of copper, while the ceramic

substrate of the second module is AIN and the base plate AlSiC.
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Figure 2.2 (a) Temperature swing distribution at the interfaces of both stacks in

Figure 2.1 (black: type A, white: type B; a-b: Si, b-c: Si-solder, c-d: solder-Cu, d-e:

Cu-ccramic, e-f: ceramic-Cu. f-g: Cu-solder. g-h: solder-base plate, (b) Temperature
at the interfaces for a dissipated power of 100 W and a heat sink temperature of 40°C

(black: type A, white: type B).

From Figure 2.2b, it can be seen that, due to the good conductivity of

AIN, the maximum temperature swing in the multilayer of type B is about

50% lower than in the stack of type A. In converse, it can be seen that the

most relevant temperature drop (about 80%) within the first multilayer
occurs across the A120^ ceramic substrate. In the second multilayer, the

largest temperature drop virtually occurs across the AlSiC base plate and

the isothermal heat sink, such that all interfaces experience almost the full

temperature swing.

Figure 2.3 Cross-section through the gate bond wire of an IGBT module of type A

(Cross-section, optical image 3\)
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From Table 2.2, it can be seen that the largest difference in CTE affects

the aluminum (bond wires, metalization) and the silicon chip. In the first

multilayer, the mismatch is worsened by the fact that both materials are in

intimate contact. On the contrary, the strain buffer used in the second

stack, which consists of an aluminum layer bonded onto a molybdenum

plate (CTE 2.5 ppm/°C), dramatically reduces the thermomechanical

stresses experienced by aluminum bond wires. On the second and third

place in terms of CTE mismatch, one can mention the ceramic substrate

and the base plate (especially A/2<9? and copper), and the silicon and the

ceramic base plate (especially silicon and Al203). respectively. Compliant
solder layers separate the last two couples of materials.

Since the smaller is the lateral size of a layer, the smaller is the

thermomechanical stress, several small-sized structures are preferred
instead of single large plate (especially for brittle materials).

Unfortunately, the size of almost all components is determined by

physical constraints (e.g. size of the IGBT chip). The only degree of

freedom concerns the ceramic substrate; such that in advanced packages
it is partitioned in squares with a side length, which ranges from 30 to 55

mm. Small-sized ceramic substrates are normally used when combining
AIN with copper base plates.

Table 2.2 Differential elongation at the conditions of Figure 2.2

Type A Type B

Si - bond wire 2 on 1000 um Si - bond wire 0 on 1000 pm

Si-AhA 4 on 12000 pm Si - AIN ion 12000 pm

AhO,- copper 28 on 55000 pm AIN-AlSiC 7 on 30000 pm

Table 2.2 summarizes the combined effect of the CTE mismatch,

temperature swing, and size in the case of the stacks represented in

Figure 2.1a and 2.1b. The differential elongations, which have been

computed according to the one dimensional approximation (see Chapter
6) for a heat sink temperature of 40 C and a dissipated power of 100 W,

clearly identify the critical interfaces of both types of multichip module.

In the following, we consider those package-related failure mechanisms,
which are activated directly or indirectly by thermomechanical stresses.

For sake of clarity, they are classified into bond wires fatigue,
metalization fatigue, brittle cracking and fatigue, solder fatigue, and

stress corrosion.
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2.3 Bond wire fatigue

Multichip IGBT modules for high-power applications typically include up

to 800 wedge bonds. Since about half of them are bonded onto the active

area of semiconductor devices (IGBT and freewheeling diodes), they are

exposed to almost the full temperature swing imposed both by the power

dissipation in the silicon and by the ohmic self-heating of the wire itself.

Emitter bond wires are usually 300 up to 500 micrometers in diameter.

The chemical composition of the wire can be different from manufacturer

to manufacturer, however in all cases, the pure aluminum is hardened by

adding some few thousand parts per million of alloying elements, such as

silicon and magnesium, or nickel for corrosion control. The current

capability of a bond wire decreases as well-known over-proportionally
with the length and just slightly depends on the substrate temperature.

The maximum DC current capability of a bond wire is limited by melting
due to ohmic self-heating. In a 1 cm long wire loop in air it is of 25 A for

300 pm (35 kA/cm2) and of 60 A for 500 pm (30 kA/cm2) aluminum wires.

Under normal operating conditions the current within a single aluminum

bond wire does not exceed 10 A, such that the maximum ohmic power

dissipation is between 100 and 400 mW, depending on the wire diameter.

During switching operation the current density distribution across the

section of a bond wire is strongly inhomogeneous due to the skin effect.
The wires are connected by ultrasonic wedge bonding either onto the

aluminum metalization (with a thickness ranging from 3 to 5 pm), or onto

the strain buffer.

Ift^WlHWMW^^^

Si

Figure 2.4 Cross-section of a \irgin wedge bond (tail side) on aluminum metalization,

showing the transition to the interdiffused region (Optical image, 120x)

Ultrasonic wire bonding involves heat and pressure (solid state welding).
The ultrasonic vibrational energy provided by the bonding tool renders
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the wire material temporarily soft and plastic and causes it to flow under

pressure. During bonding, the temperature rise at the wire-metalization

interface can approach 30 to 50 percent of the melting point of aluminum.

In Figure 2.4 is represented a cross-section through a wedge bond, before

thermomechanical stress. The arrow indicates the transition from the non-

bonded to the welded region, where the bond wire material cannot be

distinguished from the aluminum metalization.

Failure of a wire bond occurs predominantly as a result of fatigue caused

either by shear stresses generated between the bond pad and the wire, or

by repeated flexure of the wire. The failure of a single or of multiple
bond wires causes a change either in the contact resistance or in the

internal distribution of the current, such that it can be traced by

monitoring VCEuit [7]. The observed failure mode can be different

depending on the stress the devices are submitted. If the test is not

interrupted after exceeding a predefined threshold, the end of life failure

mode observed during power cycles is melting of the survivors bond

wires. On the contrary, during high-voltage test or field operation, a

frequently observed secondary failure mechanism is the triggering of

parasitics.

2.4 Bond wire lift off

Although the bond wire lift off is treated in very detail and quantitatively
modeled in Chapter 6, some additional remarks are reported below, due

to the relevance of this failure mechanism. Bond wire lift off has been

observed to affect both IGBT and freewheeling; diodes. However, since

power cycling experiments are usually performed with unipolar current

sources, these last are often ignored. No bond wire lift off occurs at the

wire terminations bonded onto copper lines. This is mainly due to the fact

that copper lines do not experience large temperature swings.

Additionally, the CTE mismatch between aluminum and copper is less

severe than with silicon.

The fracture mechanics at bonded interfaces and the modeling of the

crack propagation within the welded joint with time is a quite complex
issue. There is experimental evidence that the crack leading to the failure

is initiated at the tail of the bond wire (Figure 2.4). and propagates within

the wire material until the bond wire completely lifts off.
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Figure 2.5 (a) Bond wire lift off (SEM image. 40x). (b) Close view of the footprint of

an aluminum bond wire after lift off (SEM image, lOOx).

Polycrystalline metals exhibit yield strength. If the stresses exceed this

value flow is very rapid. If they are below, the compliant behavior of the

material depends on the amplitude of the applied stress and on the time.

The kinetics of the flow process is controlled by effects at atomic scale,

like the glide motion of dislocations and the diffusive flow of individual

atoms [10J. Several attempts have been made to estimate the operating
lifetime of bond wires by numerical simulation basing either on

continuous mechanics models [81 or on quasi-atomistic models including

grain boundaries [9]. Generally, the quantitative use of simulations is

limited by the complexity of the three-dimensional structure of the bond,

and due to the uncertainty in evaluating the initial stresses induced by the

strong deformation of the wire through the bonding tool. This is the

reason why the reliability of different types of solid-state welded contacts

is still investigated experimentally.

Figure 2.5a shows a bond wire after lift off. Due to the spring action

exerted by the aluminum wire loop, the wire looses the electrical

continuity with the IGBT chip.

The close up into a footprint of a lifted bond wire in Figure 2.5b, clearly
indicates that the crack propagates within the wire material and not at the

interface as it would be the case either of poor welding, or of

delainination of the metalization layer. Furthermore, it can be seen, that

welding just occurs at the periphery of the joint, while in the central

region, the wire is not in contact with the metalization, as it can be

deduced from the occurrence of reconstruction. The continuous rim

around the footprint is due to the pressure exerted on the metalization

layer during thermal expansion. Additional images on this failure

mechanism can be found in Chapters 3 and 6.
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Figure 2.6 Degiadation of VCbsll in an IGBT module without and with a polymeric
bond wire coating layer; T, = 65°C. Th = 125°C, t,n = 0.8 s, duty cycle 0.5.

At present, two main technological countermeasures are common for

facing the bond wire lift off failure mechanism. The first one makes use

molybdenum-aluminum strain buffers [12], which are mounted on the top
of the IGBT and of the diode chips, with the scope to eliminate

thermomechanical fatigue by distributing the CTE mismatch of aluminum

and silicon across a thick layer (Figure 2.1b). The second solution is a

symptomatic countermeasure. which aims to avoid the physical
separation of the wire from the bond pad, once the welding joint fails.

This scope is achieved by gluing the bond wires with a coating layer. The

coating consists of one or of multiple polymeric layers with graded
hardness, which are painted onto the wires immediately after ultrasonic

bonding. Figure 2.6 reports the results of a very early experiment [11],
where the efficiency of polymeric coatings in slowing down the

consequences of the bond wire lift off is clearly shown. Additional

solutions like direct chip cooling for quenching large temperature swings
at the chip surface are envisaged for the future.

2.5 Bond wire heel cracking

Bond wire heel cracking rarely occurs in advanced IGBT multichip
modules. However, it can be observed mainly after long endurance tests

and especially in cases where the ultrasonic bonding process is not

without coating

I

200000 400000 600000

Number of thermal cycles
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optimized. The failure mechanism is due again to a thermomechanical

effect. In fact, when the wire is subjected to temperature cycles it expands
and it contracts undergoing flexure fatigue. In the case of a typical bond

wire length of 1 cm and of a temperature swing of 50°C, the displacement
at the top of the loop can be in the 10 pm range producing a change in the

bending angle at the heel of about 0.05°. An additional stress is

introduced by the fast displacement of the bond wire (e.g. at the turn on)

within the silicone gel, which can be considered as a very viscous fluid.

In those cases, where the temperature change within the bond wire is

dominated by the ohmic self-heating, heel cracking can also be observed

at the wire terminations welded on the copper lines of both IGBT chips
and freewheeling diodes.

Figure 2.7 (a) Bond wire heel cracking due to low-cycle fatigue stressing (SEM

image, 25x). (b) Bond wire cracking due to improper bond wire coating (SEM image,
25x).

Figures 2.7a and 2.8a show two examples of heel cracking at a single and

at a double bond, respectively. In the first case heel cracking and bond

wire lift off occur at the same time. However, while the adjacent bond has

been completely removed by lift off, the cracked wire still presents some

electrical continuity with the chip. This is a clear indication of fact that

even if the bonding parameters are not too close to the optimum, heel

cracking is slower than the lift off mechanism.

The couple of wires in Figure 2.8a indicates that heel cracking preferably
occurs at those locations where the aluminum wire has been previously
damaged by the bonding tool. In fact, the bond wire at the left in Figure
2.8a presents a thin crack at the same location where the crack fully

developed in the wire at the right side. Additionally, it has to be

mentioned that the temperature distribution in double bonds due ohmic
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self-heating and indirect heating through the chip is much more

asymmetric than for single bonds.

Figure 2.8 (a) Heel cracking in a double wire bond. Crack initiation can also be

observed in the double bond m the back (SEM image, 25x). (b) Parameter definition

for the lifetime model.

The failure imaged in Figure 2.8b could lead to a wrong identification of

the failure mechanism. In fact, in this case, the wire rupture has not been

caused by heel cracking, but by the shear stress arising due to the use of a

rigid bond wire coating (selectively removed in Figure 2.8b).

The model of Schafft [ 13 ] enables to predict analytically the number Nf of

thermal cycles (AT) to heel cracking due to bending stress. It bases on the

power law

N=A£'l (2.1)

where A and n are constants for a particular material and the wire strain cf
is computed according to

(

£t =

Po

ar cos((cos y/0 )( I - Aa AT)) \

¥o
(2.2)

Aa is the mismatch in the CTE of aluminum and silicon, while y/0, p0, and

r are geometrical parameters defined in Figure 2.8b. The values A = 3.9

10'° and n - -5.13 are engineering estimates [6,14], which are usually
encountered in microelectronic applications of aluminum bond wires with

a diameter below 100 pm.
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2.6 Aluminum reconstruction

Although reconstruction of the aluminum metalization is an effect, which

has been encountered since the early times of microelectronics [15,16],
the occurrence of this degradation mechanism in IGBT multichip modules

has been firstly reported in [17,18].

During thermal cycling of IGBT devices and of freewheeling diodes,

periodical compressive and tensile stresses are introduced in the thin

metalization film by the different CTEs of the aluminum and of the

silicon chip. Due to the large thermomechanical mismatch between both

materials and due to the stiffness of the silicon substrate, the stresses,

which arise within the aluminum thin film during pulsed operation of the

device can be far beyond the elastic limit. Under these circumstances, the

stress relaxation can occur by diffusion creep, grain boundary sliding, or

by plastic deformation through dislocation glide, depending on

temperature and stress conditions. In the case of IGBT devices, the strain

rate of the metalization is controlled by the rate of temperature change.
Because the typical time constants for thermal transients in IGBT are in

the range of the hundreds of milliseconds, if the devices are operated
cyclically at maximum junction temperatures above 110°C, the stress

relaxation occurs mainly by plastic deformation at the grain boundaries.

Depending on the texture of the metalization, this leads either to the

extrusion of the aluminum grains or to cavitation effects at the grain
boundaries.

Figure 2.9a and 2.9b show how the metalization of an IGBT and of a

freewheeling diode appears after reconstruction. In optical images
reconstructed regions look dark, because of the light scattering due to the

surface roughness. Reconstruction is more evident at the center of the

chip, where the junction temperature reaches its maximum. It has been

shown by infrared thermography [17] that surface reconstruction is

negligible in those peripheral regions of the chip, where the maximum

junction temperature does not exceed 110°C.

Figure 2.9b shows that surface reconstruction sometimes occurs as a

secondary mechanism in conjunction with bond wire lift off. In fact, after

release of the bond wires on the left side of the diode, the (pulsed) current

has been carried by the bond wire on the right side only, by leading to an

increase of the local temperature with consequent reconstruction of the

metalization.
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Figure 2.9 (a) Reconstiucted emittei and gate metalization of an IGBT (Optical

image, 4x) (b) Reconstiucted metah/ation ot a freewheeling diode (Optical image.

5x).

In Figure 2.10a and 2.10b the emitter metalization of a virgin IGBT chip
is compared with that of a similar device, which survived 3.2 million of

cycles between 85°C and 125°C. After stress, it can be seen that non-

columnar aluminum grams are extruded from the thin film surface, while

voids are present at the boundaries of larger grains.

Figure 2.10 (a) Emittei metalization of an IGBT chip bctoie powei cycling (SEM

image, lOOOx) (b) Reconstiucted emittet metalization attei 3 2 millions ot powei

cycles between 85°C and 125°C (SEM image, lOOOx)

In field failures turning into a destructive burn out of the device,
aluminum reconstiuction may be less evident, due to remeltmg of the

metalization as consequence of the high temperature levels that can be

reached. In any case, aluminum reconstruction reduces the effective

cross-section ot the metalization and results into an increase of the sheet

resistance of the aluminum layer with time. This effect contributes to the

observed linear increase of VCE as function of the number of cycles during
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power cycling tests. Aluminum reconstruction may become a reliability
hazard in presence of pre-existing step coverage problems at the emitter

contact vias. In this case, thermomechanical and electromigration effects

can coalesce resulting into a complete depletion of the metalization from

the wall of the via.

Figure 2.11 (a) Reconstiucted emitter metalization after removal of the polyimide
passivation (SEM image, 800x). (b) Giam boundaiy depletion in a passivated emitter

contact after power cycling (SEM image, 1500x)

Figure 2.11a shows the role of a compressive layer in suppressing
reconstruction phenomena in aluminum layers. In fact, after selective

removal of the polyimide passivation, it can be clearly seen that this

overlayer has almost inhibited the extrusion of metal grains in the center

of the image. Therefore, the use of compressive overlayers can be

considered an effective countermeasure for controlling the increase of the

sheet resistance of metalization layers submitted to large temperature

swings. Figure 2.11b shows a close view of the aluminum metalization at

an emitter contact that has been coated with a compressive layer and then

power cycled with a maximum temperature of 125°C. As expected no

reconstruction occurs. However, one can clearly see that the grain
boundaries have been depleted as a consequence of cavitation effects.

Voiding of the grain boundaries has been also observed in non-passivated
metalization layers submitted to long power cycle testing with a

maximum junction temperature below 100°C.
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2.7 Brittle cracking

The brittle materials used in advanced IGBT multichip modules are the

single crystal silicon, the thin insulating layers on it, and the ceramic

substrate. One among the main assumptions in fracture mechanics of

brittle materials is that the sharp stress concentration at pre-existing

damages leads to the rupture under the influence of external mechanical

stresses. Ultimate brittle fracture can occur suddenly without any plastic
deformation, when an initial crack is present, whose length exceeds a

critical size, which is a characteristic of every brittle material [19].

Failures due to brittle cracking are usually observed immediately after

mounting or powering the device. However, even if the initial crack does

not reach the critical length, it can develop by fatigue crack propagation
under the influence of the applied stresses, until the threshold for brittle

fracture is exceeded. This results usually into early field failures, as in the

case of the short circuit presented in Chapter 3 (Figures 3.5a and 3.5b),

where a crack propagated through the polyoxide as a consequence of a

pre-damage introduced during wire bonding.

Figure 2.12 (a) Notch in the silicon chip (Micro-section, optical image, 250x). (b)
Crack in the silicon chip due to bending stresses in the base plate (Micro-section,

optical image, 300x).

Pre-existing defects can be originated for example by processing

problems (e.g. during dicing), by assembly problems (e.g. hard wire

bonding), or by soldering (e.g. voids in solder alloys). Figure 2.12a

shows a notch in the bottom side of an IGBT chip, which has been caused

during diamond sawing of the silicon wafer.

There are different sources of stress, which can lead to brittle failures.

One anions; these is the bending stress, which arises while mounting
modules with a bowed base plate onto a flat heat sink. This failure cause
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is less frequent in advanced modules since the uncontrolled bimetallic

warpage of the base plate is reduced by using partitioned ceramic

substrates and by using bow-shaped base plates. Figure 2.12b shows an

unusual horizontal crack in the sub-surface region of an IGBT chip, which

developed very likely as consequence of the peeling stress arising when

mounting a module with an excessively convex base plate.

Figure 2.13 (a) Vertical crack within an AhO, ceramic substrate, due bending stresses

(Micro-section. SEM image. 400x). (b) Crack within an A1203 ceramic substrate

initiated from an inhomogeneity in the solder layer (Micro-section, SEM image,
600x).

Figure 2.13a shows the vertical cracks caused across an Al20? ceramic

substrate by the horizontal tensile stress produced by the same failure

cause as in previous case. In Figure 2.13b a similar crack is represented
but propagating from the border of a large void within the solder layer
between the ceramic substrate and the base plate. Cracks across the

ceramic substrate are particularly insidious, because they can transform

with time into insulation failures, which can dramatically impair the

partial discharge properties of a multichip module.

Because of the conservative design of the compliant layers, brittle

cracking of the silicon chip and of the ceramic substrate due to

thermomechanical mismatch only is unusual in advanced IGBT multichip
modules. However, thermomechanics may concur with some pre-existing
stresses in initiating and propagating the fracture. This is the case of

extreme thermal shocks, where the thermal transient can be as fast, that it

cannot be followed by the stress relaxation through the plastic
deformation of the compliant layers.
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2.8 Corrosion

Corrosion of aluminum is a well-known failure mechanism since the

early times of microelectronics. When pure aluminum (e.g. bond wires) is

exposed to an oxygen containing atmosphere, a thin native Al20^ surface

layer is grown that passivates the metal. Aluminum is self-passivating
also in pure water, where the native aluminum oxide is converted into a

hardly soluble layer of aluminum hydroxide Al(OH)^. When exposed to

other solutions, aluminum hydroxide is amphotheric, i.e. it is dissolved

both by strong acids (e.g. phosphoric, hydrofluoric and hydrochloric acid)
and by strong bases (e.g. potassium hydroxide). This step is followed by
the exposition of the bare aluminum surface to further chemical or

electrochemical attacks. In converse, strong oxidizing agents (e.g. nitric

acid) leave Al(OH)^ unaffected. In presence of an electrolytic or of a

galvanic cell aluminum is corroded according to the corresponding redox

reaction [21]. The corrosion immunity of the aluminum as a function of

the pH of the electrolyte and as function of the voltage applied in an

electrolytic cell is described by the different regions of the related

Pourbaix diagram 122].

In failure analysis both anodic and cathodic aluminum corrosion are

found. Anodic corrosion occurs in electrolytic and in galvanic cells in

presence of halides (e.g. chloride and bromide) with a two-steps reaction.

The aluminum hydroxide passivation is firstly made soluble in the

electrolyte by the reaction

Al(OH\ + CT -> Al(OH\ CI + OH~

Aluminum chloride is formed after exposing the bare aluminum

Al + 3Cr-^AlCt:+3e

Finally, the chloride dissociates and enters again in solution

AlCl; + 3H:0 -> Al(OII), + 3CT + 3W

Usually, the main source of chlorine contaminants are process residuals,

and in particular residuals of halides activated fluxes, used for improving
the wettability before of the surfaces to be soldered.

Cathodic corrosion mainly affect devices, which make use of

phosphosilicated glasses as passivation or as insulating layers. If the
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phosphor doping exceeds 5%, it can be hydrolized and can form

phosphoric acid, which corrodes the metallization. However, this last

failure mechanism is not expected to play a dominant role in IGBT

devices.

However, following galvanic corrosion mechanisms have been observed

to attack in the different ways the metallic components of a module. The

bimetallic corrosion is caused by the difference in the electrochemical

potential associated with two dissimilar materials. This results into the

preferential attack of the material with the higher standard potential (less

noble, anodic). The thermogalvanic corrosion results from a galvanic cell

caused by a thermal gradient. Also in this case anodic and cathodic areas

are formed. Galvanic corrosion can also occur when a concentration cell

forms on the surface of a metal exposed to an electrolyte varying in

composition or concentration. Typical concentration cells are oxygen

cells, in which the corrosion is faster at those locations with the lower

oxygen concentration. Pitting corrosion occurs when the passivation

layer breaks down locally. The surface that is exposed acts as an anode,
while the passivated metal plays the role of the cathode. The corrosion

due to the electrolyte within the unpassivated area causes a localized

attack resulting into a pit. Pitting corrosion is commonly produced by
halides (especially chloride). Stress corrosion cracking is the cracking of

a material produced by the combined action of corrosion and tensile

stress. This stress can be either due to an external load, or due to the

residual stresses in the metal (e.g. by wire welding). The resulting
microcracks can be both intergranular or transgranular. Dealloying is the

selective removal of one element from a solid alloy by corrosion. It can

be observed in aluminum metalizations, which include copper

precipitates.

The identification of which driving force is promoting corrosion in IGBT

multichip modules is a quite complex issue, since several causes may

concur to the failure. In fact, in IGBT packages one is faced with multiple
contamination sources, with different metals and alloys, with temperature

gradients, as well with static and periodic mechanical stresses.

Furthermore, the active devices and the bond wires are embedded in

silicon gel, whose influence on the corrosion is not completely
understood.
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Figure 2.14 (a) Rupture of emitter bond wires due to stress corrosion (SEM image,

30x). (b) Detail of a corroded emitter bond wire (SEM image, 80x).

Figure 2.14a and 2.14b show aluminum bond wires with no strain buffer

that have been corroded at different grades during power cycle tests,

which lasted over one million of cycles. This kind of corrosion has been

encountered during power cycles performed at low voltage (typically 8V),

as well during lifetime tests at high voltage. The corroded areas were

mainly located at those sites of the bond where the wire suffered the most

severe deformation, at the heel of the bond wire, and at the top of the wire

loop.

These corrosion events have been observed to occur in conjunction with

the local formation of gaseous inclusions within the silicone gel (Figure

2.15b) that can be sometimes noticed during high-temperature operation
of the devices. After package opening by wet chemistry, no corrosion by¬

products are left at the attacked locations.

Figure 2.15 (a) Corroded emitter bond pad close to an emitter bond wire (SEM

image, 160x). (b) Formation of gaseous inclusions into the silicone gel during power

cycling (Optical image, 8x).
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This combination of symptoms leads to the conclusion that the observed

bond wire corrosion is strongly correlated with the mechanical stresses,

which arise either due the thermomechanical cycling, or due to residual

deformation stresses in the bond. The absence of reaction by-products
and the corrugated surface of the corroded bond wires, may indicate that

the corrosion occurs at the grain boundaries of the aluminum. Once

completely separated the grains get loose and are removed during

package opening. In summary, these indications are compatible with the

stress corrosion failure mechanism. Intergranular corrosion is observed

also to occur in the adjacent aluminum metalization, but with a less

destructive effect than in the much thicker bond wires. This is probably
due either to the lower mechanical stress, or to the bénéficiai effect of the

additional alloying elements (silicon and copper). The nature and the

source of the contamination are not completely understood. The corrosion

could be due to the presence of chlorides originated either from process

residuals, or by thermal segregation of the silicone gel.

The incidence of this failure mechanism has been mitigated by more

effective cleaning processes after assembly, by the control of the water

content in the silicone gel, and by the use of corrosion-hardened bond

wires (including nickel).

2.9 Solder fatigue and solder voids

A main failure mechanism of IGBT multichip modules is associated with

the thermomechanical fatigue of the solder alloy layers. The most critical

interface is represented by the solder between the ceramic substrate and

the base plate, especially in the case of copper base plates [26]. In fact, at

this location one finds the worst mismatch in the CTEs, the maximum

temperature swing combined with the largest lateral dimensions (see
Table 2.1 and Figure 2.3a). Nevertheless, fatigue phenomena occurring
in the solder between the silicon chip and ceramic substrate cannot be

neglected. This is also the case of process-induced voids, which can both

interact with the thermal flow and with the crack initiation within the

solder layer.

Voids ~ Both gross voids and extended fatigue-induced cracks can have

detrimental effects on dissipating devices. In fact, they can significantly
increase the peak junction temperature of an IGBT or of a diode and

therefore accelerate the evolution of several failure mechanisms including
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bond wire lift off and solder fatigue. Furthermore, since the heat flow

within an IGBT module is almost one-dimensional, when a relatively

large void is present in a solder layer, the heat must flow around it by

creating a large local temperature gradient such that the heat dissipation

performances of the assembly are degraded. On the contrary, if the large
void is broken up into many smaller voids, the perturbation to the heat

flow is less evident and has a much smaller impact on the overall thermal

resistance of the multilayer. Critical sizes and the most critical sites of

contiguous voids in power devices have been investigated experimentally
and by numerical simulation in [20].

Since IGBT are vertical devices the die attach has to provide at the same

time an efficient thermal and electrical conduction path. Therefore, the

most insidious voids within the die attach are those, which hinder the

thermal flux to the heat sink without inducing any noticeable reduction of

the current distribution within the semiconductor. They are for instance

edge cracks or shallow voids and delaminations at the interface with the

ceramic substrate.

Figure 2.16 (a) Voids m the solder between ceramic substrate and base plate (Micro-

section, SEM image, 10()x). (b) Solder grain coarsening m a die attach of an IGBT

mounted on AhO, aftei thermal c\cles from -20°C to 125°C (Microsection, optical
image, 20x).

