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Abstract

Complex semiconductor circuits must be electrically tested after manufac-
turing at wafer level due to process variations and design defects to separate
functional from defective chips prior to further processing. Therefore, the
chip is mechanically contacted on its connection pads with tiny spring
probes and electrically connected to external test instruments. The induced
mechanical stresses can partially exceed the permissible yield and fracture
stresses in the thin layers and lead to their plastic deformation or cracking.
These pre-damages can later in operation again lead to an electrical dis-
function or complete failure of the Integrated Circuit (IC). Until now, there
are only destructive methods to optically detect cracks in deeper-lying brit-
tle insulation layers. However, these are always applicable after the wafer
test, time consuming, and sometimes inaccurate. In addition, since the
crack rate is usually very low, a very high number of samples for the optical
inspection is necessary to make reliable predictions regarding the quality
of the tested chips.

In this work, a novel method is presented to reliably and efficiently detect
mechanical damage during contacting of sensitive semiconductor struc-
tures by thin needles. This non-destructive method is based on the Acous-
tic Emission (AE) testing. In this measuring principle, the stored elastic
energy, which becomes impulsively released during the crack initiation,
leads to an acoustic shockwave in the material. By suitable sensors, which
are attached to the surface of the sample, the signal can be measured, elec-
trically amplified, and processed. Using an advanced system model and a
modified measurement setup, it was possible to explain and experimentally
validate the crack mechanism and excitation of the sensor-indenter system
by means of an acoustic wave.

To use this measurement principle for crack detection in thin layers during
wafer test, some fundamental investigations and adjustments were neces-
sary. First, an analytical model of a rigid, pointed needle (indenter) that
presses vertically on a flat surface was created. In this case, mechanical
stresses occur inside and outside the contact area, which can lead to defor-
mations and cracks depending on the material parameters and the tip ge-
ometry. In order to calculate stresses in complex multi-layer structures,
additional computer-aided Finite Element Method (FEM) simulations were
performed. Due to the pulse-like excitation during the cracking, the sensor-
indenter system gets into a harmonic oscillation, which is measured elec-
trically. The measuring sensitivity could be significantly increased by an
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Abstract

improved coupling and tuning of the resonance frequencies of the sensor
and indenter.

With the optimized measuring setup, it was now possible to experimentally
carry out parameter studies on suitable test structures for the determina-
tion of crack probability during contact by thin needles. The accuracy of
the AE test method was correlated by conventional failure analysis meth-
ods. It could be shown that the structure, the thickness, and the material
behavior of the layers significantly influence the Weibull-distributed crack
frequency and the results of the simulation and the experiments agree very
well. Finally, the validation of the crack detection could also be performed
on processed Complementary Metal Oxide Semiconductor (CMOS) chips
with metallized surfaces, which allows the use for industrial purposes, too.

The effort and duration of the Pad-Over-Active-Area (POAA) qualification
can be significantly reduced with the help of the novel AE test method,
which was developed and validated within the scope of this thesis. The
accuracy is much higher compared to conventional detection methods. In
addition, it is now much easier to determine the robustness of increasingly
complex and sensitive semiconductors and to optimize them by design
changes. Beside the innovative AE test method for crack detection during
wafer test, there are a number of other potential applications and research
areas, which, however, will not be further examined within this thesis.



Kurzfassung

Komplexe Halbleiterschaltungen miissen aufgrund von Prozessschwan-
kungen und Designfehlern nach der Herstellung elektrisch auf Scheiben-
ebene getestet werden, um funktionale von defekten Chips vor der
weiteren Verarbeitung zu separieren. Dabei wird der Chip iiber seine
Anschlusspads mit kleinsten Federkontakten mechanisch kontaktiert und
elektrisch mit externen Messinstrumenten verbunden. Die dabei induzier-
ten mechanischen Spannungen koénnen teilweise die zuldssigen Flief3- und
Bruchspannungen in den diinnen Schichten tiberschreiten und zu deren
plastischer Deformation oder Bruch fithren. Diese Vorschadigungen kon-
nen spater im Betrieb wiederum zu einer elektrischen Fehlfunktion oder
zum Ausfall der integrierten Schaltung (engl. Integrated Circuit (IC))
fithren. Es gibt bisher nur zerstorende Verfahren, um Risse in tieferliegen-
den sproden Isolationsschichten optisch zu detektieren. Diese sind jedoch
immer erst nach dem Scheibentest anwendbar, auf3erdem zeitaufwendig
und teilweise ungenau. Da die Risshaufigkeit tiblicherweise sehr niedrig
liegt, ist auflerdem eine sehr hohe Stichprobenanzahl fiir die optische
Inspektion notwendig, um zuverldssige Vorhersagen bzgl. der Qualitat der
getesten Chips zu treffen.

In dieser Arbeit wird eine neuartige Methode vorgestellt, um mechanische
Beschddigungen von empfindlichen Halbleiterstrukturen, die wahrend der
Kontaktierung durch diinne Nadeln auftreten konnen, zuverldssig und
effizient zu detektieren. Diese zerstorungsfreie Methode basiert auf der
Schallemissions (SE)-Priifung. Bei diesem Messprinzip fiihrt die gespei-
cherte elastische Energie, die bei der Rissentstehung impulsartig frei wird,
zu einer akustischen Stofdwelle im Material. Durch geeignete Sensoren, die
an der Oberflache der Probe angebracht sind, kann das Signal gemessen,
elektrisch verstarkt und verarbeitet werden. Mit Hilfe eines weiterentwi-
ckelten Modells und eines modifizierten Messaufbaus wurde es moglich,
den Riss-Mechanismus und die Anregung des Sensor-Indenter-Systems
durch eine akustische Welle zu erkldaren und experimentell zu validieren.

Um dieses Messprinzip fiir die Rissdetektion in diinnen Schichten beim
Wafertest zu nutzen, waren jedoch einige grundlegende Untersuchungen
und Anpassungen notwendig. Zundchst wurde ein analytisches Modell
einer starren, spitzen Nadel (Indenter), die vertikal auf eine ebene Flache
drickt, erstellt. Dabei treten innerhalb und aufSerhalb der Kontaktflache
mechanische Spannungen auf, die, abhdngig von den Materialparametern
und der Spitzengeometrie, zu Verformungen und Rissen fithren kénnen.
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Kurzfassung

Um auch Spannungen in komplexeren Mehrschicht-Strukturen berechnen
zu konnen, wurden zusatzliche computergestiitze Simulationen nach der
Finite-Elemente-Methode (FEM) durchgefithrt. Durch die impulsartige
Anregung bei der Rissentstehung gerdt das Sensor-Indenter-System in eine
harmonische Schwingung, die elektrisch gemessen wird. Die Messemp-
findlichkeit konnte durch eine verbesserte Kopplung und Abstimmung der
Resonanzfrequenzen des Sensors und des Indenters wesentlich gesteigert
werden.

Mit dem optimierten Messaufbau war es nun moglich, an geeigneten Test-
strukturen Parameterstudien zur Bestimmung der Risswahrscheinlichkeit
beim Kontaktieren durch diinne Nadeln experimentell durchzufiihren. Die
Genauigkeit der SE-Priifmethode wurde jeweils mit konventionellen
Fehleranalyseverfahren verglichen. Es konnte gezeigt werden, dass der
Aufbau, die Dicken und das Materialverhalten der Schichten die Weibull-
verteilte Risshdufigkeit wesentlich beeinflussen und die Ergebnisse der
Simulation und der Experimente dabei sehr gut tibereinstimmen. Die Ver-
wendbarkeit der Rissdetektion konnte schliefdlich auch an prozessierten
Complementary Metal Oxide Semiconductors (engl. CMOS; ,komplemen-
tarer Metall-Oxid-Halbleiter“) mit metallisierten Kontakt-Oberflichen
nachgewiesen werden, was den Einsatz fiir industrielle Zwecke ermdglicht.

Der Aufwand und die Dauer der Qualifikation fiir Pad-Over-Active-Area
(engl. POAA; ,Kontaktanschluss tiber aktiven Schaltungsbereich“) konnen
mit Hilfe der neuartigen akustischen SE-Priifmethode, die im Rahmen
dieser Arbeit entwickelt und validiert wurde, entscheidend reduziert wer-
den. Die Genauigkeit ist im Vergleich mit konventionellen Detektionsme-
thoden wesentlich hoher. Auflerdem ist es nun deutlich einfacher, die
Robustheit von immer komplexeren und empfindlicheren Halbleitern zu
bestimmen und durch Designdnderungen zu optimieren. Neben der in
dieser Arbeit entwickelten Methode zur Rissdetektion anhand der SE-
Priifung fiir den Einsatz beim Scheibentest, gibt es eine Reihe von weiteren
potentiellen Anwendungen und Forschungsbereichen, die hier jedoch
nicht weiter erortert werden.
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AET
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BPSG
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Acoustic Emission Technique
Analog-to-Digital Converter

Back End

Back-End-Of-Line
Boro-Phospho-Silicate Glass
2-Component indenter (namining of indenters)
Characteristic Contact Force Function
Complementary Metal Oxide Semiconductor
Confocal Multi Pinhole

Chemical Vacuum Deposition
Database

Duration Discrimination Time
Differential Interference Contrast
Deutsches Institut fiir Normung
Device-Under-Test

Electromagnetic Compatibility

Front End

Finite Element Method

Focused Ion Beam

Flat Punch (naming of indenters)
Fluorinated-Silicate Glass
Fluorinated Tetraethyl Orthosilicate
Integrated Circuit

Inter-Metal layer Dielectric



Nomenclature

MEMS
MOSFET
MSA
MTF
NDT
NSH
PCB
PCM
POAA
PROFIT
PSG
PZT

RIE
SAM

SE

SEM
SNR

TD
TEOS
TR

USL
Wo1 - 06

Xviii

Input / Output

Linear-Elastic Fracture Mechanics
Load Cases o1 - 09

Lower Specification Limit

Metal layer1-7

Monolithic indenter (naming of indenters)
Micro Electro-Mechanical System
Metal-Oxide-Semiconductor Field-Effect-Transistor
Measurement System Analysis
Median Time to Failure
Non-Destructive Testing

Normal Stress Hypothesis

Printed Circuit Board

Process Control Measurement
Pad-Over-Active-Area

Probe Force Investigation Tool
Phospho-Silicate Glass

Lead Zirconate Titanate

Reactive Ion Etching

Scanning Acoustic Microscopy
Schallemission

Scanning Electron Microscope
Signal-to-Noise Ratio

Touchdown

Tetraethyl Orthosilicate
Transient Recorder

Upper Specification Limit

Wafer o1 - 06



Nomenclature

List of Chemical Elements and Formulas

Al Aluminum

Al-Cu Aluminum-copper metallization
ALO, Aluminum oxide
Al-Si-Cu Aluminum-copper metallization with silicon
Ag Silver

Au Gold

C Carbon

Cu Copper

Cu-Be Copper-beryllium alloy
HNO, Nitric acid

H,PO, Phosphoric acid

Ni-Pd Nickel-palladium alloy
W-Rh Tungsten-rhodium alloy
Si Silicon

SiC Silicon carbide

SiCN Silicon carbon nitride
Si;N, Silicon nitride

SiO, Silicon dioxide

SiOx Silicon oxide

Sn-Ag Tin-silver alloy

Ta Tantalum

Ti Titanium

Ti;N, Titanium nitride

\Y Tungsten

Xix



Nomenclature

List of Symbols

CNTS
Ci

Cs

dos
dpase
dr
drod
dtip
E

E,
Epurse
Ee
F

F,
F.
Ferie
Fy

Radius of contact area

Area / Amplitude

Amplitude / constant

Coefficients of CCFF

Initial cross-section area

Load bearing area

Contact area

Bust signal peak amplitude
Indenter tip area

Ring down counts

Longitudinal sound velocity of the material
Spring constant

Lehr attenuation / damping factor
Degree of damping of the oscillator
Diameter of the indenter base
Film thickness

Diameter of the indenter rod
Diameter of the indenter tip
Young’s or elastic modulus
Activation energy

Burst signal energy

Electrical field

Force / load

Characteristic contact force
Contact force

Critical contact force

Damping force



Ki
I(Ic
Kn

kos
kg

Lo
AL

Nomenclature

Electrostatic force

Frictional force

Inertia force

Spring force

Maximal force

Force from the exchange of momentum
Tensile load

Normal load

Frequency

Undamped resonance frequencies
Sampling frequency

Increase factor of characteristic contact force F,
Hardness

Height of the indenter base

Height of the indenter cone

Current flow

Normalized unit pulse

Current density

Stress intensity factor

Stress intensity factor for mode I
Critical stress intensity factor / fracture toughness
Material constant of the conductor
Order of natural frequency

Spring rate of the oscillator
Boltzmann’s constant

Length of tensile specimen

Initial length of tensile specimen

Change in length of tensile specimen

xxi



Nomenclature

Iy
L
Irod

mOS

b
Te

T'tip
Ar

Sb
Sref

Tk

Ts

xxii

Length of one-sided fixed rod
Length of electric conductor

Crack length

Length of indenter rod

Mass of oscillator

Weibull modulus

Unit vector normal to the surface
Cumulative crack probability
Individual crack probabilities
Pressure

Mean contact pressure

Bulk resistance

Constriction resistance

Contact resistance

Film resistance

Electrical resistance at transition points
Radius of load bearing area
Indenter tip edge radius

Indenter tip radius

Radial distance

Sensitivity of AE sensor
Cross-section of electric conductor
Reference value of AE sensor sensitivity
Unit vector parallel to the surface
Temperature

