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Science is the belief in the ignorance of experts
Richard Feynman





Kurzfassung
Seit Kurzem hat die Halbleiterindustrie signifikante Anstrengungen in Richtung der Ein-
führung von über Speicher und Logik Anwendungen hinausgehender zusätzlicher Funktion-
alität unternommen, welche auch als "More-than-Moore" Integration bekannt ist. Diese
Art der Integration, allgemein mit drei dimensionaler Die/Halbleiterscheiben-Stapelung
assoziiert, wird mittels Siliziumdurchkontaktierungstechnologie realisiert, welche eine ver-
tikale, elektrische Kontaktierung zwischen Systemen erlaubt, geringen Energieverbrauch,
dichte Bauteilpackung und reduzierte RC-Verzögerung ermóglicht. Die Implementierung
und Fertigung dieser 3D Struckturen resultiert in vielen herausfordernden Zuverlässigkeit-
sproblemen. Daher muss die Zuverlässigkeit jeder Komponente des Gerätes sorgfältig
analysiert werden. In dieser Arbeit wird die Zuverlässigkeit in Bezug auf die mechanische
Stabilität von gefüllten (hohlen) TSVs basierend auf Wolfram-Metallisierung betrachtet.
Die unterschiedlichen Aspekte welche die mechanische Stabilität von TSVs beeinflussen
werden untersucht und neue Modelle implementiert.

Die Finite Elemente Methode (FEM) ist ein numerisches Verfahren das häufig in
der Halbleitermodellierung zur Unterstützung der Entwicklung von neuen Beauteilen und
Prozessen verwendet wird. Die mechanische Analyse der hohlen TSVs ist in einer kom-
merziellen FEM Software implementiert, welche unterschiedliche Schemata, Materialien
und mechanische Modelle einsetzt.

Während des Stapelns von 3D integrierten Schaltungen können Bauteile wie die hohlen
TSVs unbeabsichtigt externen Kräften ausgesetzt werden die zu einem Versagen der Struck-
tur führen. Durch die Simulation einer externen Kraft, die auf einen hohlen TSV wirkt,
können kritische Areale identifiziert werden in denen ein mechanisches Versagen am wahr-
scheinlichsten ist. Die höchste Wahrscheinlichkeit eines Versagens durch Materialbruch
oder Delamination ist an den Ecken des TSV-Bodens aufzufinden. Nachfolgend wurden die
kritischen Areale lokalisiert und eine Delaminationsanalyse für die Materialgrenzflächen
der Multilagenstrucktur am TSV-Boden durchgeführt. Die Delaminationsvorhersage wird
durch die Energiefreisetzungsrate während der Delaminationspropagation beschrieben.
Wenn die Energiefreisetzungsrate einen kritischen Wert überschreitet propagiert die De-
lamination. Bedingungen wie die Lagendicke, angewandte Kraft und der Reststress der
involvierten Materiallagen werden variiert um zu untersuchen, welche Faktoren die Wahr-
scheinlichkeit einer Delaminationsfortpflanzung zu erhöhen. SiO2/W wurde als die kritis-
chste Grenzfläche indentifiziert. Wenn für die Wolfram-Lage ein hoher Wert an intrinsis-
cher Zugspannung angenommen wurde, wurden hohe Energiefreisetzungsraten erzielt.

Dünne Metallfilme, unter Verwendung von Complementary Metal-Oxide-Semiconductor
(CMOS) Fertigungstechniken, enthalten für Gewöhnlich Reststress, der die Leistung und
die Zuerlässigkeit von ICs beeinflusst. Hohe intrinsische Stresswerte, im Speziellen in
der leitenden Wolfram Lage des offenen TSVs, erhöhen die Wahrscheinlichkeit eines de-
laminationsinduzierten Fehlers. Daher ist ein Modell zur Vorhersage des Stressaufbaus
in dünnen Metallfilmen während des Abscheidungsprocesses implementiert worden. Das
Model wird unter Verwendung von Messdaten für mehrere Materialen kalibriert und wird
zur Untersuchung der Filmstressentwicklung während des Filmwachstums an einer aus-
gebogten Oberfläche verwendet. Während der TSV-Fabrikation bildet sich eine ausge-
bogte Oberfläche entlang der TSV-Seitenwand auf Grund des verwendeten reaktiven Io-
nentiefenätzprozesses. Dünnfilme die auf einer ausgebogten Oberfläche wachsen entwicklen
im Vergleich zu ebenen Proben einen geringeren intrinsischen Stress. Daher kann der in-
trinsische Stress, durch die Kontrolle der Prozessparameter während des Ätzens, im Film
minimiert werden.





Abstract
Recently, the semiconductor industry has been investing significant effort towards in-
troducing more functionality to applications beyond memory and logic, referred to as
“More-than-Moore” integration. This type of integration, commonly associated with three
dimensional (3D) die/wafer stacking, is realized using a through-silicon via (TSV) tech-
nology, which allows for a vertical electrical contact between systems, enabling low power
consumption, dense device packing, and reduced RC delays. The implementation and
fabrication of the 3D structure results in many challenging reliability issues. Therefore,
the reliability of every component of the device must be thoroughly analyzed. In this work
the reliability related to the mechanical stability of lined (open) TSVs, based on the W
metalization technology, is considered. The different aspects which impact the mechanical
stability of the TSV interconnects are examined and new models are implemented.

The finite element method (FEM) is a numerical method frequently used in semicon-
ductor modeling to support the development of new devices and processes. The mechani-
cal analysis of open TSVs is implemented in a commercial FEM software, where different
simulation schemes, materials, and mechanical models are employed.

During 3D integrated circuit (IC) stacking devices such as open TSVs can be subjected
to unintentional extra forces leading to a failure of the structure. By simulating an external
force acting on an open TSV critical areas can be identified, where a mechanical failure is
most likely. The highest probability of a failure due to material cracking or delamination is
found at the corner of the TSV bottom. Subsequently the critical areas are localized and a
delamination analysis is performed for the material interfaces of the multilayer structure at
the TSV bottom. Delamination prediction is formulated by using the energy release rate
generated during delamination propagation. If the energy release rate exceeds a critical
value delamination propagates. Conditions such as the thicknesses of the layers, applied
forces, and residual stresses of the involved material layers are varied to investigate which
factor increase the probability of delamination propagation. SiO2/W is found to be the
most critical interface; when the W layer is assumed to carry a large value of intrinsic
tensile stress, high values of energy release rate are obtained.

Thin metal films, deposited using complementary metal-oxide-semiconductor (CMOS)
fabrication techniques, usually contain residual stresses, which affect the performance and
reliability of the IC. High values of intrinsic stress, in particular in the W conducting layer
of the open TSV, increase the probability of delamination-induced failure. Therefore, a
model is implemented to predict the stress build-up in thin metal film during the deposition
process. The model is calibrated by using measured data for several materials and is used
to investigate the film stress evolution during film growth on a scalloped surface. During
TSV fabrication, due to the deep reactive ion etching process used, a scalloped surface is
formed along the TSV sidewall. Thin films grown on a scalloped surface develop a smaller
intrinsic stress when compared to flat samples. Therefore, by controlling the process
parameters during etching the intrinsic stress in the film can be minimized.





Riassunto
Recentemente, l’industria dei semiconduttori ha affrontato notevoli sforzi nell’introduzione
di più funzionalità al di là di memorie e dispositivi logici. Questo approccio è chiamato
“more than Mooore” integrazione. Questo tipo di integrazione, generalmente associata
all’impilamento di die e wafer nelle tre dimensioni (3D), è realizzata usando la tecnologia
di fori passanti su wafers di silicio (inglese Through Silicon Vias (TSVs)), che permette
il collegamento elettrico verticale tra sistemi, permettendo bassi consumi energetici, densi
imballaggi di dispositivi, e una riduzione del ritardo RC. L’implementazione e la fabbri-
cazione di strutture tridimensionali hanno diversi importanti problemi di affidabilità da
affrontare. L’affidabilità di ogni componente del dispositivo dev’essere dettagliatamente
analizzata. In questo lavoro viene considerata l’affidabilità riguardante la stabilità mecca-
nica di lined (open) TSVs, che utilizza come materiale conduttore il tungsteno. Vengono
esaminati i diversi aspetti che impattano la stabilità meccanica di interconnessioni TSV e
sono implementati nuovi modelli.

Il metodo ad elementi finiti (FEM) è un metodo numerico frequentemente utilizzato
nella modellizzazione di semiconduttori; per descrivere, analizzare, e sviluppare nuovi
dispositivi e processi. L’analisi meccanica di open TSVs è stata implementata con un
software commerciale FEM, dove sono utilizzati differenti schemi di simulazione, materiali
e modelli meccanici.

Durante l’impilamento di circuiti integrati nelle tre dimensioni, dispositivi elettronici
come ad esempio open TSVs possono essere soggetti ad involontarie forze esterne por-
tando al fallimento della struttura. Simulando una forza esterna agente su un open TSV,
possono essere identificate delle aree critiche, in cui la possibilità che si verifichi un fal-
limento meccanico è molto alta. La più alta probabilità di fallimento a causa di rottura
del materiale o delaminazione è stata trovata all’angolo inferiore del TSV. Successiva-
mente aver localizzato le aree critiche, è stata svolta un’analisi sulla delaminazione per
le interfacce presenti nel multistrato alla base del TSV. Le previsioni sulla delaminazione
sono formulate utilizzando il tasso di rilascio d’energia generato durante la propagazione
della delaminazione. Se il tasso di energia rilasciata supera un critico valore, la delami-
nazione propaga. Condizioni come lo spessore degli strati del materiale, forze applicate,
e stress residui dei materiali utilizzati, sono stati variati per investigare i fattori respons-
abili dell’aumentano della probabilità di propagazione della delaminazione. SiO2/W si è
rilevata l’interfaccia più critica; quando il tungsteno è ipotizzato con alti valori di stress
interno di trazione, sono stati ottenuti alti valori di tasso di rilascio d’energia.

Strati metallici sottili, depositati usando le tecniche di fabbricazione complementary
metal-oxide-semiconductor (CMOS), esibiscono stress residui, che influiscono sulle perfor-
mance e l’affidabilità dei circuiti integrati. Alti valori di stress intrinseco, in particolare nel
materiale tungsteno conduttore nelle open TSVs, aumentano la probabilità di fallimento
dovuto alla delaminazione. È stato dunque implementato un modello che permette di
simulare la formazione di stress intrinseco in film sottili durante i processi di deposizione.
Il modello è calibrato usando dati sperimentali di diversi materiali ed è utilizzato per in-
vestigare l’evoluzione dello stress in film durante la crescita su una superficie ondulata.
Durante il processo di produzione delle TSVs, vengono utilizzati processi di attacco chim-
ico e lungo le pareti del TSV si forma una superficie ondulata. Gli strati sottili cresciuti
su una superficie dalla forma ondulata sviluppano uno stress interno inferiore rispetto a
crescite su campioni piatti. Per cui, controllando i parametri utilizzati durante l’attacco
chimico lo stress interno dei film può essere minimizzato.
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1
Introduction

Since the invention of integrated circuits many advancements in processing technologies
have been achieved. Electronic devices are used daily and therefore they have enormously
impacted our lives and life without them would be unfathomable. Thus, the reliability
issues connected to newly developed devices are of great technical and economic interest.

1.1 Integrated Circuits

Integrated circuits (ICs) are an integral component of electronic devices such as computers,
mobile phones, and other digital home appliances. ICs are simply very advanced electric
circuits consisting of active and passive components. The most frequently implemented
passive components are resistors and capacitors while the active components are diodes
and transistors. Each component has a specific task to perform and they all have to work
together to make the circuit perform as desired. Resistors are used to adjust signal levels,
to limit current flow, bias active elements, and terminate transmission lines. Capacitors
permit to temporarily store electrical energy in an electric field. Diodes allow current flow
in only one direction and transistors are used to amplify or switch electronic signals and
electrical power. These components are interconnected together by a single or multilevel
metalization on a piece of single crystal silicon (Si) [4]. ICs range in complexity from
simple logic modules to entire microcomputers, incorporating millions of components.

The first semiconductor-based electronic devices were constructed in 1947 for applica-
tions in medicine, military and other areas [4, 5, 6]. The first transistors were connected
together with traces of metal that implemented different circuit functions. At that time
these semiconductor devices could perform better than vacuum tubes or other electrome-
chanical components. However, the real revolution was possible only with the development
of the planar process which enabled the integration of multiple interconnect devices on
one chip [4, 6].

Since their invention in 1959, ICs had a fast evolution. The first IC was composed of a
few devices per chip, whereas now a typical IC has billions devices per chip, fabricated with
a geometry size measured in nanometers [7]. In 1965, Gordon Moore made the important
empirical observation that the number of components which fit on a single IC has doubled
every year since their invention [8]. Subsequently, in 1975, looking forward to the next
decade, he changed his prediction to a doubling every two years [9]. This technology
revolution was supported by the exponential improvements of all the digital components,
from processing speed and storage capacity to networking bandwidth and speed. The
device miniaturization became strongly dependent on the process technology. The process
technology and the number of transistors employed during the years are presented in the
Table 1.1 [10, 11].