In advanced assembly processes, special care is taken to avoid the

formation of gaseous inclusions within solder layers, by using e.g.

vacuum ovens and clean processes. During the packaging phase the

control of the temperatures profiles during soldering and during the

successive annealing steps is essential for avoiding an excessive growth
of brittle intermetallic layers. Nevertheless, the quality of solder joints
between large size plates is still considered a critical issue. Examples of
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large voids in solders are presented in Figure 2.16a and in Figure 3.10

(Chapter 3).

Fatigue - The most frequent solders used in advanced IGBT multichip
modules are based on tin-silver, indium, or tin-lead alloys. They have

excellent electrical properties and as soft solders they exhibit good flow

characteristics. For sake of simplicity, solders are often modeled as a

single homogeneous phase. However, when copper is soldered for

example with a standard lead-tin alloy, the bond is mainly provided

through the formation of a CipSn6 intermetallic phase located close to the

copper plate [23]. Two additional distinct phases, one tin-rich and one

lead-rich, are formed in the central part of the solder layer upon

solidification. During power cycling, these phases coarsen rapidly due to

the high homologous temperature at which the alloy is operated. An

example, of severe solder coarsening of a tin-lead alloy in a die-attach is

shown Figure 2.16b. Since the copper phase is much more brittle than the

tin-lead phases, thermomechanic fatigue cracks often propagate within

the copper rich intermetallic. Due to the larger CTE mismatch and to the

higher temperature, fatigue cracks are found preferably in the vicinity of

the intermetallic layer immediately below the ceramic substrate. This

situation is clearly shown in the scanning acoustic microscopy images in

Figure 3.11a and 3.1 lb (Chapter 3). Metallographic preparations have

shown [24] that cracks initiate as expected at the border of the solder

joint, where the shear stress reaches its maximum. Additionally, crack

formation is highly promoted by the presence of sharp angles at the edges
of the ceramic substrate. This problem requires a dedicated engineering
of the solder fillets. Thermal cycle tests with AT up to J00°C have shown

that the number of cycles to the failure of the solder between ceramic

substrate and base plate just weakly depends on the temperature swing.
Because of the very severe conditions imposed by this kind of accelerated

test, the results can hardly be extrapolated to real operating conditions. In

fact, with a junction temperature swing of J00°C and the typical material

constants listed in Table 2.1. the expected plastic strain can be estimated

in about 50 pm. Since this value has the same order of magnitude of the

thickness of the solder layer, it can be expected that the failure

mechanism leading to the degradation of the solder during the accelerated

test is not representative for the lower temperatures encountered in field

applications. In fact, during field operation, the most critical system

(Al20i on copper) rarely experiences temperature swings over 30°C.

Finally, in recent experiments, severe thermal cycles have shown some

adhesion failures of AIN ceramic substrates due to the peeling of the

copper metalization [25]. However, this unusual failure mechanism is not

expected to impact the field reliability of IGBT devices.
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The number of cycles to the failure of large solder joints due to

thermomechanical fatigue can be simply modeled by a Coffin-Manson-
like power law of the form

Nt = 0.5

r LAaAT^

yx
(2.3)

In Equation 2.3 L represents the typical lateral size of the solder joint, Aa

the CTE mismatch between the upper and the lower plate, AT the

temperature swing, c is the fatigue exponent, x and /are the thickness and

the ductility factor of the solder, respectively. The values y= 1.1, and c =

-0.49 are conservative engineering estimates usually encountered for the

In-70% Pb-30%. Sn-40% Pb-60%, and Sn-10% Pb-90% solder alloys
[6,14]. From Equation 2.3 one can also derive some simple design rules

for minimizing the fatigue of solder joints. In fact, it can be easily seen

that the lifetime is improved by reducing the size of the solder joint, by

matching the CTE of the materials, by reducing the edge voids, and by

increasing the thickness of the solder (compatibly with the requirements
imposed by the thermal resistance).

2.10 Burnout failures

Device burnout is a failure mode, which is very frequently observed

either as the final act of wear out, or as consequence of a failure cause

occurring randomly. Burnout is often associated with a short circuit

condition, where a large current flows through the device (or through a

portion of it), while it is supporting the full line voltage. Sustaining a

short circuit over a long time interval inevitably leads to thermal runaway

and finally to a fast destruction of the device. In fact, since IGBTs do not

require any dl/dt snubbering, the device itself limits the current increase

rate. Therefore, after the failure the current may increase at a rate up to

WkA/ps, leading to a current maximum in the 100 kA range and to a

decay within lOOps [27]. In this case, the main part of the stored

capacitive energy is released in few hundreds of nanoseconds reaching a

peak power up to 100 MW. The capacitive energy is dissipated by the

ohmic components of the circuit, i.e. mainly by the bond wires and by the

silicon chip. As consequence of the adiabatic heating process, the bond

wires evaporate, by producing a preferential conductive path for arching
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through the module. The resulting shock wave rapidly propagates through
the silicon gel by leading to the catastrophic destruction of the device.

Advanced IGBT multichip module [28] have been expressly designed for

minimizing the consequences of such an explosion in order to match the

tight requirements m terms of safety imposed by traction applications
[29J.

They are many system, environmental and wear out related causes, which

may turn into a short circuit condition. Among these there are operation
of the device outside the 'safe operating area, gate unit malfunction,

inhomogeneous current sharing [30], overheating due to the degradation
of the thermal resistance, dielectric breakdown, and cosmic ray

irradiation.

Figure 2,17 Polysihcon tilamentation m an IGBT as a consequence of a shoit cncuit

between gate and emittei, due to pie-damaged insulation duimg wne bonding (SEM

image, 2000x)

Figure 2.17 shows a characteristic polysihcon filamentation, which

occurred during high voltage testing of an IGBT module, because of the

short circuit between gate and emitter. The root cause of this failure is a

pre-damage introduced in the polyoxide by the bonding tool. The

relatively small damage produced is due both to the very localized

fracture m the dielectric, as well by the short circuit detection and

consequent current limitation m the tester.

Since the investigation of the root causes associated with system design
and device application related problems are outside the scope of this

work, they will be not considered m more detail. On the contrary, we will

briefly discuss a failure mechanism, which is inherent with IGBT devices,

i.e. latch up. This phenomenon is of special relevance, because most of
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the root causes mentioned above activate this mechanism, such that it

plays an important role in determining the availability of a power system.

Nevertheless, it has to be noted that latch up is mainly a problem related

to the ability of a certain device design to survive stresses out-of-

specification. Thus, strictly speaking, it is a robustness issue rather than a

reliability concern. The latch up mechanism (static and dynamic)
manifest itself through a sudden collapse of the collector to emitter

voltage, and once this failure mechanism is activated the device cannot be

longer controlled through the gate. The failure mode associated with latch

up is always a generalized low-ohmic short circuit of collector, emitter,

and base.

Emitter

Rp

Tl

/>
Collector

Figure 2.18 Simplified equivalent circuit of an IGBT

Figure 2.18 represents the simplified equivalent circuit of an IGBT,

which takes into account just quasi-static effects. Under normal forward

operating conditions the voltage drop caused by the collector current over

the p emitter diffusion (represented by the resistor R ) is almost

negligible. Therefore, the parasitic bipolar transistor T2 is in the non¬

conducting state and the IGBT device is controlled by the electron flow

injected into the base of Tl through the MOS transistor. On the contrary,
if the collector current reaches the critical value for which the voltage
across Rp exceeds 0.6 V. T2 enters in conduction and provides the base

current to Tl. Since the additional base injection turns into an increase of

the collector current, this effect is regenerative and leads to the thermal

destruction of the device, which is not controlled by the gate voltage

anymore. This simple quasi-static model illustrates how latch up may

arise in n-channel IGBTs. while forcing the collector current to increase.

This situation can occur in an IGBT module, if the number of operating
cells within a module is reduced with time, due to a degradation

T2 Gate
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mechanism, as for example bond wire lift off. Nevertheless, more

complex physical and numerical models are required for taking into

account all dynamic effects, which concur in triggering this failure

mechanism 131,32].

% ,

Figure 2.19 (a) Melted pit m an IGBT due to a latch up event, which occurred in

conjunction with bond wire lift off (SEM image, 50x). (b) Same effects than in the

previous image but localized to some few cells (SEM image, 90x).

Figure 2.19a represents a melted pit on an IGBT device, which resulted

from the latch up event during a lifetime test at high voltage. During
failure analysis the module showed clear evidence of distributed bond

wire lift off. The melted path usually crosses the IGBT chip down to the

die attach and a silicon-solder alloy is formed. Craters have been often

observed in immediate vicinity of melted emitter bond wires, indicating
that those bond wires were still attached shortly before the latch up event.

This fact also suggests that the local current density is increased also in

consideration of the sheet resistance degradation due to the reconstruction

of the metalization. Figure 2.19b, shows the effect of a latch up event,

which occurred in an IGBT device during a long-term frequency test. The

latch up interested just some few cells and the melted area has been kept
under control by external limitation of the collector current.

Cases have been reported [33], where catastrophic burnout can be caused

by second breakdown. However, since second breakdown is basically
related to avalanche carrier multiplication at high electron current

regimes, it mainly affects p-channel IGBT devices.

Catastrophic burnout of IGBT devices can also be initiated through local

self-sustaining filamentary discharges produced in the silicon by recoil

nuclei, which result either from neutron scattering, or from the decay of

neutron-activated isotopes within the semiconductor. At normal operating
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conditions, high-energy neutrons are usually associated to terrestrial

cosmic radiations [34]. A universal curve has been derived from the

Zeller model [34], which predicts the failure rate of bipolar devices

(thyristors, GTO, diodes) as function of the electric field parameter

S= I- (2.4)

where V is the applied voltage in Volts and p is the n base resistivity in

ohm-cm. IGBT devices show an increased sensitivity to cosmic ray in

respect to thyristors, GTO, and diodes. In fact, the measured failure rate

exceeds by at least an order of magnitude the value predicted by the

universal curve. Furthermore, a design-dependent threshold Scrit is

observed, such that for S < SCIII the failure rate abruptly decreases to zero

and that decreases with increasing voltage. This indicates that 1200 V

devices are inherently robust with respect to the failure mechanism, while

the failure rate of 3500 V IGBTs (or higher) is more prudently predicted

by neglecting the effect of SU!t [35],
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Chapter 3

Failure analysis techniques and

procedures for IGBT devices

3.1 Introduction

The scope of the failure analysis is to investigate the physical and/or the

chemical causes of a failure, in order to design those technological
countermeasures, which enable to avoid such a failure in future product

generations. A failure analysis has to include four relevant aspects:

identification of the failure mode(s), identification the failure

mechanism(s), identification the root cause of the failure, and the

technological corrective actions for avoiding the failure. Operatively, it

consists of five sequential phases, which are intended to provide the

required information without affecting or preempting a subsequent step.

They are failure detection and description, non-destructive failure

analysis, semi-destructive failure analysis, destructive failure analysis,
and failure mechanism analysis. At the end of the whole procedure, this

information is summarized in a failure analysis report.

37
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The analytical techniques mentioned in the following are specially
focused on IGBT devices. They have been extensively used in our

laboratory, and they have shown to be successful in most cases.

3.2 Parametric and functional tests

Curve tracer analysis is the most important technique for assessing the

electrical condition and integrity of a device. This is the first electrical

evaluation used for establishing the present condition of the device under

investigation. For example, a low current/voltage can provide information

about either the integrity of the gate oxide, or about the leakage current

flowing between the different terminals of the IGBT. This is a non¬

destructive technique, which can also be referenced to a known good
device for comparison. In any case, it has to be always considered that in

a multichip package, IGBTs are either mounted in parallel or in series

with or without an anti-parallel freewheeling diode. In the simplest case

of a single device without freewheeling diode, the characteristic between

gate and emitter as well between gate and collector is an open circuit.

Further, if the gate is grounded and an AC voltage is applied between

emitter and collector, one can inspect the characteristic of the reverse-

biased p+-emitter n-substrate junction and of the reverse-biased n-

substrate p*-collector junction, alternatively. Finally, if the gate is set

beyond the threshold voltage, the AC characteristic of the IGBT is that of

a pn-j'unction with a series resistance. The usual failure modes, which can

be detected in forward bias, are high series resistance, soft diode knee,
and shunt resistor. The possible failure modes in reverse bias are reduced

breakdown voltage, soft breakdown, channeling, breakdown walkout, and

jittering [40]. An additional parameter to be monitored is the threshold

voltage of the whole module and of each /G#7'chip. An interesting case

of parameter variation after thermal cycles is Vcl. An increase of VCE
measured at constant temperature and at low Icr can be an indicator of the

occurrence of bond wire lift off. On the contrary, an increase of VCL,
measured at high values of 1CL and at a constant ambient temperature can

be the symptom of the degradation of the thermal resistance.

Additional failure modes, which can be encountered, are instabilities and

intermittencies. Instabilities can be either functional or parametric
failures. They result into time-dependent characteristics, which can

slowly fade away and, which are not necessarily reproducible under the

same operating conditions. Instabilities can be due to surface and oxide

contamination, humidity, parasitics, interface traps, etc.. Usually, the
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cause of instability cannot be recognized directly. This is the case for

example of an ionic contamination due to alkali ions, which can be very

insidious even at concentrations far below the resolution limits of the

most common analytical techniques. The usual procedure followed in this

case consists into a sequence of actions intended either to remove or to

dilute the causes of the instability. These operations are: external package

cleaning with different solvents for organic or ionic contaminations, high-

temperature storage (typically 16 hours at 150°C, under bias or not),

package opening and surface cleaning, selective removal of the

passivation and of insulating layers, and mechanical partitioning of the

circuit. The removal of the instability cause has to be checked after each

one of previous operations by electrical test of the device. Intermittent

failures can occur in conjunction either with an applied external

mechanical stress or just after a prolonged operating time, and usually

disappear if the stress is removed or if the temperature is lowered (or

increased). There can be several causes associated with intermittent

failures, like thermomechanical mismatch or fatigue, microcracks either

in the bond wires, connections or in the silicon die, temperature-

dependent triggering of parasitics, etc.. Although these mechanisms can

be almost detected by visual inspection, special attention has to be paid
when verifying the occurrence of the failure. In this case, an electrical test

while cooling, heating, tipping, or vibrating the device can be very

helpful..

3.3 Encapsulation

The overall scope of encapsulation is to expose the semiconductor chips
and the interconnections without affecting the functionality of the device.

As for usual microelectronic circuits, the package has to provide to IGBT

devices a barrier against mechanical and chemical attacks, the electrical

interface with the outside world, as well a proper thermal contact for the

thermal management. For high-voltage devices, the package has to

provide in addition the necessary dielectric strength for avoiding partial
discharge. For this reason, the removal of critical components of the

module (e.g. the silicone gel) may completely impair the high-voltage
capabilities of the device under test. Nevertheless, almost all electrical

characterizations during the failure analysis (excepted the problems
involving the blocking voltage of the device) are performed at voltages
lower than 50 V. Before opening, the package should be submitted to

external inspection. Special attention must be paid to the presence of
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cracks in the outer shell, and in particular to the status of the thermal

grease layer on the bottom side of the base plate. In fact, an uneven

distribution of the grease residuals can be an indicator that the failure is

due to improper thermal dissipation. On the other side, cracks within the

case may suggest that the malfunction of the device resulted into a

catastrophic explosion of the module. Such cracks are sometimes due to

excessive mechanical stress caused by vibration. If it is the case, they
occur in conjunction with the complete or partial release of the terminals

as a consequence of low-cycle fatigue of the solder joints.

There are a number of module designs, which are especially used for

applications other than traction. For this reason, before package opening a

thorough knowledge of the internal structure is necessary either by x-ray

microscopy, or by using a sacrificial device. The most common packages
encountered in traction applications are represented in Figure 3.1.
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Figure 3.1 (a) Industrial standard E2 module including 24 IGBT chips, 12 diodes, and

with a footprint of 140 on 190 mm. (b) Flip module [28] with a footprint 140 on 260

mm including 24 TGBT chips and 8 diodes.

The E2 module (Figure 3.1a) is a relatively traditional design. IGBT

chips and diodes are soldered onto multiple direct-bonded copper

ceramic substrates, whose metallization is patterned in order to provide
through aluminum bond wires the emitter, the gate and the collector

contacts to each chip (see Figure 3.2b). The chips are paralleled by
bridges and the outside contacts are realized through wide and thick

copper strips, which are soldered, on the metallization of the ceramic

substrates. The ceramic substrates are soldered onto the base plate. Chips,
bond wires, ceramic substrates, and terminals are embedded in silicone

gel. The mechanical stability of the terminals is provided by an epoxy

mold on the top of the silicon gel (Figure 3.2a) and by an external case of
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thermoplastic material. The Flip module [28] has a different three-

dimensional design. Also in this case, the IGBTs and diodes are soldered

onto metallized ceramic substrates and then soldered onto the base plate.
However, in Flip modules the bond wires are not bonded onto the

metallization of the ceramic substrate. In fact, emitter, gate, and collector

contacts are provided by a stack of insulated metal plates, which also

realize the outer terminals. The cavities within the insulated stacks, which

host the IGBTs and the diodes are filled with silicon gel. As it can be seen

from Figure 3.1b, due to safety reasons, the outer case presents large
windows in correspondence with these cavities. For this reason IGBT and

diode chips can be directly accessed without the need of removing hard

molds.

Figure 3.2 (a) Side view of an IGBT module rated for 300 A after partial mechanical

removal of the outer case and complete dissolution of the silicone gel (0.2x). (b) Top
view of the same IGBT module after sawing of the terminals and removal of the

epoxy mold (0.3x)

The first phase of the encapsulation procedure consists into the partial
removal by mechanical means of the outer shell, such that the silicone gel
and the epoxy mold (in the case of E2-like modules) are exposed at the

sides of the module. The next step is the selective removal of the silicone

layer by wet chemistry. In order to accelerate the process, some holes can

be drilled from the tops side through the thermoplastic case and the epoxy

mold. Once, the silicon gel is reasonably exposed the full module is

immersed into an organic solvent. Very good results have been achieved

with the commercial product Panasolve 215 (containing alkyle glycol
[57]) at a temperature of 653C. The dissolution of the silicone gel is

usually very slow and may take many hours. However, if the solvent is

not contaminated with water, Panasolve 215 is very selective over the

aluminum metallization and just slightly etches the copper films directly
bonded on ceramic substrates. The final result of this process is

represented for a 300 A rated module in Figure 3.2a. This operation can

be highly accelerated by cutting the copper terminal posts with a manual
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or a diamond saw, as soon they are visible, in order to remove the epoxy

mold. An alternative solvent to Panasolve 215 is the Losolin IV at 80°C.

This product is normally used as a resist stripper and contains cdkyaryl

sulphonic acid and a high boiling point organic solvent. It removes most

of the silicon gel within 30 minutes without etching the metals. After

catastrophic failures, it happens often that carbonized residuals are still

left on the surface of the device. In general they are very difficult to

remove. However, local dropping of redfuming nitric acid at 60°C can be

helpful. If the silicon chips are concerned, one could tray to remove small

carbonized particles by underetching the passivation layers. After

complete removal of the gel and eventually of the bond wire coating, the

device is neutralized in running water and finally dried by vacuum

storage. The result of the encapsulated procedure is shown in Figure 3.2b.

For further electrical characterization suitable contacts must be soldered

on the stub of the electrical terminals. It is finally noted, that if IGBTs and

diodes are provided with molybdenum strain buffer plates, the visual

inspection of the chip surface by non destructive techniques is almost

impossible.

3.4 Microscopy Techniques

3.4.1 Optical microscopy

Optical microscopy in the visible range is the most common technique for

failure analysis. It can be used either as a non-destructive imaging tool or

as a real analytical method after proper sample preparation. The main

limitations of the traditional (far field) optical microscopy are the lateral

resolution and the depth of field, since they cannot be achieved at the

same time. Recently, such limitations have been partially removed by
advanced techniques like confocal microscopy or the near field optical
microscopy. Nevertheless, the equipment required is still not largely used

for failure analysis; additionally it not very versatile in the case of very

large multichip modules. Infrared microscopy is normally used for

inspecting the active area of IGBT chips from the backside after selective

etch of the backside metallization and eventually after thinning of the

silicon chip down to 50-80 pm. Of course, the lateral resolution of this

technique is limited to several micrometers, due to the wavelength of the

incident light.
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Stereoscopic microscopy is normally used either for inspecting reliefs or

for simple micro-surgical operations that is when a large depth of field

and a three-dimensional view of the sample are required. Stereoscopic
microscopes can reach a maximum magnification in the lOOx range, only.
However, magnifications up to 1000.x can be attained by inspection

microscopes. A critical issue of inspection microscopes for failure

analysis of multichip modules is the working distance of the objectives.
In fact, the objects to be imaged are often placed within cavities, and they
cannot be focused with usual objectives.
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Figure 3.3 (a) Optical stereoscopic image of lifted off emitter bond wires (30x). (b)

Blight field micioscopy image ot a miciosection through the gate bond wire of a

device submitted to power cycles (300\) The preparation shows the propagation ot

the crack within the aluminum bond wue

High-magnification objectives with working distances up to several

millimeters are available, however such a working distance can only be

obtained on expenses of the numerical aperture, that is on expenses of the

maximum lateral resolution. Three main operating modes are known for

the inspection of semiconductor samples: the bright field, the dark field,
and the Nomarsky differential contrast. In the bright field microscopy,
which is the most common technique, the illumination path is coaxial

with the objective. The image is formed through the difference in

absorption, reflectivity, refraction index, and thickness of the probe. In

the dark field technique the sample is illuminated under a glazing angle.
Perfectly flat and reflecting objects are imaged as dark surfaces. On the

contrary, objects, which scatter the impinging light, produces bright
images. Thus, edges, particles, and rough surfaces produce brilliant

features onto a black background. For performing the Nomarsky
differential contrast technique the microscope must be equipped with a
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polarizing filter and with a Wollaston prism, which splits the illuminating

light into two rays. Some of the rays pass through the specimen where

they are retarded. From there the rays are collected by the objective
which is equipped with a second Wollaston prism. The rays are then

recombined and allowed to interfere. The Nomarsky technique is

mandatory in the case of transparent samples (e.g. thin oxide grown onto

decorated samples), or when submicron height differences in the sample
have to be displayed (e.g. delineated samples). Figure 3.3a shows the

emitter bond wire of an IGBT device, which lifted off after a power

cycling test. This image shows the depth of field provided by a

stereoscopic microscope. The failure analysis of the bond wire lift off

mechanism is often performed by stereoscopic microscopy. Practically,
after package opening and complete removal of the silicone gel, the

device is observed under the microscope, while gently blowing onto the

bond wires with a compressed air flow. Bond wires, which are

completely disconnected, start to vibrate and can be quickly identified,

and the information used for statistical purposes. Figure 3.3b has been

acquired by bright field microscopy after microsectioning an IGBT

device, which was submitted to a power cycling test. The microsection

shows the silicon substrate, the thick oxide on the bottom of the gate

contact pad, and the bond between the aluminum metallization and the

wire. This sample also shows that the microcrack, which results from the

thermomechanical mismatch between the aluminum bond wire and the

silicon substrate, clearly propagates within the wire and not at the

interface, where it would be located, if the problem were due to a loss of

adhesion.

3.4.2 Liquid crystal microthermography

The scope of liquid crystal microthermography is to locate hot spots at

the chip surface, due to enhanced local power dissipation. This technique
makes use of the fact that certain liquid crystals exhibit a transition from

the nematic to the isotropic phase at a very precise temperature (clearing

temperature). For thermography applications, a thin layer of a selected

liquid crystal is deposed onto the surface of the device, which is operated
in such a way to reproduce the failure mode to be investigated. In order to

increase the sensitivity of the technique, the device is heated up by a

thermochuck close to the clearing temperature of the liquid crystal. After

having electrically connected the device, if the local power dissipation
reaches such a level that the local temperature exceeds the clearing
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temperature, a local phase transition occurs. This transition is observed

with a microscope by taking advantage of the fact that in the nematic

phase the liquid crystals have an anisotropic and birefractive optical
behavior, while, when exceeding the clearing temperature, they exhibit

isotropic properties. Thus, when linearly polarized light is directed on the

liquid crystal thin layer and the reflected light is analyzed by a cross-

polarized filter, regions that are in the nematic phase will appear

iridescent, while regions in the isotropic phase will appear dark. The fact

of using a microscope enables to locate hot spots with a lateral resolution

of less than 5 pm.

The liquid crystals, which can be used for IGBT devices and the related

clearing temperatures, are listed in Table 3.1.

Table 3.1 Liquid crystals for microthermography use

liquid crystal Clear. Temp.

C15H19N 35.3°C

C20H21NO, 47.5°C

TM75A 53.3°C

C„H20N:O: 73.2°C

The use of the liquid crystal microthermography is recommended, when

the power is mainly dissipated at the defect location. On the contrary,
when the failure is produced in the conducting mode of the IGBT device

(static or dynamic) other techniques, like infrared thermography, should

be preferred. Liquid crystal microthermography is not suitable if during
the analysis the device requires to be operated at voltages higher than 100

V. In fact, due to the low dielectric strength of liquid crystals, the

application of high voltages may result into a partial discharge.
Furthermore, most liquid crystals exhibit a voltage sensitivity, which

could impair the readability of the thermal map.

In Figure 3.4, the C;^H]WN liquid crystal has been used for detecting the

location of a short-circuit between gate and emitter (Rs = 12.5 kQ), which

occurred in an IGBT device during field operation. Figure 3.4a shows the

sample with the liquid crystal in the nematic phase, i.e. the whole surface

of the chip is visible. By forcing a short circuit current of 400 pA, a dark

spot appears (Figure 3.4b), indicating an increased local power



46 Chapter 3 Failure anah w\ ti cliniques and procedures for IGBT devices

dissipation, and thus the occurrence of a local phase transition. The

detection of hot spots can be improved by using a pulsed current source at

a typical frequency of 2 Hz, such that the heat source appears as a pulsing
dot. The sensitivity of the technique strongly depends on the temperature
control of the thermochuck.

Figure 3.4 (a) IGBT coveied with a liquid crystal in the nematic phase (15x). (b) At a

dissipated power of 2 mW, the liquid ciystal turns locally to the isotropic phase (15x),
due to a leakage between gate and emitter

The best results have been obtained by heating the device 0.5°C above

the clearing temperature of the liquid crystal. When the thermal

equilibrium is reached, the surface of the sample is cooled down by a

gentle airflow, such that the liquid crystal is driven into the nematic

phase. After removal of the airflow, the sample heats up again very

slowly towards the thermal equilibrium. As soon the hottest area within

the sample crosses the clearing temperature, a dark spot is initiated at that

location and propagates across the whole chip surface. By iterating this

procedure in order to find out the optimal upper and lower temperatures,
sensitivities in the 100 pW range can be attained. Usually, liquid crystals
with low clearing temperatures are preferred, since working at low

temperatures minimizes the fluctuations of the surface temperature due to

local air convection. The sensitivity of the technique is also strongly

dependent on the thickness and on the homogeneity of the liquid crystal
film. These properties can be influenced by proper sample preparation
techniques. Since during the thermal analysis the device is operated at

low current levels, almost all (but one) emitter and gate bond wires can be

removed by tweezers. This operation avoids the formation of a meniscus

around the bond wire, which could disturb the homogeneity of the liquid

crystal film. Furthermore, the wettability of the chip surface can be highly

improved by partial removal of the silicon nitride passivation layer with
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the solution presented in Section 3.5.1, or in any case by avoiding grease

contaminations or silicone gel residuals on the die surface. In order to

achieve a homogeneous film, liquid crystals are diluted immediately
before deposition in highly volatile solvents (e.g. 1 part by weight liquid

crystal in 10 parts acetone or methanol). As soon the solution is applied
to the chip surface, the solvent evaporates, leaving behind a very

homogeneous thin film of liquid crystal. The optimum thickness of the

layer should be m the 5 pm range. Two factors, which strongly affect the

sensitivity, especially in IGBT devices, is the heat spreading and the

thermal resistance due to the thick layers (e.g. thick oxide, polysihcon,
metallization), which can be found between the heat source and the liquid

crystal. Unfortunately, there is no technical solution for this problem.