Oscillation time or period
Sampling time

Time



tarr
tdur

trise

Uo
Ui
U
AU

Vo
Az
Az

i

Ys

EL
Er
Eu
Eut
&
Eft
Eu

Eut

Nomenclature

Vector of traction
Arrival time

Burst signal duration
Burst signal rise time
Voltage

Reference Voltage
Voltage samples
Detection threshold
Voltage drop
Displacement
Magnification function
Velocity

Initial velocity
Overdrive

Penetration depth

Constriction radius

Elastic strain energy
Decay factor

Strain

Liiders elongation

Relative static permittivity
Uniform elongation

Total elongation

Fracture elongation

Total elongation at fracture
Uniform elongation

Total elongation

xxiii



Nomenclature

&4

&1

r

pr
pm

Oo

03,2,3

Wo

wWd

XXiv

Lateral contraction

Longitudinal extension

Eigenvalue of differential equation

Friction coefficient

Poisson’s ratio

Density

Specific film resistivity

Electrical resistivity of contact material

Normal (tensile or compressive) stress / strength
Characteristic strength

Principle stresses

Fracture stress / strength

External tensile stress

Ultimate tensile strength

Upper yield strength

Lower yield strength

Shear stress

Phase shift

Circular / angular frequency

Natural angular frequency of undamped oscillator

Natural angular frequency of damped oscillator



1 Introduction

1.1 Motivation and Problem Description

Today, semiconductor circuits are used in almost all technical devices with
a wide range of application areas. The number of chips continues to grow
due to digital trends such as the Internet of Things (IoT), autonomous
driving, or Artificial Intelligence (AI). The Integrated Circuits (ICs) must
survive at high reliability partly in extreme environmental conditions with
electrical and mechanical loads. At the same time, chip performance and
integration density are increasing, requiring further miniaturization of
feature sizes for Complementary Metal Oxide Semiconductor (CMOS) and
power semiconductor technologies. In addition to the technological chal-
lenges, the semiconductor industry is under enormous cost pressure from
volatile and globalized markets. Therefore, the manufacturing processes
have to be constantly optimized and shortened in time and new, innovative
processes are required [1,2]. This thesis contributes to improve the quality
and reliability of the chips while reducing manufacturing costs through
shorter qualification times.

Both during production and operation of semiconductors mechanical
forces occur, which act directly or indirectly on the IC structure and can
lead to damage or even destruction of the chip. Depending on the type and
amount of external load, which acts on the body of the chip, in some cases
high mechanical stresses are induced. There are different kinds of external
load, like inertial forces, vibrations, pressure, or impacts causing shear,
tensile, or compressive stresses. If the occurring stresses exceed the permis-
sible elastic stress, plastic deformation or breakage of thin layers occurs,
which represents a reliability risk or leads to an electrical failure of the
circuit. In addition, when considering the type of load, it must be distin-
guished whether the external forces act on the structure in a punctiform
(1--dimensional), planar (2-dimensional), or volumetric (3-dimensional)
manner and whether the load is static or dynamic.

During semiconductor wafer test, high mechanical stresses caused by
external point-shaped, dynamic forces may occur, for instance. The chips
are electrically tested for functionality within the specification limits, in
order to sort out functional chips for further processing. Therefore, the
Input / Output (I/O) pads of the chips are contacted by pointed elastic
needles (probes), which are assembled on a probe card, to ensure an elec-
trical connection between the device and a test system. To achieve a low
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electrical contact resistance between the probe and the pad a sufficiently
high contact stress is required, but exceeding allowed stress limits leads to
an increased fracture probability of brittle insulating layers below the pad
(see Fig. 1.1). This can cause a failure of the device due to short circuits or
leakage [1,3].

Particularly problematic are hidden cracks in deeper isolation layers, which
initially do not cause an electrical failure or a violation of the test specifica-
tion and are hence not recognized in the wafer test. However, these dam-
ages can lead to a later failure in the field and should be avoided in any
case. Hence, appropriate quality assurance procedures need to be devel-
oped and applied to ensure that cracks do not occur at all or only in an
extremely small number during wafer tests [1].

Imprint
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Fig. 1.1. Mechanical failure in upper oxide layer below pad.

To guarantee a stable and reliable wafer test, the process window of mini-
mum required and maximum allowed contact stress limits must be deter-
mined in advance during a probing technology qualification. While the
Lower Specification Limit (LSL) of the contact stress is given by electrical
contact fails, the Upper Specification Limit (USL) is given by brittle layer
cracks. The range between LSL and USL can result in a smaller or wider
process window depending on the combination of pad stack and probing
technology.

Probe cards for operational wafer test are assembled with hundreds or
thousands of individual probes. The maximum contact stress of each probe
is scattering as a function of the contact force and tip diameter caused by
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manufacturing tolerances. As the smallest / largest tip applies the high-
est / lowest stress to the pad, it is important to consider every probe into
the risk assessment. The blue curves in Fig. 1.2 show exemplary for three
different frequency distributions how a robust process window should look
like. The LSL and USL must not be violated by the distribution function of
the contact stress.

LSL USL

Frequency count of contact
stress for all probes

v

Contact stress = f(force, tip diameter)

Fig. 1.2. Schematic explanation of the process window used for wafer probing.

In the past, many investigations (e.g. [4], [5], or [6]) were done to define
and optimize the probing process regarding electrical contact stability, i.e.
to avoid contact fails if the stress is below the LSL. This thesis contributes
an important part to a more accurate and faster determination of the USL
regarding cracks for existing and upcoming semiconductor technologies at
wafer test. This is intensified by technology trends like introduction of
more sensitive Inter-Metal layer Dielectric (IMD) layers (low / high-k di-
electrics), a higher number of metal routing layers in more complex CMOS
IC’s, or ultra-thin wafers for power semiconductors. For this, it is important
to know the true forces and needle geometries to be able to predict the
critical contact stress causing crack initiation. In addition, an advanced
knowledge of contact physics and material science must be present and a
model of the contact process must be developed.

As already mentioned above, the cracks are usually not detectable by elec-
trical or optical inspection methods during or immediately after the wafer
test. Until today, there are only destructive methods available to visualize
cracks. Current methods for crack detection are the chemical-optical
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inspection, which is used in particular for CMOS technologies [1], and the
more elaborate preparation of Scanning Electron Microscope (SEM) cross-
section images after Focused Ion Beam (FIB)-milling. Both methods are
destructive, time-consuming, and thus cost-intensive. Moreover, com-
pared to CMOS technology devices with evenly spaced oxide-metal layers,
the chemical etching method does not work for complex and vertical inte-
grated structures, which are typical for power semiconductor technology
devices [3].

So far, considerations have been made how to replace inefficient optical
analyzes with alternative crack detection methods that are faster and more
reliable. A new way of detecting cracks is acoustic event monitoring, which
has been used successfully in other applications for some time [7,8]. In
crack initiation and propagation, the stored potential strain energy sud-
denly releases and creates an acoustic, harmonic wave that can be mea-
sured with suitable sensors. Although the released energy is very low for
layers in the sub-micrometer range in the present case, it should theoreti-
cally be possible to measure this energy at the same time when it is
released. The aim of this work is hence, to develop a crack detection
method based on Acoustic Emission (AE) testing and to validate it experi-
mentally, in order to acoustically monitor the contact process and to detect
brittle oxide cracks as soon as they arise.

In contrast to the optical methods, the AE test method is a non-destructive
method. Furthermore, with this method a wide variety of crack categories
can be detected directly on any semiconductor technology with higher
accuracy and reproducibility. Real-time acoustic detection significantly
reduces or eliminates costly downstream optical and electrical quality
checks. This will make it possible in the future to determine the permissible
load due to contact probes on highly sensitive IC structures during the
functional test at wafer level much faster and more accurately than before.

1.2 Structure of Thesis

This work has been structured into several chapters, in order to elaborate
and validate the AE testing for thin layer characterization. The following
topics are covered:

¢ Semiconductor and probing technology for Pad-Over-Active-Area
(POAA)

e Existing crack analysis methods

e Theory and simulation of contact physics with a flat punch
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e Stress modeling and crack probability function

e AE testing concept and sensor-indenter system optimization
e Experimental verification of crack detection by AE testing

e Application of AE testing for POAA qualifications

First, an overview of the manufacturing chain and technology of CMOS and
power semiconductors related to wafer test and probe card technologies
used is given. The contact forces that occur during probing can lead to
damage of sensitive structures of the IC under the connection pad. For this
purpose, different conventional crack inspection methods and microscopy
techniques to detect hidden cracks are explained.

Based on simplified and stepwise more complex contact models, the result-
ing stresses are calculated analytically using the theory of continuum and
fracture mechanics supported by computer-aided simulations in compli-
ance with material properties of brittle and ductile layers. From this, the
crack probability for a Weibull distribution can be determined. All this is
mandatory for a fundamental understanding of crack occurrence during
POAA, which is influenced by material, design, geometry, and mechanical
loads of both, the probe tip and crack-sensitive test structure.

The next step is to explain the principle of AE testing in general and more
specifically in relation to the application presented here. For this purpose,
the concept and development of a measuring station and its components
as well as the applied AE test method for the contacting of test structures
with rigid needles will be elaborated. The acoustic crack detection mecha-
nism is simulated by a suitable model and experimentally confirmed. So
the sensor-indenter system can be modified in a way to improve the sensi-
tivity of the test setup.

In the experimental part, the accuracy and reproducibility of the AE test
method are first verified using different test structures based on CMOS
technology, which were specially made for the evaluation of the AE test
method. By setting a suitable threshold voltage and optimized adjustments
of the instrument, the hits for the respective “first acoustic crack” event can
be identified. The results of the acoustic measurements are validated after-
wards with conventional optical analysis methods. This ensures that the AE
test method is capable for determining and predicting the crack probability
when contacting multi-layer structures.

Subsequently, in further experiments on unstructured Back-End-Of-Line
(BEOL) stacks and processed test chips, parameter studies are carried out
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to determine the influence of the design and structure of the contact pairs
(tip diameter, layer thickness, routing of metal layers, etc.) and to establish
a functional relationship between applied stress and crack probability. In
addition, computer-aided Finite Element Method (FEM) simulations were
performed to understand the stress concentration and propagation of
cracks with correlation data of optical analysis.

In the last chapter of this thesis, the major achievements will be summa-
rized together with a new process flow to enable faster POAA qualifications
and guidelines for more robust designs of complex BEOL stacks. Finally, an
outlook on future work and advanced research fields will be given.
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In order to understand the failure mechanisms of sensitive layers during
wafer test, one must get an overview of the semiconductor manufacturing
process including wafer test, probing technologies, and test system compo-
nents. Highly relevant for the problem description is also the pad stack
layout of most common CMOS and power semiconductor technology
devices, which are affected by potential damages. In this chapter the pro-
cesses and technologies are described and the challenge due to probing-
induced contact stress on typical pad layer stacks is explained.

2.1 Semiconductor Manufacturing Process

The semiconductor manufacturing process can be categorized into four
process groups, which can be further divided into several sub-process steps
(see Fig. 2.1).

Frond End (FE): Wafer Test
i Chip
F"‘roc:ssed wafer \'F\e;s-t:d wafer
Back Eid (BE): Final Test
== |-
Packaged chip Tested chip

Fig. 2.1. Semiconductor manufacturing process chain.

It starts with the so-called Front End (FE) process group where the electri-
cal components (e.g. transistors, diodes, resistors, etc.) of the IC are man-
ufactured. Here multiple layers are deposited on the surface of a high-pu-
rity, monocrystalline silicon (Si) wafer of different diameters (e.g. 150mm,
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200mm, or 3oomm). This requires multiple process steps such as epitaxy,
lithography, and various vapor deposition (e.g. sputtering, Chemical Vac-
uum Deposition (CVD)) and etch (e.g. wet-chemically, Reactive Ion Etch-
ing (RIE)) processes. The second process group is the semiconductor wafer
test, which consists of multiple sub-process steps like wafer handling, wafer
probing, and inking. During IC testing on wafer level, called wafer probing,
the functionality and specification limits of the dies are tested, in order to
detect malfunctioning dies caused by contaminating particles, design, or
manufacturing faults before further processing. Based on the test results a
wafer map to separate “good” from “bad” chips is created. Subsequent to
the wafer test, the assembly and packaging of the IC is done during the
Back End (BE) process group. Here the wafers are diced into separated dies
and attached on a substrate, interconnects (I/O pads) of the chip are con-
nected with bond wires on external pins of a lead frame or substrate, and
the assembled chips are molded to protect them to the environment. In the
final process group, the packaged dies are tested once more (Final Test), in
order to sort out failing devices before marking and shipping to the cus-
tomer [9g].

For this work mainly the second process group, the semiconductor wafer
test, is most relevant and therefore explained in more detail.

2.2 Semiconductor Wafer Test

The wafer test is mandatory for the semiconductor production for two main
reasons. Firstly, wafer test is required to separate non-functional (bad)
from functional (good) dies at an early stage of the manufacturing process
chain. As the package and assembly processes are time consuming, it is
more effective to assemble only good dies to save cost during IC manufac-
turing. Secondly, the generated functional data during wafer test also pro-
vide information regarding the process stability and yield (typically > 80%
for newly released and = 95% for longer established technologies) of the
semiconductor manufacturing process. This helps to optimize and speed
up the IC production and so reduce costs significantly. To enable this, mul-
tiple tests are performed during the IC testing on wafer level. It usually
starts with a parameter test, in which different electrical parameters (re-
sistances, capacities, leakage, etc.) of active and passive components as well
as conductive connections of the circuits are measured, and proceeds with
a first functional test of the dies (e.g. test of reading and writing opera-
tions) [1,9,10].
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During semiconductor manufacturing the dies are tested at different devel-
opment levels. The main categories for IC testing are [1]:

1. Validation of IC-design: to ensure, that the IC fulfills all logical
functions correctly

2. Device characterization: to qualify a new IC design before produc-
tion ramp

3. Wafer test or “wafer sort”: to sort out bad dies before further pro-
cessing

4. Package test or final test: to verify the design specification after
assembly

5. Test for quality assurance: to test packaged chips randomly

Burn-in test: to verify the drift of physical parameters after an arti-
ficial aging process

7. Failure analysis: to locate the cause of failure to increase device
reliability

In order to supply power from the external test equipment and to transmit
and receive electrical signals in and out to the die, the IC must be connected
through small contact pins. The following sections will give the reader a
deeper understanding of the wafer test process, its most important test sys-
tem components, and the challenges during probing on wafer level.