ICs are fabricated by chemically or physically modifying the surface of a circular single-
crystal Si called substrate (wafer). The build area of the IC is defined as a die.
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Name Description Year Number of transistors
SSI small-scale integration 1964 1 to 10
MSI medium-scale integration 1968 10 to 500
LSI large-scale integration 1971 500 to 20 000
VLSI very large-scale integration 1980 20 000 to 1 000 000
ULSI ultra large-scale integration 1984 1 000 000 and more

Table 1.1: Evolution in the number of transistors implemented within a single IC.

To reduce the fabrication costs a large number of dies are processed on a single substrate
and subsequently diced (die cutting). When a single die is packaged, it is then referred to
as a chip. A single-crystal Si wafer is generally used as the base of ICs. Si is used because
of its excellent electrical and physical properties fundamental for microelectronic devices
compared to other semiconductor materials [12].

The IC is built by applying different chemical and mechanical processing steps on
desired areas of the wafer. The basic processes employed to construct a device are:

• Deposition: chemical or physical deposition processes are used to deposit a film of
material onto a substrate or on top of a previously deposited layer.

• Etching: implemented when a material or materials from the surface need to be
removed. The etching process acts selectively, by coating surface areas that are to
be protected, and leaving other areas exposed for etching. Two main categories of
etching processes are available: chemical etching and dry plasma etching.

• Ion Implantation: different techniques are used to introduce dopant impurities
into a wafer. Usually an electrical field can be used to accelerate ionized particles
into a specific area of the wafer. This step is usually followed by diffusion in order
to ensure proper distribution of the implanted dopant through the wafer depth

• Patterning: refers to the photolithography process. This process is used to transfer
geometric shapes to the surface of the wafer by using a mask to specify patterns.

In ICs, the electrical devices (capacitors, transistors, resistors, etc.) are built by applying
the above described processes. All these steps are employed during IC fabrication and
they are repeated until all the IC is completed. The manufacturing of an IC can require
hundreds of processing steps.

Two different fabrication stages during IC manufacturing are defined, referred to as
the Front End Of the Line (FEOL) and the Back End Of the Line (BEOL) [13]. These
two stages have a very significant difference and therefore the semiconductor industry
uses this terminology as a way to differentiate the stages of semiconductor processing.
FEOL refers to all the wafer processing steps of the initial stages of the IC processing.
In this stage transistors, capacitors, resistors, and local interconnects are manufactured.
Local interconnects are simple metal conductors, but at this stage they are used only as
local connectors between various devices; therefore, these processes do not include the
deposition of metal interconnect layer necessary to connect all the devices of the FEOL
process. On the other hand, BEOL are all the processing steps required for the formation
of the metal interconnects where the electrical devices get interconnect wiring on the wafer
(cf. Figure 1.1) [13]. The first function of BEOL is to connect all the devices created
during the FEOL processes. The components processed in the BEOL stage are contacts,
insulating layers, metal levels, and bonding sites for chip-to-chip-package connections.
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Figure 1.1: Schematic representation of an IC. The FEOL indicates all those wafer
processing steps since the wafer enters production. It includes all the films needed to form
transistors, capacitors, resistors and local interconnects. BEOL are all those process steps
used for forming global interconnections.

Essentially, FEOL refers to the manipulation of the silicon wafer in order to generate all
the desired devices, while BEOL refers to the addition of metal layers on top of the wafer,
used to complete all necessary device connections.

FEOL and BEOL stages are intensively studied in order to increase and maintain the
performance of the IC necessary to continue device development.

The final stage of IC fabrication is the packaging. This last step is necessary because
the ICs are small, fragile, susceptible to environmental damage and difficult to handle by
the users. Ceramic and plastic are most commonly used materials used for the packaging
technology. Plastic materials are preferred due to the lower cost compared to ceramics. A
wide variety of IC packages are available for different IC architectures. This stage is the
last assembly process before testing and shipping devices to the customers.

1.2 Interconnect Structures
Because of the necessity to minimize the chip level features, the number of transistors
per unit of area in IC continues to increase. All of the IC components must be electri-
cally connected in order to provide the proper functionality. Over the years, different IC
architectures were developed to maintain the miniaturization path.

Since the invention of the IC, the important role of the interconnects was already
clear. With the increased complexity of the electronic devices the number of interconnects
increased exponentially. At the beginning the connection of the electronic devices was
difficult, expensive and unreliable. Through IC downscaling the transistor delay improved
unlike the delay of caused by interconnect.
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An evolution from two-dimensional (2D) to three-dimensional (3D) circuit fabrication was
necessary in order to avoid efficiency problems [14] (c.f. Figure 1.2).

1.2.1 2D Integrated Circuit

The 2D IC approach consists of connecting different discrete devices with their pack-
ages using a printed circuit board (mechanical support with conductive tracks) (cf. Fig-
ure 1.3 (a)). The leading microelectronics companies always struggle to increase perfor-
mance and to integrate most advanced technologies in order to increase competitiveness of
their products. The 2D integration of different technologies is an advantage for the device
performance, but a continued demand leads to the requirement of a large and bulky circuit
board. In the circuit board, the signal propagation is slow due to the extra length of the
circuit, thereby hindering the performance.

In 2D ICs the dies can also be directly connected by wire bonding (cf. Figure 1.2 (a)).
This connection technology has significant limitations in terms of area and performance
because it suffers from large interconnect lengths as well as an interconnect bandwidth
bottleneck. To increase performance of 2D ICs continued research and development is a
necessity [14].

The beginning of the 1990s was the time for the advent of Multi-Chip Modules (MCMs),
where digital-only dies were mounted on the same package substrate [15].

The next step was the System-On-Chip (SOC) technology where all discrete devices
were implemented on a single die [16]. This mixed-technology design was innovative but
it lead to an increase in the chip area and as a consequence to transmission delays (cf.
Figure 1.2 (b)). In addition the SOC technology needs different and complex process and
these aspects have obviously fostered the development and success of a new architecture.

The System-in-Package (SiP) was the new technology available at the start of the 2000s
(c.f. Figure 1.3 (b)) able to overcome the size problem of the SOC technology [17]. Here
multiple dies and/or Chip-Scale Package (CSP) devices are mounted and are all connected
on a common substrate. Therefore all the components are built in a single package. Unlike
SOC technology, SiP permits analog, digital, and radio frequency dies to be included in
the same package.

(a) (b) (c)

2D 3D

Figure 1.2: Interconnect evolution: (a) The 2D interconnect structure (long interchip
connections between logic and memory). (b) The SOC configuration (Larger die with
issues regarding process, design and time to market). (c) The 3D stacked Si (Shortest
interconnects between functions).
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Figure 1.3: In (a) different discrete devices with their own packages interconnected
using a circuit board. (b) The SiP configuration, where multiple dies and/or CSP are all
connected on a common substrate.

All the single dies can be fabricated using the most appropriate technology process and
subsequently integrated in the package.

1.2.2 2.5D and 3D Integrated Circuit

By using the third dimension, the large number of long interconnects, needed in 2D struc-
tures, are replaced by vertical interconnects which have maintained, and even increased,
the performance of the device. The vertical direction is used to stack and connect the logic
gates using Through Silicon Vias (TSVs) [14, 18, 19]. The TSV is effectively a conductor
connecting the top and bottom of a silicon substrate of the stacked dies. The conductor is
electrically insulated from the substrate by a dielectric layer and its function is to connect
the metal wires of the stacked dies. The dies are connected by employing solder bumps.
Bumps are interconnections which enable the face-to-face electrical connection between
two devices. TSVs and bumps are used in 2.5D and 3D IC architectures [14, 20].

To explain the 2.5D IC architecture we refer to the 2D IC/SiP. The main difference
between these two configuration is that, for the 2.5D IC/SiP an interposer is used between
the SiP substrate and the dies (c.f. Figure 1.4 (a)). TSVs are placed in the interposer
connecting the metalization layers on its upper and lower surfaces. The interposer is an
electrical interface used for the electrical routing one socket or connection to another and is
composed of multiple wiring layers (redistribution layers) and TSVs. In the interposer the
choice of the materials to use has to take into account the electrical, mechanical, thermal,

Circuit board

SiPsubstrate
Die 1 Die 2

Die 2
Die 1

Interposer TSVs Bumps

2.5D IC/SiP
(a)

3D IC/SiP
(b)

Figure 1.4: (a) Indicates the 2.5D IC architecture and (b) the 3D IC architecture.
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and physical properties, as well as the cost of device. Glass, organic materials, and Si are
widely used as interposer materials [14]. The 2.5D IC/SiP technology leads to an increase
in capacity and performance, and thereby also to usage of smaller dies. A disadvantage
of this integration is a significantly increased operation complexity. The idea behind the
3D IC/SiP architecture is to mount dies on top of each other (c.f. Figure 1.4 (b)).
The individual die can theoretically be very thin and therefore it would be possible to
mount large dies on top of each other. By employing TSVs the upper die can electrically
communicate with the lower die and the SiP substrate.

The development of the 3D TSV architecture depends on the progress of several tech-
nologies. All 3D IC fabrication processes comprise three basic steps [14, 18]:

• Thinning of the layer: coarse or fine grinding processes are used for wafer thin-
ning. The wafer can be thinned to thickness as low as 50 µm. The exact process
depends greatly on the technology used.

• TSV creation: the connection has to be created and isolated through the silicon
substrate and subsequently filled with a conductor material. The size of the TSV
depends on the intended freedom of access to the layer and on the desired architec-
ture.

• Alignment and bonding: several technologies are necessary to align and bond die
to wafer or wafer to wafer.

These three processing steps are described in more detail in Section 1.3.1.
A further distinction arises at the chip fabrication stage during which the via is formed.

Three different approaches are industrially defined. In the Via First or Via Last technol-
ogy the vias are fabricated before or after tier bonding, respectively, (tier is a structure
comprising one or more IC die) and in the Via Middle technology, the vias are fabricated
after the FEOL processes but before the BEOL interconnect metalization. The choice of
approach depends on the device architecture. Via Middle is the preferred manufactur-
ing approach for 3D IC applications because it is the least cost-intensive one. Via Last
technology is mainly used for complementary metal-oxide-semiconductor (CMOS) image
sensors and Via First technology has limitations mainly due to the via resistance [14]. In
Figure 1.5 the three technologies are schematically depicted.

3D system integration is the key to the realization of the “More than Moore” sys-
tem fabrication where SiP and vertical integrations enable heterogeneous integration of
different technologies [21].

1.3 Through Silicon Vias
3D integration, which enhances the performance of the IC by reducing the chip area and
reducing the RC delay is made possible by TSVs. Stacking ICs and densely interconnecting
them vertically gives several benefits [18].

One benefit is due to the heterogeneous functionalities including processing, sensing,
memory, and data transmission which can be incorporated in a single die using TSVs.
This opens new opportunities for efficient system integration. Dies can be built in different
process technologies from different vendors and can be bonded at the later stage by a third
party.

A second benefit is the capability of integration of incompatible technologies, leading to
advantages in performance and form factor. In particular, the trend of smart technologies,
including smart-watches, phones, and tablets need increasing functionality in a decreasing
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Figure 1.5: Process steps for Via First, Via Middle, and Via Last. For Via First and
Via Middle, the TSV etching proceeds from the top of the wafer, where BEOL devices are
located. Only in the Via Last process does the TSV etching initiate from the back of the
wafer and the FEOL metals are used as an etch-stop layer

amount of space. Only by stacking can this combination of dense packing and increased
functionality be enabled.

A third benefit lies 3D structure geometry itself. In a 3D structure the average wiring
length is shorter than in a 2D structure and therefore the signal paths between dies is
shorter, making the circuit faster. This contributes to a power decrease and a faster data
transmission.

Another important benefit is related to the production cost, the chip stacking enables
more cost-efficient integration.

1.3.1 TSV Fabrication

Stacking dies in 3D using TSVs as interconnects results in a variety of different advantages
as detailed above. However, in order to fabricate 3D TSVs many separate processing steps
are necessary. In the following, a simplified TSV fabrication procedure is described.

The first processing step is the formation of a via hole through the Si wafer. The
via is created by etching the Si until a desired depth is reached, usually marked by an
etch-stop layer. Due to the vertical scheme of CMOS fabrication, the etching may need to
proceed through different layers such as resist, oxide, or BEOL metals, prior to reaching
the wafer surface. These layers can complicate the etching processes, resulting in the me-
chanical failure of the device. Most frequently the Si hole is realized using a Deep Reactive
Ion Etching (DRIE) sequence, but other etching processes, such as ion-enhanced plasma
etching, or laser drilling can also be used to generate deep holes inside silicon. During the
via hole etching the control and regulation of different parameters such as sidewall tapering
angle, sidewall roughness and scalloping, defect generation, etc. is necessary [22, 23]. The
DRIE technique is frequently also referred to as the Bosh process due to its introduction
by Bosch in the mid 1990s [24]. In this etching process the sidewall passivation deposi-
tion and an ion-enhanced chemical etch process are applied in sequence for several cycles,
producing an anisotropic and highly vertical structure. During the passivation process,
a polymer is deposited on the Si surface. Subsequently, during the etching process, the
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Fourth stepThird stepSecond stepFirst step

Figure 1.6: Simplified TSV fabrication steps. The first processing step is the hole
generation through the Si, the second processing step is the TSV isolation line deposi-
tion, the third processing step is the building of the TSV barrier layer, and the fourth
processing is the metal fill process for filled TSV (bottom) or the metal linear deposition
(top). Further steps include wafer thinning and backside processing, not depicted here.

polymer at the bottom surface of the hole is easily removed using physical etching with
accelerated ions, while the polymer at the via sidewall protects the hole sidewall. Unfor-
tunately, this technique produces a particular local feature on the sidewall, made up of a
series of small ridges, known as “scallops” which can lead to mechanical problems for the
next deposition processes. The reduction of the sidewall roughness is required in order to
enable a good coverage of the successive deposited materials; therefore, some companies
are bringing to the market a TSV etch process referred to as scallop-free [14]. The poly-
mers deposited during the passivation layer need to be carefully and fully removed before
the next processing step can proceed.