Finally, it is essential that the thermochuck provides a very homogeneous
surface temperature on the chip. This is the case, if the base plate of the

device is mounted onto the thermochuck by the means of a thin layer of

thermal grease, in order to reduce and to equalize the contact thermal

resistance.

Figure 3.5 (a) Localization ot a leakage path between emittei and gate by liquid

ciystal miciotheimogiaphy (80x) (b) The hot spot is located below an emitter bond

wire, and it is due to a mechanical damage ot the polyoxide (SEM image 500x).

Figure 3.5 illustrates one among the most insidious cases of latent short

circuit between gate and emitter, which occurred during a frequency test

on several devices ol the same manufacturer. When the liquid crystal

analysis has been performed before removing the bond wires, no hot spot

could be detected, e\en at high levels of power dissipation. After

carefully removing the emitter bond wires (but one) the failure mode was

unaffected, but a hot spot appeared within the footprint of a bond wire

(Figure 3.5a). Selective etching of the metallization (Figure 3.5b)
revealed a damaged polyoxide with traces of interdiffusion between
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aluminum and polysihcon. Since the failed modules passed the final

production test and did not present any problem during the first operating
period, one can conclude that the polyoxide was pre-damaged during the

assembly phase (probably by a uncalibrated bonding tool). Due to the

thermal and thermomechanical stresses, which arise during operation, the

microcracks in the polyoxide propagated and the aluminum metallization

contacted the polysihcon, such that the pre-existing damage evoluted to a

low-ohmic short circuit.

3.4.3 Emission microscopy

Emission microscopy is a non-destructive optical technique for failure

localization. The most relevant effects, which can be imaged by emission

microscopy are junction leakage, contact spiking, hot carriers, junction
avalanche, latch-up, oxide current emission, polysihcon filaments,

substrate damage. After exposing the chip surface, the device is operated
electrically within a dark chamber, in order to reproduce the failure mode

to be investigated. The electro-luminescence of the device is acquired by
an inspection microscope equipped with a system for light detection,

amplification, and for on-line image processing. Traditional emission

microscopes image the device onto a photocathode of a microchannel

plate. The intensified photoemission map is then imaged onto a phosphor

plate, where it is acquired by a video camera. Because the photon count is

low, the image from the video camera is averaged and processed through
an image capture board. For practical purposes, emission maps are

usually electronically superposed onto optical images of the device under

investigation. The spectral response of the system depends upon the type
of detector is used. Usual emission microscopes are sensitive either in the

visible (400 - 850 nm), or in the near infrared (770 - 1500 nm) range and

with a maximum quantum efficiency at about 600 nm. Spectral analysis
can be performed, by inserting shallow-band interference filters directly
after the objective lens. However, optical filters strongly reduce the

transmissivity of the system and can introduce artifacts due to induced

fluorescence effects. Further artifacts in spectral resolved measurements

can be introduced by the absorption of layers above the emitting site

(silicon nitride, polysihcon, and oxide). Recently, equipment has been

proposed, which makes use of cooled CCD arrays instead of

microchannel tubes.
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Emission microscopes are usually intended for traditional low-voltage
microelectronic applications. Thus, when working with IGBTs, special
attention must be paid to the galvanic insulation of the acquisition system

from the high-voltage bias of the device. Furthermore, extra long working

distance objectives are mandatory, in order to avoid sparking through the

air even at the maximum magnification (lOOOx).

Sample preparation is a critical issue for the investigation of IGBT

devices by emission microscopy. In fact, without selective etching (or

thinning) the emitter metallization the use of this technique is restricted to

the guard ring area (provided that eventual polyimide layers are also

removed). Nevertheless, this is sufficient for investigating most instability
failures. After removal, thinning, patterning, or windowing of the emitter

metallization, the device cannot be operated at the maximum current

rating. For instance, if the aluminum layer is completely removed and a

semi-transparent gold layer is deposited (see Section 3.5.4) no more than

few milliamperes of emitter current are allowed. There are also some

restrictions for the maximum emitter-collector voltage. In fact, the

silicone gel must also be completely removed, such that for voltages

exceeding 2 kV, partial discharge phenomena may occur.

An additional approach is backside emission microscopy. It requires the

use of infrared optics, infrared detectors, dedicated sample preparation,
and special mounting. Sample preparation for backside emission

microscopy is cumbersome, since it requires to remove the central portion
of the backside metallization (e.g. silver on nickel) and to reduce the

thickness of the chip down to 80 pm mechanically or by wet chemistry.
Furthermore, unlike in integrated circuits, thinning of the silicon substrate

of vertical devices, like IGBTs, is a destructive procedure. Thus, this

technique can essentially be used for investigating light emission in the

channel area at a reduced current injection level.

They are two fundamental mechanisms leading to photoemission in

semiconductors, which can be observed by emission microscopy. The are

interband recombination and intraband recombination. Indirect interband

recombination provides photons at 1.1 cV, while intraband transitions

generate low-energy phonons (less than 1 eV). Additionally,

bremsstrahlung is sometimes invoked for explaining the broad

background spectrum, which is often observed.

In forward biased junctions, majority carriers are injected across the

depletion region and recombine by an indirect phonon assisted transition.

In silicon, the emitted phonons are centered at the bandgap energy of /./
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eV (i.e. at a wavelength of 1120 nm). Although detectors designed for the

visible range have a low sensitivity in the near infrared tail, such a

photoemission can be easily observed either at sufficient injection levels

or by increasing the sample temperature.

During reverse bias of a junction the carriers, which cross the depletion

region may gain sufficient energy to get hot. A wide spectrum of photon
energies arises from the thermahzation and recombination of hot carriers;

it ranges from the band gap energy up to 3 eV (i.e. at wavelength of 420

nm). Although the recombination probability of the carriers is by many

orders of magnitude lower than for forward biased junctions,

photoemission can be observed even if the breakdown current is far

below 1 microampere. This is due to the fact that the power dissipation
occurs in a very delimited region and that the mam part of the photons are

emitted within an energy range, where the quantum efficiency of the

detector reaches its maximum. The real nature of the photoemission in a

reverse biased junction (and thus also in the pinch-off region of a MOS

transistor) is still an open issue. Processes, which can be reasonably taken

into account, are the radiative transition of holes between the light-bole
band and the heavy-hole band, as well phonon-assisted intraband

recombination [54J.

Figure 3.6 (a) Emission image ot the guaid ring area ot an IGBT exhibiting a low

blocking voltage (50\) (b) Emission image ot an IGBT with the blocking voltage
limited by aiching between the out« guaid ung and the channel stop ling (20x)

Figure 3.6a shows an emission map of an IGBT with a low and unstable

blocking voltage of 860 V, which drifted towards higher voltages with

time. According to Section 3.2 the failure analysis started with high
temperature storage at 200°C (unpackaged device) for 6 hours, without

showing any recovery. Surface cleaning with tnchloroethylene produced
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a small increase of the blocking voltage up to 1000 V. Emission analysis

revealed a junction breakdown located at the surface between the

penultimate and the last guard ring. This syndrome is typical for surface

contamination. This hypothesis has been demonstrated by partial removal

of the nitride passivation layer, which resulted into a prompt recover of

the blocking voltage up to 1500 V, and into the complete disappearance

of the breakdown signature in the emission map.

Emission analysis is also very helpful in detecting leaky junctions. In fact,

the major causes of leakages in junctions are either asperities causing

premature breakdown or excess recombination centers within the

depletion region. In damaged junctions (e.g. after spiking or

filamentation) the leakage current is mainly due to Frenkel-Poole

conduction [55]. In this case, the local recombination rate can reach such

a level, that it can be easily be detected by emission microscopy.

When electrons tunnel across a thin oxide layer (e.g. gate oxide), they

produce a photoemission spectrum centered on 2.5 eV [56]. If there were

no scattering with phonons within the oxide, the tunneling electrons

would release at the anode 4.3 eV for n-well capacitors and 4.8 eV for p-

well capacitors. Elctro-luminescence effects during Fowler-Nordheim

injection of electrons into thin gate oxides are shown in Figures 5.3, 5.4,

and 5.6. Furthermore, Figure 5.7 shows an application of the emission

microscopy for locating the site where oxide breakdown occurred.

Figure 3.6b, shows an unusual application of the emission microscopy for

detecting partial discharge phenomena at high operating voltages. The

IGBT under investigation exhibited during the pre-packaging electrical

test an abrupt decrease of the blocking voltage down to 1400 V (instead

of 1600 V). The emission microscopy analysis revealed a very intensive

emitting spot located between the last guard ring and the external stop

channel. In this case, the photoemission was not due to the mechanisms

described above, but it was caused by arching at the device surface. The

ultraviolet emission produced by the gas plasma within the discharging

path was so intensive to be easily detected even with a detector working
in the visible range. The unwanted arching path has been caused by an

aluminum smear extending from the emitter metallization, which has

been produced by a test needle.

Ohmic shorts, shorted metal interconnects, surface inversion, silicon

conducting paths, and sub-threshold currents can be observed by emission

microscopy only if they produce secondary effects (e.g. junction
breakdown due to local inversion).
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3.4.4 Scanning electron microscopy and EBIC

Since thirty years, Scanning Electron Microscopy (SEM) became a

routine investigation tool for failure analysis of semiconductor devices.

Due to its large depth of field and due to its ability to produce high-
resolution images, SEM is used for microstructural surface topography
characterization, metrology, and local elemental analysis. When the

primary finely-focused electron beam impinges onto a sample, it

generates a variety of secondary radiations, like secondary and

backscattered electrons, Auger electrons, characteristic x-rays,

cathodoluminescence, as well additional signals including absorbed

current, induced hole-pair generation, and voltage contrast. All these

signals address different physical and chemical properties of the

irradiated sample and are used as quantitative information for analytical

purposes [36,37]. A critical aspect of SEM is to adequately prepare the

sample for avoiding charging effects and for enabling the visualization of

the structure under investigation. These techniques, which include

depackaging, selective etching, and delineation are considered in Sections

3.3, 3.5, and 3.7. Furthermore, when operating devices (especially power
and high-frequency devices) within the SEM vacuum chamber, it has to

be considered that cooling just occurs by conduction and not also by
convection as it is usual in air. This situation can result into an excessive

junction temperature of the device.

In the following, we focus our attention onto a dedicated detector, we

developed [38] for performing Electron Beam Induced Current (EBIC)
measurements on semiconductors samples, which exhibit high levels of

leakage currents as soon the junction under investigation is set in reverse

polarization. This is the case of microsections, and in particular of

microsections of power devices. Basically, EBIC uses electrons injected

by the primary beam to produce a map of the local recombination

efficiency within the semiconductor. The physical background of signal
generation and carrier transport in the space charge regions produced
either by junctions or by Schottky contacts is well known. Briefly, the

energy of the primary beam impinging onto a probe is mainly dissipated

by generation of photons, phonons, secondary radiations, and by the

creation of electron-hole pairs. In absence of a local electric field,
electron-hole pairs rapidly recombine such that no EBIC current is

generated and consequently no EBIC current is collected if an external

amplifier is connected to the sample. On the contrary, if the carrier pairs
are generated inside a space charge region, the local field drives electrons

and holes in opposite directions, leading to the formation of a current to
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be amplified by the external EBIC detector. The number of collected

EBIC electrons is typically three orders of magnitude larger than the

primary current, and under certain conditions, a locally reduced EBIC

signal indicates the presence of recombination centers within the

depletion. They are usually due to crystal defects, different doping
concentration, contaminants, etc.. These recombination centers cause a

modulation of the pure EBIC signal in the 0.5 to 5% range. In general, the

application of a reverse bias is not mandatory for producing a reasonable

EBIC map. However, reverse biasing the device under investigation can

improve the collection of the free carriers by expanding the space charge

region. Polarization greatly improves the signal-to-noise ratio, especially
where the dominating contribution is given either by the parasitic surface

recombination, or by high levels of the dark current. This is the case of

microsectioned devices, and of power devices, respectively.

When a reverse bias is applied to the device, the signal fluctuations due to

the EBIC current are superimposed onto the contribution due to the

leakage current by resulting into a dramatic degradation of the signal-to-
noise ratio. Since the noise due to the leakage current is usually a slow

function of the time, it could be virtually suppressed through a high pass

filter realized by a capacitively coupled amplifier.

Figure 3.7 (a) Polarization and pre-amplification stage of the EBIC detector, (b)

Adaptive DC-filter.

Unfortunately, this solution is not always viable, since in the case of

either a large device or of very low scanning rates, the low frequency

components of the EBIC signal would be completely canceled by the high

pass filter making the detector completely useless. On the other side, DC-

coupled amplifiers would be immediately driven into saturation by the

large current offset due to leakage currents, which can exceed by up to an

order of magnitude larger the pure EBIC signal.
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In order to match previous requirements a DC-coupled amplifier with an

adaptive compensation of the DC-level, with reverse bias capability of the

sample up to 12 V and a cut-off frequency of 300 kHz has been designed.
The detector consists of three stages: the polarization-preamplifier

(Figure 3.7a), the DC-filter with self-compensation (Figure 3.7b), and an

impedance transformer with brightness and contrast controls (not shown

here). The working principles and the performances of this adaptive EBIC

amplifier are described in detail in [38].

Figure 3.8 (a) Delineated micioscction of an IGBT. (h) EBIC map of the region
within the insert of the microsection

In Figure 3.8, we present crossection of an IGBT through the emitter

contact. After chemical delineation (see Section 3.7.2) the junctions
between n+p (upper arrow) and pn (lower arrow) are clearly visible. A

similar crossection intended for EBIC characterization, has been masked,

sputtered with 30 nm gold, and annealed at 250°C for 20 minutes, such

that the lowest n~/p+ junction is short-circuited. The emitter contact has

been polarized negatively (-10 V) in respect to the n-doped region, in

order to set the p/n-junction in reverse bias. The EBIC map obtained with

an acceleration voltage of 9 kV. a probe current of 100pA, and a scanning
rate of 0.05 frames per second is represented in Figure 3.8b.

The EBIC map clearly shows the very intensive signal originated from

the space charge region of the reverse biased pn junction. In spite of a

leakage current of about 40 pA, the self-compensation of the EBIC

detector is sufficiently accurate for imaging the small space charge region
associated with the n+p junction. Here, the image formation mechanism is

different than in previous case. In fact, the n+p diode is forward biased

and represents the basis-emitter junction of the parasitic transistor n+pn,
which is activated through the electron beam induced carriers. Imaging of
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the n+p junction would not be possible without polarizing the sample and

without compensating the leakage current.

Unless the metallization is selectively removed and the device is

sputtered with a conductive semi-transparent layer, the thick metallization

of power devices (3 up to 5 pm) imposes strong restrictions to the use of

emission microscopy for the localization of gate oxide breakdown sites.

In this case the most straightforward approach is to use EBIC. In fact, at a

typical acceleration voltage of 35 kV, the typical range of primary

electrons in light materials, like aluminum and silicon, exceeds 8 pm.

During the thermal breakdown of a thin gate oxide the energy stored in

the capacitors close to the conducting path is released within several

nanoseconds, by causing local melting of the polysihcon, of the oxide,

and of the substrate materials. The conducting path resulting from this

destructive event can be easily observed in the form of a leakage current

through the dielectrics with an I-V characteristic, which is usually highly
non-linear. It has been often registered that, if the transient is fast enough
such that there just a limited doping interdiffusion between a heavily n-

doped polysihcon gate and a p+-region, the breakdown event results into

a relatively well-defined junction with a Ze/ïcr-like diode characteristic

with a reverse breakdown voltage close to 4 V 139,83].

Figure 3.9 EBIC map ot a MCT anay The blight spot lepiesents the site ot the gate

oxide breakdown (100 x)

Figure 3.9 represents the case of a gate oxide breakdown between the n-

doped gate and the p-doped region of a MCT. The junction (presenting a

Zener characteristic) has been reverse-biased at 3 V with the polarizing

amplifier. The map has been acquired through a 2 pm thick aluminum

metallization at an acceleration voltage of 35 kV and with a probe current

of 200 pA.
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3.4.5 X-ray microscopy

Failure analysis of IGBT devices takes advantage of real time x-ray

microscopy systems, which provide a way for non-destructive imaging of

microscopic package features [64]. Since IGBT modules are large and

consist of materials with relatively high attenuation (copper, solder

alloys), they require systems with a broad field of view and image
intensifier tubes with high sensitivity. In a x-ray microscope, an electron

beam of several milliamperes and with energy up to 160 keVh focused to

a spot onto a suitable target material (copper, tungsten). This spot is 3 pm

in diameter, and the size of the x-ray source determines the lateral

resolution of the x-ray microscope. The projected image of the sample is

collected by an image intensifier tube and then processed by a suitable

image-processing unit. The contrast in x-ray images is due primarily to

differential absorption of the radiation transmitted through the sample.
Usual image intensifiers can resolve differences in the attenuation, which

are in the 1% range. Since the effect of delaminations or cracks is

normally lower, they cannot be detected by x-ray microscopy. Denser

materials such as copper, gold, lead, and tin have large mass absorption
coefficient, and for this reason they can be easily observed, even if they
are present in very thin layers. Unfortunately, relevant materials, such as

silicon, aluminum, plastic mold compounds, and ceramics cannot be seen,

if they are present in the sample together with denser materials.

Figure 3.10 X-ray microscopy image of an IGBT module, which shows a large void

immediately below three IGBT chips (0.8\). The \oid is located in the die attach

layei.
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Figure 3.10 shows a x-ray image of an IGBT, which failed due to

inhomogeneous current sharing. The x-ray image shows a large void

extending over three IGBT chips. Since IGBT packages are basically one-

dimensional multi-layers, it is virtually impossible to determine by x-ray

microscopy, only in which layer such a void is located. By successive

microsectiong of the device it has been demonstrated, that the large void

is located within the die attach layer. Thus, x-ray microscopy is a very

powerful inspection tool if it is combined with other techniques, like

scanning acoustic microscopy.

3.4.6 Scanning acoustic microscopy

Scanning acoustic microscopy (SAM) is an imaging technique for non¬

destructive internal sample inspection of multi-layered devices. In failure

analysis of IGBT packages, SAM is a powerful technique for detecting

voids, cracks and delamination problems, which may occur after cycle

operation of the device. Scanning acoustic microscopy is based on the

analysis (amplitude, phase, time of flight) of the ultrasonic waves

reflected at the internal interfaces in the sample. The core element of the

microscope is an ultrasonic transducer that works as generator, lens, and

receiver of the ultrasonic signal. For power devices the working

frequency of the transducer is in the 75 - 25 MHz, range. This represents a

reasonable trade off between resolution and penetration depth. The most

common operation mode of SAM in failure analysis is the C-mode, where

a two-dimensional map of a given interface is produced.

Figures 3.1la and 3.11b represent two C-mode images of the bottom and

of the top interface of the solder layer between base plate and direct

copper bonded ceramic (DCB) substrate of an IGBT, which has been

submitted to extensive power cycling. It can be easily seen that the

bottom interface is still integer, since the intensity of the reflected signal
is almost homogeneous over the whole surface. On the contrary, the

periphery of the DCB substrate appears as completely delaminated. Also

in this case, the delamination has to be attributed to the shear stresses,

which arise due to the thermomecanical mismatch between the base plate
material (copper) and the ceramic layer (aluminum nitride).
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Figure 3.11 (a) SAM map of the interface between base plate and solder showing a

homogeneous intermetallic layer (0.5x). (b) SAM image of the same solder layer at

the interface with the ceramic substrate. It shows a large delaminated area at the

periphery (0.5x, SAM images by courtesy of D. Newcom.be).

When investigating IGBT devices, the scanning acoustic microscopy
suffers from some limitations. The most concerns refer to the fact that

some interfaces have three-dimensional features, which can scatter the

transmitted acoustic waves in such a way to produce heavy artifacts.

Furthermore, the important losses in ceramic materials such as AlSiC can

restrict the use of the SAM in some cases.

3.4.7 Scanning probe microscopy

The scanning probe microscopy (SPM) is an imaging tool with three-

dimensional topography profiling capability and which enables to

measure local physical properties such as carrier concentration, magnetic
fields, electric fields, temperature, and surface conductivity [60]. In the

failure analysis of power devices. SPM is mainly used as a tool for the

visualization either of microscopic topographic details or of regions with

different doping concentration [52], The related techniques are the Atomic

Force Microscopy (AFM) and the Scanning Capacitance Microscopy

(SCM). In both cases, the device under investigation requires a dedicated

sample preparation procedure.

In the AFM mode a probe tip of few nanometers radius is kept in soft

physical contact with the sample by a cantilever and it is scanned across
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the sample by a piezo-electric transducer. As the transducer displaces the

tip, the contact force with the surface of the sample causes the cantilever

to bend in order to accommodate the changes due to the topography. The

instantaneous height of the tip is monitored through a laser beam, which

is reflected from the cantilever towards a photodiode. Finally, the

topography map is reconstructed by an image processing system. A

useful alternative to the contact mode is the AFM in tapping mode. This

technique provides basically the same information than the AFM in

contact mode but is carried out with an oscillating tip [61].

Since in these operating modes the AFM acquires the topography only,

the semiconductor sample must be prepared in such a way that the

properties, which have to be imaged, are translated into height
differences. Thus, all the techniques, which are presented, in Section 3.7,

can be applied also in this case.

à«#P»

Figure 3.12 (a) AFM image of stacking faults in a power diode after defect

delineation with the Wright etch (4000x). (b) Pscudo 3D representation of the n+ edge
termination of a power diode after delineation of the doping regions by the Malbot

ctch(1500x).

As an example. Figure 3.12a represents the topographic map of power

diode after decoration of the stacking faults by the Wright etch (see

Section 3.7.1). Different gray levels code the local height of the sample;
i.e. bright features are in relief, while dark regions are in the depth. The

selective doping etch technique has been used for producing Figure
3.12b. After being cross-sectioned and polished, the edge termination at

the border of a power diode has been delineated by the Malbot etch (see
Section 3.7.2), such that regions with different doping have been etched at

a different etch rate. The n+ doped well can be clearly seen, since it has

been etched more in the depth than the surrounding p-region. It is worth
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to note that this preparation also shows more subtle structures. This is the

case the thin grove below the diffusion, which is due to local defect

creation by proton implantation.

In the Scanning Capacitance Microscopy (SCM) a metallized tip is

scanned across a cross-sectioned sample, where a thin oxide layer

(typically 3 nm) has been grown at low temperature (typically 250°C) and

under ultraviolet irradiation. The contact of the metallic probe with the

oxidized semiconductor forms a local MOS capacitor. The local carrier

concentration of the semiconductor can be extracted quantitatively from

inverse modeling of the local capacitance curve, and a two-dimensional

map of the sample can be reconstructed qualitatively by monitoring the

capacitance variations as the tip scans across the sample surface. The

typical lateral resolution, which can be achieved by SCM is 10 nm, while

the concentration resolution is in the 70% range [51,58,59]. Figure 3.13a

shows the flat topography of a cross-sectioned IGBT after oxidation as it

is measured by AFM in the contact mode.

Figure 3.13 (a) AFM image ol the channel legion of a micro-sectioned IGBT

showing a perfectly flat topogiaph} (1200x). (b) SCM image ot the same sample

showing the region ot ditieient doping ( 1200x).

Through combined mechanical-electrochemical polishing, the roughness
of the surface has been reduced down to 5 nm peak-to-peak (rms). Figure
3.13b represents an image of the same sample acquired by SCM in the

constant-dV mode [51]. In the channel area, one can easily recognize the

n+ source, the /;+ emitter contact implant, the p emitter, and the n

substrate. Investigations are going on for improving both the quantitative
and the imaging capabilities of the technique.
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3.5 Selective removal techniques

3.5.1 Removal of passivation and surface layers

The removal of the passivation (and in general of the surface coating

layers) is often required in failure analysis of IGBT devices with the

scope of eliminating residuals of carbonized materials or of surface

contaminants. This is usually performed by underetching, i.e. by partial

removal of the passivation. Total or partial depassivation of the device is

also very helpful for improving the visibility of small features when using

optical or scanning electron microscopy and for enhancing the adhesion

of liquid crystals, when performing liquid crystal microthermography.

Finally, the removal of the surface layers is always the initial step for

selective layer-by-layer strip processes.

Besides the traditional inorganic passivation layers, most IGBT chips are

also coated with thin polymeric layers to improve different properties,
like the surface discharge resistance. Passivation lavers arc either of

silicon nitride (SifNf) or of silicon oxynitride if a lower intrinsic

mechanical stress is required, while organic chip coatings are usually

patterned polyimide films. In addition, some manufacturers make use of

single or multiple organic coatings for the emitter bond wires, in order to

retard failures due to bond wire lift off.

The polymeric chip and emitter bond wire coatings can be removed either

by oxygen plasma or by red fuming acid at 50°C. Both methods are

selective and do not affect the inorganic passivation layers. The second

technique has to be preferred, since when working with full multichip

modules, the device usually does not fit within the reactor chamber of a

plasma etcher. Furthermore, when using a system with microwave plasma

generation, the device can reach very high temperatures due to the

absorption of the microwave energy by the conductive parts of the

package, in particular by the base plate. Even after partitioning of the

chips, it should be paid attention to the possible plasma damage, which

can occur due to the antenna effect produced by the long bond wires.

Additionally, re-deposition of heavy metals on the top surface of the

device can lead to a generalized short circuit.

Deprocessing multichip modules by wet chemistry requires the different

agents to be confined within the area of interest. This can be achieved
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either by masking the adjacent regions (by apiezon wax or by silicone), or

by dropping low quantities of the agent directly on the layer to be

removed after heating of the module with a hot plate. In particular, it

should be avoided the contact between copper and nitric acid.

Furthermore, one should be aware that, as a consequence of the galvanic

potentials, which arise due to the presence of different metals, nitric acid

could produce a fast dendrite growth, which may easily result into a short

circuit.

Since polyimide is prone to hydrolysis and attack by alkali and

concentrated acids, thin polyimide films deposited on the top of a

passivated area can also be confortably removed by underetching. In fact,

if thin polyimide layers are exposed at 65°C to the passivation etch

presented in the Table 3.2, they are weakened and soaked within some

few minutes (typically 3 minutes), such that the underlying passivation is

slightly etched. This results into the loss of adhesion of the thin film,

which peels-off and can be easily removed mechanically. This procedure
is selective and avoids all the risks involved with plasma etching and

nitric acid. The inorganic passivation is left unaffected, since the portion,
which is etched during this treatment does not exceed 10% of the original
thickness.

Figure 3.14 (a) Emitter and gate metallization of an IGBT before and (b) after

selective removal of the polyimide coating layer (Optical microscope 50 x).

The removal of the passivation in order to expose the underlying
connections without affecting the full functionality of the device has

always been recognized as one among the most difficult tasks in failure

analysis. Until a selective wet etch for silicon nitride and oxynitride has

been developed [41,42] this process has been accomplished either by

plasma or by reactive ion etching. In failure analysis, plasma etching is
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usually performed by carbon tetrafluoride (CF4), silicon hexafluoride

(SiF6), or mixtures of unsaturated gases (like C2F6 and C2H4). Silicon

hexafluoride etches silicon nitride very selectively against oxide and

silicon. However, due to its high reactivity, it requires rather expensive

reactors and piping systems. Carbon tetrafluoride exhibits a good etching

rate for silicon nitride. Unfortunately, it is not selective, and it etches

silicon and silicon oxide even faster. In spite of this, carbon tetrafluoride

based plasma reactors are still very popular, and they are usually operated
with a 90% CF4 and 10% oxygen mixture, in order to reduce the

drawbacks associated with the formation of polymers. The main problems
related with plasma etching are selectivity, temperature control, etch

orientation, reproducibility of the etch rate, and end point detection.