2.2.1 Wafer Prober and Tester

A schematic view of a wafer test cell is shown in Fig. 2.2. The processed
wafer is manipulated by a wafer prober, which main tasks are to load, hold,
move, and unload the wafer on the chuck and to regulate its test tempera-
ture. The probe card is the interface between the semiconductor device and
the electronic test system, called tester. Its purpose is to provide an electri-
cal connection between the tester and the IC of the die. The tester applies
the power to the chips and runs the specified test patterns of the IC con-
trolled by a test program. To establish an electrical contact between the IC
and the test system, the wafer chuck, which holds the wafer vacuum-sealed,
is moved vertically up and down and laterally sideward to the mounted
probe card. Thereon several elastic contact pins, which are microscopic in
size, are assembled underneath. Depending on the number of pins and
available tester channels, multiple dies can be tested simultaneously to
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speed up the test time. This test method is called multi-DUT or parallel
testing [1,9,10].

Tester

Probe card

Tester head

Interface

AN
Chuck

Prober —

Fig. 2.2. Test cell with wafer prober and probe card.

2.2.2 Probe Card Technologies

Basically, probe cards consist of various main components. These are a
multi-layer Printed Circuit Board (PCB), which acts as an interface between
the contact pins (called probes) and the tester, a probe head (or needle
ring) holding several probes, which are contacting the pads of a chip and
are assembled in the upper and lower guide plate (or fixed in an epoxy ring)
of the probe head. Fig. 2.3 shows a schematic view of a vertical probe card.

To ensure areliable IC testing, despite of shrinking die size and hence more
sensitive structures, the probes must fulfil probing specific demands such
as small probe size, high electrical conductivity, and low contact force to
avoid excessive pad damage. Table 2.1 gives an overview to this and some
further important parameters characterizing a typical probe card [1].

t DUT: Device-Under-Test

10
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Tester pins PCB

.

Upper / lower

reoner < LT
Pads
T .

Fig. 2.3. Schematic view of a vertical probe card contacting a chip.

/Probe head

«—Probes

Table 2.1. Typical probe card parameters.

Parameter Value

Max. pin count >> 1000

Min. probe-to-probe distance 30pMm - 6o0um

Max. xy-alignment error +10pm

Contact force per probe 3omN - 150mN

Contact resistance per probe 100m({2 - 500m{2

Max. allowed current (DC) 200mA - 5A

Max. leakage 10nA

Probe life time > 10° touchdowns
Tungsten (W),

Tangenshodium oy (10
Copper-beryllium alloy (Cu-Be)

Tip geometry Flat, round, semi-round

Tip diameter UM - 50pHm

There are three different state-of-the art probe card types, named accord-
ing its needle technology as cantilever, vertical, and MEMS (Micro Electro-
Mechanical System) technology (see Fig. 2.4) [u]. Cantilever probes are
widely used in production since a long time because of their short lead time
and lower manufacturing costs compared to other probe card technologies
[1,12]. Increasing performance and complexity of ICs, however, has driven
continuously the number of I/O’s and narrowing pad pitch (min. distance
between two pads). Furthermore, increasing the test parallelism and thus
decreasing test time is of high priority in the semiconductor production [9].

1
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Because of its technical performance limitations a conventional cantilever
probe card, which consist of an epoxy ring with manually mounted tens to
hundreds of cantilever probes, would not be adaptable for the next-gener-
ation IC testing [12,13].

MEMS Technology

Vertical Technology

Cantilever Technology

Fig. 2.4. Cantilever, vertical, and MEMS probe cards with close-up view to the probes.

12
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Vertical probe cards offer a more effective alternative to this at acceptable
cost. A more advanced version of probe card is based on MEMS technolo-
gies. Because of their great advantages over conventional probe cards, such
as higher pin count, parallelism capability, and lower probe force, they have
been accepted as a promising candidate for next-generation IC testing but
with longer manufacturing times at relatively high costs. Therefore, MEMS
probe cards are mainly used for high volume products, where parallel test-
ing is required to reduce the test time [13,14].

To provide a physical contact between the probes and the metal pads of the
dies on the wafer, all probing technologies use nearly the same principle.
The wafer chuck, that holds the processed wafer, moves vertically towards
the probes, which are mounted on the probe card and electrical connected
to the tester. A relevant parameter thereby is the overdrive Az = z, - z,. It is
defined as the vertical distance starting from the contact position (z = z,)
at which the first probe tip makes contact with the pad surface (contact
force F,= F.= 0) to the final travel distance (z = z,) of the wafer chuck. The
probe, acting as an elastic spring, is deflected in a vertical direction by the
same amount of overdrive causing a contact force between the pad and
probe tip (see Fig. 2.5). A big enough amount of contact force, which is
proportional to the applied overdrive Az and the spring constant ¢ (see
Eq. (2.1)), is required to form a good electrical contact on the metal pad and
hence guarantee a low and stable contact resistance (see Sect. 2.2.3) [1,10,11].

ZA

g—=
Pad F,>0

Fig. 2.5. Probe deflection mechanism.

As illustrated in Fig. 2.6, cantilever probes are mounted horizontally and
bent downwards at the free end, which comes in contact with the metal
pad during probing. Because of their design, cantilever probes exhibit me-
chanical deflection upon pad contact in vertical z and lateral x direction.

13
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Cantilever probes linearly increase the contact force, F, or F., with the
applied overdrive (see Eq. (2.1) and Fig. 2.8).

F. = c;Az (21)

Their simultaneous lateral movement causes the probe tips to slide along
the pad surface generating a scrub mark. Here a frictional force, Fx or Fj
depending on the coefficient of friction at the probe-pad interface, is ap-
plied to the probe tip [1,15].

Scrub mark

Cantilever
'Y
Sum probe

% Pad

X1 Ff
Az ‘I F
F=te L Pad

Fig. 2.6. Concept of a cantilever probe (1.) with scrub motion on the pad during probing (r.).

Vertical probes with a buckling beam concept are named according to the
mechanical and respectively geometrical design of the probe (see Fig. 2.7).
Because of the probe design and mounting configuration, vertical probes
only cause a low, or even no, lateral scrub of the probe tips on the pad met-
allization [15].

ark
\ /5

)

XY [ Scrubm

<5 10um Vertical
¢ N T =k -
probe
Pad

AZ}:% Pad

Fig. 2.7. Concept of a vertical probe (1.) without scrub motion on the pad during probing (r.).
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Probes of buckling beam style are designed with mechanical properties for
a saturation of contact force in terms of Euler’s buckling load (see Fig. 2.8).
MEMS probes can have both contact force characteristics of cantilever or
vertical probes depending on their design. The major difference is caused
by the lithographic manufacturing process of MEMS probes compared to
conventional probes made of thin metallic wires [15].

/

Buckling beam
vertical probes

Cantilever probes

Contact force

A 4

Overdrive
Fig. 2.8. Force displacement curve of cantilever probes vs. buckling beam vertical probes.

2.2.3 Electrical Contact Resistance during Probing

As explained in the previous section, a sufficient high contact force is
required to achieve a low (< 1) and stable electrical contact resistance
between the probe and the contact pad [16]. In this section an analytical
model of the electrical contact resistance is given, which is strongly
dependent on the contact force and material parameters of the contact
pairs pad and probe.

The Swedish scientist Ragnar Holm (1879 - 1970) developed the theory of
electrical contact resistance. According to this, an electric contact is
defined as a releasable junction between two conductors, or “contact pairs”,
which is apt to carry electric current [17]. In case of a current flow [, a volt-
age drop AU occurs between the interfaces of the contact pairs (see
Fig. 2.9). The arising electrical resistance R; at the transition points is
defined by Ohm's law and consists of two resistors in serial connection:
bulk resistance R and contact resistance R [1,18].

15
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| A

Rs

Rt Ry = T =Rp + Re¢ (22)

Fig. 2.9. Electrical equivalent circuit
diagram of transmission resistance.

The bulk resistance Rj is a constant value and depends on the electrical
resistivity of the contact material p, and the geometry of the electric con-
ductor (length I, and cross-section S;) along the electrical signal’s
path [1,18].

l
R, = pmé = const. (23)

In contrast, the value of contact resistance R.: is the unknown variable of
an electrical contact. The resistance appears at the transition point of the
contact pairs and is made up of constriction resistance R., and film re-
sistance Ryof alien isolating layers [18-20].

Rt = Reo + Ry (2.4)

Since all real solid surfaces are rough on the microscale, the touching sur-
faces, which are pressed together by the mechanical load F., make contact
at the surface spots and not on the whole contact area (see Fig. 2.10). This
mechanical contact area is typically a small fraction of the nominal contact
area, even for high contact loads. Due to oxidation films and other isolating
films on top of the metal surface, only a part of the so-called load bearing
area is electrically conductive [17,19,21].

The film resistance is given by the ratio between its material properties, like
the specific resistivity prand thickness drof the insulating film, and the load
bearing area A [19-21].

dy
Rf = Pr E (2.5)

16
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Current
lines
v /\ ] /\‘ Mechanical

Interface

| | Nominal contact area
|| Mechanical / load bearing contact area
I Elcctrical contact area

Fig. 2.10. Schematic of current constriction and subdivision of contact area (modified by [19]).

As shown in Fig. 2.10, left, the current flow is constricted through small
conducting spots, the so-called a-spots, to cross the interface, which results
in the emerging electrical constriction resistance Re, [21]. According to

17
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Holm [17], its value for a single circular a-spot R.,; with the constriction
radius q; is given by:

p
Reoi = _m: (2.6)

2a;
where p, is the effective specific electrical resistivity of the contact pairs. In
practice an electrical connection comprises a multitude of n contact
o-spots [21]. Its value can be found as a summation of a-spots over the nom-
inal contact area.

Pm
2¥a; (7)

R =

To provide a low and stable contact resistance the electrically-conductive
contact area has to be as large as possible. The constriction and hence the
contact resistance can be reduced by increasing both: the number of
a-spots and their dimensions [21]. As the load bearing area is smaller than
the nominal contact area, a-spots must support local pressures that are
comparable with the strengths of the materials of the contacting surfaces.
If we assume plastic deformation of the contact pairs, the compressive
strength o can be expressed as hardness H of the softer material. Thus, the
normal load F. applied to the electrical interface is given by [20,21]:

E: = AbH (2.8)

If we assume that the electrical interface does not carry electrically-insulat-
ing films and its overall area emerges from a summation of n circular
a-spots with radius a;, distributed within a cluster with radius r, the load
bearing area can be approximated as [21]:

A, = na; = ny°m. (2.9)
With Eq. (2.7), (2.8), and (2.9) the constriction resistance R., becomes:

H
R, = Pm — (2.10)

2 | E

Inserting Eq. (2.5), (2.8), and (2.10) in Eq. (2.4) the contact resistance R
can be expressed as:

P [nH

Rt — + Pfdf E (2.11)
2 | 3
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2.3 Probing-On-Active-Area

This equation indicates, that the contact resistance is influenced by the
material properties of the contact members and depends on the variable
value of the contact force F. between the two surfaces in contact [1,6,19].
The relationship between the electrical contact resistance and the mechan-
ical contact force is illustrated schematically in Fig. 2.11.

<[ Film resistance R |

3 :
g :
(0] . ' -
o _ Instability : Stability
-.(E - E »
(] :
7] ' —
o : Constriction R, and
B ¥| film resistance R
0] :
S 5 | Constriction resistance RCO|
o : v
: f f
' ] Bulk resistance R, ‘
; v R

Contact force F,

Fig. 2.1. Relationship between contact resistance and mechanical contact load (modified
by [18]).

With an increasing number of tested ICs, however, the probes built up
more and more adhesive pad or other foreign material at the contact area
of the tip. The contamination can cause a not negligible change of the elec-
trical contact resistant. In the worst case the resistance is too high, so that
the device does not pass the IC testing resulting in yield loss. To avoid and
remove contamination of probe tips, the probe tips are periodically
cleaned. The cleaning is usually realized by multiple contacting on special
cleaning materials either online, i.e. during wafer test on the prober, or
offline, i.e. during probe card maintenance [1,6,22].

23 Probing-On-Active-Area

During wafer test every IC must be connected to external devices like a
tester or other electronic components. For this purpose, small conductive
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2 Failure Mechanisms during Wafer Probing

connector pins are normally placed on the top side of a die, which are called
pads. The pads are not covered by passivation and so capable to be con-
tacted by needles or wires (see Fig. 2.12). The number of pads per die, which
are typically made of aluminum (Al), copper (Cu), or Al-Cu metallization,
can vary from less than ten up to a few hundred depending on the applica-
tion and power consumption. Dependent on the FE technology the pad size
and thickness can vary, too. The pads have thicknesses between a few hun-
dred nanometers up to several micrometers. The electrical connection to
outside devices is realized by test needles (probes) temporarily during wa-
fer test or permanently by bond wires during the assembly process of the
chip [1,6].

Fig. 2.12. Processed wafer with close-up view to IC die example and contact pad.