The second processing step is the deposition of an isolation liner. The TSV con-
ductive metal layer requires an isolation from the Si because the TSV should exhibit
low leakage current, sufficiently large breakdown voltage, and a low parasitic capacitance.
There are several methods by which the isolation materials can be deposited, such as using
spray spin coating. For Via Middle and Via Last technologies, the processing temperature
during deposition is limited so as to not affect the reliability of the FEOL devices. There-
fore, low to mid-temperature deposition processes must be used. The materials used most
frequently for isolation liner are oxide or nitride, deposited by low temperature chemical
vapor deposition (CVD) or physical vapor deposition (PVD) [22].

The third processing step is the deposition of the TSV barrier layer. A high quality
pinhole-free barrier layer is required in order to avoid the migration of metal into the Si.
Tantalum and titanium nitride (TiN) are frequently used as a barrier materials. These
materials also aid in the adhesion between the TSV metal and the line layer. CVD and
PVD are the frequently used deposition processes, while CVD is preferred for barrier layer
deposition [22].

The fourth processing step is the metal deposition or fill process. In this process
a conductive material is used to fill the via holes. The materials utilized for this step are
described in Section 1.3.2. Two different approaches are possible: filled or lined (open)
TSVs. The unfilled configuration is favored when, due to the thermal expansion between
adjoining materials, the fabrication of the TSV can induce thermal stress which degrades
the performance of the device. The unfilled configuration allows for the metal lining to
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expand towards the center of the TSV limiting critical stress in the structure [25]. An
added reliability concern of filled TSV is copper pumping, which had adverse affects on
the stress in the structure and its reliability in addition to the reliability of adjacent circuit
elements, such as transistors [26].

The fifth and final processing step involves the deposition of the oxide and nitride
passivation layers, followed by wafer thinning and backside processing.

Once the TSV fabrication is completed the dies or the interposer layer have to be
bonded together in pairs. The bonding requires a perfect alignment, where TSVs must
be correctly placed to establish the electrical connection between dies and/or interposer
layer. Any offset may result in increased local stresses and degraded performance.

The TSV geometry differ slightly for 3D IC and 2.5D interposer applications. Usually,
for 3D IC applications TSVs have a small dimension, 1-5 µm in diameter and 10-50 µm in
depth. For Si interposers, TSVs are bigger with diameters of 10 µm or more and depths
of 50-100 µm or more [14].

In Figure 1.6 the process steps are illustrated.

1.3.2 TSV Metalization

Copper (Cu) and tungsten (W) are the materials most frequently employed as metalization
in the TSV structures. For Via First technology poly-silicon can be employed as well. The
frequently used materials with their features are listed below:

• Cu: the use of the Cu derives from the previously used single and dual-damascene
Cu plating during BEOL processing. Before performing the actual filling a Cu-
seed deposition process is required to obtain a continuous Cu seed layer in high
aspect ratio TSV structures. The Cu filling process is realized using electrochemical
deposition (ECD). The Cu-TSV structure requires a "superfilling" of the etched holes
to ensure that no voids have formed. After the Cu deposition, the Cu is annealed
in order to avoid a volumetric expansion (Cu extrusion) during further thermal
processing steps [14, 22]. For Cu-filled TSVs with small sizes and high aspect ratios
CVD deposition is used. For larger and deeper TSV the electro chemical deposition
process is commonly employed [27]. For Via Last technology the integration and
reliability concerns related to the TSV can be minimized by using the open TSV
configuration [28]. Cu is mostly used because of the ease of fabricating high-aspect
ratio TSV, for better electromigration compared to W, and it is comparatively low
resistivity which makes it suitable for fast switching.

• W: this material has a smaller mismatch of thermal expansion coefficient with Si
when compared to Cu and thus a smaller variation in stress with temperature. How-
ever, due to the deposition process the W develops a very large residual stress causing
significant stress in the Si and limiting the thickness of the deposited W layers. CVD
is employed to fill narrow TSV structures with large aspect ratios. The thickness
of the W layer can be controlled by using the unfilled TSV configuration. Open
W-lined TSVs are used and are available in the market for sensor signals, such as for
image sensors. This structure provides an advantage regarding the geometric aspect,
leaving a larger free area for the sensing functionality [29].

• Poly-Silicon: due to the compatibility problems with the FEOL process Cu and W
TSVs are not suitable for Via First technology. Poly-Silicon is used as a TSV fill and
only a linear barrier is required. This approach is applicable only for high-impedance
TSV interconnects due to the high resistivity of the poly-silicon [22].
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The choice of material also depends on the geometric dimensions of the TSV. The co-
efficient of thermal expansion (CTE) mismatch between the TSV metalization and the
surrounding Si is a cause of thermal stress in the surrounding Si, causing reliability issues
for the TSV structure and surrounding devices, when subject to different thermal loads.
Since TSV stresses increase as the TSV diameter increases, the choice of the metal for
TSVs can be determined by the required depth and aspect ratio of TSVs demanded for a
specific architecture.

1.3.3 Current and Future TSV Applications

The application of TSVs can be split into two main areas [18]:

1. The first application area is where the device form factor is required and the 3D IC
technology can also bring advantage in performance.

2. The second application area is where high performance computing is required, and
therefore 3D TSV technology permits higher clock rates, lower power dissipation,
and higher integration technology. TSVs are used as components for CMOS im-
age sensors, dynamic random-access memory (DRAM) and negative AND (NAND),
processors, and other logic devices.

CMOS image sensors are the one of the first devices to use 3D integration in high
volume manufacturing. Since 2007-2008, Toshiba, Aptina, ST Microelectronics, and other
companies have commercialized CMOS image sensors which implement TSVs. The use
of TSVs resulted in an increased lateral compactness permitting the design of miniature
devices [30]. This advantage led to a wide implementation of CMOS image sensors in
cellular phones and tablets. Usually, a Via Last technology is used for the processing of
TSVs within the fabrication of CMOS image sensors. An Austrian sensors manufacturer,
ams AG developed Open TSV structure for CMOS image sensors. This open TSV tech-
nology allowed for an electrical connection between a thinned wafer on top and a CMOS
image sensor, bonded to the bottom [29]. The bottom and top wafers are electrically
connected by TSVs. In this application the use of open TSVs results an improved thermal
behavior compared to filled TSVs.

In order to increase the performance of DRAM a shrinking of the dimensions while
maintaining a sufficient amount of capacitance in a memory cell and low level of leak-
age current is required. In 2014 Samsung started the mass production of double data
rate-4 (DDR4) registered dual n-line memory modules which use the 3D TSV packag-
ing technology [30]. In the future, Samsung plans to continue to work on improving 3D
TSV technologies in order to create even higher density DRAM modules supporting the
transition from DDR3 to DDR4.

In 2015 Toshiba announced the development of the first stacked NAND flash memories
utilizing TSVs [31]. NAND are flash memories which enable the largest bit density among
solid-state memory devices. The application of TSV technology in this device produces an
increase in the speed of reading and writing data while reducing the power consumption.

Micron Technology (memory manufacturer) and Intel (CPU manufacturer) have jointly
built a new breed of integrated architectures based on 3D chip packaging [30]. TSVs are
used in order to resolve many problems regarding the mismatch in the clock speed between
CPUs and memory.

Microelectromechanical systems (MEMS) can also incorporate TSVs. MEMS are
mainly used for microsensors and microactuators where piezo-capacitive components are
used to measure a physical phenomenon and convert it to an electrical signal. Usually
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the signal level is low and noise sensitive TSVs can be employed to reduce the parasitic
capacitance. Since 2011, ST Microelectronics began to replace traditional wiring with
short TSVs in MEMS devices such as smart sensors and multi-axis inertial modules [30].

The continued demand for electronic devices having a more compact form factor, more
versatility, higher performance and lower power consumption will lead to further innovation
and continues development of 3D technology.

1.4 Reliability of Interconnect Structures

In microelectronics, interconnect structures bear the task of electrically connecting several
components of an IC. It is evident that, along with the reliability of the device themselves,
the reliability of the interconnect structures must be thoroughly investigated in order to
limit the probability of IC or chip failure. By definition, reliability is the probability that a
device, operating under defined conditions, will continue to operate under those conditions
for a defined period of time [32]. On the other hand, failure can be defined as any condition
that causes a device or circuit to cease to operate in a desired manner [32]. A failure can
appear instantly after a shock or grow slowly and decrease the device functionality over
time until arriving at a failure condition. Each failure mode is the result of a certain failure
mechanism in which specific combinations of material properties and the surrounding
environment act together.

Interconnects can mechanically fail due to three main mechanisms [32]: tensile rupture
(fracture due to mechanical overloading), creep failure (damage caused by a long-lasting
permanent load or stress), and fatigue (damage caused by cyclical loads or stresses). These
mechanisms affect the interconnection simultaneously. The thermomechanical stress is
the main source of mechanical failure (fatigue, delamination, creep, etc.). However other
factors can also affect the failure of a device, such as electrical and chemical actions. In-
terconnections exposed to high electrical current densities are subject to electromigration-
induced voiding. Corrosion phenomena metals can accelerate fatigue and delamination
failure. In the list below the most frequent mechanisms leading to failure in devices are
outlined [33]:

• Cracking: Due to the deposition process and the use of thermal processes, thin
films are frequently under a state of biaxial stress. This excess of energy in the film
can trigger the propagation of a crack. A defect in the film can act as a source
for crack initiation. The crack can run across the film thickness and often stops at
the interface, leaving the interface and the substrate intact. In the film, the crack
extends laterally until it reaches the film edge or until it connects with another
crack. The elongated crack is known as a channel crack and it can be bigger than
the film thickness (cf. Figure 1.7). The crack generation and propagation lead to
the fracture of the film and subsequently to an open circuit failure.

Crack

Substrate

Thin film

Figure 1.7: Channel crack in a thin film lying on top of a substrate. In this example
the substrate and the interface are intact.
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• Delamination: As described in Section 1.3.1 the TSV structure is comprised of
many different materials. Delamination can evolve at the interface of two materials.
Typically, an interface crack nucleates from a site of high stress concentration such
as a free edge of the film or a geometric or material junction in a patterned structure.
Residual stresses in the films can be the cause of the crack interface propagation.
The Figure 1.8 shows an example of an interface crack.

Material 1

Material 2
Delamination

Figure 1.8: Interface crack between two materials. This phenomenon is also known
as delamination.

• Ratcheting: Interconnect materials under temperature cycling can exhibit failures
such as delamination, cracking, or metal film crawling. The cause of these failures
is due to the thermal expansion mismatch between the metal and the isolation ma-
terial or Si, causing a plastic deformation of the metal film. Directed by the shear
stresses, generated during various thermal cycles, the metal films introduce a small
amount of plastic deformation in each thermal cycle. After many thermal cycles, the
accumulated deformation is very large and it can cause a failure in the device. For
example, in Figure 1.9 the gray area indicates a packaging material, the black area
an isolating material, the orange area a substrate, and the white area a metal. If
we assume that the packaging material has a larger CTE than the other materials,
during the thermal cycle a shear stress (τ) will be generated and transmitted to
the metal material. It may appear that, after several temperature cycles, the shear
stress in the metal vanishes and the structure plastically deforms. Over time this
process can lead to a failure due to high material deformation.

Metal Metal

τ

τ

τ

τ

τ τ τ

Figure 1.9: Ratcheting. The picture on the left indicates the structure before metal
deformation. The picture on the right denotes the deformed structure after many
thermal cycles.

• Electromigration: During its operation the interconnect line can carry a high elec-
tric current. Due to this high current, metal atoms are transported in the direction
of electron flow inducing a wear-out of the interconnect metal (cf. Figure 1.10).
This wear-out mechanism normally leads to the formation of a void which grows and
triggers a device failure.
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Figure 1.10: Schematic representation of the electromigration phenomenon. The
conducting electrons transfer the momentum to the metal ions. This causes the
gradual movement of ions and the formation of voids and consequently hillocks in
the conductor material.

• Stress-induced voiding: This refers to a break in a metal line or a via-hole oc-
curring in the absence of a current flow. As a result of multiple thermal cycles the
material is under different stresses which can cause the growth of a void, as pre-
sented in Figure 1.11. So far, there is not a unanimously accepted theory of the
stress-induced voiding phenomenon. However, in copper structures it is thought to
be due to the high temperature processing. After the thermal process the copper
has a large tensile stress due to a mismatch in the CTEs of the materials involved
and therefore the stress relaxes in time through atom diffusion and thus by forming
voids.