During the depassivation process they can result into underetching of thin

metal lines, ionic contamination, plasma damage (or even dielectric

breakdown), formation of polymers, re-deposition of metals, and

enhanced etching rate at the passivation defects. Since all these concerns

may have lethal consequences when trying to depassivate IGBT devices,

the use of a selective wet etch has to be preferred.

Silicon nitride is etched both in hydrofluoric (HF) and hot phosphoric
acid (H3P04). Unfortunately, phosphoric acid etches very rapidly
aluminum and no buffer is known, which can hinder this problem. On the

contrary, buffers are known, which make hydrofluoric acid in aqueous

solution very selective against aluminum. The buffer, which is normally
used for hydrofluoric solutions, is ammonium fluoride (NH4F) and the

related chemical reaction have been investigated in [43,44]. In general
buffered HF solutions etch both silicon nitride and silicon oxide.

Unfortunately, the fact that the etch rate for silicon nitride is much more

lower than for silicon oxide (200 nm per minute at room temperature)
makes the usual buffered HF etches (e.g. the PAF etch [41]) unusable for

depassivation purposes. This problem also arises in the case of the

solution reported by Shankoff [45], where ethylene glycol is added as

diluent. The same occurs if ethylene glycol is replaced by glycerol 141].

Starting from the Shankoff etch, we [42] arranged the concentration of

ammonium fluoride and of hydrofluoric acid in order to realize apH level

of the solution, at which aluminum is still passivated. Furthermore, acetic

acid was used as diluent instead of distilled water. The result of this

preliminary attempt 142] has been a wet etch selective against aluminum

in a very narrow temperature range (45-50°C), and with an etch rate (80

nm per minute) almost comparable for both silicon nitride and silicon

oxide.
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Further investigations have shown that solutions of ammonium fluoride

and ethylene glycol were also effective in removing selectively silicon

nitride passivation layers even when the hydrofluoric acid was

completely suppressed. However, in absence of an acid activator, the

reaction occurs at a reasonable speed in the 120°C range, only.

Table 3.2 Wet etch for selective removal of silicon nitride passivation layers [41]

Component Quantity

Ethylene glycol 60 ml

HOCH,CH,OH. 99+9^

Acetic acid 20 ml

CITCOOH, 100% glacial

Ammonium fluoride 12 g

NH,F. 98+%

Nitric acid 14 ml

HNO,, 65%

Due to safety reasons and in order to make such a solution appropriate for

failure analysis purposes, it was decided to design a wet etch, which

operates within a lower temperature range. Since the most suitable

activator has been found to be nitric acid, we have proposed the recipe in

Table 3.2 [41).

This etch has an operating temperature in the 45-80°C range, where the

pH remains almost constant (pH=4). It shows an excellent selectivity

over aluminum, polysihcon, and refractory metals. The etch rate increases

smoothly with the temperature, and at the optimum operating point of

70°C it is 70 nm per minute, both for silicon nitride and silicon oxide.

The chemical reactions involving silicon nitride, nitric acid, and

ammonium fluoride are still poorly understood. This is also the case of

the role played by ethylene glycol and similar organic diluents (e.g.

propylen glycol) in preventing the aluminum from corrosion.

Figure 3.15b represents the emitter and gate metallization of an IGBT

immediately after the removal of the polyimide coating layer. The arrow

in Figure 3.15a indicates the rim of the silicon nitride passivation layer.
After selective removal of the passivation layer with the solution in Table

3.2 (14 minutes at 70°C). the rim has disappeared, and the aluminum
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metallization is fully exposed. Neither the aluminum nor the insulation

layers have been affected by the depassivation process. After proper

neutralization of the chemical residuals [41] and 10 minutes storage in

vacuum, no increase in the surface leakage current between gate and

emitter is observed. Further storage under vacuum hinders water

adsorption and the consequent increase of surface currents.

Figure 3.15 (a) Gate and emitter metallization of an IGBT with silicon nitride

passivation layer (arrow) and (b) altei selective removal (Nomarski interference,

200x).

We finally note, that by adding to the standard recipe of Table 3.2, 5

grams of potassium hydroxide (KOH), the etch rate for silicon nitride gets

at least one order of magnitude more than that for silicon oxide. However,

the contamination, which results from the potassium ions hinders the use

of such a solution for the most microelectronic applications.

3.5.2 Removal of the oxide layer

Selective removal of oxide layers is not as difficult as selective etching of

nitride layers. Among the most efficient etches, one can mention the pure

ammonium fluoride etch (PAF), which does not make use of hydrofluoric
acid, as the common buffered hydrofluoric acid solutions do. The

composition of the PAF etch is summarized in Table 3.3.

At room temperature, the etch rate of the PAF solution for phosphor-

doped silicon oxide is in the range of 200 nm per minute, depending on

the concentration of the phosphor. The etching process has to be
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performed under continuos stirring motion of the solution, in order to

avoid the precipitation of ammonium-acetate salts, which could deposit
onto the chip surface.

Table 3.3 Wet etch for selective removal of silicon oxide [46]

Component Quantity

Ammonium fluoride 20 g

NH4F, 98+%

Acetic acid 50 ml

CITCOOH, 100% glacial

DI water 50 ml

In the case of thermal oxides, where the etch rate of the PAF solution is

much lower than for deposited oxides, it is recommended to use the same

etch than for the HF strip.

3.5.3 Removal of semi-insulating passivation layers

The guard ring area and the scribe lane of advanced IGBT devices can be

passivated with semi-insulating layers made either of diamond-like

carbon (DEC) or of semi-insulating polysihcon (SIPOS). These layers,
whose thickness is in the 50 nm range, are contacted with the guard rings
and with the edge termination by contact windows through a thick

insulation layer (usually silicon nitride, see Figure 3.18a and 3.18b).

DLC layers cannot be removed selectively by wet chemistry, even if very

strong oxidizing agents, like hot red fuming nitric acid, are used.

Nevertheless, we succeeded in removing selectively DLC by plasma

etching in pure oxygen atmosphere. At moderate plasma power, the

removal process requires about 30 minutes.

Also SIPOS layers are relatively resistant to wet etches, and in particular

they are not attacked by the polysihcon solution presented in Section

3.5.6. Plasma etching (e.g. in CF4 atmosphere) can remove SIPOS,

however it is not selective over silicon and silicon oxide. In the case of a
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complete delayering of the device, SIPOS is removed by a 25% aqueous

solution of hydrofluoric acid at room temperature and in an ultrasound

bath. As it can be seen from Figure 3.18, the etch rate of SIPOS is lower

than that of silicon oxide and of silicon nitride, such that the removal

mainly occurs by underetching.

3.5.4 Removal of the aluminum metallization

The scope of this deprocessing step is to remove the thick emitter (and

eventually gate) aluminum metallization without affecting the underlying

layers. Following considerations apply for IGBT chips without

molybdenum strain buffer plates. The metallization requires to be

removed for different purposes than just for inspecting the active area.

One among these is to enable emission microscopy for the localization of

light emitting sites (e.g. thin oxide breakdown sites). In this case, the

sample preparation consists into a selective etch of the emitter

metallization followed by the deposition of a semi-transparent gold layer

with a typical thickness of 20 nm. In order to keep the functionality of the

IGBT, all those sections of the device which do not need to be removed or

short-circuited (e.g. gate contact, gate bridges, etc.) have to be masked

either with a photoresist layer, or more simply with apiczon wax. When

realizing such a semi-transparent electrode it is useful to keep intact a

portion of the emitter metallization, in order to provide a contacting area

for the needle and for improving the electrical continuity with the gold
electrode. This requires a two-mask process. The first (positive) mask

defines the portion of the metallization to be removed, while the second

mask defines by lift-off the area for gold deposition. When working with

non-packaged IGBT chips, the sputtering of the gold layer and the

removal of the second mask have to be followed by an annealing at

200°C during 30 minutes. This step promotes the sinterization of the gold
with the residual emitter aluminum metallization and with the residual

diffusion barrier at the emitter contacts (e.g. suicide). The total current

through the gold electrode should never exceed 5 niA. This technique has

been used for the preparation in Figures 5.3 and 5.4 (Chapter 5) for

investigating the Fowler-Nordheim injection through the gate oxide of

real devices. If a larger emitter current is needed, the emitter electrode

can be masked with a dense grid pattern. Of course, this requires a more

sophisticated photolithography equipment.
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The most common wet etch for aluminum is the buffered solution of

phosphoric and nitric acid presented in Table 3.4.

This wet etch has an optimal operating temperature of 50°C and provides
a two-steps reaction. Aluminum is firstly oxidized by nitric acid and the

reaction product (Al(OH)f) is immediately dissolved by the phosphoric
acid. The etch rate is of the order of 300 nm per minute, however it

depends on the size of the aluminum grains and it is slowed down by the

presence of copper in the metallization.

Table 3.4 Wet etch for selective removal of the aluminum metallization

Component Quantity

Orthophosphoric acid 156 ml

H3PO4, 85%

Nitric acid 10 ml

HNO3, 65%

Acetic acid 34 ml

CH3COOH. 100% glacial

The end-point detection of the process can be easily performed by optical

microscopy. Figure 3.16 represents an IGBT device before and after

selective removal of the aluminum metallization.

Figure 3.16 (a) IGBT in Figure 3.15b after removal of the aluminum metallization

(optical microscope 50 x). Insert of image on the right after removal of the

precipitates (Nomarski interference, 250 x).
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As it can be observed in Figure 3.16a, the oxide insulation is still not

transparent even after complete removal of the aluminum layer. This is

due to the surface roughness produced by small silicon-rich precipitates,
which form during the sintering phase of the metallization. These

residuals can be easily removed by slightly etching at room temperature

the oxide isolation layer by a 10% aqueous solution of hydrofluoric acid,

as it is shown in the magnification of the insert of Figure 3.16a. It must

be noted that, even after this cleaning step larger precipitates can still be

seen, especially within the aluminum-silicon contact windows,

3.5.5 Removal of the suicides at the contacts

Suicides at the contacts are not removed by the aluminum etch of Table

3.4. Since almost all suicides (TiSi2, PtSi. WSi2) are soluble in

hydrofluoric acid they can be etched away by a 20% aqueous solution of

HF. However, hydrofluoric acid is not selective over silicon oxide and

moreover silicon oxide has a faster etch rate than the suicides. Thus, this

cleaning process can result into a partial or complete removal of the

insulation oxide. Titanium and tungsten suicides are usually removed by

3 parts ammonium hydroxide (NH4OH, 58%) diluted into 100 parts

hydrogen peroxide (H202, 30%) at 90°C. In the case of a failure of

previous etch, a more aggressive procedure can be used on samples

completely delayered down to the substrate [46]. This process consists in

thermal shocks realized by dipping alternatively the sample into a

concentrated sulfuric acid (H2S04) bath at 150°C and into a water bath at

room temperature.

3.5.6 Removal of the polysihcon gate

After having etched selectively the passivation, the metallization, and the

insulation layers, the next step is the removal of the polysihcon gate

without affecting the underlying gate oxide. In IGBT devices the

polysihcon area is quite large, and sometimes, depending on the scope of

the analysis, the gate does not need to be removed completely.

The wet etching process consists in two distinct phases. In the first step

the thick thermal polyoxide, which is grown onto the polysihcon is
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removed. Then, after having exposed the polysihcon, it is selectively
etched. The first phase is realized with a 40% aqueous solution of

hydrofluoric acid (HF, 40%) at room temperature. The most critical phase
of this process is to determine when the polyoxide has been completely
removed. In fact, the etching time strongly depend on the oxidation

conditions and the end point detection cannot be performed just by visual

inspection. In this case, the etching time has to be measured with a

sacrificial device. This measurement is performed by stopping the oxide

etch process after a given time and by checking whether the polysihcon is

attacked uniformly by the polysihcon etch. If it is not the case, the oxide

etch process is resumed until the oxide has been completely removed.

At room temperature, the polysihcon etch solution in Table 3.5 removes

the gate layer of IGBT devices in about one minute.

Table 3.5 Wet etch for the removal of the polysihcon after removal of the polyoxide

Component Quantity

Nitric acid 50 ml

HNO,. 65%

DI water 30 ml

Hydroiluori c ac id 1.5ml

HF, 40%

It is important that the polysihcon solution is prepared immediately
before the use according to the procedure stated in [40], since it degrades
after some few hours. Furthermore, any contamination of the solution by

metals, which could be present in the package, should be strictly avoided

by masking them with silicone or Apiezon wax.

Three emitter contact windows are represented in Figure 3.17 before and

after selective removal of the polyoxide and of the polysihcon gate with

the solution in Table 3.5. In Figure 3.17a, the silicidc strap can still be

observed on the bottom and along the wall of the emitter window. During
selective etching of the polyoxide the diluted hydrofluoric acid dissolves

the suicide, by exposing the if and the p-doped regions. Figure 3.17b,

shows that the silicon within the emitter contact has been slightly etched.

The rim, which can be seen around the emitter contact is due to the
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complete removal of the polyoxide spacer and to the slightly underetch of

the gate oxide, which clearly shows the underlying n+-region.

Figure 3.17 (a) Emitter contact windows before and after (b) selective removal of the

polyoxide and of the polysihcon gate (SEM images, 1 OOOx).

The central depressed region represents the contact p+-implant of the

emitter, which, according to the cell design, lies above the n+-region. The

gate oxide has been properly exposed and no residuals of polysihcon can

be seen.

3.6 HF strip

The one step removal of all layers (passivation, metallization, dielectrics,

polysihcon, and thermal oxide) of a device with the scope to expose the

surface of the single crystal is called HF strip. This simple deprocessing

technique is performed in an ultrasound bath at room temperature by a

25% aqueous solution of hydrofluoric acid (HF, 40%). The HF strip is

always recommended when the analysis is intended to evidence defects or

damages within the silicon crystal. During this aggressive process,

materials as aluminum, suicides, and silicon oxide are directly etched,

while additional layers as polysihcon and silicon nitride are removed by
the combined action of chemical underetching and of the ultrasounds. If

ultrasounds alone are not sufficient in removing the underetched layers
the result of the HF strip can be improved by mechanical rubbing the

surface of the device with a cotton swab soaked with liquid soap. After

this cleaning step the grease traces due to the soap have to be removed by

rinsing in warm water and acetone. If the delayering process is not

completed, etching can be resumed again. The HF strip always delivers

clean samples, where the bare silicon has an almost uniform gray color.
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Usually, crystal defects are not decorated, while major damages, like

those due to thermal run away or gate breakdown events, are clearly
evidenced.

Figure 3.18 (a) Guard ring area of an IGBT before and during (b) the HF strip. The

area with the emitter contacts has been completely stripped, while the SIPOS is being
removed by underetching (Optical image. 200x).

HF strip also removes layers, like the SIPOS, which are very difficult to

be removed by alternative techniques. This can be clearly in Figure

3.18b, where the SIPOS layer deposited onto a thick thermal oxide is

being removed by underetching. The final result is a clean silicon surface,

which just shows the topography due to different processing steps.

3.7 Delineation techniques

3.7.1 Delineation of crystal defects

Crystallographic defects (dislocations, stacking faults, oxygen

precipitates, etc.) or minor defects in the silicon substrate can be

evidenced by preferential etching, after removal of all the layers (e.g. by
the HF strip). Due to the enhanced etching rate of regions with high

doping concentration, defect delineation in IGBT devices is not always

easy. The most popular recipes used in failure analysis are the Wright
etch 147], the Secco etch [48], the Sirtl etch [49], and the Schimmel etch
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[50]. Excellent results have been obtained in the failure analysis of IGBT

devices by using the Wright etch, whose recipe is described in Table 3.6.

Table 3.6 Components of the Wright etch

Component Quantity

A CrO, 15 g

DI water 30 ml

B Cu(NO,)2 3H20 2 g

DI water 60 ml

C Acetic acid (glacial, 100%) 60 ml

Nitric acid (69%) 30 ml

Hydrofluoric acid (49%) 60 ml

The solutions A, B, and C in Table 3.6, have to be prepared separately.

Shortly before the use, solutions A and B are mixed and let emulsify for

some minutes. Finally, the solution C is added to mixture A and B. The

obtained solution is a preferential etch, which works optimally for the

crystallographic orientations (100) and (111). In case of defects (or of

high doping concentrations of both type) the usual etch rate at room

temperature is about 1 pm per minute. The detailed procedure to be

followed for defect delineation in IGBT devices is presented in [40].

Figure 3.19 Crystallographic defect delineation by the Wright etch of a power diode

(a) without and (b) with aluminum shallow implant (SEM, 1000x). (c) Magnification
of a region presenting crystal defects, which shows the preferential etching behavior

of the Wright, etch (SEM, 7000x)
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The two first images in Figure 3.19 show the result of a defect

delineation by the Wright etch of a diode without and with a transparent

anode structure. The preparation clearly demonstrates that the damages

produced by the aluminum shallow implant were not completely annealed

during the successive thermal treatments. This results into residual

dislocations and stacking faults, which are decorated during the

sinterization of the metallization. The spiking reduces the reverse

breakdown voltage during dynamic switching of the device. Figure 3.19b

represents at high magnification a region, where the crystal defects have

been delineated by the Wright etch. The enhanced etch rate of the

solution along the crystallographic defects clearly evidences stacking

faults and dislocations, which are originated in the bulk.

3.7.2 Delineation of doped areas

One among the most important step in the technological characterization

of an IGBT device is the delineation of the different doping regions. This

phase is of great relevance either when extracting quantitative
information about the active area (e.g. for simulation purposes), or just

for understanding the architecture of a device under investigation.

Traditionally, three different procedures are used: delineation, decoration

and staining. Delineation is produced by a differential in the etch rates of

two or more materials constituting the sample. The difference in the etch

rates directly translates into a height difference on the specimen, which

can be observed with appropriate microscopy techniques. Decoration is

produced by preferential galvanic electroplating one side of the junction
of interest. Usually, decoration is realized by using solutions of

compounds of transition metals (e.g. copper sulfate and copper nitrate),

and it is performed under strong illumination for increasing the photo-

voltage. Stain processes result into the selective growth of a thin oxide

film onto silicon doped areas. Stained sample are usually investigated by

optical microscopy (bright field. Nomarsky interference). The stain films

exhibit commonly interference colors (typically brown or violet) and are

not soluble in hydrofluoric acid solutions. Stains are usually buffered

(acetic acid) solutions of nitric and hydrofluoric acid. Recently, scanning

probe based techniques have been used for investigating doping profiles
in IGBT devices ad in power diodes [51]. These techniques are the atomic

force microscopy in the topography mode, the scanning capacitance

microscopy, and the scanning spreading resistance microscopy [52].

Applications of these methods are shown in detail in Section 3.4.7.
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The experience has shown that, excepted scanning probe based

techniques, wet chemical delineation is the most adequate process for

preparing IGBT devices. IGBT samples can be delineated either from the

top surface after partial or total delayering, or after microsectioning.
Because of the etch rate depending on the doping concentration, the

Wright etch presented in Section 3.7.1 yields excellent results also for the

delineation of IGBT cells, provided that the sample is free of

crystallographic defects.

Figure 3.20 shows the delineation of the emitter contact area of an IGBT

by the Wright etch after removal of the metallization and of the oxide

layers. The differential etch behavior of the solution evidences three

regions, which were not visible before the delineation. It is interesting to

note that the same n+ region is etched differently, depending on the fact

that it is in contact with a p+ or with a p well.
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Figure 3.20 (a) Emittei contact window ot a device of the manufacturer A after

removal of the metallization (b) Delineation of the emitter contact with the Wright
etch after paitial removal of the polysihcon gate (SEM, 1500x)

In the case of micro-sectioned devices, the Wright etch interacts often

with the crystallographic defects, which arise during lapping and

polishing, by resulting into deep scratches, which make the preparation
unusable. For this reason, the delineation of microsections (or of cleaved

samples) should be preferably done by the Malbot etch [53], whose recipe
is presented in Table 3.7. The Malbot solution works at room temperature

after removing the native oxide layer by a diluted aqueous solution of

hydrofluoric acid and has a typical etch time of 10 seconds (without

illumination).
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Being a variant of the classical 3-1 etch, the Malbot etch does not exhibit

any preferential etching behavior and thus it can be used as an all-purpose
delineation etch. For doping concentrations lower than 1017 cm'f the

delineation by the Malbot etch has to be performed under strong
illumination.

Table 3.7 Malbot etch for the delineation of microsections

Component Quantity

Nitric acid

HN03, 65%

20 ml

Acetic acid

CH,COOH, I[00% glacial

50 ml

Hydrofluoric
HE, 40%

acid 2 ml

Figure 3.21a identifies the different doping regions of an IGBT device of

manufacturer A, which can be seen in the preparation of Figure 3.20b.

The delineation of the microsection with the Malbot etch, clearly shows

the polysihcon gate, which has been completely etched, the p+-contact
implant, the rC-source, the p-emitter and the n-substrate. This preparation
also enables to measure the channel length.

polysihcon penmelei
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Figure 3.21 (a) Emitter contact window in Figure 3.20b. (b) Cross-section through an

emitter window of the same device than in Figure 3.20b, after delineation with the

Malbot etch (SEM, 3000x).
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Figure 3.22 presents the microsection of an IGBT device of manufacturer
B after delineation with the Malbot etch. The most evident difference

with the design of manufacturer A is the n+-emitter, which is smaller and

does not overlap with the p+-contact implant.

Figure 3.22 (a) Cross-section through an emitter contact of a device of manufacturer

B after delineation with the Malbot etch (SEM, 2500x). (b) Detail of the channel area

of Figuie 3.22a with identification of the delineated regions (SEM, 7500x).

Before microsectioning or cleaving a sample to be delineated, it must be

accurately prepared. In fact, we observed that the best results are obtained

if all doping regions to be delineated (including the polysihcon gate) are

galvanically connected. This situation can be realized by sputtering a thin

gold layer on the surface of the IGBT, such that emitter and gate are

short-circuited. Since the contact to the collector is normally provided by
the backside metallization, it does not requires any additional preparation.
In order to avoid that the n-substrate is left floating, one side of the chip
is cleaved, sputtered, and annealed. Finally, during the etching phase, all

the surfaces of the device are connected together by means of an

aluminum foil, which should not enter in contact with the etching
solution.

3.8 Etching of the silicon chip

The silicon substrate can be etched because of multiple reasons. The most

simple application of this process is the complete removal of the single
crystal as an alternative (destructive) technique to x-rays for the

inspection of the integrity of the die solder. This procedure is preceded by
the complete removal of the passivation, metallization, dielectrics,
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polysihcon, and thermal oxide by means of a HF strip (see Section 3.6).

Then the pre-processed device is immersed into a 20% aqueous solution

of potassium hydroxide (20 g KOH in 100 ml water) at 80°C and under

stirring motion. The etch proceeds isotropically at an etching rate of about

70 pm per hour and it is selective over the usual solder alloys. In few

devices, it has been observed that the etching process stops at the back

metallization, especially if it is very thick and did not completely interact

with the solder. In this case the residuals of the metallization should be

submitted to microanalysis for chemical identification and then removed

by a specific etch (normally based on nitric acid). Once the solder has

been exposed, it is straightforward to observe macroscopic voids or

inclusions by stereoscopic microscopy.

An additional application is selective device backside etching to provide
direct access by optical microscopy to normally hidden structures, such as

gate oxides, metal-to-silicon contacts, polysihcon lines, and wire-to-

metallization interaction area. Many silicon backside etch processes are

used in failure analysis, like those which base on aqueous solutions of

potassium hydroxide (KOH), choline, ethylene-diamine-pyrochatecol, and

freon plasma. The main limitation of these wet and dry etches is the poor

selectivity over dielectrics and interconnection materials. In particular,
none of the mentioned etches is selective at the same time over silicon

oxide and aluminum at the contacts. For this reason, a selective back etch

for silicon devices based on an aqueous 4% solution of TetraMethyl-
Ammonium Hydroxide (TMAH) has been developed, which fulfills all the

requirements concerning the selectivity [62]. The etch rate of this solution

at 80°C has been measured to be 40 pm per hour. However, the

selectivity of the etch over various dielectrics is improved, if 13.5% by

weight silicon powder is added to the 4% TMAH aqueous solution. In

addition, this doping level keeps the pH of the solution within the range

where the aluminum is self-passivated. The selectivity of the doped etch

has been observed to be in the range of 10000 over thermal oxide and

silicon nitride, and in the range of 1000 over deposited oxides. Before

being processed, single chips have to be prepared such that they are glued

topside down onto a substrate (ceramic or glass). The substrate must be

stiff enough and the glue should not introduce tensile stresses, in order to

avoid that the thin self-sustaining membrane, which results after removal

of the silicon crystal, is destroyed. The backside metallization of the

device must be preliminary removed either by wet chemical etching or by
mechanical polishing. In the next step the thin native oxide on the top of

the freshly exposed backside of the silicon has to be removed by a 40%

aqueous solution of hydrofluoric acid. Then, after rinsing in water, the

sample is dipped into a beaker with the TMAH solution at 80°C. Since the
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etching process can take several hours, the beaker should be covered, in

order to avoid water evaporation. The device should not be removed from

the etching bath, before the region of interest of the chip has been

completely exposed.

Finally, selective silicon etching can also be used for detecting tiny

pinholes, which can occur in thin oxide as a consequence either of gate

oxide breakdown events, or of thinning effects. In this case, the sample
must be deprocessed down to the gate oxide level (see Section 3.6) and

immersed into a 20% by weight aqueous solution of KOH. This technique
bases on the fact that under these conditions, the etch rate for silicon of

such a KOH solution is about 1000 faster than for a thermal oxide. Thus,

since the thin thermal oxide acts as a positive mask, if pinholes or a

thinned area are present, they will result into an underetch of the exposed
silicon. After removal of the thermal oxide by HF strip (see Section 3.6),
the pits in the silicon substrate can be observed either by optical or by

scanning electron microscopy.

3.9 Microsectioning and Focused Ion beam

Microsections of power devices can be prepared either by cleaving, by
mechanical polishing, or by Focused Ion Beam (FIB) sputtering.

Since IGBTs are mostly large periodical arrays of identical cells, single

chip cleaving is an excellent technique when spatial resolved

microsections are not required. The cleavage is always preceded by

notching (or scribing) of the crystal by a tungsten pencil, by a diamond

disc saw, or by more sophisticated tools, as they are used in precision

cleaving equipment. Manual cleaving is normally performed by placing a

thin insulated copper wire under the notch in the direction of to the

desired cleavage axis, and by exerting a slight downward pressure with

the fingers. Outstanding results have been also been achieved with thicker

crystals just by gently pressing the back side of a chip against a rotating
diamond disc saw until the sample breaks. A problem normally
encountered in manual cleaving is the smearing of soft materials like

thick aluminum layers. In this case, cooling the sample down to liquid
nitrogen temperature is strongly recommended. All the microsections

imaged in Section 3.7.2 have been obtained by cleavage. Particular

features can be localized with a precision of about 500pm.
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Unfortunately, the simple cleavage procedure is ineffective either for

assembled devices, or if a microsection through bond wires, ceramic

substrates, and solder layers is needed. Cleaving is also not suitable for

Scanning Capacitance Microscopy (SCM, sec Section 3.4.7), since the

excessive roughness of the surface does not allow to grow reasonable thin

oxides. In those cases mechanical polishing is mandatory.

For packaged samples a diamond disc saw is used to approach the area of

interest, and then the sample is encapsulated in epoxy. For grinding and

polishing a wide range of procedures are available, which are described in

more detail in [40]. In general, packaged IGBT samples contain materials

with different hardness (ceramic, silicon, copper, aluminum, solder

alloys). This leads usually to uneven material removal rates. A case of

special interest for IGBT is cross-sectioning of aluminum bond wires for

the investigation of the initiation and the propagation of cracks during
thermal cycles. While cross-sectioning bond wires the process is stopped

immediately before the final polishing step, in order to avoid that small

features like cracks or voids disappear due to smearing of the aluminum.