2.3.1 Pad Stack of CMOS Technologies

In order to minimize the defect density and power consumption and in
parallel to increase the switching speed, the IC area and structural size are
continuously shrunk. This fact, together with higher signal integrity, new
materials, and design optimizations, brings essential performance benefits
and yield improvements. Another effective way to reduce the chip size is to
place the contact pads directly above the active structures of the ICs instead
of placing them outside the active circuit area on top of pure Si, which was
usually done in the past to avoid any damage of the IC. This design concept
is called POAA and can reduce the die size up to 20% (see Fig. 2.13). The
POAA method, however, creates another challenge for wafer testing.
Instead of not having any crack-sensitive layers below the pad with the clas-
sical approach, the new POAA approach is facing brittle layer structures
underneath, which are mechanically stressed during probing and so caus-
ing a reliability risk [16,23].
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Fig. 2.13. Concept of POAA layout technology for CMOS devices.

In most advanced CMOS technologies the POAA method is implemented
into the pad layout. Fig. 2.14 shows a schematic cross-section view of a
POAA layer stack, which is typical for a CMOS technology. To interconnect
thousands of active components of the IC, a multi-level metal routing tech-
nique is needed. Hereto, up to eight metal routing layers are required,
which are reinforced and insulated to each other by non-conductive layers
(e.g. SiOy, poly Si, low/high-k materials). The metal layers are routed later-
ally and connected vertically to each other with small metal fill structures
called vias. In the uppermost layer of the metal routing the passivation is
removed to provide an external electrical connection to the contact pad
[1,16].

- ~imide.
Bond / contact pad (e.g. Cu, Al) Liner
Insulating layer (e.g. SiOx) (e'% Ti'_ TiN)
arrier
Metal 6 (e.g. SisNa4)
<«—Vias
Metal 5

Insulating layer (e.g. low-k, FSG)

Active structures (e.g. diodes, transistors)

Fig. 2.14. SEM (1.) and schematic (r.) cross-section view of a CMOS BEOL stack.
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2 Failure Mechanisms during Wafer Probing

To achieve a high switching speed with low power losses causing a temper-
ature rise, a metallization with a high electrical conductivity is required
enabling a high current density despite minimal dimensions. A low contact
resistance through metal lines and transistors is also essential. Al and its
alloys like Al-Cu fulfill these requirements. Thus, they have been the choice
for routing and pad metallization since many years. The main advantages
of Al include its low specific resistance, its excellent adhesion on SiOy and
interlayers like BPSG or PSG ((Boro-) Phospho-Silicate Glass), its good in-
termetallic phase activation with gold (Au) during wire bonding, and its
simple structuring in dry etch processes. The disadvantages of Al are that
it only meets the requirements in mechanical hardness and resistance
against oxidation corrosion. Metals such as silver (Ag) or Au show partly
better electrical, chemical, or mechanical properties, but they are more ex-
pensive and cannot be etched in dry etching this easily. Instead of pure Al
and its alloys, Cu can be used in order to reduce the risk of electromigra-
tion [1,24].

For reliable and robust contacts it is important to isolate the Al and Si layers
to each other. To this, a diffusion barrier of materials like titanium (Ti),
titanium nitride (Ti;N,), or W is deposited on top of the SiOy layer [1,24].

Cu metallization has some significant advantages and thus is a good alter-
native especially for smaller feature sizes. Cu has a much lower specific
resistance (1.7uQcm) than Al (2.7uQcm) and is much more efficient in view
of power losses. Also the risk of electromigration of Cu is much less com-
pared to Al Since Al cannot fulfill requirements caused by structure shrink-
ing and performance increase any longer, a metallization conversion to Cu
is evident and already implemented for most advanced CMOS technolo-
gies [1,23,24].

In addition, for CMOS technologies using SiOx as an IMD becomes increas-
ingly critical. The ongoing shrinking of the die size causes the conductors
for routing moving closer together in vertical and horizontal direction. To
keep the value of the parasitic capacity low, which influences the electric
properties like the switching speed or the power consumption, dielectrics
with a low relative static permittivity &, or simply low-k, are needed. Today
low-k materials are often used in multi-level BEOL stacks, as IMD pas-
sivation layer as well as for the isolation of trenches. The low-k materials
can be divided into the groups: doped oxides, organic materials, Fluori-
nated-Silicate Glass (FSG), porous materials, and combinations of them.
The traditional dielectric, SiO., has a relative permittivity of 3.9. Low-k ma-
terials have lower relative permittivity than SiO,, down to ca. 2 in case of
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2.3 Probing-On-Active-Area

porous types [1,24]. Beside of the good electrical properties of low-k mate-
rials, the mechanical robustness is getting more fragile. Combined with the
POAA approach low-k materials are more critical like SiO, layers, and so
increasing the risk of mechanical failures during probing.

2.3.2 Pad Stack of Power Semiconductor Technologies

Similar to CMOS technologies, various power semiconductor technology
classes are also affected by the POAA challenge in a slightly different way.
Here the brittle layers are not evenly stacked alternating with metal routing
layers as with CMOS BEOL stacks, but inhomogeneous metal-oxide struc-
tures forming the transistor are directly connected with the pad on top of
the chip.

A widely used unipolar transistor for low and high power IC applications is
the so-called MOSFET (Metal-Oxide-Semiconductor Field-Effect-Transis-
tor). It is applicable due to its low gate drive power, fast switching speed,
and a good capability for parallel connectivity. Most power MOSFETs fea-
ture a vertical structure with the source and gate electrode on the top and
the drain electrode on the bottom side of the die. Fig. 2.15 shows the basic
cell structure of two typical power MOSFETSs schematically [25-27].

Source Source
Gate
n’ n’ n’ 8 n n o n
p p (‘9" p 8
n-drift region n-drift region
n* substrate n* substrate
Drain Drain

Fig. 2.15. Typical Si power MOSFETs: D-MOSFET with “planar-gate” structure (l.) and U-
MOSFET with “trench-gate” structure (r.) (modified by [25]).

As can be seen on the left side, the double-diffused, or D-MOSFET, con-
tains a “planar-gate” structure. The gate electrode (e.g. made of n* ploy Si)
is located above the body electrode and insulated from all other device
regions by a gate dielectric layer (e.g. made of'silicon oxide (SiOy)). Another
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2 Failure Mechanisms during Wafer Probing

typical structure is the Si “trench-gate” power MOSFET, or U-MOSFET,
structure that is shown on the right side. Its gate structure is embedded
within a trench etched into the Si surface [26,27].

Fig. 2.16 shows a SEM cross-section of multiple trench-MOSFETs after FIB-
milling. The power MOSFETs are directly connected to each other by their
source metallization, which also serves as the contact pad for probing and
wire bonding.

| Al source

S

Fig. 2.16. SEM cross-section of multiple trench-MOSFETs after FIB-milling [28].

2.3.3 Crack Generation and Preparation of
CMOS Back-End-Of-Line Stacks

Significant mechanical stress to the die and mainly to the I/O pad is applied
consecutively during wafer probing, wafer dicing, wire bonding, packaging
(molding, trim & form, final test), and finally during handling. In operation,
the die can be stressed also thermally due to power losses during on & off
state. As a result, any type of (thermo-) mechanical induced crack could
propagate by further device processing, handling, and operation, which
physically weakens its IC structure.

During wafer probing, the force and the scrubbing motion of a probe tip
contacting the pad must be precisely controlled. Probe marks are not
allowed to be too large and deep. Furthermore, cracks in brittle isolation
layers underneath the probing area increase the risk of immediate or later
electrical device failure. In contrast, a sufficient high contact stress is
required to ensure stable electrical contacts with low contact resis-
tance [1,29].

Fig. 2.17 highlights the problem schematically for a single vertical probe.
The needle is contacting the pad, which is placed on top of a BEOL stack
based on CMOS technology, inducing a high mechanical stress, which is
causing an oxide crack, if the material-dependent fracture stress is
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exceeded. Probe-induced stress on top of the stacked layers is mostly com-
pressive within the contact area in case of a pure vertical force vector of the
needle. For probes with a lateral scrubbing mechanism (mostly cantilever
probes), also shear stresses are induced.

X
F
Zz

Vertical

probe

- Cracks

" Pad
\ SiO;
v Cu

Fig. 2.17. Vertical probe contacting a pad over active area and thereby inducing oxide cracks.

Probing induced oxide cracks have typically a very short length (< 100nm)
and thin gap size (< 10onm) depending on the brittle layer dimension. Even
after the wet-chemical removal of all layers (e.g. pad metal, liner) deposited
on top of the oxide, oxide cracks are nearly invisible using a conventional
light or confocal microscope (see Chap. 3.1). If an oxide crack cannot be
directly seen by a microscope, another method has to be used to indirectly
find the crack location by optical microscopy. In this section, a method is
described using the advantage of chemical preparation to decorate oxide
cracks by improving the contrast of the optical inspection image. The con-
cept of this method is to etch the metal layer below the oxide by an acid
that infiltrates through the crack to the metal and so indirectly indicates a
crack in the dielectric layer [1].
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Fig. 2.18 shows the preparation of oxide cracks schematically for the exam-
ple of a CMOS based technology with an Al-Cu pad metallization on top
insulated from the Cu routing by a SiOy layer.

Before Crack Preparation After Crack Preparation
R Cr?cks Etching
ARGy |
N SiOx S SiO«
v Cu Cu

Fig. 2.18. Chemical preparation of oxide cracks.

The Al-Cu pad metallization can be removed by phosphoric acid (H;PO,)
using a temperature of 70°C. If the subsequent optical inspection shows,
that still pad metallization is remaining, this etch step is repeated until the
Al-Cu is totally gone. The Al-bottom-liner is again removed wet-chemi-
cally. Even this etch step is repeated until the complete liner is removed,
i.e. the layer or structures below the exposed SiOy layer are visible. The
etching, or “decoration”, of potential cracks next the Cu layer below can be
done by nitric acid (HNO,). After etching, the sample is prepared for the
indirect optical crack inspection using a light microscope. Fig. 2.19 shows
an example to this.
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Fig. 2.19. Optical microscope image of an oxide crack after etch decoration.
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2.3 Probing-On-Active-Area

2.3.4 Crack-relevant Electrical Device Fails

A worst case scenario during IC testing is an oxide crack that is not electri-
cally detected during IC testing, but later on causes an electrical device fail-
ure in its working environment.

Relevant for CMOS technologies, the uppermost dielectric oxide layer
directly underneath the pad is particularly critical for the IC testing and
bonding. As later described in Chap. 7.1, probing induced cracks in brittle
insulating layers are most likely related to cracks in diffusion stop layers
(e.g. silicon nitride (SisN,)). This layer, which is on top of the Cu metal
routing layer, is intended to prevent Cu-diffusion into the isolation layer.
Depending on the IC design, the metal routing layer and the pad can have
an electric potential difference and so must be isolated to each other.
Hence, cracks in diffusion stop and isolation layers can cause electrical
leakage or shorts if a conductive path of Cu-metal is formed, driven by elec-
tromigration (see Fig. 2.20) [30].

Al-Cu pad
<'_SiOx
T — SisN4
Cu
\Diffusion

Crack opening

Fig. 2.20. Simplified explanation of Cu-ion electromigration along crack in isolation layer
(modified by [1]).

Electromigration is recognized as a potential reliability risk in semicon-
ducting devices. The failure mechanism is caused by mass transport (diffu-
sion) of metal ions along circuit paths, if they are stressed by an electrical
field. As shown in Fig. 2.21, the transport of metal ions is driven by two
forces. The first one is the direct electrostatic force Fe;, which is caused by
the electrical field Eq and so has the same direction as the vectors of the
electrical field. The second one is the force from the exchange of momen-
tum with other charge carriers F, acting in opposite direction to the elec-
trical field vectors. In metallic conductors this force is a result of the
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2 Failure Mechanisms during Wafer Probing

so-called “electron wind”. Due to the shielding effect of the electrons, the
force F, is usually the dominant one. In contrast, the force F is relatively
small. Therefore, the metal ions move towards the anode, while the result-
ing vacancies move in the direction of the cathode [31,32].

\ 4

| |
Anode + |' Cathode -

Fig. 2.21. Forces on ions in an electrical field.

According to J. R. Black the Median Time to Failure (MTF) is estimated
by Eq. (2.12), where K, is a material constant of the conductor path, J the
current density, E, the activation energy, ks the Boltzmann’s constant, and
Tk the temperature in the conductor path [32].

K, (_Ea_
MTTF = Tme(kBTK) (2.12)

For diffusion, the energy level of the diffusing ion must be temporarily
increased. This energy demand is called activation energy. In general,
diffusion processes occur faster at higher temperatures [31,32].

Besides electromigration, the void in the oxide layer can be filled also by
Cu-material creeping driven by high mechanical stress. The FIB cross-
section image in Fig. 2.22 shows an example to this. Here the Cu has
squeezed into the small gap of the oxide crack due to the applied stress and
so forming an electrically conductive path.

During wafer probing of MOSFET devices, the gate oxide insulation layer
below the metal gate layer is most sensitive to cracks. A crack in the oxide
can lead to a short circuit or leakage between the source and gate electrode.
Fig. 2.23 shows a practical example to this.
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Fig. 2.22. FIB cross-section through the contact area after applying mechanical stress (l.) and
close up view (r.).

Fig. 2.23. FIB-milled SEM cross-section view of the contact area: Si grains adhere on the BPSG
surface and increase its crack risk during contacting.