Metal

Isolation

Isolation

Atom DiffusionTension

Metal

Isolation

Isolation

Figure 1.11: Due to a high stress the voids form and can increase in size leading
to an open circuit failure.

1.5 FEM Approach for Reliability

The finite element method (FEM) (also called finite element analysis (FEA)) is a numer-
ical method for solving a system of partial differential equations (PDEs). Most physical
problems (fatigue, electromigration, thermally induced failure mechanism, delamination,
etc.) can be described using a set of PDEs. FEM is employed to solve these PDEs and
obtain an accurate analysis of many different physical problems [32].

In a continuum problem of any dimensions an unknown field variable (displacement,
potential, etc.) has infinitely many values because it is a continuous function of generic
points in the body that generates an infinite number of unknowns. The main idea of
FEM is to discretize a domain into a finite number of elements in a way that the entire
domain is approximated by the union of these discrete elements (cf. Figure 1.12). The
discretization procedure permits the study of a field variable by reducing a problem to a
finite number of unknowns field variables.

The unknown field variable is expressed by assuming approximating functions (inter-
polation functions) within each element. At specified nodes or nodal points of the domain,
the approximating functions are defined in terms of values of the field variables which are
the fundamental unknowns. Nodes are usually located on the element boundaries, where
adjacent elements are connected (cf. Figure 1.12). The behavior of the field variable
within the elements is described by the nodal values of the field variable and the interpo-
lation functions. The nodal values of the field variable are the new unknowns and they
represent the finite element problem. When these unknowns are obtained, the interpo-
lation functions define the field variable throughout the aggregated elements. Thus, the
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Figure 1.12: Discretized domain and the corresponding elements and nodes.

solutions are initially formulated for individual elements and subsequently assembled to
represent the entire problem geometry [34].

FEM is widely employed in microelectronics. A multitude of different physical phe-
nomena can be handled by choosing the desired geometry and using the material data
required. The FEM tool permits the determination or prediction of the stress limits, or
the lifetime of specific configurations, fundamental for the reliability study.

1.6 Outline of the Thesis
In this document a detailed analysis of the mechanical failure of open TSV is presented.
Finite element simulations are employed to investigate the possible causes which lead to
mechanical failure. Different simulation schemes, material, and mechanical models are ap-
plied. By means of simulations, different scenarios are studied leading to a comprehensive
analysis of the mechanical behavior of TSVs. The goal of this work is to improve and an-
alyze the reliability of the TSV interconnections and thus of the entire device leading to a
deeper understanding of TSVs. The study can help developers to improve their processes.

The dissertation is divided into six chapters, including this introductory chapter,
Chapter 1. In Chapter 2 the elements of the linear elasticity theory are explained,
followed by the description of the FEM theory. Chapter 3, Chapter 4, and Chapter 5
present the physical models employed and implemented to investigate the failure sources
and mechanisms in open TSVs. The stress evolution in an open TSV during 3D IC stacking
is analyzed in Chapter 3. The results presented in the Chapter 3 provide description
of the critical stress areas in an open TSV due to an external force. In these critical
areas a high probability of delamination failure is expected and therefore a study of the
delamination between these specific material layers in TSVs is presented in Chapter 4.
The probability of delamination is high in material films with high residual stress. In
Chapter 5 the generation of the intrinsic stress inside the metal films is investigated.
Chapter 6 summarizes the entire work and presents an outlook for further studies.
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2
Overview of Solid Mechanics and

the Finite Element Method

Microelectronic devices are complex systems fabricated through the manipulation and
integration of many different materials. In order to be able to understand and improve
such technology a multidisciplinary approach is necessary.

As explained in Section 1.4, mechanical problems in microelectronics are critical
issues which may occur during the manufacturing processes or during device operation.
In order to improve the devices’ lifetime, a deep investigation into potential mechanical
issues is essential. In this chapter the fundamental concepts of the solid mechanics theory
needed for the analysis of mechanical problems in microelectronics are described.

The finite element method originated from the needs to solve mechanically related
problems. In this work a FEM tool is used to calculate the resulting stress/strain in
microelectronic components under several loading conditions and therefore an overview of
FEM is presented.

2.1 Continuum Mechanics

The continuum mechanics approach ignores the discrete nature of matter, considering
materials as uniformly and continuously distributed throughout regions of space. This
simplification leads to the definition of material properties such as conductivity, permit-
tivity, yield strength, coefficient of thermal expansion and simulation quantities such as
density, displacement, velocity, etc., as continuous functions of position.

Two main types of equations are used in continuum mechanics [35]:

1. General equations applicable equally to all materials and referring to universal phys-
ical laws.

2. Equations which describe the mechanical behavior of particular materials know as
constitutive equations.

In this section the kinematic and the stress equations are described. Subsequently, a
brief description of the constitutive equations concerning elasticity is provided.

2.1.1 Deformation and Strain

This section, which is based on [35, 36], deals with the kinematic relations of a continuous
medium. To define the basic deformation and strain concepts we must analyze material
kinematics, which refers to the mathematics of motion without considering the masses of
objects or the forces which may have caused the motion. Therefore, a kinematic analysis
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Figure 2.1: Coordinate system. At the reference configuration t = 0 the body B is
underformed. The body b is deformed at time t > 0. X1, X2 and X3 refer to the material
coordinates at t = 0. x1, x2 and x3 are spatial coordinates at t > 0. u indicates the
displacement vector.

permits to study motion and displacement within a material, without regard to the as-
sociated stresses. This permits to analyze the system essentially as a geometric problem.
Kinematics is widely applied to solve mechanical problems [36].

In order to describe the motion of a body the definition of a reference coordinate system
is necessary (cf. Figure 2.1). At time t = 0 the body B is unloaded and undeformed.
The particle of the body can be identified at all times by the set of coordinates Xi where
i = 1, 2, 3 refer to fixed Cartesian axes.

At time t > 0 the body may have changed its position and shape (we refer to it as b)
and its new position is defined by specifying the position xi of the particle with previous
coordinate Xi in the form

xi = xi(Xp, t), i, p ∈ {1, 2, 3} (2.1)

which corresponds to

x1 = x1(X1, X2, X3, t), x2 = x2(X1, X2, X3, t), x3 = x3(X1, X2, X3, t). (2.2)

In this equation xi is the occupied coordinate by the body-point X1, X2, X3 at time t.
(2.1) is assumed differentiable with respect to X1, X2, X3 and t.

The deformation of the body can be described by only considering two configurations
of the body, an initial and a final configuration where the motion of the body can be
regarded as a single-parameter sequence of deformations. In (2.1) the mapping has the
unique inverse

Xi = Xi(xp, t), i, p ∈ {1, 2, 3} (2.3)
or

X1 = X1(x1, x2, x3, t), X2 = X2(x1, x2, x3, t), X3 = X3(x1, x2, x3, t). (2.4)

16



From (2.3) the existence of the Jacobian determinant is ensured

J := det
(
∂xi
∂Xj

)
, (2.5)

which is positive for all points (J > 0). The significance of (2.5) is that the material of
the body cannot penetrate itself and that a material occupying a finite non-zero volume
V at time t = 0 cannot be compressed to a point or expanded to infinite volume during
its motion (dV = JdV0).

The coordinatesX1, X2, andX3 are known as Lagrangian (or material) coordinates and
they refer to distinct material particles at the reference configuration. On the other hand,
the coordinates x1, x2, and x3 are known as Eulerian (or spatial) coordinates and they
refer to distinct points of space at the deformed configuration. In continuum mechanics
both sets of coordinates can be used.

Lagrangian or Eulerian coordinates can be applied to describe the displacement vector
u=x-X of a typical particle from its position X, in the reference configuration, to its
position x at time t. Using (2.1) as a reference, the displacement vector can be described
by

u(X, t) = x(X, t)−X, or ui(X1, X2, X3, t) = xi(X1, X2, X3, t)−Xi, (2.6)

or by using (2.3) as a reference

u(x, t) = x−X(x, t), or ui(x1, x2, x3, t) = xi −Xi(x1, x2, x3, t). (2.7)

The material displacement gradient is obtained by a partial differentiation of the displace-
ment vector (2.6) with respect to the Lagrangian coordinate

∂ui
∂Xj

= ∂xi
∂Xj

− δij , (2.8)

where δij represents the Kronecker symbol. The spatial displacement gradient is de-
termined by partial differentiation of the displacement vector (2.7) with respect to the
Eulerian coordinate

∂ui
∂xj

= δij −
∂Xi

∂xj
. (2.9)

In a similar way the material deformation gradient is defined by

Fij := ∂xi
∂Xj

, (2.10)

and the spatial deformation gradient is defined by

F
(−1)
ij := ∂Xi

∂xj
. (2.11)

From (2.1) and (2.10) the distance differential dxi (cf. Figure 2.1) can be expressed
by

dxi =
(
∂xi
∂Xj

)
dXj = FijdXj or dx = FdX, (2.12)

where dx is the line element vector and F is the deformation gradient.
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F is a second-rank tensor and it can be interpreted as a linear transformation, where
the initial element vector dX is mapped onto the corresponding vector dx at time t.

dx1

dx2

dx3

 =


1 + ∂u1

∂X1
∂u1
∂X2

∂u1
∂X3

∂u2
∂X1

1 + ∂u2
∂X2

∂u2
∂X3

∂u3
∂X1

∂u3
∂X2

1 + ∂u3
∂X3



dX1

dX2

dX3

 (2.13)

An important value is the difference (dx)2 − (dX)2 for two neighboring particles of
a continuum because it can be taken for a suitable measure of strain between the initial
and post-displacement configurations. Using (2.10), (2.12), and the summation Einstein’s
rule, the measure of strain can be written as

(dx)2 − (dX)2 = (FijFik − δjk)dXjdXk ≡ 2λjkdXjdXk. (2.14)

In the equation above, the second-order tensor with component λij is known as the La-
grange finite strain tensor:

λij := 1
2(FkiFkj − δij) ≡

1
2(gij − δij), (2.15)

where the tensor
gij = FkiFkj (2.16)

is called right Cauchy-Green tensor.
The Lagrange strain tensor (2.15), described in terms of displacement (2.6), takes the

form
λij = 1

2

(
∂ui
∂Xj

+ ∂uj
∂Xi

+ ∂uk
∂Xi

∂uk
∂Xj

)
(2.17)

if Fij from (2.10) and (2.8) is substituted into (2.15).
In addition the strain measure can be formulated by employing the spatial coordinate

xi as a set of independent variables

(dx)2 − (dX)2 = (δjk − F (−1)
ij F

(−1)
ik )dxjdxk ≡ 2ηjkdxjdxk, (2.18)

where ηjk is the Eulerian finite strain tensor. In terms of displacements (2.7) this tensor
takes the form

ηij = 1
2

(
∂ui
∂xj

+ ∂uj
∂xi
− ∂uk
∂xi

∂uk
∂xj

)
. (2.19)

If each displacement gradient component ∂ui/∂Xj in (2.17) is small compared to δij ,
the product of the derivatives can be neglected since it is much smaller than the linear
term. Therefore, the Lagrange infinitesimal strain tensor is obtained:

lij = 1
2

(
∂ui
∂Xj

+ ∂uj
∂Xi

)
= 1

2(Fij + Fji)− δij . (2.20)

Implementing the same methodology for ∂ui/∂xj � δij in (2.19) the Eulerian infinitesimal
strain tensor is derived

εij = 1
2

(
∂ui
∂xj

+ ∂uj
∂xi

)
= 1

2(ui,j + uj,i), (2.21)

which is know as the classical strain tensor.
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The Eulerian infinitesimal strain tensor is an approximation which is only valid for
small changes and can be expressed as [37]

ε =


∂u1
∂x1

1
2

(
∂u1
∂x2

+ ∂u2
∂x1

)
1
2

(
∂u1
∂x3

+ ∂u3
∂x1

)
1
2

(
∂u2
∂x1

+ ∂u1
∂x2

)
∂u2
∂x2

1
2

(
∂u2
∂x3

+ ∂u3
∂y

)
1
2

(
∂u3
∂x1

+ ∂u1
∂x3

)
1
2

(
∂u3
∂x2

+ ∂u2
∂x3

)
∂u3
∂x3

 , (2.22)

or using the engineering notation

ε =


εxx εxy εxz

εyx εyy εyz

εzx εzy εzz

 . (2.23)

The components εxx, εyy, and εzz refer to the normal strain and εxy=εyx , εyz =εzy ,
and εzx=εxz are the shear strain components. In some literature [37], also the following
notation is used:

γxy = 2εxy γxz = 2εxz γyz = 2εyz, (2.24)

however we will stick to the notation from (2.23) in this work. The formulation in (2.21)
forms a system of six equations for the three displacement components. The strain com-
ponents must satisfy the compatibility conditions. Because the displacement field u1, u2
and u3 in any system has to be unique, the strain components are not independent of each
other [36]. By eliminating the displacements from (2.21), the compatibility conditions
become:

∂2εxx
∂x2

2
+ ∂2εyy

∂x2
1
− 2 ∂2εxy

∂x1∂x2
= 0 ∂2εxx

∂x2∂x3
− ∂

∂x1

(
−∂εyz
∂x1

+ ∂εzx
∂x2

+ ∂εxy
∂x3

)
= 0

∂2εxx
∂x2

3
+ ∂2εzz

∂x2
1
− 2 ∂2εxz

∂x1∂x3
= 0 ∂2εyy

∂x3∂x1
− ∂

∂x2

(
−∂εzx
∂x2

+ ∂εxy
∂x3

+ ∂εyz
∂x1

)
= 0

∂2εyy
∂x2

3
+ ∂2εzz

∂x2
2
− 2 ∂2εyz

∂x2∂x3
= 0 ∂2εzz

∂x1∂x2
− ∂

∂x3

(
−∂εxy
∂x3

+ ∂εyz
∂x1

+ ∂εzx
∂x2

)
= 0

(2.25)

2.1.2 Stress

When a body is deformed internal forces known as stress arise inside it. The stress
generates to restore the undeformed state of the body. At mechanical equilibrium the
sum of all acting and internal forces must equal to zero. This section, based on [35, 38],
provides the relationships between force and stress.