Small cracks are often only visible after decoration of the aluminum grain
boundaries. The composition of an effective wet etch (Keller etch) is

given in Table 3.8. Typically, the half-polished cross-sections are dipped
into the Keller etch at room temperature for about 75 seconds and then

rinsed in water. Sometimes this process can result into dirty preparations.
This is mainly due to the presence in the sample of multiple materials,

which can produce galvanic couples with consequent deposition of metals

in the solution, like copper.

Table 3.8 Etch for the delineation of the grain boundaries in aluminum

Component Quantity

Nitric acid 20 ml

HNO,, 65%

Hydrofluoric acid 2 ml

HF, 40%

Hydrochloric acid 5 ml

HCl

DI water 190 ml
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Figure 3.22 represents a micro-section thiough an emitter bond wire of a

device, which has been submitted to thetmal cycles. Since aluminum is a

very ductile metal, it locally smeais duimg the pieparafion process such

that small featuies, like cracks are not visible.

Figure 3.22 Optical image of a cioss-section tiough an emitter bond wire submitted to

theimal cycles (lOOx) Without chemical delineation no crack is visible

Figure 3.23 lepresents the same sample like in Figure 3.22 after wet

chemical etching. This image cleaily shows a crack piopagatmg from the

bond tail, which has been piopeily delineated by the etch of Table 3.8.

The additional pits distributed across the bond wne aie due to the

decoration of local defects intioduced by the polishing with diamond

paste.

**
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Figure 3.23 Optica] image oi the same cioss-section than m Figuie 3 22 aftei wet

chemical delineation (lOOx) The ciack withm the aluminum bond wne is cleaily
visible

Focused Ion Beam (FIB, 163]) becomes an mcieasmgly important tool

also for miciosecttoning IGBT devices. In the FIB, a focused beam of

gallium ions scans actoss a designated area by milling a lectangular hole
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into the sample. FIB enables the user to sputter the material, while

simultaneously imaging the cross-section either by the FIB in the ion

microscope mode, or by a scanning electron microscope (dual column

system). FIB is recommended for precision microsectioning and for yield

analysis. However, material re-deposition and gallium implantation (from
the primary beam) makes this technique questionable for the preparation
of samples either for SCM or for delineation. Furthermore, for section

lengths exceeding 50 pm (as it is the case for bond wires), FIB can

become very time consuming, such that alternative techniques tend to be

more effective.

3.10 Advanced characterization techniques

Several characterization techniques can also provide relevant inputs to the

failure analysis of IGBT devices. This is the case of the electrolytic metal

tracer, which is used for monitoring the metal contamination and the

process induced defects. This technique bases on the measurement of a

photo-current and provides a two-dimensional map of the recombination

centers (with the associated lifetime) at the surface of processed or

unprocessed wafers [65].

An additional technique basing on photo-excitation is the Optical Beam

Induced Current (OBIC) microscopy. OBIC is essentially the optical

counterpart of EBIC (see Section 3.4.4), which uses a scanning laser

beam instead of an electron beam. As in the case of EBIC, OBIC maps

provide important information about the distribution of the recombination

centers [37]. Since as most of the surface of power semiconductors is

metallized, OBIC microscopy from the chip back side is more effective.

In this case, infrared lasers have to be used, in order to enable carrier

generation even in the depth of the semiconductor. An interesting
technique, which makes possible to acquire the free carrier density and

the temperature profile within a power semiconductor under realistic

operating conditions, is the Laser Deflection Microscopy (TDM, [66]).
The LDM quantifies the local variations of the refractive index of the

silicon as function of the temperature and of the free carriers density by
measuring the deflection (or the absorption) of a finely focused infrared

laser beam, which is transmitted through a specially prepared
semiconductor sample.
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Laser Speckle Interferometry (LSI) has been successfully applied for

imaging thermomechanical deformations in power devices [69b This

technique takes advantage of the speckle structure produced by
illuminating an ob]ect with a laser source. LSI enables to measure the

displacement of each speckle dot for both in-plane and out-of-plane
movement with a resolution close to 0.01 pm.

When operating multiple IGBT chips in parallel within a power module, it

is important that during the turn-on, turn-off, and the on state, the current

is equally shared among the chips. A non-invasive technique, which is

used for measuring the current switched by every single chip, is based on

miniaturized air-cored field coils fitted around the emitter or collector

conductors close to the chip under investigation [67]. In spite of the

simplicity of the measurement principle, this technique requires accurate

calibration and a lot of precautions for avoiding common-mode noise and

stray pick-up from adjacent chips.

In infrared thermal imaging systems, the surface temperature of the

device is inferred from the radiant energy at a particular wavelength (see
Section 4.8). Unfortunately, under normal operating conditions the

surface of IGBT devices is not visible since it is coated by a thick silicone

gel layer. Even after removing the silicone gel, the infrared radiation

originated from the chip surface is often perturbed by the shadow or the

emission produced by the emitter bond wires. This problem can result

into artifacts causing wrong temperature readings [7]. An alternative

(invasive) technique for surface temperature measurements in IGBT

devices is based on the temperature dependence of the time constant of

the fluorescence decay in materials, like the europium
thenoylfluoroacetonatc (EuTTA), when they are stimulated by ultraviolet

irradiation. A thin layer of such a material is applied on the top of a glass
fiber, which is then placed in contact with the chip surface [68]. The

active layer is stimulated every 250 milliseconds by an ultraviolet source

and the resulting transient of the fluorescence is acquired by a

photodiode. This technique has an accuracy of 1°C and provides a lateral

resolution of 250 pm. It also enables to perform time-resolved

measurements with a typical repetition frequency of 4 Hz.
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Chapter 4

Experimental thermal

characterization of IGBT devices

4.1 Introduction

Since power semiconductors are temperature-sensitive components a

sophisticated thermal management is required in order to remove the heat

produced during operation, and to keep the device within the safe

operating area.

From the thermal point of view IGBT modules are multilayers made of

different materials, with different thickness, and different thermal

conductivity. Though the relative complexity of such a multilayered
structure the produced heat is mainly dissipated by conduction along an

almost one-dimensional thermal path. The thermal behavior of an IGBT is

strongly influenced by elements beyond the thermal interface between the

85
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device and the environment. The first factor affecting the thermal

response is the thin layer of thermal grease, which is normally used for

decreasing the thermal resistance due to the air gap between base plate
and heat sink. This layer can include voids, can dry out during the

operation degrading its thermal conduction properties, or can be also

depleted due to the squeeze-out effect produced by the cyclic bowing of

the base plate during operation. Therefore, the thermal grease introduces

some uncertainty while estimating the thermal resistance of the device,

and in addition it may introduce a time-dependent degradation.

An additional problem, which is often underestimated, is the role of the

heat sink. Normally, in thermal simulations the heat sink is considered as

an ideal isothermal boundary condition and the related thermal

capacitance is usually neglected. In fact, a real heat sink is a complex and

bulky mechanical system, whose dissipation properties change from

location to location (e.g. locations close to the water inlet or not). All

these non-idealities may be the cause of different local temperature levels

within a module, leading to an uneven current distribution among the

different chips and finally to premature device degradation. Furthermore,

the thermal mass and the size of a heat sink often exceed those of the

device. As a consequence, it largely contributes both to the overall

thermal resistance, as well to the overall thermal impedance. As an

example, a water-cooled copper heat sink, whose contact interface plate
with the device is 5 millimeters thick, represents up to 50% of the overall

thermal resistance, and may have a thermal capacitance, which is about a

factor of 5 larger than that of the whole module. Therefore, the slow

thermal characteristics of a module are largely dominated by the thermal

properties of the heat sink.

New generations of dedicated IGBT packages are under development,
which are intended to match special requirements as they are imposed by

particular applications like railway or automotive traction. Solutions,

which are envisaged in the next future are integrated packages, which

make use of very efficient solutions like direct chip cooling or cooling
channels realized directly within the base plate. The main scope pursued
with these new technologies is to quench as much as possible the

temperature excursion due to switching operation, in order to reduce the

related thermomechanical stresses. Although the development of these

new package technologies is slightly delayed due to the fact that standard

IGBT packages offer the advantage of high modularity (i.e. of the

economy of scale), innovative module designs will appear, as soon new

applications will represent a perspective for high-volumes (e.g. electrical

or hybrid vehicles).
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In summary, thermal management of IGBT modules is a main issue,

which impacts both device performances and reliability. Therefore,

accurate and efficient experimental methods are required to ensure that

real devices meet all requirements imposed by present and future

applications.

In this Chapter, after recalling some fundamentals, two characterization

techniques are presented for the measurement of the chip temperature in

IGBT modules. In the first part, the use of a new coating layer is

demonstrated, which improves the temperature and the lateral resolution

of measurements by infrared thermography. The method considered in

the second part bases on the principle of the time-resolved terminal

voltage measurement. A dedicated circuitry is presented, which enables

to compensate the long-term drift of the peak junction temperature and

that delivers quantitatively the conjugate of the transient thermal

impedance.

4.2 Effect of the temperature on IGBT devices

The heat generated by a device when it is in operation raises the

temperature of the component where it originates, the temperature of the

surface on which it is mounted and the temperature of neighboring

components. Although, this work just deals with failure mechanisms in

IGBT modules, it is worth to mention that a large amount of failures

observed in the field must be attributed to passive components, which are

mounted close to semiconductor devices, like capacitors [70). The limited

maximum temperature rating of these devices (typically 85°C) is among

the factors, which slows the development of integrated packages for

power semiconductors. This can also be the case of the gate control unit,
which is normally mounted close to (or even integrated into) IGBT

modules.

Large temperature swings mainly result into thermomechanical failure

mechanisms (see Chapter 2), while high static temperature levels

accelerate almost all failure mechanisms. Besides of time-dependent
degradation mechanisms, silicon exhibits a maximum operating

temperature, which can be estimated basing on the density of the intrinsic

carrier density. In fact, when the intrinsic density reaches the doping level

of the device, several electrical parameters are expected to change
drastically. Among these there are the multiplication factor for avalanche
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breakdown, the carrier mobility and diffusion constants, the generation
and recombination lifetimes, the thermal conductivity, and the MOS

threshold voltage. The maximum allowable temperature for a device also

depends on the blocking voltage, which is specified for a given

application. For instance, the estimated maximum junction temperature in

silicon for a blocking voltage of 1 kV is about 150°C, while for 10 kV it

decreases down to J00°C. Generally, the function of IGBT devices is

limited by the leakage current, which increases exponentially with the

temperature. As an example the typical reverse leakage current in a 1.2

kV IGBT at a Vcr of 1200 Vis 60 fiA at 125°C. By increasing the junction

temperature up to 200°C the leakage current causes the device to fail

within some few seconds due to thermal runaway. Like in the case of

power MOSFETs, the breakdown voltage of IGBT increases with the

temperature.

4.3 Heat generation

Unlike in integrated circuits, in IGBT devices the heat is not generated at

the surface of the device, only, but also in the silicon bulk. During pulsed

operation, heat generation occurs due to both the voltage drop across the

device and due to the switching power dissipated during the turn on and

turn off phases. For a collector current density above 10A/cm2, the typical
collector to emitter voltage is in the 4 V range, which corresponds to a

power dissipation of about 300 W for each chip at the maximum rated

current. The power dissipated during the turn on and turn off averaged
over one period is in the range of 100 mWs. However, especially during
the turn on phase, the dissipated peak power may reach several hundreds

kilowatts. It is interesting to note that for typical switching frequencies up

to 3 kHz, the junction temperature follows the switching frequency.

Under normal operating conditions the heat produced by ohmic

dissipation within the bond wires can be almost neglected. However, in

the case of severe bond wire lift off, the current can concentrate within

some few bond wires such that the wire temperature may exceed the

junction temperature. As it has been demonstrated by numerical

simulation [71], the temperature distribution is raised mainly within the

footprint of the bond wire and rapidly decreases down to the chip
temperature level within a range corresponding to some few bond wire

diameters. Therefore, since this effect is very localized, it mainly impacts
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the thermomechanical degradation of the bond wires, rather than the chip
surface temperature distribution.

For reliability purposes, the thermal coupling between IGBT chips and

freewheeling diodes is usually neglected. This simplifying assumption
bases on the fact that the heat flow within the module is approximately

one-dimensional, and that the lateral spreading is non-negligible within

the thick base plate, only. However, this assumption may be wrong in

particular module designs where the few diodes are surrounded by

multiple paralleled IGBT chips.

4.4 Thermal equivalent circuits

In IGBT devices, the heat generated within the semiconductor is mainly

dissipated by conduction through the ceramic substrate and through the

base plate from where it is released to the heat sink and finally to the

environment by conduction, convection, and radiation. The junction

temperature (T) in the simple case of a constant power dissipation P in

the active layer is

T^f+PR,^ (4.1)

where Ta is the ambient temperature and R1h].a is defined as the thermal

resistance (junction-to-ambient).

The dynamic thermal conduction behavior of the different package

components is generally described for technological purposes by the

means of equivalent thermal models. Similarly than in Equation 4.1, this

concept is based upon an analogy between the electrical and the thermal

properties of materials, with temperature, heat flow, and thermal

impedance being analogous to voltage, current, and electrical impedance,

respectively. In particular, the model of the transient thermal impedance
is based on the analogy between one-dimensional heat conduction and

distributed resistor-capacitor (RC) networks.

The typical structure of an IGBT multichip module is basically reported
in Table 2.1. The multilayer can be subdivided into the elementary slabs,

each being characterized by the material (density p;, thermal conductivity

or, specific heat clhl) and by the thickness /. The thermal resistance
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associated with the whole stack of n layers in the lumped element

equivalent circuit approximation is given by

» » 1 'i. dx

t!(7,lA(x) (4.2)

where A(x) is the effective conduction area discussed in Section 4.6. The

equivalent circuit in the dynamic case is determined by the series

connection of the impedances Zlln related to each elementary plate, with

1 c7,iA(x) (4.3)

and

C = A Q, Velh (4.4)

Veffl in Equation 4.4 is the effective conduction volume, which takes into

account the lateral heat spreading effects (see Section 4.6). This yields the

equivalent lumped thermal circuit in Figure 4.1.

Figure 4.1 Equivalent thermal circuit of a multilayer structure

Each RC pair in Figure 4.1 represents a physical layer and the time-

dependent voltages at the different nodes represent the instantaneous

temperatures at the interfaces. From a mathematical point of view the

circuit in Figure 4.1 is equivalent to a system of coupled differential

equations, which can be integrated either numerically or e.g. by PSPICE

simulation. In the last case, a current source of 7A would correspond to /

W power dissipation in the upper layer, i.e. in the IGBT chip.

In practical applications the alternative equivalent thermal RC circuit in

Figure 4.2 is used.
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Figure 4.2 Behavioral model of the circuit in Figure 4.1

The circuit in Figure 4.2 represents a behavioral model of the circuit in

Figure 4.1, which mimes the temperature evolution in the node close to

the power source, only. Since all RC sub-circuits are independent, there is

a closed analytical form for the total transient impedance

( ~^A\

i^i

, R'C

l
— e

v ; (4.5)

The parameters Rf and Cf and the number of RC sub-circuits in Figure
4.2 are not the same than in Figure 4.1. The extraction of the parameters

Rf and Cf is performed by fitting the function ZJt), which results either

from the simulation of the circuit in Figure 4.1, or from the experimental
heating (cooling) curve measured according to the procedure in Section

4.9. The optimum number of terms in the sum of Equation 4.5 is usually
determined from the number of linear regions occurring in a semilog plot
of the transient thermal impedance as function of the time. The heating
curve TH(t) at constant power injection P and for TH(0) - 0 is defined by

T„(t) = P Z„,(t) (4.6)

If ZJt) is known, the time evolution of the chip temperature Tch due to

an arbitrary power injection P(t) and with Tdlip(0) = 0, is computed by

following convolution integral [72]

Th,p(t) = )p(t)jtZih(,--r)dT (47)

4.5 Evaluation of the heating curve

The extraction of Zlh from experimental data according to the procedure
reported in Section 4.4 requires the measurement of the heating curve of a
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device. The measurement of heating curves presents some experimental

problem. In fact, due to the temperature-dependent variation of sensitive

parameters like VCEsat, the injected power cannot be easily kept constant.

In addition at high injection levels, the temperature-sensitive parameters

used for thermometry purposes are poorly accurate. Therefore, the

heating curve is inferred from the cooling curve basing on the linearity of

the heat equation (superposition principle). As it will be shown in more

detail in Section 4.9, the measurement of the cooling curve is made by

heating the device to the steady-state, switching the power off, and

monitoring the junction temperature as the device cools down. By

assuming that the cooling curve Tc(t) is the conjugate of the heating curve

T„(t) delivers

TM = T^-Tc(t) (4.8)

where Tsteady is the steady state junction temperature immediately before

switching off the heating power. This approximation is valid, if the

thermal conductivity of the silicon and of the package materials do not

vary excessively within the considered temperature interval. For junction

temperatures in the 20°C to 125°C range, this is the case of all commonly
used materials excepted silicon, which changes its thermal conductivity

by about a factor of two. Nevertheless, the contribution of the silicon chip
to the total thermal impedance is almost negligible.

4.6 Equivalent area and volume

The computation of a realistic transient thermal impedance requires
estimating the equivalent area Aeq and the equivalent volume V

(Equations 4.2, 4.3, and 4.4). In fact, the one-dimensional equation for

the thermal resistance

oA
Kth (4.9)

is no longer valid, since it does not take into account lateral heat

spreading effects, which may occur in the thick base plate of an IGBT

module, or in the heat sink. Equations 4.2 and 4.3 already include the

differential definition of the thermal resistance. However, in general the

function A(x) is not known in closed form.
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The most common engineering estimates assume that the lateral heat

spreading occurs under a constant spreading angle. One among the most

invoked is the 45 degrees model. This simple model enables to solve the

integrals in Equation 4.2 and 4.3. For a square-shaped heat source of area

A on the top of an homogeneous slab of thickness t the 45 degrees model

delivers

R.,.=
t

A+2t)<jyjA (4.10)

and the equivalent volume

V (t) = At + 2t\fA+~-C
(4.11)
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Figure 4.3 Thermal resistance of a single slab with a = 1 W/cm°-C (temperature
independent) for two heat sources w ith different area. In both cases the upper curve

represents the one-dimensional estimate of Equation 4.9, the lower curve the estimate

with the 45 degrees model of Equation 4.10, and the central curve the value obtained

by the solution of the three-dimensional heat equation.

Figure 4.3 shows the comparison of the thermal resistance of a single
slab obtained with the one-dimensional model of Equation 4.9, with the

45 degrees model of Equation 4.10, and with the numerical solution of

the three-dimensional steady-state heat equation (3D, [73]). By
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considering the case of a square-shaped heat source with area 1.44 cm2

(i.e. the size of a typical IGBT chip), it can be seen that the heat

conduction can be considered as one-dimensional up to a thickness of the

slab up to 3 millimeters. The 45 degrees model dramatically
underestimates the thermal resistance starting from a layer thickness of /

millimeter. Since the one-dimensional model delivers heavy
overestimates of Rlh for slab thicknesses larger than 3 millimeters,

alternative solutions are needed for modeling devices, which make use of

thick base plates or of bulky heat sinks.

As shown in Figure 4.3 for a source area of 0.1 cm2, the boundaries of the

validity regions of the different models strongly changes with the lateral

size of the heat source. For sources with a lateral size of the same order of

magnitude than the thickness of the slab, the three-dimensional effects

become more evident. Unfortunately, also in this case the 45 degrees
model underestimates Rlh by at least 25% of the value obtained from the

3D-model.

The 3D-curves computed in Figure 4.3 have general validity for a square

source of area A, located on the top of a slab with a lateral size much

larger than the square root ofA. Since the curves have been evaluated for

<7=1 W/cm°-C, the plotted values Rthl can be easily scaled for obtaining

the thermal resistance Rthx for an arbitrary material with an arbitrary
thermal conductivity o

x

J? =
E>

'">
cjx

"" (4.12)

The equivalent conduction area can be defined starting from Equation 4.9

t

"W
Rllh (4.13)

The equivalent volume can be computed basing on the equivalent

spreading angle oceq

Ja (t)-\A
tana (r)= ^lAl

It (4.14)

yielding
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Veq(t) = At + 24At2 tan aeq + -t3 tan2 atq (4.15)

For the heat source of 1.44 cm2 in Figure 4.3, Equation 4.14 provides an

equivalent angle of 0° up to / mm thickness, of 4° at 3 mm, of 7° at 7 mm,

and of 12° at 70 mm. For a slab thickness of 1 cm, the equivalent volume

is about 40% larger than the value provided by the one-dimensional

model. On the other side the thermal resistance is 50% lower than

predicted by Equation 4.9.

More sophisticated techniques based on CAD assisted extraction of

thermal parameters are illustrated in [74,75].

4.7 Experimental techniques for temperature measurement

The junction temperature of power semiconductor device can be

measured invasively or non-invasively.

Invasive methods require that the surface of the semiconductor chip be

exposed either for direct observation, or for depositing temperature-
sensitive layers. This is the case of the liquid crystals microthermography

(see Section 3.4.2) and of the induced fluorescence decay thermography

(see Section 3.10).

Although infrared thermography (microradiometry) is a contactless

technique, it has to be considered an invasive technique, since in the case

of IGBT devices it requires special sample preparation. In fact, before

acquiring any thermal map the device has to be depackaged, the silicone

gel dissolved, and all the power lines within the optical sight field of the

objective removed, in order to expose the chips to be observed (see
Section 3.3). Furthermore, if quantitative measurements are required, the

surfaces to be imaged must be coated with a special thin layer for

equalizing the thermal emissivity of the different materials. All these

factors hinder the device to be operated at voltage higher than 1.2 kV'or to

be characterized in-situ when operated within a power system.

Nevertheless, infrared thermography is still the only technique, which

allows establishing the temperature distribution over large areas, as they
occur in IGBT modules. The most radiometers provide steady-state
measurement only, or they are limited to scan frequencies in the TV

range.
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Non-invasive techniques use a temperature-sensitive electrical parameter

of the device as an integrated thermometer. For this reason the

characterization can be performed on packaged devices, and can provide

steady state or transient temperature information.

Basically, these techniques consist in two phases: the calibration, and the

measurement itself. In this context the concept of junction temperature is

ambiguous. In effect, IGBT chips do not exhibit just a single temperature,

but they have a temperature distribution depending on different factors,

like device design, power injected, current crowding, etc.. Since

techniques using temperature-sensitive parameters indicate a single
device temperature, this has to be intended as an average value over the

temperature distribution. Typically, temperature-sensitive electrical

parameters have a variation of few millivolts per centigrade, hence fast

and accurate measurement circuits are required.

The terminal voltage method applied to IGBT devices is based on the

peculiarity that, when injecting a constant (small) reference current into

an IGBT, VCF is a linearly decreasing function of the junction

temperature. Being completely non-invasive, the terminal voltage method

is often used as a diagnostic tool at the end of fabrication process, but it is

also particularly suitable for failure analysis purposes [77]. In failure

analysis this technique may give important semi-quantitative information

about the integrity of the different interfaces inside and outside the

module. For this reason the measurement of the thermal impedance by the

terminal voltage technique has been proposed as a possible reliability
indicator for the level of wearout of the device during the scheduled

maintenance of power systems.

4.8 Characterization by IR thermography and calibration

Temperature mapping of the device is performed contactless by a 10-

elements InSb high-resolution argon-cooled infrared radiometer Hughes
TVS-2000 working in the 3-5.4 pm spectral range. The on-line image

processor converts the surface emission into an absolute temperature
scale and provides a digital map of 100 pixels by 256 pixels at a scan rate

of 30 frames per second. At usual magnifications the lateral resolution is

100 pm in the horizontal direction and 160 pm in the vertical direction.

The accuracy of radiometric measurements made by infrared

thermography is always questionable when the device under test presents
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unknown or multiple local emissivity levels due to different materials.

This can cause severe concerns about the validity of the results.

To overcome the problem of the different emissivity levels and to make

quantitative measurement possible, the surface emissivity of the silicon

chip and of all module materials has to be equalized by using a coating

layer with appropriate physical characteristics. In the case of IGBT

devices, the coating layer must be electrically insulating up to reasonably

high voltages, have an emissivity close to one (black body), exhibit good

wettability properties on the surface of usual electronic materials, and

coat conformally the sample.

In present measurements, a coating layer has been used that we expressly

developed for power device applications [20]. When preparing this

coating layer, one part (vol) of a 10-wt.% polystyrene resin, 70-wt.% n-

Butylmethacrylate polymer and 20-wt. % carbon black mixture is

dissolved in five parts (vol) acetone. Once finely sprayed this solution

behaves as a low-viscosity paint with excellent wettability over silicon

and metal surfaces. Drying and curing for 4 hours at 85°C result in a

compact and conformai layer of approximately 5 pun thickness, which

does not presents noticeable leakage currents at least up to 50 V.

In order to determine the emissivity of the coating layer the IGBT module

is mounted on to a thermochuck, which is set at a known temperature.

Once the reference temperature is reached, the emissivity control of the

radiometer is adjusted in order to obtain the correct radiometric

temperature. The resolution is improved, if during this phase the

temperature is set close to the junction temperature, which is expected

during operation. In order to realize the required temperature accuracy (±
1% up to 110°C) the temperature controller of the thermochuck has been

calibrated referring to the phase transition temperatures of the set of

liquid crystals reported in Section 3.4.2. Since the module is properly
mounted on the thermochuck by using a thin layer of thermal grease, the

temperature drop across the package while adjusting the emissivity is

negligible.

During the previous phase a constant small reference collector current of

100 ± 0.5 mA is injected while applying a gate voltage of 75 Vand the

related VCE is acquired.

Once coated and properly cured, the IGBT under test is mounted onto the

heat sink without applying any power and after activating the water

cooling system. After the thermal equilibrium is reached, the device
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temperature is sensed at the same time by the terminal voltage technique

and by the infrared thermograph as a last accuracy test. If the coating

layer has been properly deposited, both values should be coincident

within 1% and every pixel of the infrared map should indicate the same

temperature within the overall radiometric resolution of 1%.

During the characterization, the constant injected power is monitored by a

calibrated shunt resistor in series with the device, and by a voltmeter

directly connected between the collector and emitter terminals of the

DUT.

The typical emissivity of the coating layer as deposited and cure is 0.91

and does not depend on the temperature. In the case that the coating layer

has not been properly cured, the emissivity may decrease over the time up

to 5% of the initial value. For this reason, it is recommended to re¬

calibrate the emissivity before every measurement. Temperatures

exceeding the 1J0°C have been noticed to induce visual and emissivity

changes of the coating layer.

Figure 4.4 (a) Temperature map (gray levels) of a single IGBT chip dissipating 260

W (Infrared image 1.5x). (b) Isotherm plot of Figure 4.4a. The central area is at a

temperature of 40°C, while the difference between two adjacent isothermal line

corresponds to about 1°C.

Figure 4.4a shows an infrared map of a coated IGBT chip with a

molybdenum strain buffer on the top. While measuring, the presence of

such a plate has two beneficial effects. The first advantage is that it

equalizes the temperature over a large surface, by eliminating all

unwanted topography effects that may result in measurement artifacts.

Secondly, the use of a molybdenum plate, enables to place the bond wires

along a side of the chip, such that the surface of interest is left completely

exposed as it can be clearly seen in the isothermal plot of Figure 4.4b.

This fact increases the overall temperature resolution of the technique.

Unfortunately, the surface of IGBT chips that do not use molybdenum
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plates is almost completely hidden by numerous bond wires. The

resulting shadowing effect is responsible for the large discrepancies
between infrared and electrical measurements, which have been reported
in previous works [7].

The black strip imaged on the right side of Figure 4.4a is a portion of the

base plate. Since it is at a lower temperature than the chip and the ceramic

substrate it is imaged as a darker region. The associated temperature

gradient can be clearly recognized in the isothermal plot of Figure 4.4b.