In the cross section view of a trench MOSFET chip, small Si grains, which
are embedded in the Al-Si-Cu gate metal layer, are visible. During probing,
the hard Si grains are pressed by the probe tip against the edge of the insu-
lation oxide structure, which causes excessive stress concentrations at the
edges of the insulation layer. In this example, the oxide has been cracked
particularly at the edges of the trench transistor. The source (e.g. poly-Si)
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2 Failure Mechanisms during Wafer Probing

and gate (e.g. Al-Si-Cu) metallization are shortened and thus can cause an
electrical failure of the device.

All above described failure modes are caused by high probing induced
stresses on sensitive structures. But there are two limiting factors for an
easy detection of mechanical oxide damages. One is the lack of a reliable
electrical indicator during wafer or final test, because the device fail must
not happen definitely at or immediately after the crack generation. The
other difficulty is given by the nano-scale dimensions and locations of
cracks below the chip surface in lower brittle layers, which makes them
hard and time-consuming to find. This problematic situation has to be
solved by providing efficient crack detection methods. In the next chapter
conventional inspection methods on pad and oxide damage are described
together with technical details of optical and electron microscopes.
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3  Conventional Pad and Oxide Damage
Analysis

There are several check points during the FE- and BE-manufacturing
process starting with a raw Si-wafer and ending with a fully functional,
packaged device (see Fig. 3.1). Some quality control steps are done electri-
cally (green arrows), like the Process Control Measurement (PCM) or wafer
and final test, and some are done optically (purple arrows), as the inspec-
tion of the wafer, the wire-bond, the lead frame, or the mold compound.
All tests and inspections are required to control, if the previous process was
performed according to its specification without harming the wafer or
device and if subsequent processes are not affected by any structural fail-
ures or damages. In this chapter it is described, which optical inspection
methods and microscopes are applicable especially after POAA wafer test
and how they are used to detect hidden oxide cracks below the pad metal-
lization.

Raw Packaged
Wafer Device

—> [ FeProcess BEProcess | mm)
1111111111

PCM Wafer Wafer Final
test test insp. Test

Fig. 3.1. Check points during semiconductor manufacturing process.

After wafer probing, the pads are optically inspected in a non-destructive
way to control the allowed scrub or probe mark dimension (size and depth,
see Fig. 3.2) and its relative position. Another quality check is to look for
any pad metal removal caused by deep probe marks causing exposed oxide.
Additionally to that, an optical control of the wafer surface is performed, to
examine if there are any passivation imprints or scratches existent. In order
to limit the optical inspection time during production, this must be done
fast and therefore is only realized by a 2-dimensional image processing
instead of doing time-consuming 3D confocal laser inspections.
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Fig. 3.2. Image of a probe mark (l.) and 2D depth profile (r.).

As described in Chap. 2.3, oxide cracks, which can occur during probing on
POAA structures, are normally not visible by standard microscope inspec-
tions of the pad surface, so alternative methods must be used. To detect
oxide cracks optically in lower layers the pad metal must be removed in
advance (see Sect. 2.3.3), which is time-consuming, destructive, and there-
fore not applicable during wafer manufacturing.

Currently different types of light microscopy are used for pad and oxide
damage analysis, like the Differential Interference Contrast (DIC) or the
SEM in combination with a FIB. In this chapter, the principles of the most
common microscopy techniques are explained and some examples with
typical images of failures are shown.

3.1 Light Microscopy

In the late 19th century the German physicist Ernst Abbe (1840 - 1905), who
developed and manufactured optical instruments, described the maximal
theoretical resolution of a conventional light microscope. Based on his
work, the microscopic resolution limit could be considerably improved.
Light microscopes have a resolution limit of approx. o.2pum, which is
dependent on the wavelength of the used light source. Such microscopes
offer typical magnifications up to 1500 times. Today, modern techniques
and processes have been developed and thus the Abbe limit has been over-
come [33].
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3.1 Light Microscopy

3.1.1  Digital Light Microscopy

Digital microscopes are equipped with a digital camera capturing the image
of the sample. Hence, the viewing is done by a screen instead of eyepieces.
In this work the digital microscope VHX-6000 of the supplier Keyence was
used (see Fig. 3.3). Its swing-head zoom lens enables magnifications from
20 up to 2000 times with a measurement resolution between 9.5um (20
times) and o0.95um (2000 times) in vertical and lateral direction. The
microscope has a motorized stage that can be moved fully automatically
with a theoretical resolution of ca. o.ijpm in z- and about 1pm in x- and
y-direction. The lighting of the specimens can be done using full or partial
coaxial or ring illumination as well as a mixture of them.

Fig. 3.3. Digital microscope VHX-6000 of the supplier Keyence.

The VHX-6000 is useful to get a quick and reliable 2D measurement of
imprints on pad or oxide surface and device structures within a range of
less than 1pm up to a few micrometers (see Sect. 3.1.4). Another application
for the digital microscope is to measure the dimensions of indenter and
probe tips, which will be explained in Chap. 6.1.
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3 Conventional Pad and Oxide Damage Analysis

3.1.2 Differential Interference Contrast Method

The DIC technique was developed by the Polish physicist Georges Nomarski
(1919 - 1997) in the 1950s and patented by the French National Center for
Scientific Research (CNRS). It is a high-quality contrast method to pro-
duce proper images of transparent samples, like silicon dioxide (SiO.), with
high contrast and resolution. Its technique uses gradients in the optical
path length and phase shifts to make tiny objects like cracks visible under
a light microscope. The gained images are relief-like and seem to have a
shadow cast [34].

Linear polarized
light
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Objective
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Sh
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Condenser

— Ordinary wave
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%7 Wollaston prism

Linear polarized
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Fig. 3.4. DIC schematic by Nomarski (1.) and directions of light wave oscillations, if the ordinary
light ray is phase shifted at the specimen plane (r.).

In the DIC method the specimen is illuminated by linear-polarized light,
which is produced via a polarizer in front of the condenser (see Fig. 3.4).
The Wollaston prism, which is placed in the rear focal plane of the conden-
ser, splits the polarized light into two distinct light rays, the ordinary and
the extraordinary wave. Both light rays are linear polarized, have orthogo-
nal planes of polarization, and they are extremely close to each other. Due
to local differences in the light-scattering and light-refracting properties of
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the specimen, the light waves experience different phase shifts. The light
waves are brought back together after passing the specimen by another
prism, the Nomarski prism. Thereby, the light rays interfere with each
other. A present phase shift changes the polarization of the light into an
elliptical polarization, while linear polarized light that has not experienced
any phase shift is now linearly polarized again. The analyzer allows only
light out of one polarization plane to pass. Here it is the elliptically polar-
ized light that can partly pass. The analyzer transforms the phase shift into
an amplitude shift which leads to different light intensities in the resulting
image. Furthermore, the Nomarski prism in a DIC capable microscope can
be moved in its position in order to give the contrast a preferred direction
and to create the impression of a three-dimensional relief-like image

(33,34].

In this work, the DIC method was applied using the Reichert-Jung Polyvar
Met light microscope (see Fig. 3.5).

Fig. 3.5. Reichert-Jung Polyvar Met light microscope used for DIC method.

The configuration consists of six objective lenses (5%, 10x, 20X, 50%, 100X,
and Wi50x) and two widefield plane compensating eyepieces with 10 times
magnification (WPKiox). For the oxide crack inspection the LED light
source of the microscope and mostly the 100x objective lens were used.
Hereby an optical resolution of 3um and a 1000x magnification were
reached. To perform the DIC method, the prism block of the microscope
was pulled in and a polarization filter was installed. To enhance the
contrast in transparent samples, like SiO,, a lambda/4 plate was built-in.
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3 Conventional Pad and Oxide Damage Analysis

Via the knurled screw of the prism block the staining (any desired color or
grey tint) of the object field could be adjusted. The image acquisition and
processing was done using the Olympus SC50 camera and their stream soft-
ware.

The DIC method was of great interest for this thesis as it enabled a fast and
high-accurate optical inspection of various oxide crack types, which were
nearly invisible for classical light microscopes, gaining images with high
resolution and contrast. Thus, it was the most suitable optical-light method
of 2-dimensional inspections for small oxide cracks (see Sect. 3.1.4).

3.1.3 Confocal Microscopy

The confocal microscope principle was patented in 1957 by the US-Ameri-
can scientist Marvin Minsky (1927 - 2016). Today, his invention is employed
in all modern confocal imaging systems. The main advantage of the confo-
cal microscopy compared to the conventional light microcopy is the ability
of the instrument to eliminate “out-of-focus” lens flare. This provides an
increase in both lateral and vertical resolution and also the image contrast
is improved [33,35].

The main difference between a light and a confocal microscope is the place-
ment of two additional pinholes in the light path (see Fig. 3.6). The first
pinhole is placed in front of the light source (e.g. a zirconium arc source or
laser) and produces a point source of light. The light rays are deflected by
a dichromatic mirror and focused on the surface of the specimen by an
objective lens. The reflected light (and emitted fluorescence) from the
specimen passes back through the same objective lens and a dichromatic
mirror. The second pinhole is placed in front of the detector. Since both
pinholes and the focus plane of the specimen are confocal or in focus to
each other, only reflected light from the in focal plane passes through the
pinhole and strikes the detector (see Fig. 3.6, left). In contrast, the reflected
light from out-of-focus planes does not form a spot and thus is mainly
blocked by the pinhole (see Fig. 3.6, right) [35].

The detector, which is usually a low noise photomultiplier, produces a
signal that is directly proportional to the brightness of the light. In the con-
focal microscopy precisely focused 3D images are created through thin
optical sections. To this, the specimen is scanned sequentially at multiple
different focus planes and afterwards the individual images are com-

posed [33,35].
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Fig. 3.6. Schematic illustration of the light path in a typical confocal microscope: specimen in
focal plane (1.) and specimen not in focal plane (r.).

Fig. 3.7. Confocal laser-scanning microscope psurf custom of the supplier NanoFocus.
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To take 3-dimensional images of structures and surface topography of sam-
ples in nanometer dimensions, the confocal laser-scanning microscope
usurf custom of the supplier NanoFocus was used within this thesis (see
Fig. 3.7). Its sensor technology is based on their patented Confocal Multi
Pinhole (CMP) technology and offers a fast optical 3D surface measurement
technique. The available configuration has a LED light source with a wave-
length of 505nm. Under use of the lens with highest magnification (100x)
and maximal pixel size (2048 x 2048) a theoretical lateral resolution of
0.08um is achieved. During 3D height measurements the z-resolution of
the x-y-z- stage is inm. For the measurements, the measuring and control
software psurf metrology was used. The software psurfanalysis enabled the
visualization and analyzation of the recorded data.

Because of its high depth of field, the usurf custom has proven to be excel-
lent for measuring the 3D and 2D surface profile of the contacted area and
determining the probe mark depth.

3.1.4 Field of Application of Light Microscopy

For 2-dimensional optical probe mark analysis after wafer test, usually the
conventional or digital light microscopy is applied to inspect the probe
mark position and the probe mark area on the pad (see Fig. 3.8, left).
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Fig. 3.8. Probe mark inspection (l.) and determination of the surface profile (r.) after indenta-
tion with a circular flat-ended 1opm diameter diamond tip.
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3.1 Light Microscopy

However, for sub-micrometer 3D probe mark analysis this type of micros-
copy reaches its limits. The probe marks are usually some ten up to hun-
dred nanometers deep, requiring a vertical measurement resolution in the
nanometer scale. In addition, the pad metallization is reflecting and the
edge slopes of the imprints are partly very steep. Compared to the Keyence
VHX-6000 the NanoFocus psurf custom confocal laser-scanning micro-
scope is more accurate to measure the 3D profiles. In this work the micro-
scope and its analysis software were mainly used to derive a 2D or 3D profile
of the probed surface and to determine the maximal depth of the probe
mark (see Fig. 3.8, right). This feature was also applied to evaluate the
plastic deformation of the pad metal with a probe mark and hence to assess
the stress concentration, which was induced on the layer stack during
contacting.

Another feature of optical microscopes is the inspection of oxide cracks
below the pad, which are only visible after removal of the non-transparent
layers above the cracked oxide. Using a conventional light microscope the
detection of “macro-cracks” of micrometer size is relatively simple (see
Fig. 3.9, left), while the detection of cracks in the nanometer scale is nearly
impossible. To this, the optical microscopy can be extended by two
advanced methods to make cracks indirectly visible: the chemical crack
preparation (see Sect. 2.3.3) and the DIC method.
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Fig. 3.9. Optical image of a crack with micrometer size (1.) and chemically decorated crack
below the pad (r.) generated with a circular flat-ended 10pm diameter diamond tip.

Fig. 3.9, right indicates an oxide crack at the contact area, which was deco-
rated by etching the Cu layer below the transparent oxide layer, in order to
gain a higher contrast of the crack location. As the chemical etching
method can only be applied if a metal layer is located directly below the
crack, it does not work for complex and vertical integrated structures,
which are typical for power semiconductor technology chips. Cracks, which
have not propagated across the total oxide layer thickness (“semi” cracks)
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3 Conventional Pad and Oxide Damage Analysis

or having extremely small gap sizes, so that the etchant cannot penetrate
them, cannot be decorated by chemical preparation, too [1].

Compared to the normal light microscopy, the DIC method enables an
oxide crack inspection to take images with higher contrast and resolution.
The method does not require an upstream chemical crack preparation and
hence is not limited to cracks with a metal layer underneath. Moreover,
using the DIC method the detection of various IMD crack types, like semi
and full cracks, is possible. Imprints with light oxide cracks show dark
shadow regions around the imprint circumference, if the DIC method is
applied. In Fig. 3.10, one can see on the images at the upper and lower left
side imprints due to the contacting, but only the lower one shows a dark
shadow region on its edge, indicating an oxide crack. The cross-section
images on the right side of Fig. 3.10 were taken using the FIB-milled SEM
method as a correlation.