In order to study how the body exterior interacts with the body interior we imagine
a closed surface S within a loaded body Z (Figure 2.2). We consider a unit vector n
normal to S with direction outward from the interior of S and a small surface element of
area ∆S. Two sides of ∆S according to the direction of n are distinguished. The part of
material Z lying on the positive side of the normal exerts a force ∆F on the other part
that is situated on the negative side of the normal. ∆F is a function of the area and the
orientation of surface S. By assuming that ∆F/∆S approaches a definite limit as ∆S
approaches zero the stress vector t (also referred to as the traction vector) can be defined
by

t := lim
∆S→0

(∆F
∆S

)
= dF
dS

. (2.26)
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Figure 2.2: Schematic representation of a body subjected to a force ∆F.

The components of the stress vector are normal stress and shear stress. Normal stress is
defined as σ = t · n and shear stress as τ =

√
t2 − σ2.

By considering three specific sections corresponding to the coordinate system x1, x2,
and x3 (or x, y, and z) three stress vectors are assigned t1, t2, and t3. The Cartesian
components of the stress vectors are denoted by σij , where the index i correlates to the
coordinate direction. If we consider the stress vector t1, it can be expressed by:

t1 = σ11e1 + σ12e2 + σ13e3 = σ1jej , (2.27)

where e1, e2, and e3 are the unit vectors in the coordinate directions. Similarly the stress
vectors t2 and t3 can also be calculated, leading to the general expression

ti = σijej . (2.28)

The stress component σij contains the magnitude, the direction normal to the reference
plane (first subscript) and the direction of action (second subscript). The sign of the stress
components can be positive or negative.

The stress components σij are usually described by using the engineering notation
with a cube, as shown in Figure 2.3. The stress components act perpendicular (normal
stress) and parallel (shear stress) to the faces of the cube. Normal stresses can pull the
cube (tensile normal stress) or push it (compressive normal stress).

The stress tensor (also called Cauchy stress tensor) σ is a second order tensor which
consists of normal and shear components acting on an infinitesimal element. Considering
a 3D system, the stress tensor is described through nine stress components [39]

σ =


σxx τxy τxz

τyx σyy τyz

τzx τzy σzz

 , (2.29)

where σxx, σyy, and σzz are the normal stresses and τxy, τyx, τyz, τzy, τzx, and τxz are the
shear stress components.

If the stress tensor is symmetric the number of stress components reduces to six because

τyx = τxy,

τyz = τzy, and
τzx = τxz.

(2.30)
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Figure 2.3: Stress components on an infinitesimal cube.

By applying Newton’s first law to a solid subjected to body force components rep-
resented by Fx, Fy, and Fz, the equilibrium conditions of the stress components can be
derived [35, 36, 37]. Fi could be alternatively described as Fi = ρbi, where ρ is the density
of the body and bi is the force per unit of mass. An equilibrium of an arbitrary volume
V of a continuum requires that the resulting moment and force acting on the volume be
zero; therefore, the sum of surface and body forces satisfy an integral relation∫∫

S
tidS +

∫∫∫
V
FidV = 0, (2.31)

where Fi represents the component of body force and ti is the stress component acting
on an arbitrarily oriented infinitesimal area ndS (ti = σijnj). By converting the resulting
surface integral to a volume integral using the Gauss’s divergence theorem, we obtain∫∫

S
σijnjdS =

∫∫∫
V
σji,jdV, (2.32)

and then equation (2.31) becomes∫∫∫
V

(σij,j + Fi)dV = 0, (2.33)

where σij,j ≡ ∂σij/∂xj is the divergence of the stress tensor. Because the volume in (2.33)
is arbitrary the integral vanishes and we obtain the equilibrium conditions:

∂σxx
∂x1

+ ∂τxy
∂x2

+ ∂τxz
∂x3

+Fx = 0,

∂τxy
∂x1

+ ∂σyy
∂x2

+ ∂τyz
∂x3

+Fy = 0, or σij,i + ρbi = 0

∂τxz
∂x1

+ ∂τxz
∂x2

+ ∂σzz
∂x3

+Fz = 0,

(2.34)

The Cauchy stress tensor σ is used to model small deformations (infinitesimal strain
theory) and it is a fundamental concept in the theory of linear elasticity. For large defor-
mations the concept of the Piola-Kirchhooff stress tensor is used [36].
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In engineering the concept of the scalar Von Mises effective Stress is commonly used
to predict yielding of materials under a loading conditions as well as other physical phe-
nomena [36]

σmises =
√

1
2 [(σxx − σyy)2 + (σxx − σzz)2 + (σyy − σzz)2]. (2.35)

2.1.3 Constitutive Laws

The equations described above are applicable for all continuous materials. However ad-
ditional equations, called constitutive equations, are necessary to describe the mechanical
behavior of any particular material.

Four theories for material behavior can be distinguished [35]:

• Elasticity: Material deformation is reversible and it returns to its original shape
and size once loads are removed. For most materials the stress is a linear function
of the strain. The strain depends only on the applied stress and does not depend on
the history of loading.

• Plasticity: If the material is under modest stresses it responds elastically. If the
stress exceeds a critical magnitude the specimen is permanently changed in size and
shape. During this phase the stress is not a linear function of the strain.

• Viscoelasticity: Materials combine elastic and viscous behavior. It is characterized
by a time-dependent response and by the load or deformation history.

• Viscoplasticity: Material deformation depends on the rate of the applied load.
Unlike with plasticity the material is under a creep flow which is a function of time
and the applied load.

Creep behavior exists in viscoelasticity and viscoplasticity theories. Creep is the phe-
nomenon where a solid material moves slowly or deforms permanently under stresses.

Materials are additionally described as brittle or ductile [37]. In brittle materials rup-
ture occurs without any noticeable prior deformation, behaving elastically before rupture.
For ductile material the rupture arrives after a plastic deformation.

The different material behaviors listed above can be analyzed using stress-strain curves.
For each material a unique relationship between stress and strain can be found. Stress-
strain curves are obtained by recording the strain at distinct intervals of applied stress.
Figure 2.4 depicts an example of a stress-strain curve with an elastic-plastic behavior for
a ductile material. In the plot several characteristic points can be identified: The yield
strength point defines the stress where a material starts to plastically deform. Below this
value the material behaves elastically. The ultimate strength point defines the maximum
stress which a material can withstand during deformation. The fracture strength point
represents the stress where the specimen fails or fractures. Usually, in brittle materials the
stress-strain curve is only valid until the yield strength is reached, at which point fracture
occurs. The yield strength in brittle materials is refereed to as the fracture strength.

The stress-strain curve describes the elastic modulus E (also known as Young’s mod-
ulus). E is a typical mechanical property which defines a reversible, time-independent
elastic strain induced by a load. It is calculated by dividing the tensile stress by the strain
of the elastic part of the stress-strain curves. On the other hand, ductility is a mechanical
property for plastic material and it defines the maximum strain which the material can
withstand without breaking.
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Figure 2.4: Example of stress-strain curve for a ductile material.

The behavior of materials and their properties are correlated to the arrangement of
atoms in the material body. Single-crystal is a body where atoms are ordered in a pattern
which repeats itself; therefore, only a single crystalline phase is present. Polycrystalline
materials are composed of more than one crystal (grains) and often combine different
crystalline phases (cf. Figure 2.5). At the atomic scale elastic and plastic deformations
are significantly different (cf. Figure 2.6) [40]. Elastic deformation results in each atom
moving under a load. On the other hand, in plastic deformation, only a few atoms move
and the phenomenon is anisotropic (even though it is usually considered as an isotropic
phenomenon in polycrystalline materials). Plasticity is the phenomenon which moves
atoms through many interatomic distances relative to their positions. During plastic
deformation the material tends to preserve the crystal structure, therefore this limits the

single crystal grain

dislocation in a slip system

slip systems in a grain

T
T

T
T

T T

Figure 2.5: Polycrystalline material.
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Figure 2.6: Atom movements in elastic and slip deformation.

way in which the plastic deformation can appear. A typical deformation is represented
by a slip system containing a particular slip plane in a given slip direction. Slip planes
are crystallographic planes with the highest density of atoms. The slip direction and the
magnitude of a dislocation in the slip plane are defined by the Burgers vector [41, 42].
Each material has a characteristic slip system, in which dislocations are carriers of plastic
deformation [40]. Dislocations are one-dimensional lattice defects where atoms are out of
position in the crystal. They move and are generated under the action of high shear stresses
because the atoms in the vicinity of the dislocation line rearrange their bonds. During
this process the work done is dissipated through lattice vibration, and the dislocation
movement results in a relative slip.

It is therefore clear that the plastic mechanism is influenced by the microstructural
features such as slip plane, lattice imperfections, alloying, and impurity elements. The
plasticity is also influenced by the movement, multiplication, and interaction between
dislocations [43]. Therefore, the microstructures of materials define properties such as
elasticity, plasticity, and creep.

An elastic-plastic material is usually studied assuming that the strains ε and strain
increments dε consist of an elastic and a plastic component [37]:

ε = εe + εp, dε = dεe + dεp. (2.36)

We take a closer look on the elastic component of a linear stress-strain relationship in the
next subsection. For the plastic component a different constitutive law, based on plastic
strain increments or total plastic strains, are in use [35, 37].

2.1.3.1 Elasticity

For a linear elastic material, assuming small (infinitesimal) strain (∂ui/∂xj � 1), stresses
and strains are related [36, 37, 44] through the following constitutive equation:

σ = C : ε or σij = Cijklεkl, (2.37)

where C indicates the elasticity tensor. The equation above is known as Hooke’s law and
the two dots indicates a summation over two index pairs. C is a fourth-order tensor with
81 components Cijkl. Since the stress and strain tensors are symmetric it follows that

Cijkl = Cjikl = Cijlk = Cjilk, (2.38)

which reduces the number of independent components from 81 to 36. Equation (2.37) can
be inverted and the elasticity law becomes

ε = M : σ or εij = Mijklσkl, (2.39)
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where M is the compliance tensor. The components Mijkl have the same symmetry
properties as Cijkl.

For an isotropic material, C is an isotropic tensor which is described by only two
independent constant:

Cijkl = λδijδkl + µ(δikδjl + δilδjk), (2.40)

where λ and µ are the Lamé constants defined as

λ = Eν

(1 + ν)(1− 2ν) , µ = E

2(1 + ν) , (2.41)

where E is the Young’s modulus, ν is the Poisson’s ratio, and µ is the shear modulus.
Substituting (2.40) in (2.37), an isotropic material is described as

σij = λεkkδij + 2µεij . (2.42)

2.2 Plane Strain and Plane Stress

Many 3D solid mechanics problems can be treated as 2D problems. Plane strain and
plane stress are two idealized stress configurations, which simplify problem analysis [37].
The two approximations are described by using the following engineering notation with
coordinates x, y, z, displacements ux, uy, uz, strains εxx, τxy, . . . and stresses σxx, τxy, . . . .

2.2.1 Plane Strain

The plane strain is defined to be a state which assumes that uz, εzz, γxz, γyz, τxz, and τyz
are equal to zero. Plane strain can be idealized as long wire where stress components act
perpendicular to its length. Therefore, the equilibrium conditions reduce to

∂σxx
∂x

+ ∂τxy
∂y

= 0, ∂τxy
∂x

+ ∂σyy
∂y

= 0, (2.43)

the kinematic relations to

εxx = ∂ux
∂x

, εyy = ∂uy
∂y

, εxy = 1
2

(
∂ux
∂y

+ ∂uy
∂x

)
, (2.44)

and compatibility conditions become

∂2εxx
∂y2 + ∂2εyy

∂z2 = ∂2γxy
∂x∂y

. (2.45)

This assumption permits to reduce the stress-strain relation to

εxx = 1− ν2

E

(
σxx −

ν

1− ν σyy
)
, εyy = 1− ν2

E

(
σyy −

ν

1− ν σxx
)
,

εxy = τxy
2µ , σzz = ν(σxx + σyy),

(2.46)

where µ is the shear modulus.
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2.2.2 Plane Stress

On the other hand, in the plane stress approximation, σzz, τxz, τyz, γxz, and γyz are
zero and the other stress and strain components are independent of z. Here, the problem
can be simplified to a 2D thin plate problem where the stress components act along the
plane. By applying the plane stress assumption to the equilibrium conditions, kinematic
relations, and compatibility conditions as shown in (2.43)-(2.45) the stress-strain relation
reduces to

εxx = 1
E

(σxx − νσyy) , εyy = 1
E

(σyy − νσxx) ,

εxy = τxy
2µ , εzzE = −ν(σxx + σyy).