The thermal resistance of the different layers within the module can be

roughly estimated by the temperature differences measured in

corresponding flat areas of the image. On the contrary, temperature
measurements at the edges are less reliable, since at these locations the

infrared radiation is emitted under a different solid angle. However, the

isothermal plot in Figure 4.4a indicates at least qualitatively where the

main temperature gradients occur.
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Figure 4.5 (a) Extraction of the thermal resistance of a single IGBT chip from the

measurement of the junction temperature by infrared thermography. The regression
delivers Rth = 0.11 ± 0.01 T7W. (b) Temperature calibration of a single IGBT chip.
Vcc is measured at a gate voltage of 15 V and at a constant collector-emitter current

injection of 100 mA. The regression delivers a calibration factor k = -2.1 mV/°C.

Figure 4.5a shows the procedure for extracting the thermal resistance of a

single IGBT chip from the measurement of the junction temperature

performed at different power levels. As expected, the measurements are

distributed along a straight line, indicating that the technique is

sufficiently accurate. The thermal resistance calculated from the slope of

the straight line yields Rth = 0.11 ± 0.01 °C/W. This value also includes

the contributions of the thermal grease laver and of the heat sink. The
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intercept indicates the temperature of the cooling water within the heat

sink.

Figure 4.5b shows the calibration curve of a single IGBT chip, performed

according to the procedure described above. The measurements are

distributed along a straight line with negative slope, as one would expect

from a simple diode. The regression yields the calibration factor K - -2.1

mV/°C. Although this value is often measured (also in bipolar transistors),
there is no universal calibration curve for IGBT devices. Therefore the

calibration procedure has to be performed for every device under

investigation. The calibration factor normally decreases by increasing the

calibration current. Furthermore, for sensing currents exceeding 1 A the

relation between VCL and the temperature may become non-linear and

non-unique [76]. In general, the determination of the sensing current level

is the result of a trade-off between resolution and device self-heating.
Usual values of the sensing current are within 50 and 500 mA. Unlike

other electronic devices, IGBT modules do not require to be calibrated in

an oven or in a thermostatic bath. In fact, the thermal contact provided

through the base plate is good enough for conditioning the device just by
a calibrated thermochuck. This is a great advantage, since it speeds up the

calibration procedure and avoids the contamination of the device by
thermal fluids, while keeping high levels of accuracy.

4.9 Measurement of the thermal impedance

The experimental set up presented in the following is the evolution of a

similar equipment that was firstly developed for measuring the thermal

impedance in optoelectronic devices [77] and later extended for

characterizing low power IGBT devices [7]. The realized system acquires
the cooling curve of a single high power IGBT chip, basing on the

principle of the terminal voltage measurement. The used temperature
sensitive electrical parameter is the forward voltage drop between

collector and emitter VCL at a constant injected current. The system

provides both the time-resolved measurement of the junction temperature
and the static thermal resistance.

Unlike in MOSFETs or in bipolar transistors, in IGBT chips there is no

intrinsic diode directly available for internal temperature sensing.
However, since the IGBT is a MOS-based device, additional temperature
sensitive electrical parameters can be exploited as the gate to emitter
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voltage VGC or the saturation voltage at high current injection levels V(
Crsar

VCCwt is normally used for acquiring heating curves. Different techniques
based on the transient measurement of VGh are very common in industrial

applications, because standards are available [78].

Although these techniques provide about the same accuracy, the selected

terminal voltage method can be realized by less experimental efforts,

since no sophisticated control systems are required. An extensive

comparison of the different techniques applied to power transistors is

given in [79].

The realization of the terminal voltage technique requires a dedicated

circuitry, which performs four fundamental functions: generation of the

power pulse, generation of the reference current, processing of the

acquired voltage drop, and sequencing of the different phases. The layout
of the experimental set up, which has been realized is schematically

represented in Figure 4.6.
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Figure 4.5 Schematic layout of the expérimental set up for realizing the terminal

voltage technique.

The pulse generation section consists of a 10 V power supply, which

delivers up to 100 A. The voltage is chopped by IGBT 1 (rated for 300 A),
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which is in conduction during the heating phase and blocking during the

acquisition of the cooling curve. When IGBT 1 is switched-off a similar

IGBT (not shown in Figure 4.5) is synchronously turned on, which sinks

the current into an anti-parallel branch that is perfectly symmetric to the

measuring branch but thermally decoupled (shown as a box in Figure

4.5). The scope of the anti-parallel branch is to keep almost constant the

current provided by the power supply in order to avoid overdriving
effects. All switching devices are mounted on water-cooled heat sinks

and the cables are kept as short as possible for minimizing the inductance.

The power pulse generator can be operated with a repetition frequency of

about 75 Hz. The heating current is monitored by the voltage drop across

the calibrated shunt resistor Rl (1 mQ). A water-cooled blocking power

diode DI is connected in series with the IGBT 1 in order to avoid the

back flow of the sensing current during the turn-off (DI is optional if the

anti-parallel branch is used).

The constant current generator is a critical component of the measuring
set up, since it has to provide within 1% accuracy the sensing current

through the DUT shortly after the IGBT 1 has turned off. In the system of

Figure 4.5, it has been realized by a voltage regulator (EM 317) in

constant current source configuration. In order to improve the time

response of the regulator, the sensing current is provided continuously to

the DUT, i.e. even during the heating phase. The sensing current has been

measured to settle to the regulated value about 80 ps after the IGBT 1

turns off. The current output is set through a potentiometer to the same

level that has been used for the calibration of the device (i.e. 100 mA, see

Section 4.8). The diode D2 avoids the backdriving of the regulator output
during the turn on of IGBT 1.

As shown in the timing diagram in Figure 4.6, during the cooling phase
the switch SW1 is conducting (while SW2 is open), such that the transient

VCE across the DUT is sensed by a buffer amplifier (impedance
transformer). At the same time the reference voltage Vui (adjusted by the

voltage divider R3 and R4) is sent together with Vcr to the inputs of a

difference amplifier with gain G (typically G = 100), which delivers the

output signal

V0lll(t) = G(VLi~Va(t)) (4.16)
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Open

Vout

Figure 4.6 Schematic timing diagram of the experimental set up in Figure 4.5. From

the top: heating power, timing of the switches SW1 and SW2, and output signal.

Now, if the set up in Figure 4.5 is operated at P = 0 W (power supply

off), at the thermal equilibrium the DUT will reach the same temperature

Tu of the cooling water in the heat sink (ambient temperature). Therefore,

if at the equilibrium Vu/ is adjusted such that V0llt = 0 V, it will result into

VIC/ = Vcr(TJ. Then, by applying after this adjustment a power P &0W

yields

Vmil(t) = G(V(r{T)^Vcr(t)) = ^KG(T-T (4.17)

Combining Equation 4.9 with the definition of the (conjugated) transient

thermal impedance Zjt) for a cooling transient delivers

-

/s
T-T v

p -K G P (4.18)

Thus, the transient V0Jt), which can be monitored with an oscilloscope,
is proportional to the conjugated transient thermal impedance. The

proportionality constants k. G are determined by the thermal calibration

procedure in Section 4.8 and by the gain of the difference amplifier,

respectively. P is the power dissipated at the steady state during the

heating phase and can be easily computed from VCLss and lCEss at the

steady state as P = Vms ICcss. /CT„ is measured across the resistor Rl in

Figure 4.5, while VtLu is provided by a voltmeter connected at the

collector and emitter terminals of the DUT (not shown in Figure 4.5).
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The CMOS switches SWI and SW2 in Figure 4.6 have two functions.

Firstly, SWI is opened during the heating phase, in order to hinder that

the final stage of the amplification is brought in saturation by the large

VCEmU. This avoids introducing artifacts and delays due to the desaturation

of the amplifiers during the following cooling phase. Secondly, SW2 is

closed during the heating phase and the voltage Vref is applied at both

differential inputs of the amplification stage. This enables again to avoid

saturation and at the same time it enables to visualize and to correct the

effect of eventual offset voltages of the amplification stage (e in Figure

4.6).

In order to enable noise reduction by integration of successive transients,

the measurement set up as been realized as a synchronous circuitry
controlled by an external clock signal. The clock frequency is stepped
down by a programmable frequency divider, which also defines the duty

cycle of the heating and cooling phases (usually 0.5). The generated

signals are then sent to the switch controller, which generates the logic

signals for SWI and SW2 CMOS switches, and to the gate unit, which

provides proper gate signals for switching the IGBTs. The occurrence of

different parasitic effects (e.g. inductive ringing, tail currents in IGBT,

settling times in the amplifiers, etc.) introduces a dead time in the

response of the set up (td in Figure 4.6). In the system configuration used

for acquiring the cooling curves of Figure 4.7, the time required from the

turn-off of IGBT 1 until V0lli is valid can be estimated in 100 ps.
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Figure 4.7 Cooling curves of a single IGBT chip at low power injection: starting from

the top P = 124 W. 114 W, 98 W. and 86 W.
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Figure 4.7 shows four typical cooling curves, which have been acquired
with the experimental set up of Figure 4.5 and converted to temperature
transients by the calibration factor from Figure 4.5b.

The measurements have been performed at low power injection levels in

order to check the accuracy of the technique. It can be clearly seen that

the signal-to-noise ratio is in the 13 dB range. The semilog plot oi Figure
4.7 indicates that the cooling curves are not pure exponentials.

0.1 1 10

Time [s]

Figure 4.8 Instantaneous time constants from the cooling curve measured at 124 W in

Figure 4.7.

Figure 4.8 shows the instantaneous time constant of the cooling curve,

which has been acquired at 124 Win Figure 4.7. After about 100 ms from

the removal of the heating power, the cooling curve exhibits a time

constant of about 7 second. The fact that the time constant increases with

time and saturates after about 2 seconds indicates the cooling process

slows down until it becomes exponential. This behavior can be explained
by a first phase, where the layers within the modules reaches relatively
fast a thermal quasi-equilibrium, and by a second phase where the cooling
is mainly governed by the total thermal capacitance and by the resistance

of the heat sink.

Extrapolating the cooling curves back to t - 0 s, it is possible to estimate

the junction temperature T0 at the steady state, i.e. immediately before

that the heating power P was removed.
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Figure 4.9 Correlation plot representing the junction temperature raise AT, at the

steady state (and at different P) measured hv infrared microscopy and by the terminal

voltage technique.

The correlation plot in Figure 4.9 shows that the extrapolation of T0

according to the slope at the very beginning of the cooling curve (in the

100 to 200 ps interval) agrees within 70% with the measurement

performed at the steady state by infrared thermography (at the

temperature peak). This demonstrates that in present case the temperature

drop during the dead time of the measurement set up is negligible.

Furthermore, the fact that the measurements are statistically straggled
around the diagonal is a clear indication that the average temperature

value delivered by the terminal voltage technique is not systematically
lower than the peak temperature measured by infrared thermography.
This is can be explained by the averaging effect due to the molybdenum

plate on the top of the IGBT chip.
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Modeling the Gate Oxide Reliability
in IGBT Devices

Time dependent dielectric breakdown (TDDB) is a wearout mechanism of

thin dielectric films stressed by an electric field, which consists in the

sudden loss of the insulating properties of the dielectric. It can be

distinguished into two phases. During the first phase oxide damage is

accumulated within the thin film. The second phase is triggered as soon a

critical level of oxide damage is reached, leading to a thermal runaway

process, which results into the local destruction of the thin oxide layer.
Under normal circuit operation conditions, TDDB is not observed in

defect-free (intrinsic) gate oxides. However, if in oxide layers thicker

than 20 nm an electric field in excess of 8-9 MV/cm is applied, the

breakdown of the intrinsic oxide can occur. The critical reliability issue

for gate oxides is the defect-related (extrinsic) breakdown. In fact,

extrinsic breakdown causes random failures of the thin oxide even under

normal operating conditions. In both cases, the time required by an oxide

107
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to breakdown (tBD) has a very strong dependence on the applied oxide

electric field and also depends on the temperature.

Usually, TDDB is investigated under accelerated conditions, i.e. at high
field stress and at elevated temperature. In order to extrapolate the high-

stress data down to the normal operating conditions of a device, both the

degradation mechanism and the statistical occurrence must be accurately
known.

The scope of present Chapter is to develop an analytic model for

predicting and for designing the field reliability of gate oxides used in

IGBT devices basing on the results of accelerated tests. The usual

questions of technical relevance to be answered are: How to condition

samples for performing lifetime measurements ? How to perform
accelerated tests under voltage acceleration ? Flow to describe and

parameterize experimental data ? How to predict the lifetime of devices

under normal operating conditions ? How to design a screening for

realizing a pre-defined failure rate while minimizing the yield loss ?

For answering these questions, we will firstly review the main physical
models for intrinsic breakdown, with particular emphasis on the 1/E-

model. Then we will introduce the field acceleration factors, basing on

the effective thickness model and on additional empirical models. After

that the TDDB will be investigated from the probabilistic point of view,

in order to take into account both the effects of intrinsic and extrinsic

breakdown. TDDB will be described with a statistical model, which bases

on the Weibull distribution and we will derive analytically the most

relevant reliability parameters. Moreover, lifetime models will be

developed, which make use of experimental data provided by accelerated

constant voltage and linear voltage ramp stresses. Finally, the developed
models are will be used for computing the set on of the thin oxide wear

out and for designing optimal screening procedures.

5.1 Phenomenology

The physics behind the wear out process, which leads first to the

degradation and then to the breakdown of gate oxides submitted to high
electric fields is rather complex, and up to now no model is universally

accepted. However, there is general consense on the fact, that breakdown

is the result of a continuous degradation of the volume-interface
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characteristics of the dielectric [82]. The degradation behavior of gate

oxides is strongly correlated with the local non-idealities of the dielectric.

For this reason, the failure-free operating times of devices due to the

TDDB has a statistical character highly dependent on the nature and on

the density of oxide defects, which are either native or created during the

stress.
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Figure 5.1 Cumulative distribution in Weibull representation (see Equation 5.31)

of the failure-time of a thin gate oxide with t0K = 50 nm, submitted to constant voltage

ramp stress at IV/s from [83] and converted to constant voltage stress at 3 MV/cm

with Equation 5.5.

In Figure 5.1, we can distinguish three types of statistical populations, as

suggested by the presence of three linear regions. The first sub-population
with the lowest time to breakdown is associated with severe process

flaws. The intermediate sub-population is due to less severe point defects

caused again by technological processes. The last sub-population in

Figure 5.1 is related to the intrinsic properties of the dielectric (e.g.
bonding energy, lattice strength, etc.). The technological causes

associated with these types of oxide defects in power BiMOS structures

have been investigated in very detail in [83], and generally for silicon

technologies in [84.85]. In the case of voltage ramp tests, like that

represented in Figure 5.1. defects are classified according to the

maximum field strength. Three classes are usually defined. Class A

includes those oxides, which fail for EBD < 1 MV/cm, and which would
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result into early failures in the field, if they were not screened. Class B

includes those oxides, which fail at an intermediate EBD lower than the

intrinsic value and which are commonly called extrinsic oxides. Class C

includes those oxides, which fail at the highest EHD, due to intrinsic

mechanisms. In the following, it is implicitly assumed that all oxides

belong to the classes B and C, while Class A oxides have been

preventively eliminated by an appropriate screening procedure.

5.2 Intrinsic Oxide Breakdown

Wearout phenomena are observed to occur in oxides prior to breakdown.

There are four main physical parameters, which degrade during oxide

stressing at high electric fields, and that are usually correlated with the

occurrence of TDDB. They are the interface trap density, the trapped
oxide charge density, the hole fluence, and the density of neutral traps.

The relevance of every parameter and the related experimental evidence

are discussed exhaustively in [86]. The time dependence of the TDDB is

usually modeled by assuming that during stress, one among these

parameters increases up to a fixed critical level. At this time, the local

density of traps is sufficiently high to build a conductive path through the

oxide and to lead to thermal destruction of the dielectric. Thus, the

problem of the time degradation of the dielectric properties of an oxide is

translated into the investigation of charge trapping phenomena and of the

generation of traps. There are numerous models, which are in use

nowadays. The most popular are:

Anode hole injection model [87] - This model assumes that, when the

electrons injected from the cathode reach the anode with enough energy,

they relax by impact ionization creating energetic holes, which can be

injected back to the cathode. The hole current y is related to the electron

current je by 188]

JP = a(E)jl (5.1)

where a is the probability for a tunneling electron to create a hole, which

is injected back to the cathode. The holes that are generated can either be

trapped [89], or create new traps within the oxide [90].

hydrogen release model [91] - In this model the electrons emitted by the

cathode impinge in the anode with sufficient energy to release hydrogen
at the anode-oxide interface. The free hydrogen ions diffuse towards the
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cathode, creating charge traps within the oxide. This model is supported

by experimental results, which demonstrate that oxides with high content

of hydrogen show a reduced lifetime [92].

ihermochemical model [93] - This model postulates that the trap

generation mechanism does not depend on the carriers injected by the

electrodes, but that traps are generated by the breakage of Silicon-Silicon

bonds caused by the local electric field.

Electron trapping [941 - The model assumes that during stress no new

trap is created and the pre-existing traps are just filled by electrons. The

breakdown occurs as soon a critical amount of negative charge is reached.

The model bases on very simple assumptions, but it neglects the fact that

the density of the different trapping centers increases during stress.

Although these models seem to be very different in nature, almost all

(except the Ihermochemical model) can be related more or less directly to

a damage generated by hole transport through the oxide.

Dependence of tBD on the electric field of intrinsic oxides - All previous
models, excepted the anode injection model, results into a time-to-

breakdown (tBD) of the gate oxide, which is proportional to the electric

field (E-model) [95]. On the contrary, the anode injection model provides
a dependence, which is inverse proportional to the electric field (1/E-

model). The E versus 1/E controversy continues for many years, due to

the fact that both models can fit TDDB data rather well over a limited

range of the electric field. Since the discussion about the choice of the 1/E

or of the E model is outside the scope of this work, and since it is mostly

arbitrary, we will consider in the following those aspects of both models,

which can be used for heuristic modeling of the experimental data. Both

models are deterministic, i.e. they deliver expressions for the time tBD,

without providing any information about the statistical distribution of the

breakdown events.

Dependence of tBD according to the 1/E-model - Basing on the fact that

tBD and hole generation rate have very similar dependencies on E, the

model assumes that the rate of oxide damage (D) is proportional to the

hole generation rate and breakdown occurs when a critical amount of

damage (Dcnl) has been sustained by the oxide [96J. The holes are

assumed to be generated by impact ionization within the oxide, when
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electrons tunnel from the cathode to the anode. The generation

probability «has following field dependence [97]

H

a(E) = K0e~c (5.2)

where K0 is a constant and H is a parameter, which depends on the oxide

thickness. Furthermore, the Fowler-Nordheim current jrN, which is

injected through an oxide if an electric field E is applied, is

A ^/J

jIN=AE2e~L ~A'e~r (5.3)

where A and B are two constants related to the electron effective mass in

the oxide conduction band and to the barrier height between Silicon and

oxide. Since the quadratic term in Equation 5.3 is a slower function of £

than the exponential function, it has been approximated by a constant.

The failure criterion can be rewritten in integral form as

'HI)

Dllll = jjni(E)a(E)dt (5.4)
0

If we assume that the charge trapping is negligible during stress, i.e. jFN
and a do not depend on the time, the integration of Equation 5.4 is

straightforward and yields

tBD=— e'E =T0ev (5.5)
tut

In Equation 5.5 the field oxide has been expressed through the applied
voltage Vox and through the oxide thickness tox. This approximation is

correct, if Vox is much larger than the flat band voltage. Equation 5.5

represents an accurate model of tBn for tox < 7 nm, i.e. when charge
trapping during the stress can be reasonably neglected. In this case, the

room temperature values of the parameters Tt) and G are in the 10 ps and

350 MV/cm range, respectively [98]. Although in thicker oxides, electron

trapping plays a non-negligible role, it has been observed empirically
[97], that tBD still depends exponentially on the inverse applied electric

field. However, in this case, the parameter G in the exponent of Equation
5.5 can exceed 500 MV/cm, and it has no direct physical interpretation.
Thus, to predict the lifetime at low-field, one must rely to accelerated

testing for extracting experimentally T0 and G. The usual procedure to be
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followed in this case is to perform firstly a constant voltage ramp test (at

a typical rate of 0.5 V/s) for the determination of the maximum field

strength EBD.

Figure 5.3 Emitter contacts of IGBT cells after selective removal of the aluminum

metallization and deposition of a transparent gold layer. (Optical image 400 x).

Figure 5.4 Light emission at the gate-emitter overlapping region of the IGBT cells

represented in Figure 5.3 during Fowler-Nordheim injection through the gate oxide, at

an injection current of 2 uA. (Emission microscopy image, 400 x)

The second step consists in a constant voltage stress realized at an initial

electric field, which does not exceed 80% of EBD. x0 and G should be then

extracted from the sub-population, which belongs to Class C, according
to previous definition. Both tests should be carried out preferably at a
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temperature, which is representative for the operation conditions of the

device. In this way, incertitude due to unknown temperature acceleration

factors is simply avoided. Measurements on gate oxides with tox = 35 nm

indicate values of T0 in the 60 ps range and G in the order of 330 MV/cm

[99].

In Figure 5.4 and 5.5 the emitter metallization of an IGBT device has

been removed selectively and a semi-trasparent gold window has been

deposited according to the procedure presented in Section 3.5.4. After

applying a field oxide of 6.5 MV/cm across the gate oxide, the electro¬

luminescence arising from Fowler-Nordheim injection in the channel

regions can be easily detected.
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Figure 5.2Fowler-Nordhcim characteristics for a thin (9 nm) and a thick (90 nm)
oxide. At high electric field, the characteristic of the thick oxide deviates from the

behavior predicted by Equation 5.3, due to enhanced hole trapping.

The model of Equation 5.5 holds, if the injected current follows the

Fowler-Nordheim behavior indicated in Equation 5.3. Figure 5.2, which

represents the Fowler-Nordheim injection characteristic of a 9 nm oxide

compared with that of a 90 nm oxide, shows that this is not the case for

thick oxides with tox > 14 nm. In fact, we can observe, that for inverse

fields ranging between 0.12 and 0.16 cm/MV, both curves have the same

slope, showing that both samples are in Fowler-Nordheim injection
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regime. For higher fields, the curve related to the thicker oxide exhibits a

steeper slope, while the injection in the thinner oxide continues to be

represented by Equation 5.3, (i.e. a straight line in the Fowler-Nordheim

representation of Figure 5.2). This deviation from the Fowler-Nordheim

behavior, which is observed in thicker oxides, is usually attributed to

enhanced trapping of positive charges (holes) [80,81]. Thus, it is evident,

that the use of Equation 5.5 for extrapolating the lifetime down to low

field conditions of gate oxides, which have been stressed at a regime
where hole trapping dominates, will result into a pessimistic estimate of

tBD. For this reason, constant voltage stresses of thin oxides must be

performed at a field that is below the threshold field Elh at which such an

effect occurs [81 J. This is the reason of the field scaling recommended

above. The value of Elh for highly intrinsic oxides as a function of the

thickness can be approximated by the maximum field strength EBD. By

using an empirical expression for t(n > 20 nm, and basing on the data in

[100], we have

£/A«Efl/) = 8.4 +— [MV/cm] (5.6)

Equation 5.6 describes the case of a constant voltage stress. However, tBD

can also be extracted with faster stresses, like linear or logarithmic

voltage ramps. In fact, within the range of validity of Equation 5.3, we

can rewrite the integral of Equation 5.5 in order to compute tBD for an

arbitrary stress E(t), which depends explicitely on the time. For this

scope, we introduce again a normalized damage function D(t), which is

one when the cumulated damage reaches D(lll (i.e. at tBD). The assumption
of linear damage cumulation yields

<rm >m>f Gf.n V i t'm C> '
,

1= jdD = j\ r/1'"' dt = -^je 'A,) dt (5.7)
/ ^~o o

In the elementary case of a linear voltage ramp with slope r we have

Vm(t) = rt, The parameter measured during this test is the voltage to the

breakdown vBD = k„(4->) = rt'hD. The integral in Equation 5.7 has no

analytical solution. The approximated solution of Appendix 2 yields

f~* ( Ï/" '

ln(r ) +— t -In

BD

BD 0 (5.8)
\rT()Gj

If VBD is measured, the numerical solution of the transcendental Equation
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5.8 delivers tox. The computed value of tox can be then inserted into

Equation 5.5 for obtaining the lifetime tBD of the oxide at constant voltage
stress.
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Figure 5.5 Numerical solution of Equation 5.8 for different values of G and for x0

= lOps

Figure 5.5 represents the solutions of Equation 5.8, as a function of VBD.
We can see that for tox > 16 nm, tox increases linearly with VBD over a

broad range of VBn.

It is important to notice, that in the case of extrinsic oxides, the value of

tox computed according to Equation 5.8 is smaller than the nominal oxide

thickness. However, if the most severe defect that caused the breakdown

event is interpreted as a local oxide thinning, tox can be regarded as an

effective oxide thickness tilf. The effective oxide model is investigated in

more detail in Section 5.11.

Temperature acceleration factor - Oxides are more vulnerable to hole

transport at higher temperatures. This is due to the fact that holes produce
enhanced damage at higher temperature [99k tBD depends on the

temperature over the parameters rn and G, that is

G(l)>
,

tBD(T) = r0(T)e^ (5.9)
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where T is the absolute temperature, k the Boltzmann constant (8.6 10's

eV/K) with [101]

0 2S r Q

r0(T) = 5.410" e~kT \s\ G(T) = 120+— [MV/cm] (5.10)
kl

The activation energy £„ of oxides thicker than 10 nm. has been found to

increase with tox (and thus with tBD) according to the empirical relation

tm{T) oc e« (5.11)

where

E =5.8 -^--0.28 \eV] (5.12)
V

Dependence of tBD according to the E-model - The E-model, as it has

been introduced by [102], is based on empirical observations and

postulates that the time tBn, which is necessary for a given quantile of the

distribution to be failed, depends exponentially on the applied electric

field E

tm~e-* (5.13)

Thus, if tBM is the time to the failure measured at field E0, tBD1 at a field E1
can be extrapolated by

t =t <f(/!^o) C5 14)

The field acceleration factor /strongly depends on the oxide thickness.

An empirical relation for y at room temperature as a function of tox (valid
for tox > 15 nm) can be derived empirically from the measurements cited

in [103]

y{t,n) = 5.3 \n(tm) + 76.1 (5.15)

where the oxide thickness is expressed in cm.
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Like in the case of the 1/E model, the field acceleration factor depends on

the absolute temperature T. Empirical relations describing the behavior of

tBD as a function of T are given in [95 ].

5.3 Breakdown of extrinsic oxides

Oxide degradation depends largely on the distribution of the oxide

breakdown voltage, which is dependent on the defect density. The defect

density is affected by the gate electrode material, by the thickness of the

film, by the defects in the substrate, by the oxidation method, by the

implantation steps, and by contamination. They are also affected by the

three dimensional structure of the gate area that is based both on design
and manufacturing process. The technological causes associated with

these types of oxide defects have been investigated for power BiMOS

structures in [83], and generally for silicon technologies in [84,85].

Figure 5.6 Emission image of a MOS capacitor with t0, = 50 nm during Fowler-

Nordheim injection before breakdown. The electro-luminescence within the bright
regions is more intense, indicating enhanced current injection. (Emission microscope
image. lOOx)

In the MOS capacitor of Figure 5.6, electrons are injected from the

substrate to the polysihcon anode by Fowler-Nordheim tunneling. The

brighter locations in the electro-luminescence image indicate regions with

enhanced Fowler-Nordheim injection (probably due to the thinner oxide).

Figure 5.7 shows the same capacitor after breakdown. The light emission
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just occurs at the breakdown site, which does not correlate with the

region of enhanced emission in Figure 5.6. This illustrate the fact that, if

there is no systematic oxide thinning effects (e.g. bird's beak) or heavy
metal contaminations, the most severe oxide defects, which lead to the

breakdown are very localized weak points.