Fig. 3.10. Oxide crack inspection using DIC method (l.) and correlation with FIB-milled SEM
images through the imprints (r.) generated with a circular flat-ended 1opm diameter tip.

The DIC method is much faster than the preparation of FIB-milled SEM
cross-section images enabling significantly higher statistics. As the DIC
method is based on the evaluation of phase shifts (see Sect. 3.1.2), layout-
related structures can cause difficulties in interpreting the optical images
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3.2 Electron Microscopy

(see Chap. 7.3). To this, SEM cross-section images provide results that are
more explicit.

3.2  Electron Microscopy

In the previous chapter it was explained, that the optical resolution
achieved by DIC method or confocal microscopy is better compared to con-
ventional light microscopes. However, even these kinds of microscopes
have limitations in the resolution given by the wavelength of light. So elec-
tron microscopy with shorter beam wavelength was also used in this work
for crack analysis, in order to get a higher resolution and depth of field.

3.2.1 Scanning Electron Microscopy

The first electron microscope was invented by the German engineer Ernst
Ruska (1906 - 1988) in the 1930’s. In contrast to conventional light micro-
scopes, it uses electrons instead of light beams to create a magnified image.
Since electrons have a much shorter wavelength compared to the visible
light, electron microscopes achieve much higher resolutions (ca. inm) than
normal light microscopes (ca. o.2pm). Furthermore, electron microscopes
enable magnifications of more than 100’000 times [33].

As shown in Fig. 3.11, the electrons are generated at the top of the micro-
scope by a metallic filament (e.g. a tungsten hairpin cathode). The emitted
electrons are formed into a beam and accelerated down the column toward
the specimen. While moving downwards the beam is further thinned (di-
ameter < snm possible), focused, and directed onto the specimen by elec-
tromagnetic lenses (condenser and objective lenses). Once the electron
beam strikes the specimen surface, interactions between the electrons and
the specimen surface are released. Thereby, the specimen surface returns
electrons (e.g. secondary and backscatter electrons) that can be measured
by suitable detectors. After the recorded signal is amplified, it is converted
into a greyscale image, where the brightness is equivalent to the measured
signal strength. In SEM the electron beam is scanned over the specimen
surface by a certain xy-raster. The measurement is carried out under high
vacuum to avoid any disturbance of the electron beam with air molecules.
In case of insulating materials, a thin (ca. 5nm - 1onm), electrically conduc-
tive layer, such as Au or carbon (C), is deposited (sputtered) onto the
surface of the specimen [33].
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Fig. 3.11. Schematic principle of a SEM.

3.2.2 Focused lon Beam System

A FIB system is nearly identical to a SEM microscope, but uses a beam of
ions (e.g. Ga*-ions) instead of electrons. Via the sputtering process, the FIB
can directly modify or mill the specimen surface with nanometer precision.
If the ion beam assisted chemical vapor deposition is used, also material
can be deposited with a precision similar to the FIB-milling. Therefore, a
small amount of a precursor gas is injected into the vicinity of the beam
and then decomposed by the beam. The nonvolatile decomposition prod-
ucts deposit on the specimen surface, while the volatile products are
extracted via the vacuum system [36].

3.2.3 Dual Beam Instrument

A FIB combined with a SEM is a more powerful tool as it combines the
benefits of both. Using a so-called dual or cross beam instrument, simulta-
neous observation and nano-machining of materials is possible. This
enables immediate, high resolution SEM imaging of the FIB-milled
surface [36].

The top-down and FIB-milled cross-section SEM images, which are shown
within this thesis, were mainly prepared with the dual beam instruments
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3.2 Electron Microscopy

Helios NanoLab 660 and Helios NanoLab 450 of the supplier FEI Company
(now Thermo Fisher Scientific Inc.).

For SEM the sample was glued on top of the sample holder with conductive
Ag for grounding and then placed into the sample chamber of the micro-
scope. After the vacuum was drawn up, the sample surface (usually SiOy)
was sputtered with a C layer of 6nm thickness to make it electrically
conductive.

For the FIB-milling, a thin protective layer (e.g. snm C) was sputtered on
the surface of the analysis region at first and then a trench was dug out. To
detect even the smallest cracks, the step size of the FIB-milling was partly
chosen extremely small, so that up to more than 100 cuttings at different
locations per imprint could be made.

In this work, FIB-milled SEM cross-section images through the imprints
were prepared to enable a very sensitive inspection of various oxide crack
types and their orientation underneath the contact area. This method was
also used to inspect the plastic deformation of the pad metallization and
top metal layers after contacting.

3.2.4 Field of Application of Electron Microscopy

Compared to the optical methods described in Chap. 3.1, SEM cross-section
imaging offers a more accurate crack investigation. The method enables
not only the detection of different crack forming, like full and semi cracks,
also the exact location and orientation of the crack is visualized in the
orthogonal plane of the wafer surface. In the cross-section view in Fig. 3.12
one can see semi-cracks, spreading from the top and bottom side of the
uppermost oxide layer.

Analog to conventional light microscopy, also the SEM cross-section imag-
ing is a two dimensional method. To save inspection time it would be
advantageous to locate the exact lateral position of the crack within the pad
area using faster light microscopy. This, however, is usually not possible
and typical oxide cracks propagate only a few hundred nanometers. As a
result, the FIB-milling method must be applied in very small layer steps
(e.g. >100 steps per imprint) until the exact crack location is on target.
Other disadvantages of SEM microscopy are charging effects by analyzing
dielectric layers like SiO.. Oxide cracks are therefore not easily detectable
and there is always the risk that cracks are overlooked. Furthermore, the
preparation of FIB-milled SEM cross-section images is very time-consum-
ing (up to 9o minutes per imprint) and thus cost intensive. To reduce the
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3 Conventional Pad and Oxide Damage Analysis

inspection time, SEM top-down images of the contact area can be made
before the FIB-milling. This, however, only works, if the top pad metal layer
was removed beforehand and the oxide layer has cracked from the top side.

Fig. 3.12. SEM image after FIB-milling through the imprint generated with a circular flat-ended
1opm diameter tip investigating crack types and their location.

As shown in Fig. 3.13, the cross-section images can also be used to investi-
gate plastic deformation of metal layers after contacting. The image on the
left side presents an example for the plastic pad deformation, while the one
on the right side visualizes the remaining deformation of the top metal
layer.

Fig. 3.13. FIB-milling SEM cross-sections through imprints generated with a circular flat-ended
1opm diameter tip revealing plastic deformation of the pad metallization (l.) and the top metal
layer (r.).

All previously discussed failure inspection methods based on light and elec-
tron microscopy are suitable for an assessment of oxide cracks, which have
potentially occurred after POAA probing. However, these methods for

44



3.2 Electron Microscopy

crack detection need a preparation of the sample, which is destructive and
time-consuming, and thus cost intensive. Hence, there is a high motivation
to find a faster and more accurate method.

To detect cracks, this goal can be achieved by an innovative AE test
method. In the following chapters, the concept and development of the
novel method is described starting with an analytical and computer-simu-
lation approach of mechanical stress calculations for a simplified contact
model and the statistical determination of the crack probability. In the
experimental part later in this work, the classical and new crack detection
methods are compared and the accuracy is correlated based on the experi-
mental results.
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4  Contact and Fracture Mechanics

In this chapter, the theoretical basics of continuum mechanics with a defi-
nition of mechanical stress, material properties, and fracture mechanics are
explained specifically for the use case of wafer probing on crack-sensitive
structures of semiconductors. The theory of failure probability is given
according to the Weibull model which is adequate to predict cracks on brit-
tle materials. For the special application of probing on thin semiconductor
layers, an analytical and computer-aided numerical model of contact
mechanics of a flat punch on an elastic half-space solid is described. All this
is mandatory for a fundamental understanding of crack occurrence during
POAA, which is influenced by material, design, geometry, and mechanical
loads of both, the probe tip and crack-sensitive test structures. In the
future, the newly developed contact models can be used to predict the
crack probability of new wafer technologies with POAA structures in ad-
vance by simulations and so to speed-up the expensive qualification effort.

4.1  Continuum Mechanics of Solid Bodies

The theory of continuum mechanics considers volumes of materials show-
ing same physical properties everywhere as a continuum rather than dis-
crete particles on atomic scale. Within this area of mechanics, the reaction
of deformable solid bodies on external loads is studied [37,38]. External
mechanical forces of a cylindrical solid body (probe), which interfere with
the surface of another cubic solid body (sample) of a certain size and mass,
are causing a pressure p on the contact area A (see Fig. 4.1). If the body of
the sample is not mounted, it is moving from its original position depend-
ing on the mass inertia. If the sample is mounted on a fixed base plate as
shown here, the reaction force is resulting in elastic or plastic deformations
of the two bodies. The reacting contact pressure is a function of the applied
force F and the interfering area A of the two bodies.

When a force F is uniformly distributed over a large area A, the traction

vector t can be expressed by:

t= Z, (4.1)

where t represents the force intensity vector with respect to the surface
area on which it is applied. In contrast, if the force varies in direction and
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intensity over this area, the traction should be defined at an infinitesimal
area which approaches zero (Cauchy’s principle, Eq. (4.2)) [39].

<AF ) _dF
AA)  dA

The two components of the traction vector t are normal stress ¢ and shear
stress t, which are normal and parallel to the area's surface (see Fig. 4.1).
Using n for the unit normal vector to the surface and s for the unit vector
parallel to it, the stresses are:

t = lim (4.2)

AA-0

c=t-nandt=1¢t"s. (4.3)

Probe .

Sample

\ Fixed base plate

Fig. 4.1. Contact model of two solid bodies.

4.11  Mechanical Contact Stress

Per definition, the mechanical contact stress is equal to the normal force F
divided by the planar intersection area A of the body under load. Tension
and compression are both normal stresses o, meaning the force vector is
rectangular to the intersection area. If the force is applied parallel to the
intersection area A, the load is inducing a shear stress t into the body [37].

Any force, acting on the faces of a volume element, generally produces both
normal and shear stresses. Furthermore, the state of stress at a point is
three-dimensional. The illustrations of two infinitesimal small bodies in
Cartesian coordinate systems in Fig. 4.2 depict the idea of stress. The force
components dF;, dF,, and dF; act perpendicular to the plane of the element
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4.1 Continuum Mechanics of Solid Bodies

in the x, y, and z directions, respectively. When, for example, the force com-
ponent dF, acts normal to the plane dydz, the stress is a normal stress.
dF,

The different stress components are expressed using two indices. While the
first index, i, identifies the plane orientation, the second one, j, defines the
direction of the applied force. The symbol o denotes a normal stress, with
a plane of consideration and applied force whose normal is in x-direction,
respectively. Although the assignment of the sign is purely arbitrary, tensile
stresses are typically defined to be positive and compressive stresses nega-

tive [37].
The force components also act across other planes. For example, the force
component dF, acts parallel to the dydz plane and so produces a shear
stress, which is indicated by z,,.

dF,

Txy = dydz (4.5)

Similar to the normal stress the assignment of the sign is purely arbitrary.
The shear stress is usually defined to be positive, if the direction of the line
of action of the stress inducing forces and the direction of the outward nor-
mal to the surface of the volume element are of the same sign.
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% Tyz Tyx
Tzy
+—F X —> Ox
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z z

Fig. 4.2. Forces acting on the faces of a volume element and resulting stresses in Cartesian
coordinates (modified by [37]).
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As visualized in Fig. 4.2, each of the three surfaces contains three stress
components (e.g. dydz: 0w, Ty, Txz). The stress condition on the volume
element dxdydz is thus given by a total of nine expressions, which in matrix

notation becomes:
Oxx Txy Txz
Tyx  Oyy Tyz|. (4.6)

Tzx Tzy Ozz

This grouping of the nine stress components is the stress tensor o;, which
fully describes the state of stress at any point of a body.

Oxx  Txy Txz
Oij = Tyx Oyy Tyz (4.7)
Tzx Tzy Ozz

The diagonal elements of the square matrix are normal stresses indicated
by aj;, whereby the second index is often omitted, i.e. o\ = oy and so on. The
off-diagonal members are the shear stresses defined by z;. In the mechani-
cal equilibrium state of the element area the stress matrix is symmetrical,
i.e. Toy = Tyx, Tyz = Ty, and Tz = Txz. Hence, the nine components of the stress
matrix reduce to six independent stress components acting on any infini-
tesimal volume element of the stressed body [37].

4.1.2 Principle Stresses

In many practical cases, constructional components are externally loaded
simultaneously by normal (tensile or compressive) and shear stresses. As in
complex structures the maximum normal and shear stresses are often at
different positions, it is important to know, at which point of the compo-
nent the maximum stress is located. In the following text, the concept of
principal stress is explained, which is useful to find the location of maxi-
mum stress.

In a homogeneous stress field it is possible to find three mutually orthogo-
nal planes which intersect at the point of maximum stress within the solid
and are orientated in such a way that the shear stresses get zero. To satisfy
the prerequisite of zero shear stress, the orientation of the planes is differ-
ent at any other point in a solid body. With the only remaining normal
components of stress oy, 0y, and o, the square matrix of Eq. (4.7)
becomes [39]:

g 0 O
O.ij = 0 O'y 0 . (48)
0 0 o
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The three planes of zero shear stress are referred to as the “principal planes
of stress”. The normal stresses, acting on these planes, are termed the “prin-
cipal stresses”. They are extreme values, representing the maximum
(ox = 0,), intermediate (o, = 0,), and minimum (o = 03) normal stress acting
at the considered point within the solid body [37,39].