(2.47)

2.3 Source of Residual Stress in Thin Films

In microelectronic devices, thin films can have residual stresses, which arise due to two
main sources: intrinsic and thermal stress [45]. High values of residual stress can affect the
quality and performance of thin films and subsequently of the entire devices. Therefore,
the investigation of the origin of the residual stress is a fundamental aspect to examine.

2.3.1 Intrinsic Stress

Intrinsic stress emerges during the deposition processes (e.g. sputtering, spraying, paint-
ing, spin coating, CVD, PVD, and electrodeposition). The magnitude of the intrinsic
stress depends on the process, deposition temperature, and deposited material. During
the deposition process, the microstructure evolves from single atom islands to a uniform
film, influencing the magnitude of intrinsic stress [45]. In Chapter 5 a detailed description
of intrinsic stresses in thin films is reported.

2.3.2 Thermal Strain and Thermal Stress

In absence of mechanical loads a body can deform due to temperature changes. This
deformation is called thermal deformation, which gives rise to so called thermal strain
inside the body [39]. For small temperature changes the thermal strain is linearly pro-
portional to the temperature change and it is described by the Coefficient of Thermal
Expansion (CTE). CTE is a material property which describes how a material expands
upon heating or contracts upon cooling. For changes in volume the volumetric CTE can
be expressed as

αv = 1
V0

(
∂V

∂T

)
p
, (2.48)

where V0 is the initial volume, and p indicates a pressure constant. For changes in length,
αv is denoted as αl, but instead of a change in volume V is substituted by length l

αl = 1
l0

(
∂l

∂T

)
p
, (2.49)

where l0 indicates the initial length. For an isotropic material, where αv = 3αl the thermal
strain can be expressed as

εthxx = εthyy = εthzz = αl(Tf − T0),
εthxy = εthyz = εthxz = 0,

(2.50)
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where the change from T0 to Tf corresponds to the temperature variation. The shear
components are all zero because the thermal expansion is volumetric.

Thermal stress is the stress generated in a constrained structure due to a thermal
expansion or contraction. Two different set of constraints are possible: external constraint
and internal constraint. External constraint can be every external object which obstruct
the free expansion or contraction of the system, when temperature changes occur. Internal
constraint usually appear in composite systems, formed by different materials, or when a
nonuniform temperature distribution is present. Due to the different CTEs every material
behaves differently under thermal variation. The thermal strain generated in a material
can affect and then generate thermal stress, thereby impacting the system.

The relationships between stress and strain for an isotropic material, including the
thermal strain are given as

εxx = 1
E

(σxx − νσyy − νσzz) + αl(Tf − T0), εxy = τxy
2µ ,

εyy = 1
E

(−νσxx + σyy − νσzz) + αl(Tf − T0), εyz = τyz
2µ ,

εzz = 1
E

(−νσxx − νσyy + σzz) + αl(Tf − T0), εzx = τzx
2µ .

(2.51)

2.4 Virtual Work
The principle of virtual work is applied to study the mechanics of deformable bodies.
The term virtual refers to the implementation of infinitesimal displacements, called vir-
tual displacement, which do not represent a real displacement acting on the system. By
considering the equilibrium equations of a system, where all the forces acting on a system
in static equilibrium must be equal zero, virtual displacement can be applied and the
resulting deformation of the body can be obtained [36, 37].

We consider a body of volume V in equilibrium, where a prescribed traction t on
boundary Γt and a prescribed displacement u on boundary Γu are

σijnj = ti on Γt,
ui = 0 on Γu.

(2.52)

To derive the concept of the virtual work it is necessary to recall the equilibrium condition
and the classic strain tensor:

∂σij
∂xj

+ ρbi = 0 on V,

εij = 1
2

(
∂ui
∂xj

+ ∂uj
∂xi

)
on V.

(2.53)

δu is defined as virtual displacement and it has to satisfy the boundary condition on Γu.
By employing δu a virtual strain is defined

δεij = 1
2

(
∂δui
∂xj

+ ∂δuj
∂xi

)
. (2.54)

The equilibrium condition is multiplied by the virtual displacement(
∂σij
∂xj

+ ρbi

)
δui = 0. (2.55)
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By using the product rule
∂σij
∂xj

δui = ∂σijδui
∂xj

− σij
∂δui
∂xj

, (2.56)

and the symmetry of (2.54) equation (2.55) can be rewritten as
∂σijδui
∂xj

+ ρbiδui = σijδεij (2.57)

which, when is integrated over the volume of V becomes∫
V

∂σijδui
∂xj

dV +
∫
V
ρbiδuidV =

∫
V
σijδεijdV, (2.58)

Gauss’s divergence theorem is applied at the first volume integral, becoming a surface
integral ∫

Γt
σijδuinjdΓt +

∫
V
ρbiδuidV =

∫
V
σijδεijdV. (2.59)

By using the boundary condition the equation above can be rewritten in a simplified form∫
Γt
tiδuidΓt +

∫
V
ρbiδuidV =

∫
V
σijδεijdV, (2.60)

where the integrals on the left represent the virtual work done by external forces. On
the right hand side the integral represents the virtual work done by internal forces. The
system is in equilibrium if the entire virtual work of the imposed virtual displacements
vanishes, therefore (2.60) is equivalent to (2.34).

2.5 Fracture Mechanics
Fracture is a degradation process which leads to the generation of new surfaces. Fracture
develops through cracking, which is the development of displacement discontinuity surfaces
within the solid. Previously a continuum-mechanical analysis was presented, however a
microscopic approach is necessary to understand the role of the microstructure in fracture
mechanics [37]. At the microscopic level, the fracture process consists of breaking the
bonds between elements (atoms, ions, molecules, etc.). The bonding force between two
elements is described by

F = − a

rm
+ b

rn
, (2.61)

where a, b, m, and n are constants which characterize the bond type and r is the distance
between elements. The first term is the attractive force, while the second term describes
a repulsive force. During the separation of elements (fracture) a negative material-specific
work WB is performed by the bonding force. This work is the surface energy necessary
to form new surfaces in the immediate neighborhood, leading to an instant change of
the lattice geometry. From the macroscopic point of view, considering the material as
a continuum and neglecting dissipative processes (heat), the work of bonding forces is
converted into the surface energy of the body

Γ0 = γ0A, (2.62)

where A is the newly created surface and γ0 is the surface energy density.
In a polycrystalline material the separation of atomic planes (microcracks) is often

combined with pronounced microplastic processes (dislocations). The dislocation pile-up
at obstacles is an important phenomenon during microcrack formation.
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It can cause a high stress concentrations leading to bond breaking along favored lattices
places:

• Transcrystalline cleavage occurs when a crack runs through several grains, and the
separation surface changes according to local lattice planes.

• Intercrystalline fracture separation between weak grain boundaries occurs on account
of dislocation pile-up or grain boundary sliding takes place along these boundaries.

These processes describe fracture in brittle materials. In plastic deformation the load
is not enough to break the atomic bonds but it is large enough to produce permanent
deformation by shearing atomic planes (dislocations); therefore, the failure is the plastic
regime.

Cracks are classified from different phenomenological viewpoints. A stationary crack
is a crack which does not change in length. If the crack starts to propagate and it becomes
non-stationary a specified load or deformation is called crack initiation. Crack propagation
can further be distinguished as stable, when the increase in crack length requires an
increases external load, or unstable, when the crack advances without any increase in the
external load. In Chapter 4 the basis of fracture mechanics are described in further
details.

2.6 FEM

In Section 1.5 the basic ideas behind the finite element method are described. In this
section some mathematical concepts of FEM are presented [46, 47, 48]. The solution to a
problem is obtained by applying a variational method. The weighted residual method and
its different approaches are initially described. Subsequently the so called weak formulation
is reported. These methods permit to calculate an approximate solution in the form of
a linear system by minimizing an associated error function. A description of the spatial
discretization is also presented in this section. At the end of the chapter FEM is applied
to solve a mechanical problem.

A physical problem can often be described by the following general differential equation

d

dx

[
a(x)du(x)

dx

]
+ b(x)du(x)

dx
+ c(x)u(x)− f(x) = 0, (2.63)

where u(x) is the unknown function. The coefficient functions a(x), b(x), and c(x) and
the source term f(x) describes a physical problem. For example, if we consider an elastic
bar, we must solve for u(x) where the parameter a corresponds to the bar stiffness E · A
(E is the Young’s modulus and A the cross sectional area) and f is the applied body load.

For a well-defined problem set, boundary conditions are required. There are three
types of boundary conditions: The first is called Dirichlet boundary condition where a
domain Ω has a boundary along which the displacement is a constant, defined by

u(xD) = uD xD ∈ Γ, (2.64)

where Γ represents the boundary. The second kind is called the Neumann boundary
condition where the slope of the boundary value is known

a(xN )du(x)
dx
|x=xN = qN xN ∈ Γ, (2.65)
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where qN represents a scalar function. The third kind is called the Robin boundary
condition

ξRu(xR) + %R
du(x)
dx
|x=xR = γR, xR ∈ Γ (2.66)

where ξR, %R, and γR are parameters given by the physical problem. This condition
represents a weighted sum of the value and the slope of the function at the boundary.

2.6.1 Weighted Residual Method

In this section we describe the general method of the weighted residual and the derivation
of the solution using different approaches.

One-dimensional physical problems in a domain Ω can often be described by the dif-
ferential equation (2.63); however, to describe mathematical concepts of FEM it is more
useful represent a differential equation with the linear operator L{. . . }

L{u0(x)} = d

dx

[
a(x)du

0(x)
dx

]
+ b(x)du

0(x)
dx

+ c(x)u0(x) = f(x). (2.67)

In (2.67) u0(x) represents the exact or real solution of the problem subject to boundary
conditions along the boundary Γ and to the prescribed geometry. The solution u0(x)
solves the differential equation along every point of the domain x ∈ Ω. To simplify the
mathematical equation, in the following derivations we indicate

L{u0(x)} = f(x). (2.68)

When an exact analytical solution cannot be found, an approximated solution of the
problem is obtained by employing numerical methods. The goal is to calculate a useful
approximation of the exact solution

uh(x) ≈ u0(x). (2.69)

In the case of the weighted residual method [47, 49] an approximation of the solution of
the following form is chosen

uh(x) = α0 +
n∑
a=1

αaϕa(x), (2.70)

where α0 has to satisfy the non-homogeneous boundary conditions, ϕa(x) are a set of
linear independent basis functions, and αa are the free parameters of the approximation
approach. If the solution has to satisfy homogeneous boundary conditions the variable α0
can be omitted.

A local error know as residual r is obtained by inserting the approximation function
for u0(x) into the differential equation (2.67)

r = L{uh(x)} − f(x). (2.71)

Performing an integration over the entire domain Ω the residual r, weighted with a weight-
ing function W (x), gives∫

Ω
rW (x)dΩ =

∫
Ω

(L{uh(x)} − f(x))W (x)dΩ = 〈r,W (x)〉 != 0, (2.72)

which represents an inner product. By choosing the appropriate αa parameters of the
approximated solution, the average r can be forced r to zero over the entire domain.
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W (x) is referred to as the test function and it allows for an arbitrary weighting of the error
in the domain Ω. Usually, the structure of the test function is defined as the approximation
function uh(x) by a sum of a weighted basis function set:

W (x) =
n∑
b=1

βbψb(x), (2.73)

where βb are arbitrary coefficients and ψb(x) are linear independent shape functions. The
choice of the shape functions ψb(x) depends on the applied method:

• The Point-Collocation Method is based on the Dirac delta function. The error r
vanishes at the n selected points x1, x2,..,xn ∈ Ω. At those so called collocation
points the approximated solutions satisfies the differential equation. Thereby, the
test function is set as:

W (x) = β1 δ(x− x1)︸ ︷︷ ︸
ψ1

+...+ βn δ(x− xn)︸ ︷︷ ︸
ψn

=
n∑
b=1

βbδ(x− xb), (2.74)

where the Dirac delta function is:

δ(x− xb) =
{

0 for x 6= xb
∞ for x = xb.

(2.75)

By applying the test function (2.74) in the inner product (2.72) and considering the
property of the Dirac delta function,∫

Ω
δ(x− xb)dx = 1, (2.76)∫

Ω
f(x)δ(x− xb)dx = f(xb), (2.77)

and choosing βb = δib for i ∈ {1, . . . , n}, this results in a system of n linear indepen-
dent equations. The property of the delta function leads to

∫
Ω rW (x)dΩ = r = 0,

therefore no integral needs to be calculated within the point-collocation procedure.
The parameters αa can be calculated by solving the system:

r(x1) = L{uh(x1)} − f(x1) = 0,
...

r(xn) = L{uh(xn)} − f(xn) = 0.