Figure 5.7 Emission image of the same MOS capacitor than in Figure 5.6 after

breakdown (emitting spot). The breakdown site is indicated by the emitting spot,
which is not located where enhanced electro-luminescence has been observed

(emission microscope image, lOOx).

5.4 Probabilistic Model

In recent years, a probabilistic model of TDDB that combines intrinsic

and extrinsic breakdown has been proposed on the base of heuristic

considerations [ 104]. In the following, we will reconsider critically the

probabilistic background of this model, in order to derive analytically
relevant reliability parameters, like the failure rate and the survival

probability. In particular, we will clearly distinguish between the

formalism for the mixture of distributions and the distribution arising
from competing risks.

If we consider a population of n devices, which are operated in the field,
we can distinguish two cases. In the first case, the n devices are

subdivided in m sub-populations, each of them failing due to different

failure mechanisms. In the second case, every device is affected by m
failure mechanisms, and the operating life of every device is terminated
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by the failure mechanism, which occurs at first. Although these two

situations seem very similar, from a statistical point of view they are

substantially different. In the first case one speaks of mixture of
distributions, while in the second case of competing risks.

Mixture of distributions - If the failure-free operating time due intrinsic

and the extrinsic breakdown is described by the probability density
function f and fe, respectively, and the occurrence probability of both

breakdown types are p, and pe. respectively, we can write the resulting

probability density function as

f(t) = p,f(t) + pj((t) (5.16)

where

P,+Pi=l (5.17)

Basing on the relations in Appendix 1, we have for the cumulative

distribution function

Eft) = lf(t)dt = pFft) + PF(t) = p,(l- R,(t)) + P[{1~ RM)

for the reliability function

R(t) = PlRXt) + PA(t) (5-19)

and for the failure rate

f(t)_PlfXt) + p,fXt)
Ht):

R(t) pRM + P.Rir)

P>
.X(t) + —£-

—At(r) (5.20)
pA(t) + PM) PR(t) + pM)

From Equation 5.19, it can be seen that the survival probability decreases

proportionally to the slower reliability function, while from Equation
5.20, it is clear that the resulting failure rate is a weighted sum over the

failure rate of every failure mechanism.
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Competing risks - Let now consider a single device. If the failure-free

time due to the intrinsic breakdown is the random variable t, and that due

to the extrinsic breakdown Te, the device will fail for t = min(T,,xt). In

other words, the reliability block diagram of the device is constituted of

two items connected in series, each of them with its own distribution. The

reliability function of such a series structure is given by

R(t) = R,(t)Rt(t) = i-F(t) (5.21)

the failure rate by

X(t) = Xft) + X(t) (5.22)

and the probability density function

f(t) = R(t)X(t) = RR zi+/?,/? ^=RXt)fXt)+Rt(t)fM (5-23)

where/) and f are the density functions associated with the intrinsic and

the extrinsic mechanism, respectively. Both models can be easily

generalized to the case of k different failure mechanisms with their

associated probability density functions f.

The mixture of distributions is suitable for describing the time evolution

of an inhomogeneous set of devices composed by k different lots with

different quality. On the contrary, the competing risk formalism is more

adequate to model a homogeneous set of devices characterized by a

statistical defect distribution. Since the last is the most interesting case in

reliability testing of thin oxides, it will be treated in more detail in the

following.

5.5 The Statistical Model

The scope of this section is to describe quantitatively the cumulative

distribution of the failure-free lifetime of an homogeneous population of

thin oxides, which has been measured under accelerated stress conditions

(e.g. enhanced gate voltage). The selection of the distribution for

modeling the measured data is often arbitrary. Once the model has been

selected the related parameters are firstly estimated by the maximum

likelihood technique and then the goodness of the fit is quantified by an
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appropriate hypothesis (e.g. Kohnogorov-Smirnov test). Nevertheless, it is

common to use physics-related distributions. There is enough

experimental evidence that the empirical cumulative distribution of the

failure-free times measured during TDDB experiments can be

approximated at least piecewise by a Weibull distribution (Figure 5.1) as

it is defined in Appendix 1, or in the equivalent alternative form

F(f) = l-e ["
(5.24)

where ?] is the reciprocal of the scale factor X.

From a physical point of view, this is an expression of the fact that the

TDDB is a process governed by extreme values, i.e. by the weakest oxide

at a given time. Since the weak sub-populations can be filtered out either

through appropriated data censoring or by adequate screening of the

devices, we can restrict our discussion to the case of a bimodal

distribution, without loss of generality. Thus, we can assume that the

overall empirical cumulative distribution is the result of the competition
of intrinsic and extrinsic breakdown, being both processes described by
their own Weibull distribution of the form

Fe(t) = l-e[iu] (5.25)

for the extri nsic part, and

F(r) = l-^'7?'°' (5.26)

for the intrinsic part.

The point estimate of the scale and shape parameters for both

distributions can be extracted analytically from the experimental data,

according to the procedure presented in Section 5.6.
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5.6 Application of the properties of the Weibull distribution

The Weibull distribution as it has been introduced in Equation 5.24 is the

generalization of the exponential distribution. For a shape factor ß less

than one (more than one), it results into a monotonically decreasing

(increasing) failure rate. The Weibull distribution has very useful

properties, especially when investigating series models whose elements

have independent failure-free operating times x, which are Weibull-

distributed. In fact, it can be shown 1105,106] that the distribution of the

smallest x related to every series elements is again a Weibull distribution.

In particular, the reliability function of n identical series elements can be

written as

(

R,ft) = (Rl(t))" =
Y

= e (5.27)

where

1 1
—- = --n

i//? (5.28)

Thus, referring the failure rate Xn of the n series element to that of a single

element X, yields (as expected also from Equation 5.22)

Kit)

Xft)
n (5.29)

Similarly, building the ratio of the survival probability Rn of n identical

elements in series with the survival probability of a single element R}
results in

my (5.30)

forn

series
elements,therelated

cumulative distributions F1 and Fn are

Moreover, since the shape factor ß is the same for a single element and
forn

series
elements,therelated

cumulative disti

parallel straight lines in the Weibull representation

I

W^t)-log
( f

log
V V

\\

\-F(t)
w i )

(5.31)
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The vertical shift between the two cumulative distributions in the Weibull

representation is easily computed in

W>Xt)-Wl(t) = \og(n) (5.32)

In a similar way, we can compute the horizontal shift occurring between

the time tn, required for realizing the / quantile of failure in the series

structures of n elements, and the time tt, required by a single structure for

reaching the same quantile of failure. In the Weibull representation we

have

log(0-log(f2) = log(«,//s) (5.33)

Equation 5.33 yields the time transformation

t±
= n[lß (5.34)

ti

Equations 5.28 through 5.34 can be directly used for extrapolating the

reliability of n identical IGBT chips operated in the field, if the reliability
of a single chip is known. We assume here, that the cumulative

distribution is a Weibull. In the case of competing extrinsic and intrinsic

risks, the resulting cumulative distribution is reasonably approximated by
a single Weibull distribution (the extrinsic distribution) up to the turning

point expressed by Equation 5.54.

A further application is the extrapolation of the reliability of a real device

with gate oxide area An from accelerated tests performed on gate oxide

test capacitors of area Ac. For this scope, the variable n has to be re¬

defined as

n-^2- (5.35)
Ac

The area Ac is the result of a trade off, such that it is small enough for

satisfying reasonably Equation 5.35, and it is large enough to produce a

defect-related distribution, which is representative for macroscopic
devices. By inserting Equation 5.35 into Equation 5.34, we have
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rAy>

\Kj
(5.36)

A similar dependence has been observed experimentally [83] to occur

also in the case where the oxide defects are distributed along the

perimeter of the gate. In this case, the gate oxide area has to be replaced
in Equation 5.20 by the perimeter L, yielding

(j \,p
Ljc

(5.37)

Analytical extraction of the scale and of the shape parameters - If the

scale and the shape parameters of the extrinsic and intrinsic distributions

of Equations 5.25 and 5.26 are well separated, we can compute

analytically the related point estimate Ï] and ß from the initial (extrinsic)

and the final (intrinsic) tails of the measured cumulative distribution. The

proposed procedure is based on the fact that, if represented in the

appropriate co-ordonates system, a Weibull distribution appears as a

straight line with slope A„ and intercept Bw. In this co-ordinates system

Aw and Bw can be estimated according to the least-squares criterion, and

thus they can be expressed in terms of the empirical correlation and of the

regression coefficients. From Equation 5.31 we have that the searched co¬

ordinates transformation is

x=log(Oandy, = W(F)

and after introducing the mean values

1 " 1 "

* = -Xx,and y =
-X y, (5-38)

n ,=i n ,-\

we have

Ë(A'.--vAy,-.v
ß = K= ,„'" _,;

— (5.39)

V 7=1 /-I

and
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-4f

77=10
KBw-\og([oS(e)

(5.40)

where

E(*,-*)(>'.-?)
B =-

11

Xk
(5.41)

— X

5.7 Lifetime Prediction

In the following we will discuss the statistical description of data from

accelerated experiments.

The model Equations 5.21 through 5.23 combined with Equation Al.5

through A1.9 in Appendix 1 delivers the exact form of the resulting
cumulative distribution

F(t) ,
at

= l-e
-(i)

den si ty function

(5.42)

/(') =
fyV"1 /3/*V^Ä 1

+

n,

1

a /1 \ft

'i i n,
(5.43)

reliability function

/ Vj' f t f

R(t) = e
di< 'i

(5.44)

and failure rate

X{t) (A
j-]

+

n

f-T (5.45)
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Equations 5.42 through 5.45 are of practical interest, since they enable to

compute almost all relevant reliability parameters starting from

experimental data. The computation is purely analytical and avoids the

well-known numerical instabilities due to the numerical processing of

very large number required by the traditional approaches.

5.8 Lifetime prediction by using an invariance principle

For sake of simplicity, we focus our attention to the case of a single-mode
distribution (e.g. the extrinsic population). We assume that while

stressing this population at a given gate voltage, both the weaker and the

stronger oxides are degraded by the same failure mechanism and that the

time to the failure of each individual only depends on the gravity of the

most severe defect by which it is affected. As it has been shown in [105],
this process is described by the extreme value statistics and the failure-

free times associated with every individual are Weibull-distrihuted. If this

experiment is repeated under the same experimental conditions but at a

lower gate voltage than before, we will obtain in general higher values of

the failure-free times. However, since the failure mechanism is assumed

to be always the same, the extreme value statistics will apply also to this

case and the failure-free times will be again Weibull-distnhuted. This fact

correlates with the experimental evidence. The invariance of the statistics

is used here for deriving the general form of the transformation, which

enables to extrapolate the lifetime measured with accelerated tests down

to operating conditions. The statistical considerations above imply that

there is a function, which transforms the time ta measured at accelerated

stress conditions into the time variable t at operating conditions, such

that the distribution function is kept invariant. If we take into

consideration the non-linear time function

'.i-Hw=>o - (5-46)

where t0 an Tare both constant (with the dimension of the time variable),
one can easily show that it is an invariant co-ordinate transform, which,

once applied to a Weibull distribution, provides again a Weibull

distribution. The transform in Equation 5.46 is quite general and

corresponds to a linear time transform in the Weibull representation.

For p=J the transform 5.46 delivers a time scaling by the constant factor
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tJx, while keeping unchanged the shape factor of the distribution. In the

Weibull representation, applying such a transform to a Weibull

distribution yields a straight line, which is parallel to the initial

distribution. Equation 5.46 can be rewritten in differential form as

dt =^dt =qdt (5.47)
op II 1 tl v '

T

such that the constant q can be interpreted as a time acceleration

(deceleration) factor. Being q a constant, the acceleration factor is the

same for all gate oxides belonging to the population under consideration.

Thus, it does not depend on the failure-free time of the individual, as it

would be the case for an arbitrary value of p. In fact, the general case

vields

(5.48)

In Equation 5.48 the acceleration factor depends on the failure-free time

measured under accelerated conditions. In other words, the acceleration

factor is a function of the gravity of the defect causing the failure of each

individual during the accelerated test. In addition to a time scaling, the

general form of the time transform produces a change of the shape factor

of the distribution. In the Weibull representation, the transformed

distribution is again a straight line, but it is no more parallel to the

representation of the initial distribution. Finally, it can be easily shown

that, being i]a and ßa the scale and the shape factor of the distribution

measured under accelerated conditions, the scale and the shape factor r\op
and ß of the transformed distribution are expressed as

(n Y-^ (5.49)
V x 1

%> = t0

and

A,p=— (5-50)
p

Thus, the survival probability Rop(t) at operating conditions can be

computed from Equation 5.44 and be expressed in terms of the

distribution parameters t]u and ß
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KXt) = e

t\"\
<la tn

(5.51)

In a similar way, we obtain the failure rate at operating conditions X (t)

X (t) =
op V /

Ai
P h

-T (ifrY)

v'o v Jl J
(5.52)

Both Equations 5.51 and 5.52 have been derived under the assumption
that the contribution due to the intrinsic failure can be neglected, i.e. the

intrinsic distribution has be assumed to be constant and equal to one.

There is experimental evidence that under normal conditions the shape

parameter of the extrinsic distribution is less than one, whereas that of the

intrinsic distribution exceeds the unity. Thus, basing on Equation 5.45,

we can conclude that the failure rate of the whole population decreases up

to a turning time tT (where it reaches a minimum) and after that it rapidly
increases due to the occurrence of wear out failures. The most convenient

way to determine the turning time tTop'àt operating conditions is to start

from tTa measured at accelerated conditions. Thus, after differentiation of

Equation 5.45 and by introducing the parameters rjeil, ßca, r\ia, and ßul as

they have been measured by accelerated testing, we have

tr =

Ta

A,(AM^k:

AiA„-iRf

-A. V A

(5.53)

Finally, the time transform of Equation 5.46 delivers the requested result

Y
t, -L
lop 0

x J
(5.54)

It should be noticed that, if TDDB were the dominant failure mechanism

in IGBT devices, Equation 5.54 would represent also the upper limit of

the useful life of a device. In fact, operating a device beyond tT would

result into a rapid decrease of the survival probability of the device.

Numerical estimates of this parameter indicating that under normal stress

conditions tTnp exceeds by several orders of magnitude the useful lifetime

of a traction system, will be provided in the following, in conjunction
with the investigation of the different acceleration models. From a
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theoretical point of view, Equation 5.54 has a more general significance
than described above. In fact this equation applies to all failure

mechanisms, which obey to a bimodal extreme values distribution. In this

case, tT would represent the optimum time for replacing a device, in

order to retain the lowest failure rate (preventive maintenance).

5.9 Optimization of screening procedures

The scope of a screening procedure is to eliminate the weakest tail of a

distribution in order to realize a pre-defined failure rate during operation.
This task is a typical optimization problem. In fact, one aims to eliminate

the minimum amount of weak devices such that the reliability

requirements are fulfilled. If we consider that this phase takes usually

place when the IGBT chips are full-featured, we have that the

uncontrolled elimination of an excessive amount of finished devices

would reduce the process yield and thus it would turn into an economic

loss. On the contrary, the occurrence of early failures due to insufficient

screening would negatively impact the availability of the system.

In the following model, we assume again that early failures are just

produced by the first quantiles of extrinsic tail of the bimodal distribution.

This condition is fulfilled if the most severe process-related flaws have

been eliminated in a preliminary phase and the intrinsic failures occur

much later than the useful life of the system. In this case, the overall

distribution of the failure-free times can be approximated by the extrinsic

Weibull distribution, having a shape factor less than one (i.e. a failure rate

decreasing with time until tlop in Equation 5.54). The screening procedure
is assumed to be a storage for a time ts at an enhanced gate voltage Vs and

at a temperature, which is representative for the operating temperature.

Thus, the only acceleration factor considered here is that due to Vs, which

exceeds the nominal operating \oltage V0 of the device. In summary, the

problem to be solved is to find the minimum storage time ts, such that the

failure rate of the survivor devices operated at the nominal voltage V0 is

lower than a pre-defined value X0 over the whole useful life. Since the

failure rate of the population under consideration always decreases with

time, this problem has a solution.

As a first step, the time tr is computed, which is needed by the

unscreened population for reaching the pre-defined failure rate X0. By

using Equations 5.45. 5.49 and 5.50, we have
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t, = 11
lop /(>/

(5.55)

The inverse time transform of Equation 5.46, yields the requested
solution

ts = X

ft V
Fop

V to )

(5.56)

At the end of the useful life tH (typically 30 years), the logarithm of the

survival probability R(t) of a device, which survived the screening is

expressed through

\nR{ti) = -\x{t)dt = -\ A,
i

t
v •

Vo

dt (5.57)
T V '°P J

Depending both on the oxide quality and on the pre-defined failure rate

(typically 100 FIT), the screening procedure can result into a dramatic

reduction of the process yield. The percentage Y of the devices which will

survive the screening as a function of the pre-defined failure rate X0 is

given by

YM (5.58)

and it is represented in Figure 5.8 for different values of the scale

parameter of the extrinsic distribution. It can be seen that for a rje in the

range of JO18 s (which is representative value for a reasonable extrinsic

oxide operated at 3 MV/cm) and for a failure rate of 100 FIT, the yield of

the screening; is better than 0.95.
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Figure 5.8 Yield of the screening process for realizing a pre-defined failure rate

computed for ßop = 0.15 and n,op as parameter.

As practical example referred to IGBT devices, we consider the

cumulated distribution of Figure 5.7. In Figure 5.9, we represented

separately the three different sub-populations.
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Figure 5.9 Weibull representation of the three sub-populations in Figure 5.1.

The procedure in Section 5.6 delivers r\f - 1(Y s. ßf = 0.2, r\e = 1017 s, ße
= 0.14, rji = 102' s, and A = E5. It is value to notice that the scale and
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shape parameters measured for this 50 nm oxide are in very good

agreement with the data provided in LI04] for 10 nm oxides. Thus,

combining the results of the extrapolation in Figure 5.9 with the curves of

Figure 5.8, we can conclude that performing a screening for realizing a

failure rate lower than 100 FIT will produce the elimination of the whole

freak sub-population and of about 10% of the extrinsic sub-population.
This would result into an overall screening yield of 0.8.

5.10 Interpretation of the quasi-intrinsic model

If we assume that the whole population of gate oxides subjected to the

voltage stress behave in the same way as an intrinsic oxide of nominal

thickness t,, we can use the degradation law of Equation 5.5, which yields

^
= /£ (5.59)

and

t c,±
im„, v

%

= e
v'" (5.60)

After building the ratio of previous equations, building the differentials,

and rearranging the terms, we have

-—~ = e =q (5.61)

Basing on Equation 5.47 one can conclude that the acceleration factor is a

constant. Since this equation corresponds to the case where p = 1, the

transformed distribution is just shifted along the time axis and it has the

same shape factor than the initial distribution.
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5.11 Interpretation of the effective thickness model

In order to apply the effective thickness model for describing the

degradation with time of extrinsic oxides, we can reasonably assume that

the effective thickness of the samples which survive the pre-screening

phase exceeds 70% of the nominal gate oxide thickness. Thus, if an

accelerated stress is performed at an electric field, which is 75-85% of the

critical electrical field defined in Equation 5.6, almost all samples are

stressed in the Fowler-Nordheim regime, since they are reasonably far

away from the condition for enhanced hole accumulation. Under this

assumption, the differences in the aging behavior of the different samples
refer to the differences in the effective thickness, only and the parameters

x0 and G in Equation 5.9 can be considered as constant. In the case of the

accelerated stress, Equation 5.9 can be rewritten as

nn„ x0e (5.62)

Since all parameters in Equation 5.62 are known excepted tejp the

equation can be solved over the effective thickness teff

eft

YsL
G

In
'
an

V ro J

(5.63)

By inserting Equation 5.63 into Equation 5.62, expressed for the

operating conditions, we have

t = x
1

i) n
v r

"BD„

V T<> J

(5.64)

The acceleration factor can be determined by building the differential

dt„

YP { h J
dt
Lt '

BD (5.65)

Finally, by comparing Equation 5.64 with Equation 5.48, we can

conclude that
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P

v

V

and

(5.66)

t r= T = T
(o

l
k)

(5.67)

Thus, the time transform associated with the effective thickness model

transforms the Weibull distribution measured under accelerated

conditions into a Weibull distribution with scale and shape factors, which

depends on the relative applied stress, that is

Vo 1? ^
V

(5.68)

ß = -^-ß
r op Tr "a

(5.69)

In Figure 5.10 we represent the experimental scale factor of the extrinsic

distribution as a function of the oxide field, as they have been measured

in [104] and the model of Equation 5.68 with x0 = 10 ps and Eox = V0/tm.
All values of the model have been extrapolated from a single
measurement at E 10.4 MV/cm.
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Figure 5.10 Scale factors of the extrinsic distributions. The experimental values

taken from [104]. while the model is that of Equation 5.68 with i0 = 10 ps.

are
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Figure 5.10 shows that the proposed model predicts the experimental
scale factors within a factor of two over at least five decades.
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Figure 5.11 Shape factors of the extrinsic distributions. The 1/E-model of Equation
5.5 does not correctly fit the experimental values from [104], which are accurately

predicted by the E-model

Figure 5.11 represents the experimental shape factor of the extrinsic

distributions as they have been measured in [104]. The model of Equation
5.69 predicts that the shape factor increases with increasing field oxide,

that is the opposite behavior as it is observed experimentally.

On the contrary, if we assume a dependence of tBD according to the E-

model of Equation 5.13, we have

t = x' e"'c' (5.70)

where x0' and /are constants, which depend on the oxide thickness. By

keeping constant the oxide thickness and by repeating the procedure in

Equation 5.62 through 5.69, we obtain following time dependence

BIX,
x:

r

V ro 7

(5.71)

which yields
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A, = #-A, (5-72)
op E

op

The field dependence of Equation 5.72 predicts accurately the

experimental data of [104], as it is shown in Figure 5.11.

Furthermore, Equation 5.71 yields for the scale factor

(5.73)

Since the time to breakdown for an arbitrary field oxide is always smaller

than x0' (see Equation 5.70), and being r\u the time to breakdown of the

0.63-quantile of the distribution, the base of the power in the right side of

Equation 5.73 is always smaller than one. This results into a scale factor

decreasing with increasing field oxide, as it is expected from the

experimental data in Figure 5.10. A least-square fit of the experimental
data in Figure 5.10 delivers x0' = 1.2 I0's s (and y- 3.6 cm/MV).

5.12 Comparison with the IMEC model

Recently, an empirical model has been proposed [ 104] for predicting the

reliability of thin oxides in the 10 nm range. Basing on experimental
observations, the model assumes that the thin oxides within a given

population fail due to the competition of both intrinsic and extrinsic

breakdown. In spite of this assumption, the experimental data are

processed in [104] according to the formalism for the mixture of

distributions (see Section 5.4). This leads to some contradictory results,

which nevertheless confirm the validity of the competing risk model. The

model assumes a different wearout behavior for intrinsic and extrinsic

breakdown. In fact, the distribution of the intrinsic population is assumed

to depend on the applied electric field over a constant acceleration factor,

which just affects the scale factor. In other words, we have

ß,op=ß,o= 8-76 (5.74)
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nm =

^v-

V "p J

Gl-f~i
n
lie

(5.75)

On the contrary, scale and shape parameters of the extrinsic distribution

are described by the following empirical dependencies

ß.,, = ^ß.,
E

op

(5.76)

7)
1er,

<E^

V °P )

e
' '

e

C -L

'Ct,
(5.77)

It is interesting to notice that the field dependence of the shape factor is

exactly the same, as one would expect in the case of the E-model. In

opposite, the complex field dependence of the scale factor has been

approximated here by combining the 1/E and the E-model through the

fitting parameter ye, which is defined as

7,=
MQ AoP

c,
(5.78)

where A is the gate oxide area, while C0 = 86 cm2 and C, = 1.436

MV/cm are fitting parameters [ 104J.

The scale and shape parameters of the cumulated distribution arising from

a stress at an arbitrary oxide field can be extrapolated from the

experimental fact that for MOS capacitors with t/n = 10 nm and Acc,n = 0.1

cm2'at 10 MV/cm t]t = 599 s. i]L = 206 s. ß, = 8.76, and ße = 0.144
.

cap

Being the oxide area of an IGBT is in the 0.1 cm2 range and by assuming
the same degradation behavior for oxides thicker than 10 nm, we can

estimate all relevant reliability parameters by using the probabilistic
model developed in Section 5.4. As an example, we represented in Figure
5.12 the failure rate due to the extrinsic tail of the distribution for

different oxide field strengths. It can be observed that over the whole

useful life of a traction system (typically 30 years) the failure rate is

decreasing monotonically. Furthermore, in the case of oxide fields lower

than 3 MV/cm, it is far beyond 1 FIT even at the very beginning of the

operation.
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the electric field according to the field dependence introduced by [104]

The failure rate due to the extrinsic and to the intrinsic components has

been represented in Figure 5.13 for high values of the oxide field. As it is

predicted by Equation 5.45, the failure rate decreases until the wearout

mechanisms get dominant. For oxide fields below 6.6 MV/cm, the turning

point occurs after 11000 years operation, i.e. far beyond the useful

operating lifetime of a traction system.
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5.13 Final remarks and summary

After reviewing the most popular models for time dependent breakdown

and summarizing the main empirical relations, we answered in this

Chapter to five questions of technical relevance:

How to condition samples for performing lifetime measurements

How to perform accelerated tests under voltage acceleration

How to describe and parameterize experimental data

How to predict the lifetime of devices under normal operating
conditions

How to design a screening for realizing a pre-defined failure rate

while minimizing the yield loss

The discussion of these subjects has been focused onto the case of

extrinsic oxides thicker than 20 nm. Since the formalism we developed is

based on a statistical description of the failure mechanism, it enables to

derive the main reliability parameters in analytical form, even for the very

first quantités of the cumulative distribution. This property is of great

relevance, especially when developing lifetime models for traction

systems. In fact, the traditional deterministic models just predict the

average value of the lifetime. The concepts of mixture of failure

mechanisms and of competing risks have been formally defined, and the

related probabilistic models have been derived. The probabilistic model

for competing risks has been applied to the case of a cumulated

distribution consisting of an intrinsic and of an extrinsic part. The

formalism used for modeling these components of the distribution is the

Weibull statistics. The scaling rales, which apply either to the case of

multiple paralleled devices or to the case of devices exhibiting a different

oxide area, have been strictly derived from the properties of Weibull

distributions. Finally, for the first time the model for reliability prediction
has been derived basing on the principle of the invariance of the statistics.

Following this criterion, we have defined the family of time

transformations, which, once applied, transform a Weibull distribution

into a Weibull distribution. The resulting model has been validated with

experimental data. We also demonstrated that the time transformations

associated with the //E-model and with the E-model are both invariant

transformations for Weibull distributions. However, the only model,

which correctly predicts the experimentally observed dependence of the

distribution parameters on the field oxide is the E-model.



Chapter 6

Lifetime Modeling of the Bond Wire

Lift Off in IGBT Modules

6.1 Introduction

Reliability assessment with the use of full-featured IGBT modules is quite

expensive and in several cases even unfeasible. For this reason, testing is

usually carried out basing on dedicated test structures trimmed on a given
failure mechanism. The use of suitable models enables the extrapolation
of these data to real devices, under consideration of their complexity. In

this Chapter, we start from the results of accelerated tests performed at

discrete temperatures swings on single-emitter bondwire devices and we

develop a consistent model for extrapolating tf and the mean time-to-

failure of devices with a single emitter bond w7ire under an arbitrary

application profile. Additionally, we propose a model which takes into

account the complexity of real devices, in particular the parallel structure

of the bond wires. Finally, these models will be demonstrated in the case

141
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of a realistic application profile of a locomotive operated on the Swiss

railway network, as it has been proposed in the work of Zehringer and

Stuck [11

6.2 Characterization of the failure mechanism

Since the early '80s, bond wire lift-off (Figure 6.1) has been recognized
as a major failure mechanism affecting power devices submitted to

thermal cycles. The driving force of the mechanism is the mismatch in

the thermal expansion coefficients of aluminum (24 ppm/K) and silicon (3

ppm/K). During operation in locomotives, the junction temperature may

increase by 70 K. The maximum junction temperature T is in the 370

K range [1], and it is reached at a typical temperature change rate of 50-

100 K/s. This produces a differential elongation of the bond wire in

respect to the substrate of about 0.2%, and it results into a plastic flow of

the wire material, especially at the periphery of the bonding interface

where the shear stress reaches its maximum strength.