As the principal stresses give the maximum values of the tensile and com-
pressive stress, they have particular importance in the theory of strength of
solid bodies and are valid for brittle materials [37]. According to the Normal
Stress Hypothesis (NSH), the highest amount of normal stress causes
material failure and the fracture occurs, if the principle stress exceeds a
critical value [1,40].

In a 2D plane stress state the maximal and minimal normal stress values, o,
and o, acting at the point of interest (x, y) within the solid body, can be
obtained from:

Oy + 0y (ax — Oy

2
. . ) +12,. (4.9)

012 =

The principle stresses are labeled so that o, > g,. By convention, the tensile
stress is defined positive and thus refers to the maximum principal stress
o, while the compressive stress with negative sign refers to the minimum
principal stress o.. The shear stress z,, acts across a plane, which is orthog-
onal to the x-axis in the direction of the y-axis and is equal to 7, (see

Sect. 4.1.1) [37].

Later in this thesis it becomes obvious, that the principal stresses are useful
to identify the real contact stress distribution within the specimen by FEM-
simulations. As the model of the test specimen is 2-dimensional, only the
principal stress components o; and o, are used in the following contour
plots.

4.2 Material Strength of Solid Bodies

Every solid body of a different material reacts differently to external physi-
cal influences like force or temperature. This behavior is described in the
material science and independent of the size and geometry of the body.
Material properties of solid bodies, such as yield strength, ultimate
strength, Young’s modulus, and Poisson's ratio, are part of every material
specification and are derived by tensile testing, for instance. The meaning
material properties are described in more detail in this chapter.
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In tensile test according to DIN EN 10 002, a tensile specimen with circular
or rectangular cross-section is stretched at constant velocity in uniaxial
direction until it fractures. Thereby, the tensile load F; is constantly distrib-
uted over the cross-section area of the specimen.

During tensile testing (see Fig. 4.3) the tensile force is measured as a func-
tion of the specimen extension, F; = f(AL). If the measured force F; is
referred to the initial cross-section area A, and the change in length
AL =L - L, compared to the initial length L,, one obtains the stress o (see
Eq. (4.10)), which has the dimension force per unit area, and strain ¢ (see
Eq. (4.11)), which is usually given in percentage [19,40].

Ao
SR (4:10)
o =4, 4.10
! LO A
A,
) L-L AL
Lo AL £= 0 (4.12)
L Ly Ly

Fig. 4.3. Deformation of the specimen due to tensile load.

Fig. 4.4 shows a stress-strain curve for a metallic, or ductile, material sche-
matically. In the following, its characteristic points and regions will be
explained.

The characteristic region 1 (blue area) is called “Hooke's region”. It shows a
linear relationship between the stress o and strain £. Within this region, the
material returns to its original dimensions after the load is removed. As
there are no permanent deformations, i.e. the atoms return to their original
position, this type of deformation is termed reversible, or elastic. The
Young’s or elastic modulus E is the proportionality constant in Hooke's law
and thus given by:
o

E=— (4.12)
&

In general, a high elastic modulus means, that the material has a high
resistance to elastic deformability.

The maximum stress reached in the elastic region of the stress-strain curve
(blue area) is referred to as upper yield strength oys. It is the highest stress
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at which a material can be subjected to a uniaxial tensile load without a
permanent deformation.

An irreversible deformation is named as plastic, if the atoms are perma-
nently displaced from their positions and so the material cannot fully
recover its original dimensions after the load is removed. More precisely,
the plastic deformation is based on the movement of one-dimensional er-
rors, the dislocations, on slip planes. As during the movement dislocations
are additionally generated and crimp each other, this leads to an increase
in strength, the so-called strain hardening. Hence, the plastic deformation
becomes more and more difficult with rising load.

Within region 2 (bright green area) the stress-strain curve of materials with
pronounced yield strength shows a discontinuity. It starts with the upper
yield strength o,» and ends with a renewed increase in stress. This means
the material yields, while the stress immediately decreases at first and then
is almost constant. The lower yield strength oy, is a consequence of the up-
per yield strength and the smallest stress in the plastic deformation range
with increasing specimen extension. The so-called Liiders elongation ¢ is
defined as the specimen extension at the end of the discontinuity minus
the elastic part.

In region 3 of strain hardening (dark green area) and region 4 of necking
(pink area) the o-e-curve proceeds continuous and arcuate. The peak of the
technical stress-strain curve identifies the ultimate tensile strength o, of
the material. At this stress, the solidification due to microstructural pro-
cesses and the refortification caused by the reduction in cross-section are
in equilibrium. When the tensile specimen is unloaded at the ultimate ten-
sile strength oy, its uniform elongation ¢, is given by its total elongation &
minus the elastic part. The total elongation &, at the ultimate tensile
strength indicates that the tensile specimen does not neck up to the ulti-
mate tensile load, but extends uniformly over the entire length of the spec-
imen.

After reaching the maximum, the necking of the specimen starts (pink
area). With increasing elongation the cross-section A, of the tensile speci-
men decreases until micro-cracks occur, which grow together to form
larger cracks and finally it comes to a fracture at the fracture stress or. The
ratio of the lateral contraction ¢, to the longitudinal extension & of the
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specimen is called Poisson’s ratio v (see Eq. (4.13)). It is a material constant
and thus has to be determined experimentally.
€L
v=— (4.13)
€
The elongation at fracture without the elastic part is referred to as fracture
elongation & The total elongation at fracture is given by & [19,40].
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Fig. 4.4. Technical stress-strain curve for ductile materials with pronounced yield strength
(e.g. construction steel) naming its characteristic points and regions.

Other than ductile materials described above, brittle materials like ceram-
ics have a smaller fracture elongation and rupture near the elastic limit.
The brittle fracture occurs suddenly and the stored deformation energy is
released in form of new surfaces, heat, and kinetic energy [1]. Fig. 4.5
exhibits the basic difference in the stress-stain curves for ceramics (a) and
metals (b).
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ol a Brittle material (e.g. SiO,, Si;N,)
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Fig. 4.5. Schematic stress-strain curves for brittle and ductile materials without pronounced
yield strength.

Materials like glass or ceramics are brittle at room temperature and become
only plastically deformable at high temperatures. The reason for this be-
havior is due to the differences in the atomic bonding structure of metals
and ceramics [1,19]. In general, brittle materials have higher elastic moduli
than ductile materials (see Table 7.2 in Chap. 7.1).

The stacks of various FE technologies are usually composed of multiple
layers with different material properties and structuring (see Chap. 2.3).
Typical materials are metals, like Al or Cu, and ceramics, like SiOy and
Si;N,. As each material has different material properties, the stress-strain
curves are different as well. If an external force is applied both material
types deform according to Hooke’s law at first. Once the reacting stress
exceeds a critical value the fracture characteristic is either brittle (ceramics)
or ductile (metals).

4.3 Linear-elastic Fracture Mechanics of
Brittle Materials

Within this work, a detailed understanding of Linear-Elastic Fracture
Mechanics (LEFM) for brittle materials is of special interest. As shown in
Fig. 4.5, ductile (e.g. metals) and brittle (e.g. ceramics and oxides) materials
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are fracturing once a certain strain level is reached. It is important to know,
that different materials, stress conditions, specimen geometries and sizes,
temperatures, and strain rates as well as the presence of micro-cracks in
the solid are influencing the generation and propagation of cracks. The the-
ory of LEFM states, that the presence of micro-cracks can modify the local
stresses, even if the stress is much less than would normally cause failure
in a tensile specimen. When a crack reaches a critical length, it can propa-
gate catastrophically through the structure [38,41]. There are different
approaches to calculate the fracture stress oy, like the energy-balance
approach by the British engineer Alan A. Griffith (1893 - 1963) or the stress-
intensity approach.

According to Griffith, the lines of equal stress in a semi-infinite plate under
external tensile stress o with an edge crack of length [ are concentrated in
the region of the crack tip (see Fig. 4.6).

o

(Lrrrrttl

Crack tip
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1
\
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R

Fig. 4.6. Griffith model for edge crack propagation in a semi-infinite plate (modified by [41]).

The crack is growing, if the released elastic strain energy ys is at least equal
to the energy required to generate a new crack surface. The fracture
strength or for a material with an elastic modulus E can be calculated using
the Griffith equation [41].

2Ey,
ml,

of = (4.14)
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With Eq. (4.14) the fracture strength can only be calculated, if one knows
the largest existent crack in the specimen. If this is unknown, another way
to describe the fracture toughness is needed [41].

In 1958 the American scientist George R. Irwin (1907 - 1998) introduced the
so-called stress intensity factor K, which depends on the external stress
condition, the size of the crack, and the geometry of the specimen. If the
mode of the crack propagation is known, this factor can be used to predict
the stress state in the tip region of the crack caused by an external load. In
Fig. 4.7 one can see, there are three different fracture modes, categorized
as Mode I, I, or III [38].

In this work, Mode I is rather relevant for the case of crack propagation in
thin brittle layers and thus only considered here. According to theory, a
crack always propagates orthogonal to the maximum stress direction, in
order to minimize the shear stress [38,42].

Mode |[: Mode II: Mode llI:
tension opening In plane shear sliding Out of plane shear tearing

Fig. 4.7. Fracture modes according to Irwin (modified by [38]).

If one assumes a specimen with an edge crack of length . and an external
tensile stress o; (see Fig. 4.6) the stress intensity factor K is given by:

KI = 1.120},;7th. (415)

With an increasing external load, the factor K; is linearly increasing until
the maximum strength of the specimen is reached and the crack gets insta-
ble. At this point K is not further increasing and now called critical stress
intensity factor K;. or fracture toughness. It has the unit [K;] = MPavm and
is a material parameter derived from experiments [42]. In Table 4.1 some
Kic values for various ceramics are shown.
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Table 4.1. Fracture toughness of brittle materials [42,43].

Ceramics Ki. (MPavm)
ALO;, 35-5

SiO, 0.62 - 0.67
Si;N, (sintered) 1.9 -3.2

SiC? (hot pressed) 3.8-5

If the fracture toughness Kjc of any individual specimen with an edge crack
of length [ is known, the fracture stress orcan now be calculated according
to [41] by:

Kic

O = . (4.16)
ml,

4.4 Weibull Distribution Function and
Crack Probability

Fracture strength measurements of nominally identical ceramic material
typically show significant variance in the results. As described in Chap. 4.3,
this behavior is due to differences in size, position, and orientation of in-
trinsic pre-damage causing fracturing of the material [1,43]. Hereby the
Weibull distribution is of particular interest as it is the method of choice
for the statistical data analysis in this thesis.

In material science the Weibull distribution, named after the Swedish
engineer W. Weibull (1887 - 1979), is typically used to describe the crack
probability of brittle materials like ceramics or SiO,. The density function
p is derived from the fit curve of the frequency count diagram, which was
generated during a crack test on n samples under tensile stress. A schematic
example of this is shown in Fig. 4.8.

Analytically, the density function p as a function of the tensile stress o can
be expressed as:

_moym (@)
p(o')—o__o(o_—o) e ‘9o’ | (4.17)

with the parameters m and o,. The parameter m is the shape parameter and
called Weibull modulus m. It is an inverse measure of the distribution
width. The scale parameter, or characteristic strength o,, is a measure of

2 SiC: Silicon carbide
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4.4 Weibull Distribution Function and Crack Probability

centrality at which the percentage probability of failure is 63% [43]. As
shown in Fig. 4.8, it is the value at the point of the highest count of cracks
of the frequency plot.

[ Frequency counts %

Frequency counts
Density function p

Tensile stress o (GPa)

Fig. 4.8. Weibull density plot as a function of tensile stress.

Another way to determine the Weibull parameters is to calculate the
cumulative crack probability P;, which can be derived from the black fitting
curve of the cumulative frequency counts as a function of the tensile stress
o (see Fig. 4.9).

Derived from the 2-parametric Weibull density function p (see Eq. (4.17))
the cumulative crack probability Pras a function of the tensile stress o is
given by:

Pr(o) =1~- e (e (4.18)

Generally, it is more convenient to use the probability curve for graphical
assessments in a linear scale. Therefore, Eq. (4.18) is converted to:

1
Inln (1 — Pf) =mlIn(o) — mIn(oy). (4.19)
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100
90 +
80
70 ~

I Cum. frequency counts Ol'o

Cumulative frequency counts (%)
(&)}
o

Cumulative crack probability P; (%)

Tensile stress o (GPa)

Fig. 4.9. Cumulative crack probability plot in linear scale as function of tensile stress.

The cumulative crack probability Prcan be graphically linearized by scaling
the x-axis to In(o) and the y-axis to In In[1/(1-Py)], in order to fit the Weibull
parameters m and o, from a linear regression line through the data points
(see Fig. 4.10).

InIn (1/(1-Py))

In(o)

Fig. 4.10. Linearized cumulative crack probability plot with corresponding Weibull parameters.
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For o = 0, the expression In In[1/(1-Pf)] gets to zero. The value for In(o,) can
be graphically derived from the intersection of the regression line with the
x-axis at y = o. Subsequently, one gets the characteristic strength o, from

Eq.(4.20).

gy = en(90) (4.20)

The parameter m is the slope of the linear regression line (see Fig. 4.10) [43].
In Fig. 4.11 it is illustrated in the linear (left) and Weibull (right) scale, that
with an increasing Weibull modulus the slope of the curves is increasing.
This means, for a high Weibull modulus the variance of the fracture mea-
surement results is low and thus the quality of the material is high. The
characteristic strength o, describes the robustness of the material, which is
the higher, the higher the value of o, is.
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Fig. 4.1. Impact of the Weibull modulus m on the curve shapes in linear (1.) and Weibull (r.)
scale.