(2.78)

Because L{. . . } is linear in this argument these equations can be further derived

r(xi) = L{uh(xi)}−f(xi) = L{
n∑
a=1

αaϕa(xi)}−f(xi) =
n∑
a=1

αaL{ϕa(xi)}−f(xi) = 0,

(2.79)
which can be written in matrix form

(L{ϕa(xi)})i,a(αa)a − (f(xi))i = 0 or Lα = f i, a ∈ {1, . . . , n}. (2.80)

The results can be obtained by inverting the matrix:

α = L−1f . (2.81)

By obtaining the parameters αa and by plugging them in (2.70) the approximated
solution is derived.
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• The Subdomain-Collocation Procedure is considered to be a variation of the point
collocation method. The domain Ω is divided in non overlapping subdomains Ωb.
The shape functions of the test functions are chosen in such a way that ψb(x) = 1
in Ωb and zero otherwise:

ψb(x) = 1Ωb(x), (2.82)

where the indicator function is defined by

1Ωb(x) :=
{

1 if x ∈ Ωb,

0 if x /∈ Ωb.
(2.83)

Therefore the test function is defined as

W (x) =
n∑
b=1

βb1Ωb(x). (2.84)

The integral of the error becomes zero over the different domains:∫
Ω
r(x)W (x)dΩ =

n∑
b=1

βb

∫
Ωb
r(x)dΩb

!= 0. (2.85)

βb are chosen as in the point-collocation procedure (βb = δib for i ∈ {1, . . . , n})
resulting in the following n-equation system:

r(x1) =
∫

Ω1
L{uh(x)} − f(x)dΩ1 = 0,

...

r(xn) =
∫

Ωn
L{uh(x)} − f(x)dΩn = 0.

(2.86)

The parameters αa can subsequently be calculated as described in the point-collocation
method.

• The Least Squares Method has a test function defined as

W (x) =
n∑
b=1

βbψb =
n∑
b=1

βb
∂r

∂αb
, (2.87)

where βb is chosen as βb = δib for i ∈ {1, . . . , n}.
In the method of least squares the weighted integral is written as∫

Ω

∂(L{uh(x)} − f(x))
∂αb

(L{uh(x)} − f(x))dΩ = 0, (2.88)

where, employing the chain rule, the following form can be derived:

∂

∂αb

∫
Ω

(L{uh(x)} − f(x))2dΩ = 0. (2.89)

This finally leads to the minimization of the square residual:

min
αb

∫
Ω

(L{uh(x)} − f(x))2dΩ. (2.90)
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In detail, the employed test function is

W (x) =
n∑
b=1

∂r

∂αb
=

n∑
b=1

∂(αbL{ϕb} − f(x))
∂αb

= L{ϕb}, (2.91)

thus this equation can be inserted in (2.88)∫
Ω
L{ϕb}

(
n∑
a=1

αaL{ϕa} − f(x)
)
dΩ = 0. (2.92)

The equation can then be rewritten as
n∑
a=1

∫
Ω
L{ϕb}L{ϕa}dΩαa =

∫
Ω
L{ϕb}f(x)dΩ, (2.93)

and
n∑
a=1

∫
Ω
L{ϕ1}L{ϕa}dΩαa =

∫
Ω
L{ϕ1}f(x)dΩ

...
n∑
a=1

∫
Ω
L{ϕn}L{ϕa}dΩαa =

∫
Ω
L{ϕn}f(x)dΩ

or Lα = f . (2.94)

From this linear system it is possible to obtain the αa parameters necessary to
describe the approximated function.

• The Petrov-Galerkin Procedure is a method where the set of test functions ψb(x)
and the set of basis functions ϕa(x) are different. The test function is defined as

W (x) =
n∑
b=1

βbψb(x). (2.95)

Equation (2.95) can be plugged into (2.72)
n∑
b=1

n∑
a=1

βbαa

∫
Ω
ψb(x) (L{ϕa} − f(x)) dΩ = 0 (2.96)

The parameters βb are chosen as βb = δib for i ∈ {1, . . . , n} and (2.96) is re-written
as

n∑
a=1

αa

∫
Ω
ψb(x)L{ϕa}dΩ =

∫
Ω
ψb(x)f(x)dΩ, (2.97)

which can be written as system of linear equations:
n∑
a=1

∫
Ω
ψ1(x)L{ϕa}dΩαa =

∫
Ω
ψ1(x)f(x)dΩ

...
n∑
a=1

∫
Ω
ψn(x)L{ϕa}dΩαa =

∫
Ω
ψn(x)f(x)dΩ,

(2.98)

from which is possible to obtain the αa of the approximated function.
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• The Galerkin Procedure is a method based on choosing the same set of shape func-
tions for the approximation ψb(x) and the weighting ϕa(x) function. Therefore the
weighting function for this method is defined by

W (x) =
n∑
b=1

βbϕb(x), (2.99)

where βb are the coefficients which can be chosen arbitrary.
The definition (2.99) can be plugged into (2.72), obtaining∫

Ω

n∑
b=1

βbϕb(x)rdΩ =
n∑
b=1

βb

∫
Ω
ϕb(x)rdΩ = 0. (2.100)

By inserting the approximation function (2.70) in the above equation we obtain
n∑
b=1

βb

∫
Ω
ϕb(x)(L{

n∑
a=1

αaϕa(x)} − f(x))dΩ = 0. (2.101)

This integral can be separated
n∑
b=1

βb

∫
Ω
ϕb(x)L{

n∑
a=1

αaϕa(x)}dΩ−
n∑
b=1

βb

∫
Ω
ϕb(x)f(x)dΩ = 0 (2.102)

and due to the linearity of the differential operator the summation can be extracted
n∑
b=1

βb

n∑
a=1

αa

∫
Ω
ϕbL{ϕa(x)}dΩ−

n∑
b=1

βb

∫
Ω
ϕbf(x)dΩ = 0. (2.103)

The weighting functions can be arbitrary chosen and therefore we consider only one
βb = 1 and the other zero, resulting in

n∑
a=1

αa

∫
Ω
ϕbL{ϕa(x)}dΩ =

∫
Ω
ϕbf(x)dΩ. (2.104)

Using this method for all b results in n equations, which leads to a system of linear
equations

n∑
a=1

∫
Ω
ϕ1L{ϕa(x)}dΩαa =

∫
Ω
ϕ1f(x)dΩ

...
n∑
a=1

∫
Ω
ϕnL{ϕa(x)}dΩαa =

∫
Ω
ϕnf(x)dΩ,

(2.105)

which can be expressed in matrix form by
Lα = f, (2.106)

with the following definitions:
α = (αa)a=1,...,n ,

L =
(∫

Ω
ϕbL{ϕa(x)}dΩ

)
b=1,...,n;a=1,...,n

,

f =
(∫

Ω
ϕb(x)f(x)dΩ

)
b=1,...,n

,

(2.107)

where α is the vector of the unknown αa coefficients, f is the load vector, and L
is called stiffness matrix. Many FEM implementations are based on this procedure
together with the weak formulation described in the next subsection.
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2.6.2 Weak Formulation

A solution to (2.63), which is called the strong formulation, is very difficult or impossible
for typical engineering problems. It requires continuity on the dependent field variables
and that the approximation function be differentiable up to the order of the differential
equations. For such problems, the weak formulation can be used, which mathematically
corresponds to the strong formulation. Usually the weak formulation has an integral form
and it requires a weaker continuity on the field variables. It also allows for a reduction in
the necessity for the differentiability of the approximation function by one order and per-
mits a native incorporation of the Neumann boundary condition [50]. Here the transition
from the strong formulation to the weak formulation is described [48].

In a 3D system a differential equation in domain Ω can be defined by:

∇ · a(x)∇u(x) + b(x) · ∇u(x) + c(x)u(x) = f(x), (2.108)

where f(x) is the source term. This equation corresponds to the strong formulation.
Furthermore the problem must fulfill boundary conditions, which could be given in the
following way.

u(xD) = uD on ΓD
∂u(x)
∂n = qN on ΓN ,

(2.109)

where n is the normal. The union Γ = ΓD ∪ ΓN is at the boundary Γ of the domain Ω.
On ΓD the Dirichlet boundary condition and on ΓN the Neumann boundary condition are
implemented. The function u(x) has to be solved on the entire simulation domain Ω.

The weak formulation is obtained by multiplying (2.108) by (2.73) and integrating over
the entire domain Ω (cf. inner product)∫

Ω
W (x) (∇ · a(x)∇u(x) + b(x) · ∇u(x) + c(x)u(x)− f(x)) dΩ = 0. (2.110)

Subsequently, the Green’s first integration theorem is applied

−
∫

Ω
a(x)∇W (x) · ∇u(x)dΩ +

∫
ΓN

a(x)W (x) ∂u(x)
∂n︸ ︷︷ ︸
qN

dΓN+

+
∫

Ω
W (x) (b(x) · ∇u(x) + c(x)u(x)) dΩ =

∫
Ω
f(x)W (x)dΩ.

(2.111)

Therefore, the weak formulation for the initial boundary problem becomes:

−
∫

Ω
a(x)∇W (x) · ∇u(x)dΩ +

∫
ΓN

a(x)W (x)qNdΓN+

+
∫

Ω
W (x) (b(x) · ∇u(x) + c(x)u(x)) dΩ =

∫
Ω
f(x)W (x)dΩ.

by setting u(x) = uD on ΓD.

(2.112)

The Neumann boundary conditions are incorporated in (2.112), while the Dirichlet bound-
ary condition uD must be explicitly enforced. Equation (2.112) is mathematically equiv-
alent to (2.108) in the case that the solution is sufficiently smooth.

The approximated solution can be obtained by plugging the equations (2.73) and (2.70)
into (2.112) and by choosing βb = δib for i ∈ {1, . . . , n},∑

a

αa

[
−
∫

Ω
a(x)∇ϕb · ∇ϕadΩ +

∫
Ω
ϕbb(x) · ∇ϕadΩ +

∫
Ω
c(x)ϕbϕadΩ

]
= −

∫
ΓN

a(x)ϕbqNdΓN +
∫

Ω
f(x)ϕbdΩ,

(2.113)
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where for b ∈ {1, . . . , n} the solution results in a system of n equations which can be
expressed in matrix form by

Lα = f (2.114)
whit values

α = (αa)a=1,...,n,

L = −
(∫

Ω
a(x)∇ϕb · ∇ϕadΩ +

∫
Ω
ϕab(x) · ∇ϕadΩ +

∫
Ω
c(x)ϕbϕadΩ

)
a=1,...,n;b=1,...,n

f =
(
−
∫

ΓN
a(x)ϕbuNdΓN +

∫
Ω
f(x)ϕbdΩ

)
b=1,...,n

.

(2.115)
The αa parameters for the approximated function can subsequently be obtained.

2.6.3 Spatial Discretization

FEM is based on splitting complex domains or subdomains into geometrically simple
shapes called finite elements. These elements, forming a mesh, are defined in 1D by in-
tervals, in 2D usually by triangles or quadrilaterals, and in 3D usually by tetrahedrals
or hexahedras. The size of these elements is a crucial parameter, as a finer mesh re-
sults in a more accurate approximation of the solution, while a courser mesh reduces the
computational time.

All the single elements Ωh together form assembly Ωt. Due to the simple shape of the
elements Ωt does not perfectly correspond to the real domain Ω, creating an inaccuracy
in the final approximated solution, which depends once again on the meshing density.

In each subdomain, due to the meshing, a number of nodal points are defined. These
nodal points are the supporting points of the basis functions ϕa(x). The basis functions
ϕa(x), implemented for the approximated functions, are low order polynomials and the
order is chosen according to the desired accuracy.

As an example, we consider a 1D domain divided into elements of small intervals
[xn−1, xn] with n = 1, . . . ,M , where xn are the nodes. The following proprieties have to
be satisfied [48]:

• Nodal point are ordered

xn−1 < xn for n = 1, . . . ,M. (2.116)

• The domain is completely covered

[a, b] =
M⋃
n=1

[xn−1, xn] xo = a, xM = b. (2.117)

• Each interval is unique

[xn−1, xn] ∩ [xk−1, xk] = ∅ for n 6= k. (2.118)

In order to simplify the example we use an equidistant discretization

xn = a+ nh n = 0, . . . ,M,

where the mesh size h is defined by

h = a− b
M

. (2.119)
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Figure 2.7: Piecewise linear hat-functions

The approximation function uh(x) is then composed of a combination of linear func-
tions that are non zero in a small interval. For example, if we consider piecewise linear
hat-functions (Figure 2.7), defined by

ϕn(x) =



0 a ≤ x ≤ xn−1
x− xn−1

h
xn−1 < x ≤ xn

xn+1 − x
h

xn < x ≤ xn+1

0 xn+1 < x ≤ b,

(2.120)

then, on the nodal points, the chosen basis functions fulfill the conditions

ϕn(xk) = δnk =
{

1 n = k
0 n 6= k

(2.121)

and the approximate function uh(x) is defined by

uh(x) =
M−1∑
n=1

ϕn(x)αn + ϕ0(x)αa + ϕM (x)αb. (2.122)

This allows the calculation of the unknown parameters αn by applying one of the methods
previously described (cf. Section 2.6.1).

The chosen polynomial functions have to be continuous over the entire domain.

2.7 FEM for Solid Mechanics
A typical application for FEM are solid mechanics problems. Here, a general derivation
and implementation for a linear elastic solid is presented [36]. The description follows
a general framework used to find solutions for problems in solid mechanics. Different
approaches to construct the weak form, as well as expressions for the strain and the
constitutive law, can be found in [36, 49].
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Figure 2.8: An unformed body (left) and a deformed body (right).

The system depicted in Figure 2.8 is used as an example. The following properties and
equations of linear elastic bodies have to be considered:

• The shape of the body at the deformed configuration Ω.