Figure 6. 1 Emitter bond wires aftei lift-off (left, 15x). Cross-section of an emitter

bond wire after thermal cycles (right. 110\). The crack propagates within the

aluminum bond wire, starting from the tail

Cyclic application of such thermomechanical stresses results in low-cycle

fatigue followed by progressive degradation of the contact resistance of

the bond. Due to the strong deformation experienced by the bond during
the welding process, the aluminum grain size in the outer bond region is

smaller than in the center, where the bond strength is lower. Crack

initiates at the periphery of the bonding interface and propagates along
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the transition region between coarse and fine-sized aluminum grains, until

the weaker central bond area is reached and the bond wire finally lifts-off.

In devices with multiple bond wires this failure mechanism affects

preferably those wires which are located close to the center of the chip,
where the junction temperature reaches the maximum. Thus, central

emitter bond wires normally fail at first, then they are followed by the

survivor bond wires which have to carry the full load. When the current

density within the survivor bond wires reaches a critical value, they melt

producing an open circuit. This failure mode represents the usual end-of-

life behavior of devices submitted to accelerated tests like power cycling.
In fact, during power cycling devices are operated quasi-statically and at

on-voltages which normally do not exceed 10 V. On the contrary, failure

analysis of field failures [17] has shown that the terminating mechanism

of devices operated at high voltages may be represented by the triggering
of parasitics due to the current crowding resulting from the bond wire lift¬

off.

Bond wire lift-off affects both emitter and gate bond wire. This can lead

to the conclusion that the level of the current flowing through the bond

wire does not play a dominant role in activating the failure mechanism. In

fact, measurements performed by infrared thermography have shown that

at least up to a current density of about 8 kA/cm2, the temperature of 300

pm aluminum bond wires under normal operating conditions does not

exceed the chip temperature. Of course, this is not true when almost all

emitter bond wires lifted-off. In this case, the current density through the

survivors may increase by a factor of 3 or more, resulting into a positive
feed back which highly accelerates the failure mechanism. However, it

must be noticed that such a level of degradation is rarely encountered in

devices operated in the field.

In the case of large temperature swings, for which Tim(n exceeds 380 K,
bond wire lift-off is usually observed in conjunction with the

reconstruction of the aluminum metallization of the device [17]. Both

bond wire lift-off and aluminum reconstruction are thermomechanical

phenomena, which are characterized by relaxation time constants in the

order of some few seconds. This does not apply to solder cracking, which

is an additional relevant failure mechanism of IGBT modules [26]. In

fact, the relaxation of thermomechanical stresses arising in solder joints
takes a time in the order of a minute. This difference in the relaxation

time constants is normally used for activating selectively these failure

mechanisms during accelerated tests [107|.
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From the electrical point of view, the bond wire degradation is followed

by an increase of the collector-to-emitter voltage (VCE) which is measured

at low collector current (typically 100 niA) [7]. When Vcn is represented
as a function of the number of thermal cycles, it shows a continuous in¬

crease (AVCL) until the bond wire is completely lifted-off (see Figure 2.6).

Reaching a pre-defined threshold of AVCE is commonly used as failure

critérium (typically 5-20% of the initial value). Besides this electrical

indicator, they are also mechanical failure criteria defined on the base of a

pull test. In this case, a population of bond wires submitted to thermal

cycles is said to fail, if the pull strength of given amount of individuals

(typically 20%) decreases below a pre-defined pull force limit. Electrical

and mechanical criteria are not equivalent and they are not easy to be

correlated. AVCL is normally used for accelerated test as power cycling,
where a pulsed collector current is forced into the full-featured device

(permanently set in the on-state) in order to realize temperature cycles of

constant amplitude at a constant mean temperature [7]. On the contrary,
the mechanical failure critérium is applied in the case of thermal cycling
[107], where large samples of single bond wires (mounted as they were in

a real device) are submitted to passive thermal cycles of constant

amplitude and at a constant mean temperature.

6.3 Accelerated Testing

The investigated test structures are IGBTs with a single emitter bond

wire. The aluminum bond wire is 350 pm in diameter and it is bonded on

aluminum bond pads directly deposed on silicon (without strain buffer).
Since creep has been shown to be negligible during fatigue testing of

bond wires [107], the devices are submitted to power cycles with a cycle
period of\? seconds. The working point of the device is set such that Tjmm
never exceeds 373 K, in order to selectively activate the bond wire lift-off

mechanism [7,107]. The degradation of the contact resistance of the bond

wire is characterized by on-line monitoring of AVCL, during the switch off

transient. The failure critérium, which has been assumed here, is a 10%

drift of Vcr with respect to the initial value. The details of the

measurement set-up are described in [108]. The results of the power cycle
experiment are represented in the log-log plot of Figure 6.2.
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Figure 6.2 Log-log representation of the power cycling data. The Coffin-Manson
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6.4 Modeling the number of cycles to the failure

By using the simple bimetallic model as an approximation for the

thermomechanical stresses arising at the interface of a joint between

aluminum and silicon when submitted to a temperature swing AT, we

obtain a total strain

eM = L(aAi-ajAT (6.1)

where aAl and aSl are the thermal expansion coefficient of aluminum and

silicon, respectively, and L the typical length of the joint. Due to the large
thermomechanical mismatch, the joint is operated in deep plastic regime.
Thus, it can be reasonably assumed that the full strain is mainly given by
the plastic strain

£ — F + F ~ F (6 "">)
0/o/ cl/awi< TCf4«i,, ^plasm W-W

Having the plastic strain, the mean number of cycles-to-failure Nf can be

computed by the Coffin-Manson law

Nf - £
"

/ »tos. (6.3)
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where the exponent n is a positive number. After insertion of Equation
6.1 into Equation 6.3, we have

A = a (AT)' (6.4)

where a is a proportionality constant. In our case, the parameters a and n

are extracted by regression of the average number of cycles to failure in

the log-log plot of Figure 6.2. Due to the large dispersion of the

experimental data, we consider also the pessimistic and the optimistic

regression parameters, which are represented by the dashed lines in

Figure 6.2.

6.5 Lifetime Modeling

As outlined in Section 6.1, we propose here a model for estimating both tf
and the mean time-to-failure of devices with a single emitter bond wire

which are submitted to an arbitrary application profile. In the following,
we estimate the contribution due to the topologic complexity of a real

module by investigating the related reliability block diagram. In the

model, we assume a degradation of the bond wires which depends

linearly on the number of thermal cycles. Under this assumption, a given
number of thermal cycles can be transformed into time just by

multiplication with the cycle period. The derived equations are valid if tf
and MTTF do not depend on the cycling frequency. This assumption is

correct when the thermal cycling period is much longer than the typical
relaxation time of the thermomechanical stresses within the aluminum-

silicon joint.

6.6 Modeling the mean time-to-failure (MTTF)

Each dot in Figure 6.2 is the average of the different number of cycles-to-
failure of devices cycled at the same AT. If the time-to-failure of these

devices are distributed according to a Weibull distribution with scale

parameter X and shape parameter ß, the MTTF is defined by
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. . r(i + i/)8)
MTTF(AT) = — — (6.5)

X

where Tis the complete gamma function [106]. Unfortunately, power

cycling does not provide sufficient experimental data for extrapolating the

parameters a and ß from a Weibull plot according to the traditional

procedure. Thus, every NfAT) has to be approximated by the point

estimate, as it has been made in Figure 6.2.

For N thermal cycles performed at a single AT during a given operating
time (e.g. 1 year), the cumulated fatigue function is defined as

. . f(N.AT) /r ,.

Q(N)^JA
1

(6.6)
N

where /is a generic function, Q(N) is monotonie and it is equal to 1 when

the bond wire failure occurs. The assumption of a linear fatigue damage
accumulation with the number of thermal cycles yields

QW = — (6.7)
N

As it has been shown elsewhere [1 ), the junction temperature of an IGBT

in railway traction applications is a strong function of the application

profile of the device, depending for instance on the line topography, on

the load, on the schedule, on the locomotive control (automatic, driver),

etc.

The frequency distribution of the thermal excursions encountered by the

device during a stated period of time (e.g. 1 year) is inferred from field

measurements [1], and it is usually expressed for a given application

profile as a histogram, whose envelope is g(AT). The incremental fatigue

damage produced by the thermal cycles within the interval AT and

AT+d(AT) of g(AT) is computed by

g(AT)d(AT)

a, (Ar)

Integration of Equation 6.8 and insertion of Equation 6.4, yields the

fatigue cumulated by a single bond wire during one-year operation
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Q(\ y operation) = f— -d(AT)
L Nr(AT)

1 "f g(AT) , ,
= - —

Ld(AT)
at AT'

(6.9)

Finally, by assuming that the application profile is constant over the time,

the mean time-to-failure of a single bond wire expressed in years is

simply given by

MTTF

ß(lv)
(6.10)

6.7 Modeling the time to the failure of the f-quantile (tf)

Like in Section 6.6, we assume that the number of cycles-to-failure of a

bond wire population which is cycled at a given temperature swing AT0 is

distributed according to a Weibull distribution. If X and ß are

experimentally known, the number of cycles A^ required for the/-quantile
of the population will fail is given by

c \
l

X

In

U-/VJ
(6.11)

Because X and ß need to be measured with high accuracy, thermal

cycling of single bond wires shall be preferred here rather than power

cycling of full-featured devices. If the shape factor of the distribution

does not depend on AT (performing the experiment at a different AT just
shifts the distribution along the cycle-axis) and if the dependence of Nfon
AT is the same than in Equation 6.4. we have for an arbitrary AT

Nl(AT)=Nl{ATtt)
( AT

AT
(6.12)

By proceeding like in Section 6.6, we have

Q(\y operation) =

sr 8(àT)

nXat)at .j at
l(AT) (6.13)
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By assuming again that the application profile is constant over the time,

the tj of a single bond wire expressed in years is simply given by

(2(1 v)
(6.14)

6.8 Modeling of the Complexity Factor

The influence of the complexity on the lifetime of a module is modeled

here by introducing a time-dependent complexity factor M(t), such that

MTTF
, =M(t)MTTT]me«] id N Z

and

t. = M(t) t
1 inixi»; 'i/ n

(6.15)

The complexity factor takes into account the gain (or the loss) in lifetime,

due to bond wires that are connected either in parallel or in series and it is

computed from the reliability block diagram of Figure 6.3. This

reliability block diagram refers to a device, which consists of C chips,
each having Ne emitter bond wires and a single gate bond wire. All Ne
emitter bond wires are in warm redundancy (parallel). On the contrary,
since the failure of a single gate bond wire causes the failure of a chip
(and then of a whole module), each gate bond wire appears as a series

element. For computing M(t), we distinguish three cases of practical
interest.

wt

l— \\h

wo

W!

\\F

WL 1—

alI—

wk]—

Figure 6.3 Reliability block diagram of a module with C chips (series

connection). In each chip there are NL bond wires in warm redundancy (parallel
connection) and one series gate bond wire
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Case 1

The time to failure of the gate bond wire is assumed to be much longer
than the time to failure of an emitter bond wire. In this case, the bond

reliability function of a gate bond wire can be assumed as a constant

(value 1) during the whole life of an emitter bond wire. This assumption
leads to the reduced reliability block diagram of Figure 6.4.

WF —! WE —| Wb —!

— —

WE WF WF

— —
—

—

WF WE 1—FwhI—'

Figure 6.4 Reduced reliability diagram of a module when the reliability function

of a gate bond wire can be assumed to be one

Let R(t) be the reliability function of a single bond wire, and k the

minimum allowed number of non-failed bond wires for each chip (k out

of Ne redundancy), we have for the reliability function of a single chip

,.i\i j
(6.16)

Further, we impose that no chip is allowed to fail. This yields to the

reliability function of the full module

RM = {Rc(t))c (6.17)

The complexity factor M(t) is defined as the ratio of the survival

probability (reliability function) of the whole module with the survival

probability of a single bond wire

M(t) =
Ml
R(t)

(6.18)

M(t) in the case of a 72 (k) out of 16 (Ne) redundancy of a module

consisting of 8 chips is represented in Figure 6.6. In this particular case,

the gain in lifetime due to redundancy does not exceed 10% of the single
bond wire lifetime. Moreover, the complexity factor M(t) of a module

with C chips and each /V, emitter bond wires exceeds the unity, only when
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the survival probability of a single bond wire is above 0.9. On the

contrary, when the failure probability is over 0.1, the complexity factor is

less than one, and it rapidly decreases down to zero when the survival

probability of a single bond wire approaches 0.25. A similar behavior can

be observed in Figure 6.6 for a single chip. Summarizing, under the

assumption of Case 1, the complexity factor due to the redundancy of the

emitter bond wires is almost of the order of the unity.

Case 2

The mean time to failure of the gate bond wire is assumed to be much

shorter than the mean time to failure of the paralleled emitter bond wires.

In this case, the bond reliability function of the paralleled bond wires can

be assumed as a constant (value 1) during the whole life of gate bond

wire. This assumption leads to the reduced reliability block diagram of

Figure 6.5.

WG WG WG

Figure 6.5 Reduced reliability diagram of a module when the reliability function

of the paralleled emitter bond wires can be assumed to be one.

In this case the reliability function of a module is defined by

*„ = f[ *(') = Kc (0 (6.19)

The complexity factor M(t), as it has been defined in Equation 6.18

becomes

M(t) = ^ä-=R(ty
'

(6.20)
R(t)

w

M(t) is plotted in Figure 6.7, by assuming again a module with eight

chips. From Figure 6.7 it can be seen that the M(t) is always less than

one, and, when the failure probability of a single gate bond wire is 0.25,

the survival probability of the whole module is less than 0.75.
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Furthermore, Equation 6.20 clearly shows that the reliability function of a

module is a strong function of the total number of gate bond wires.

Case 3

The mean time to failure of a single gate bond wire is assumed to be the

same as the mean time-to-failure of a single emitter bond wire. This

assumption leads to the reliability block diagram of Figure 6.3. The

related reliability function is

K=mc I / *'«(!-*«)
v-*v l )

(6.21)

while the complexity factor is described by

( N fN\
M(t) = R(tt{ X ." K'ttO-K«)

wv l J
(6.22)

1-

Rc'R(t) ^++~m"*~*'

0 8-

o

-/

5 /
0 4- N = 16 bond wires

k = 12

RM W) / C = 8 chips
0 2-

0

^^
I

'

07 0 75 08 0 85

R(t)

09 0 95

Figure 6.6 Complexity factor of a module (squares) and complexity factor of a

single chip (dots) as a function of the survival probability of a single emitter bond

wire (Case 1)

and represented in Figure 6.7. As expected, the M(t) factor is always less

than one, since the series connection of C sate bond wires is the

dominating factor.
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Figure 6.7 Complexity factor of a module as a function of the survival probability of

a single emitter bond wire (dots: case 2. squares: case 3)

Remarks

In spite of the fact that usually gate bond wires are located at the chip
center where the chip reaches its maximum temperature, there is

experimental evidence that they are less prone to bond wire lift-off than

emitter bond wires. This effect is commonly explained by the fact that

gate bond wires are not subjected to ohmic self-healing as emitter bond

wires are [17]. Although no quantitative data are available about the

acceleration of bond wire lift-off through ohmic self-heating, basing on

heuristic considerations, the pessimistic assumption can be made that the

MTTF of gate bond wires is the same than the MTTF of emitter bond

wires. Thus, the M(t) of real IGBT modules can be computed according to

the approximation described in Equation 6.22. By using Equation 6.17

the lifetime would be overestimated by about 30%.

6.9 Application to Gaussian distributions

In this section, we briefly quantify the lifetime of an IGBT module,

basing both on the experimental data of Figure 6.2, and on the model of

Equation 6.10.

\l = 16 bondwires

c= 12

3 = 8 chips
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Table 6.1 Lifetime extrapolation for three different AT frequency distributions and

related parameters

I I

[kCyJ [Kl

o AT AT
mm "Ama\

N», M TTF [yl

[Kl [Kl [K] [kCyJ

20 20 10 0 70 350

20 30 10 0 70 350

20 40 10 0 70 350

Min 714

0.9 Max 34

Aver 100

Min 91

0.9 Max 7

Aver 18

Mm 17

0.9 Max 2

Aver 5

For sake of simplicity we assume that the frequency distribution of the AT

during one-year device operation (g(AT)) is represented by a normal

distribution characterized by the intensity I, the mean value I0 and the

variance <x Since in the case of a normal distribution Equation 6.9 turns

into an elliptical integral, the function Q is evaluated by numerical

integration. Three examples of such an extrapolation are shown in Figure
6.8. The full parameter set assumed for the extrapolation is summarized

in Table 6.1.

0015

g 0010 ,1
2 I 2
<u i

O

CO
CD
>.

0 005-

O

0 000 _____ —_._. ______

,

0 10 20 30 40 50 60 70

AT[K]

Figure 6.8 Cumulated damage during 1 year operation computed for three AT

frequency distributions (plotted in the insert) and with the parameters from the

average curve of Figure 6.2
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From Table 6.1 it can be observed that the extrapolated times to failure

strongly depend on the Coffin-Manson parameters of Equation 6.4. In

fact, under the same thermal conditions the extrapolated lifetime can

differ up to a factor of 20. This difference decreases by increasing the

average AT.

Moreover, by increasing the average AT from 20°C up to 40°C, the

extrapolated lifetime decreases approximately according to an

exponential law.

6.10 Application to a realistic profile

Zehringer and Stuck [1] have investigated the specific stress conditions of

IGBT for the Swiss Intercity railway services. Measurements have been

performed with locomotives Re460 (3 level voltage source inverters, DC

link voltage 3.5 kV, 6.4 MW) and Re465 (2 level voltage source inverters,

DC link voltage 2.8 kV, 7 MW) equipped with GTO converters and

operated on major intercity lines. The GTO data has been converted into

the junction temperature profile of equivalent _G_?7\levices by the means

of electrical and thermal models. The distribution of g(AT) has been

extracted from the temperature profile by frequency analysis and ex¬

trapolated to 30years assumed operating lifetime.

1E+6-J

8E+5-^

h-

CT4E+5~:

2E+5^

0E+0-1 | |~ , ] | 7=I-T=|—r 7 I -I | ! 1 I ! ]

0 10 20 30 40 50 60 70

AT[K]
Figure 6.9 Frequency distribution of the temperature sv. ing of an IGBT over 30 years

operating lifetime of a locomothe according to Zehringer and Stuck [1J. The envelope
is the sum of two Gaussian distributions (dashed line).
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This study has demonstrated that g(AT) can be realistically described by
the superposition of two normal distributions, as it is shown in Figure
6.9.

Figure 6.10 represents the low cycle fatigue cumulated by a bond wire

during 1-year operation as a function of the temperature swing. From this

plot it can be easily seen that the reduction of thermal cycles in the high-
AT tail of the distribution results into a noticeable improvement of the

MTTF. In fact, the thermal cycles included between 60 K and 70 K are

just 1.2% of the total amount of cycles. Nevertheless, they account for

2 5% up to 45% of the total cumulated fatigue, depending on the

considered Coffin-Manson parameters. Equation 6.10 delivers a MTTF

for a single bond wire, which is of 3 years for the lower, of 6 years for

the average, and 16 years for the higher estimate of the Coffin-Manson

parameters.

0.015

^ 0.010

M—

z

P

|r 0.005

0.000--] —p i-1—f i i i | . i i i |- -i—p i i i | i i i i-|

0 10 20 30 40 50 60 70

AT[K]

Figure 6.10 Low-stress fatigue cumulated by a single bond wire during 1-year

operation in a locomotive as a function of AT.

Furthermore, the assumption that the modules used for high power

applications include 32 chips, having each 16 emitter bond wires per

chip, and that 4 bond Mires only per chip are allowed to fail, results into a

complexity factor of 0.5.

high

low

aver.
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6.11 Final remarks

A model has been developed for extrapolating the lifetime of IGBT

modules from experimental data. In the present case the model applies to

the bond wire lift-off mechanism, only. The proposed model takes into

account both the redundancy of the bond wires within an IGBT module

and the fatigue damage due to realistic application profiles. Bond wire

redundancy has been shown to play a minor role. On the contrary, the

model is very sensitive both against the Coffin-Manson parameters, and

the /Tf frequency distribution.

Finally, it should be stressed that the proposed numerical examples refer

to data on aluminum bond wires, which are bonded on chips without any

technological countermeasure for controlling the lift-off mechanism.

Nowadays, dedicated solutions are implemented (like strain buffers or

bond wire coatings) which have strongly reduced the impact of bond wire

lift-off on the overall reliability characteristics of IGBT modules.
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Appendix 1

Definitions & Reliability Fundamentals

This Appendix provides some basic concepts of the reliability theory,
which are mainly used in Chapter 5 and 6. For more details refer to [1061.

Table A 1.1 includes the definition of the most important terms used in

this thesis.

A.l Failure Rate

In the following a heuristic definition of the failure rate X is presented
which is straightforward for the computation of the failure rate from data

originated either from field or from accelerated tests. For a more

complete and mathematicallv consequent treatment of this matter refer to

[1061.

When n statistically identical and independent devices are put into

operation at t=0 (begin of the operation in the field or of the accelerated

stress) under the same stress conditions, the number of the devices, which

159
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are not yet failed at the time t may be expressed by the decreasing step

function v(t). tl, ..., tn are the observed failure-free operating times of the

n devices. The hook on the top of a symbol designates the empirical mean

value of the expected failure free time

ÊLTl =
t, +... +t

11

(Al.l)

which converges towards the true expected failure free time E(t) for a lot

with n -> oo.

The fraction of devices, which are still operating at time t expressed by
the empirical reliability function

R(t) =
V(t) (A1.2)

which converges towards the true reliability function or a lot with n ^ °°.

Thus the reliability function represents also the survival probability of a

single item within the lot.

Table Al.l Definitions

Reliability R(l)

Failure

Failure Mode

Failure Mechanism

Failure Cause (Root Cause)

Failure Rate X(t)

Life Time

MTTF

Median (tvi)

Probability that an item will perform its required function

under given conditions for a stated time interval.

Termination of the ability of an item to perform a required
function.

Symptom by which a failure is manifested (open, short, drift,

functional failure. ...)

Failure mechanism is the physical, chemical, or other process

resulting m a failure.

Technology or process related cause producing the failure

Limit for Ôt -v 0 (if it exists) of the probability that an item

will fail in the time interval It, t+ôtf given that the item was

new at t=0, and did not fail in the inter, al 10. t], divided by Ôt.

Time span between initial operation and failure of a non-

repairable item.

Expected value (mean) of an item's failure-free operating time

(Mean Time To Failure). An empirical estimate for MTTF is

MTTF = (ti +
...
+ tn)/n. where t] ,. .. , tn are the observed

failure-free operating times of n statistical identical items.

0.5 quantile of a distribution
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The ratio of the devices which are failed during the time interval ]t, t+ôt]
with the number of devices which are still operating at the time t

^vC.)-.(.. St)

n(t) Ôt

or

^
R(t)-R(t + 8t)

R(t) ôt

is defined as the empirical failure rate, which converges towards the true

failure rate

X(«) =~±^ (AI.5)
R(t) dt

when n St -» °°. The unit for measuring the failure rate is the FIT

(Failures In Time), which corresponds to one failure for one billion of

device-hours. The failure rate function fully defines the reliability
function through

ln(R(t)) = -j; X(x)dx (A 1.6)

with the initial condition 7.(0) = 1. In converse, the failure rate can be

extracted from the reliability function R(t) through Equation A 1.9.

A.2 Distributions

A cumulative distribution function F(t) represents the population fraction,

failing by age t, i.e.

F(t) = l-R(t) (A 1.7)

whereF(r->-co) = 0 and F(r-*°o)=_i. The density f(t) of a derivable

distribution F(t) is defined as

f(t) = ^p (A 1.8)
dt
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yielding

Jt(t)
=
-^- (Al.W

l-F(t)

In order to estimate the failure rate from experimental data the empiric

cumulative distribution (step function) has to be computed from the

observed times to the failure t,. Assumed that n failures with the related

failure free times t
, ..., tn have been observed, one should proceed as

follows:

a. Rank the failure free times t.,..., tn such that t(i) < t(2) ^ ....
^ t(n)

b. Build the empiric function F{t): t(iyy F(t(i)) = i/n

Assuming that the data are distributed according a known cumulative

distribution, the unkown distribution parameters may be extracted either

by fitting the data (maximum likelihood) of such a distribution function,

or by a graphic techniques. Graphic techniques can be simplified by using

a suitable probability chart, where a given distribution (in the present case

P(t(i))) appears as a straight line.

An additional parameter which can be easily extracted from the plot of

the empiric cumulative function is the median t50 or the time t, for

reaching an arbitrary quantile f of the distribution. The median represents

here the time required for getting 50% of the device population failed.

In the reliability analysis different distribution functions are used,

depending on the nature of the degradation mechanism which is

investigated. In many cases the experimental data cannot be described

just by a single distribution, but a combination of two or more functions

is required. For instance this is the case when two or more failure

mechanisms occur with different time behavior. This situation leads

frequently to S-shaped curves when representing the empiric distribution

function using probability charts.

Exponential Distribution - The exponential distribution is of theoretical

importance, because it represents a reference case for all existing models.

Furthermore, any other distribution can be approximated by a sum of

exponentials. It is typically used if a constant failure rate is expected

during the whole operating period, i.e. when the behaviour of a device
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does not depend on how long it has been already operated in the past

(memory-less process). It represents reasonably the bottom of the bathtub

distribution, which is characterized by failures occurring randomly. This

is valid in particular when the devices are mature, they have been

properly screened, or they have not yet reached the end-of-life region.

Early and wearout failures are not correctly described by the exponential
distribution.

The failure free time, density, failure rate, and expected failure free time

of the exponential and of the Weibull distributions are listed in Table

A1.2.

Tn reality, non-repairable systems are already subject to wearout. Thus a

model postulating a constant failure can only be a momentary

approximation of a time-dependent failure rate. For this reason the use of

MTTF = 1/A, for the extrapolation of the lifetime of a system can lead to

wrong results. For example, a momentary failure rate of 10 FIT does not

necessarily correspond to a lifetime of 11415 years. In addition, it should

be noted that even in the case of a purely exponential distribution about

63% of the devices are already failed at t = MTTF.

Table A1.2 Relevant reliability parameters for the exponential and the Weibull

distributions

__"__!_ \~~ *w~ /(f) l{1) ^w

Exponential \_e-^ Ae" X V*>

Weibull
j _ c-uo' Xß{Xty- e-M

'

Xß^t)M r(i + Vß)/X
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Appendix 2

Approximate solution of the elliptic
integral in Chapter 5

In present Appendix, we propose an approximate solution of the elliptic
integral in Equation 5.7

t
_a

I = je~wlx (A2.1)

which enables to estimate the error introduced by the approximation. The

function to be integrated in Equation 5.7 can be approximated by

/(*) = (!+ _-.)/* (A2.2)

165
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where 8 is supposed to be a numerical factor less than one. The function

f(x) becomes an exact differential for

2

a

(A2.3)

that is

.

,
2 ^ ^

1 + -.T

a

d X -
l

.

dx
e

x A
dx

g(x (A2.4)

Thus the function g(x) can be used for approximating the integral of

Equation 5.7.

Since in present case a ~ 350 and .v < 20, we have

2x

a

<10% (A2.5)

Thus the approximation of the integral in Equation 5.7 through the

function g(x) is within 107c of the analytical value.
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