4.5 Stress Calculation for Idealized
Contact Pair Scenarios

In this thesis the acoustic crack experiments are performed using an
indenter with a flat-ended circular diamond tip, which presses vertically on
the surface of the structure by simulating the real probing process (see
Chap. 5ff.). Therefore, the contact mechanics regarding the indentation of
a flat, extensive specimen with a flat-ended cylindrical punch, or indenter,
is of particular interest to gain a deeper understanding of the impact of the
stresses arising from contacting on the mechanical damage of thin, brittle
layers.
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4 Contact and Fracture Mechanics

Since in the present case only two-dimensional, rotationally symmetrical
models are concerned, instead of the Cartesian coordinates x, y, and z (see
Chap. 4.1), the Cylinder coordinates r, ¢, and z are used (see Fig. 4.17). For
p=o0is:

x =randz = z. (4.21)

In the further course of this work only tensile and compressive stresses in
radial (= o;) and vertical (= o,) directions are considered, which are domi-
nating for the given load case. Shear stresses z; are not taken into account
in the analytical and computer-aided calculations.

When two solids are pressed together by a load F;, a normal stress distri-
bution arises over the contact area, which is referred to as surface pressure
(see Fig. 4.1). In the case if one solid of the contact pairs is considered elastic
or plastic, the surface pressure is neither isotropic nor constant over the
contact surface. Furthermore, the amount of force, the material properties,
and the surface contours of the solids are decisive for the resulting stress
distribution over the contact area and also its size and shape. To sum it up,
the distribution of the reactive stress strongly depends on the assumptions
made for the concerned contact scenario [1].

In the following sections, multiple contact scenarios are discussed starting
with the ideally, simplified contact scenario of a rigid flat-ended cylindrical
punch on a rigid flat specimen without friction (see Fig. 4.12, scenario 1a).
Step by step a more realistic scenario is described by including more phys-
ical (e.g. elasticity, friction) and geometrical (e.g. tip shape) parameters
into the analytical and numerical models. So the realistic behavior of the
practical scenario “elastic needle on a BEOL stack” is revealed subse-
quently.

4.5.1 Analytical Contact Stress Calculation

This section describes two contact scenarios analytically, beginning with
the contact between two rigid solids (contact scenario 1a in Fig. 4.12) and
continuing with the indentation of a rigid axisymmetric flat punch with
sharp edges on an elastic half-space (contact scenario 1b in Fig. 4.12). Both
contact scenarios are assumed without friction. The materials are consid-
ered homogeneous and isotropic.s

3 This topic is also part of [3].
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la)

Analytical Model

Sharp edge: r, =0
No friction: y, =0

I~

1b)
+ Sharpedge:r,=0
* No friction: u, =0

2a)

Round edge: r, > 0
No friction: y, =0

I~

elastic
z

2b)
* Roundedge:r,>0
*  Friction: u,> 0

Friction

elastic

Fig. 4.12. Different contact scenarios of ideal and real contact pairs.

63



4 Contact and Fracture Mechanics

Contact Scenario 1a: Rigid Flat-ended Circular Punch on Homogeneous Rigid
Specimen
In the simplest case, the axisymmetric flat-ended punch with sharp edges

(re = 0) and the half-space are considered rigid and their contact is assumed
frictionless.

F.

Iy tip

Fig. 4.13. Indentation of a rigid half-space by a rigid flat-ended cylindrical punch.

If the two rigid contact bodies are pressed together with the normal load F,
(see Fig. 4.13), the resulting stress o, across the contact surface (r < rp, z = 0)
is constant and given by Eq. (4.22). The contact area Ac has a radius ryp.

r(um)
0 ? L} § § 10 1|2 1.4 1.6 1|8 2A0 2|2

AAAAAAAAAAAAAAAAAAALAAAAAAAAAAAAAAAAAAAL

0.0

-0.51

-1.04
-1.59
-2.09

o, (GPa)

-2.59
-3.04

-3.51

-4.03

Fig. 4.14. Stress distribution o, over the contact
area (r < rep, z = 0) for different tip radii rep.
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Fig. 4.14 shows the stress distribution o, over the contact surface (r < rep,
z = 0) for three different tip radii r«p at a normal load F, of 250mN. It is
obvious, that the surface stress, which is a compressive one, increases with
a decreasing tip radius r, of the punch. Moreover, Fig. 4.14 exemplifies the
constant pressure distribution across the contact surface (r < ryp) which
drops to zero outside the contact area (r > rep).

Contact Scenario 1b: Rigid Flat-ended Circular Punch on Homogeneous Elas-
tic Half-Space

Following, the flat-ended cylindrical punch with sharp edge (r. = 0) is con-
sidered rigid again, conversely to the half-space, which is now modelled
having an elasticity and so considered to be deformable. As shown in
Fig. 4.15, the flat punch is pressed vertically on the surface of the elastic
half-space with a force F..

F.

Aze/

I tip

Fig. 4.15. Indentation of an elastic half-space by a rigid flat-ended circular punch.

In order to facilitate the analytical calculations, two further boundary con-
ditions are made [44]:

1. The free surface outside the contact area has no normal stress o,
acting on it:

0,(r,0) = 0 for r > ryp,. (4.23)

2. The displacement in z direction u, is consistent with the flat facet
of the rigid punch:

u,(r,0) = Az, for 0 < 7 < 1. (4.24)
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The penetration of the flat punch Az is defined by Eq. (4.25) and depends
on the elastic modulus E and Poisson’s ratio v of the specimen, the contact
load F,, and the radius r, of the contact area [45].

F,(1-v?%)

Az, = .
Zey 2B (4.25)

As during indentation with an axisymmetric flat punch the contact area A,
is assumed to remain constant, the mean contact pressure p, between the
flat punch and the specimen is given by [45,46]:

F F

=—= . .26

The normal stress o, between the flat punch and elastic half-space (r < ryp,
z = 0) can be calculated by Eq. (4.27) [44]. According to this equation, at
the edge of the flat punch (r = r¢p) the stresses are theoretically infinite

(0, — o), which is in reality prevented by plastic deformation of the con-
tact pairs.

r(um)
0 2 4 6 8 10 12 14 16 18 20 22
OO 1 1 1 1 1 1 1 1 1 ]

-0.5

-1.09

J
y

-1.57
-2.09

o, (GPa)

7

-2.59

(4.27)

-3.0 , — rtip = Sum
-3.54 T. —o— ry, = 10um
4.0 | —A— Iy, = 20um

Fig. 4.16. Surface pressure o, over the contact

area (1 < rep, z = 0) for different tip radii rep.

Fig. 4.16 shows the normal stress distribution over the contact surface
(r < reip, z = 0) due to indentation of the elastic half-space with flat punches
of different tip radii r« at a contact load of 250mN. Similar to Fig. 4.14, the
compressive stress is higher for a smaller radius of the flat punch. Further-
more, in Fig. 4.16 it is visible, that for a flat punch the compressive stress
has its minimum at the center point r = o. In contrast, the stress is maximal
at the edge of the contact area (r — rp), where a rigid flat punch provokes
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infinite stress above the critical value, which would cause material fractur-
ing in a real application. This demonstrates, that a real brittle material
behaves differently during indentation, if elasticity is included and the
stress does not saturate at the contact edge, as with the idealized scenario
13, shown in Fig. 4.14.

The stress distribution for a scenario assuming an indentation of an elastic-
plastic material behavior, instead of an elastic one, cannot be solved ana-
lytically because of the unknown shape and extension of the plastic field.
In addition, the analytical model would be much more complex as the
equations are not linear and include some material parameters to describe
the plastic behavior [44]. Assuming the punch elastically deformable,
instead of rigid, and with an edge radius unequal to zero would cause much
more complexity as well. This is true also for a scenario considering the
contact with friction. Therefore, it is more efficient to use numerical simu-
lation methods, in order to solve complex contact scenarios closer to real-

ity.

4.5.2 Numerical Contact Stress Calculation using
Finite Element Method

In this section, the contact sequence is modelled for different scenarios by
the computer-aided numerical analysis using the commercial FEM soft-
ware COMSOL Multiphysics version 5.3a. The presented simulations exam-
ine the indentation of a homogeneous elastic half-space with a rigid flat-
ended cylindrical punch of different edge radii with and without friction
(contact scenario 2a and 2b in Fig. 4.12). To reduce the computing time of
the simulations, all presented FEM-models are based on a rotation-sym-
metrical 2D model.

Contact Model:

As shown in Fig. 4.17, the FEM-model consists of a cylindrical flat-ended
punch, which presses vertically onto the surface of the specimen.

The specimen is modelled as 2-dimensional half-space with radius of
3oopm and a thickness of sooum. These geometrical dimensions were
chosen to ensure, that the vertical and radial stresses converge to zero out-
side the contact area. The model of the flat-ended cylindrical punch has a
tip radius r4, = spm, which is a typical size for probe needles (see
Sect. 2.2.2). In order to simulate the influence of the tip edge radius on the
vertical and radial stresses realistically, the tip edge radius was varied
between o0.01um, 1pm, 2pm, and 3pm, respectively.
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Contact force F,
Flat punch

Contact area A,

~_

z| 2D-projection
area

Half-space solid

Fig. 4.17. Rotation-symmetric model of flat punch on half space solid.

The material of the solid specimen is considered as homogeneous and iso-
tropic. It is specified by the material parameters of SiO, with an elastic
modulus E of 70GPa, a density p of 2200kg/m3, and a Poisson ratio v of 0.17.
For the indentations during the experiments of this thesis (see Chap. 5ff.)
diamond tips, which have an extremely large elastic modulus, were used.
Therefore, the contact area of the flat punch is modelled as “Rigid Domain”,
meaning it is considered as nearly undeformable and thus no stresses and
deformations are calculated within the indenter.

As shown in Fig. 4.18, the FEM element mesh of the specimen is divided
into multiple areas with different element densities. In the contact zone,
with a size of ca. 15um x 15um, a structured rectangular mesh (“Mapped
Mesh”) is used. To reach a high resolution of the numerical results, even for
sharp indenter edges, the element size is reduced at the contact surface and
especially at the edge of the contact area. Within this area a “Free Quad
Node” is adjacent, followed by two structured rectangular meshes (“Mapped
Mesh”), whereby the element size is increased with rising distance to the
axis of symmetry.
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Fig. 418. Meshed FEM contact model: punch with rounded edge.

The indenter is meshed by a half-symmetrical “Free Quad Node” model
having a maximal element size of 0.5pum. The smallest element size, respec-
tively the highest number of elements, is located at the contact area inter-
face and close to the indenter edge, depending on the edge radius r. of the
punch.

The meshed FEM-model is the result of an optimization process to simulate
the deformation within the contact zone and close to the punch edge with
a good compromise in terms of computation time and accuracy of the
results.

The element type of the interface, where the punch and specimen are in
contact, is defined as “Contact Pair” in order to enable a relative offset and
contact force transmission between the solids. During the simulation run
of the indentation, the force was usually increased by steps of 4mN until a
maximal force of g0omN (“Auxiliary Sweep”). In case of no convergence the
step size was optimized automatically by the program.

69



4 Contact and Fracture Mechanics

Contact Scenario 2a & 2b: Rigid Flat-ended Circular Punch on Homogeneous
Elastic Half-Space

The flat-ended punch with a cylinder radius of 5pm and different edge radii
re is pressed onto the specimen surface up to a maximal force of 40omN.
The surfaces of the solids are assumed frictionless (u- = 0) for scenario 2a
and including friction using a friction coefficient y, of 0.1 (value for “dia-
mond on silicon oxide”) [47] for scenario 2b.

Fig. 4.19 shows the colorized contour plot of the first principle stress o, (see
Sect. 4.1.2) of the deformed structure after indentation at maximum load
with a sharp (left) and round (right) edge radius of the flat punch. Already
here one can see, that the maximal stress changes its sign for each load case
within the contact area and hence is partly a compressive stress (negative
sign) for a sharp edge punch or tensile stress (positive sign) for a round
edge punch. Furthermore, the contour plot on the right side indicates, that
the stress distribution for larger tip edge radii r. are non-uniform along
and below the contact surface and more difficult to calculate by analytical
models.

First principal stress (N/m?2) X109 First principal stress (N/m?2) x10°
um m "

5 . 5
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4 4

4 4
3 3
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2 2
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1 0 1 | 0
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-3 -3
-4 -4
-5 -5

Hm (6] 2 4 6 Hm

Fig. 4.19. Contour plots of 1%t principal stress for contact scenario 2a and 2b: re = 0.01um (l.) and
re = 3um (r.).

Next, the stress distribution along the contact surface without friction
(r=o, z =0,y =o) for different punch edge radii r.is discussed. Instead of
principal stresses the normal stresses o; in vertical and radial direction in
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Cylinder coordinates r and z (¢ = o) are given. Fig. 4.20 shows the simula-
tion results of the vertical stress component o,(r) and Fig. 4.21 the ones of
the radial stress component o.(r).

Independent of the punch edge radius, both stress components are rela-
tively small within the contact area, as expected according to the analytical
model. At the edge of the contact zone (r = 5um), the stress components
reach negative maxima (o < 0 — compressive stress). Outside the contact
zone, the stress components firstly change their sign (o > 0 — tensile stress)
and with increasing distance from the edge they converge asymptotically
to zero. For an idealized punch with a sharp edge (r. = 0.o1pm) the vertical
stress curve (pink line) within the contact area (r < 5.opm) is similar to the
analytical model (see Fig. 4.16). More rounding of the punch edges causes
local extrema in the curves of the stress distributions and thus deviations
from the ideal curves. The stress of the vertical component is continually
compressive within the contact area (r < 5.opm). In contrast to that, the
value of the radial stress component, depending on the punch edge radius,
gets positive (tensile stress). As a conclusion one can say, that an increase
of the edge radius r. results in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>