• The initial stress field in the body (zero in this FEM setting).

• The elasticity tensor C (cf. (2.38)).

• The coefficients of thermal expansion (2.48) for the body as well as the temperature
distribution (to simplify the FEM derivation they are neglected).

• A body force distribution b (force per unit volume) acting on the body.

• Boundary conditions: displacement u(xD) on a section ΓD of the boundary Ω or
tractions ti on a section Γt of the boundary Ω.

The coefficients ui, εij , and σij are calculated by satisfying the governing equations of
static linear elasticity:

• The Eulerian infinitesimal strain tensor (2.21).

• The elastic stress-strain relation (2.37).

• The equation of static equilibrium for stress (cf. (2.34)), given by ∂σij/∂xi+ρbi = 0.

• Boundary conditions of the stress and the displacement: σijni = ti on Γt and
ui = u(xD) on ΓD.

In Section 2.4 we demonstrated how the virtual work is used to replace the stress
equilibrium equations. The principle was expressed by defining a virtual displacement
field δu(x). The principle of virtual work corresponds to the weak formulation of the
equilibrium condition.

If σij satisfies ∫
Ω
σijδεijdΩ−

∫
Ω
ρbiδuidΩ−

∫
Γt
tiδuidΓt = 0, (2.123)

for all virtual displacement fields and virtual strains, the equation of stress equilibrium
∂σij/∂xi + ρbi = 0 and the boundary condition σijni = ti on Γt are automatically satis-
fied (cf. Section 2.4). By employing the principle of virtual work the displacement field
in a linear elastic solid in an integral form (weak form) can be derived.
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To better explain the FEM procedure the first integral in (2.123) can be rewritten.
In fact, by employing the symmetry of the stress tensor σij = σji for the virtual strain
definition (2.54) we can write

σijδεij = 1
2
(
σij

∂ui
∂xj

+ σji
∂δuj
∂xi

)
= σij

∂δui
∂xj

. (2.124)

Furthermore for linear elastic solids we recall σij = Cijklεkl = Cijkl(∂uk/∂xl +∂ul/∂xk)/2
and Cijkl = Cijlk, leading to σij = Cijkl(∂uk/∂xl). This allows us to write

σijδεij = Cijkl
∂uk
∂xl

∂δui
∂xj

. (2.125)

The expression (2.125) can be plugged into the first term of (2.123) and the virtual work
can be rewritten as∫

Ω
Cijkl

∂uk
∂xl

∂δui
∂xj

dΩ−
∫

Ω
ρbiδuidΩ−

∫
Γt
tiδuidΓt = 0, ui = u(xD) on ΓD. (2.126)

The displacement field uk(x) is solved if it satisfies (2.126) for all virtual velocity fields
δui fulfilling δui = u(xD) on ΓD.

The strain components can be obtained from εij = 1/2(∂ui/∂xj + ∂uj/∂xi). By using
the stress-strain relation σij = Cijklεkl the stresses can be calculated. In this procedure
no partial differential equations need to be solved; instead, equivalent integrals are present
making the problem solvable using FEM.

The integral form of (2.126) can be approximated by discretizing the displacement
field, which can be calculated as a set of n discrete points in the body, known as nodes.
We denote them as xai with a = 1, . . . , n; therefore, the unknown displacement vector at
each node is denoted as uk(xai ).

The FEM procedure specifies the displacement field at an arbitrary point within the
solid by interpolating between nodal values. The interpolation function can be defined as

uk(x) =
n∑
a=1

αaiϕa(x). (2.127)

The same procedure can be used for the virtual displacement, which represents the test
function

δui(x) =
n∑
b=1

βbiϕb(x). (2.128)

Now (2.127) and (2.128) are substituted in (2.126). By choosing βbi = δbb′ , δii′ for
b′ ∈ {1, . . . , n} and i′ ∈ {1, . . . , 3}, the virtual work equation can be expressed in a system
of linear equations

n∑
a=1

∫
Ω
C1jkl

∂ϕa(x)
∂xl

∂ϕ1(x)
∂xj

dΩαak −
∫

Ω
ρb1ϕ1(x)dV −

∫
Γt
t1ϕ1(x)dΓt = 0

...
n∑
a=1

∫
Ω
C3jkl

∂ϕa(x)
∂xl

∂ϕn(x)
∂xj

dΩαak −
∫

Ω
ρb3ϕn(x)dV −

∫
Γt
t3ϕn(x)dΓt = 0.

(2.129)
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The system of equations in (2.129) can be rewritten in matrix form as

K1111 K1112 K1113
K1211 K1212 K1213
K1311 K1312 K1313

...
...

...
Kn1n1 Kn1n2 Kn1n3
Kn2n1 Kn2n2 Kn2n3
Kn3n1 Kn3n2 Kn3n3





α11
α12
α13
...
αn1
αn2
αn3


=



f11
f12
f13
...
fn1
fn2
fn3


or Kbikaαak = f bi, (2.130)

where the notations indicate

Kbika =
(∫

Ω
Cijkl

∂ϕa(x)
∂xl

∂ϕb(x)
∂xj

dΩ
)
b=1,...,n;i=1,...,3;k=1,...,3;a=1,...,n

αak = (αak)a=1,...,n;k=1,...,3

f bi =
(∫

Ω
ρbiϕb(x)dΩ +

∫
Γt
tiϕb(x)dΓt

)
b=1,...,n;i=1,...,3

.

(2.131)

Therefore, the αak parameters for the displacement uk(x) can be obtained and, by using
the elastic strain relations, the stress in the deformed body can be calculated.
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3
Stress Evolution during 3D IC

Stacking using Open TSVs

In open TSVs the presence of high levels of mechanical stress is critical to the mechanical
stability of the structure. During 3D IC stacking external mechanical stress acting on the
TSV can be generated leading to accelerated circuit failure.

In this work an external force applied on an open TSV was reproduced using a model,
which was implemented using FEM. The implemented model was calibrated using experi-
mental data from an industrial partner. Subsequently the areas in the structure, in which
a mechanical failure due to an external force is most likely, were localized. In these critical
areas the probability of cracking or delamination is highest.

In the first part of this chapter a brief description of the approach used to reproduce
an external force acting in open TSVs is provided. In the second part the results obtained
from the FEM simulations are discussed.

3.1 Stress Generation during 3D IC Stacking
During the 3D IC stacking, dies and wafers are bonded to each other, either as die-to-die,
die-to-wafer, or wafer-to-wafer [14]. Different sources of mechanical stress can be identified
during stacking:

• For bonding thermo-compression technology is commonly employed [51]. During
this process, the bonding pressure and temperature [52] have to be controlled to
limit the high generation of mechanical stress in the structures. As described in
Section 2.3.2 during temperature changes thermal strain is generated and therefore
during stacking the temperature has to be controlled to limit the develop of thermal
stress [53].

• Unintentional indenters and loads, for example due to the presence of dust parti-
cles in a contaminated environment, can appear during the stacking process. These
particles can apply extra mechanical stress at the structures. In the adhesive/poly-
mer bonding the adhesive materials could be thought as a potential contaminant
developing extra mechanical stress [54].

In this work, these stresses are considered as an external load acting on an open TSV.
During the stacking process mechanical stress evolves in the TSV structure, generating
mechanical instability.

3.2 Nanoindentation
The approach used in order to treat the potential presence of unintentional indenters
during bonding with open TSVs was the nanoindentation. Usually, nanoindentation is
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employed to evaluate the elastic modulus, the strain-hardening exponent, the fracture
toughness, and the viscoelastic properties [38, 55]. However, in this study, nanoindentation
was differently used. It was employed to reproduce an external load acting in an open
TSV. This external load can result in additional mechanical stress during the 3D IC
stacking. Nanoindentation is a simple method which consists of contacting the material of
interest (open TSV) with another material (indenter). In one of these two materials, the
mechanical properties, such as elastic modulus and hardness, are unknown. In the other,
the material properties are known.

The main goal of this work was to estimate the areas in which mechanical failure due
to an external load can be expected. From the results, a better understanding of how to
increase the mechanical stability of the system can be obtained.

During nanoindentation, an indenter is placed in contact with the surface of a sample
in which a steadily increasing load is applied. This causes the indenter to penetrate into
the sample. Indenters can be adapted to suit the parameters under investigation and can
therefore have different shapes and can be composed of different materials. Indenters are
identified as spherical, conical, Vickers, or Berkovich [38, 56]. The applied force at the
indenter is usually in the millinewton range, and the depth of penetration is on the order
of micrometers.

During nanoindentation experiments, both load and depth of penetration are recorded
at each load increment, resulting in load-displacement curves. Following the measurement
of the maximum load, the indenter is steadily removed and the penetration depth is
recorded again. If a residual impression is left on the surface of the specimen, a plastic
deformation in the material has occurred. In contrast, if the removal of the indenter does
not leave an impression, the material has behaved elastically.

Figure 3.1 (a) depicts an example of a load-displacement curve. The top line repre-
sents the loading while the indenter is penetrating the sample. The bottom line, on the
other hand, depicts the unloading during which the indenter is extracted from the sample.
Since the unloading curve does not follow the loading curve the sample deforms plasti-
cally. The plastic response is detectable because the unloading curve does not return to
its initial displacement value. Therefore, a residual impression due to plastic deformation
of the material remains. Usually, the loading portion of the indentation cycle consists of
an elastic response of the material at lower loads followed by plastic flow, or yield, within
the sample at higher loads [38]. Generally speaking the indentation stress-strain response
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Figure 3.1: (a) A sample of load displacement curve. (b) An indenter penetrating in to
a sample.
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of an elastic-plastic solid can be divided into three regimes. These regimes are defined by
considering the mean contact pressure of the indenter pm, and the uniaxial compressive
yield (or flow) stress Y of the sample. The contact pressure of the indenter is defined by

pm =
(4E∗

2π

)
a

R
, (3.1)

where E∗ is the reduced modulus that combines the Young’s modulus of the indenter E
and that of the specimen E′

1
E∗

= (1− ν2)
E

+ (1− ν ′2)
E′

. (3.2)

If the contacting bodies are two spheres, the indenter radius R is defined by

1
R

= 1
R1

+ 1
R2
, (3.3)

where R1 indicates the indenter radius and R2 the sample radius [57]. R and a are depicted
in Figure 3.1 (b).
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Figure 3.2: Examples of load-displacement (P -d) curves for different material responses
and properties. The pop-in event in (e) indicates cracking or delamination.
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The three regimes during the nanoindentation are defined as [58]:
• pm < 1.1 · Y : The sample has a full elastic response.

• 1.1 ·Y < pm < C ·Y : Plastic deformation appears at the initial surface of the sample.
(C is a constant that depends on the sample material and indenter geometry)

• pm = C ·Y : The plastic deformation area extends and grows in size as the indentation
contact area increases.

During these three regimes different physical phenomena may occur in the sample. Non-
linear events, such as phase transformation (Figure 3.2 (d)), cracking, and delamination
(Figure 3.2 (e)) are identifiable in the load displacement curves. The presence of discon-
tinuities in the load displacement curves suggest the appearance of cracks or delamination
(Figure 3.2).

3.3 FEM Approach
The mechanical reliability of TSVs is strongly connected to the material properties and
the size of the device. Materials behave differently under mechanical stress, which affects
the mechanical stability of the entire system. The bottom portion of an open TSV can
be composed of different material layers. During the deposition processes and subsequent
fabrication steps (die bonding, etc.), new mechanical stresses can be generated leading
to mechanical instability. Mechanical stresses, in turn, determine the formation of new
defects or the propagation of existing defects in the structure. Therefore, the material
properties and the device geometry must be optimized in order to minimize mechanical
stresses and to improve reliability [59].

FEM was used to simulate the application of an external load on an open TSV, as shown
in Figure 3.3. From the simulation results, information regarding the development of
mechanical stress in the device are obtained. In these simulations the bottom part of the
open TSV was mechanically fixed laterally at the Si sidewall. The bottom area was thereby
“free” to bend in the y-axis direction (red arrow in Figure 3.3). The figure corresponds
to a structure used for optical sensor applications [29, 60] at the step in the fabrication
process prior to die bonding. During the fabrication process, a critical mechanical stress
can be generated. High concentrations of mechanical stress can cause failure in the form
of cracking and delamination in the layers which make up the bottom of the TSV.

The bottom of the TSV under consideration consists of a multilayer structure which
corresponds to the Al based interconnect structure for CMOS technology [29]. These
layers are materials with different thicknesses and mechanical properties. In the following,
this many-layered structure is diagrammatically depicted as a single layer, denoted as
“multilayer” in Figure 3.3 and it corresponds to oxide, nitride, and aluminium layers.

The mechanical and electromechanical properties of the materials play an important
role for the reliability of devices. Mechanical properties of thin films should be accurately
measured at the length scale of the devices under consideration, since their properties
are different from those of bulk materials. These differences can be due to size effects,
grain structures, and processing [61]. Unfortunately material properties for thin materials
employed in open TSV are not available in literature.

3.3.1 Simulation Setup

In an open TSV, the indenter can be placed at two different locations, either internal or
external to the TSV. These two locations will produce a different distribution of mechanical
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y

Figure 3.3: Two-dimensional representation of a TSV structure and an indenter. The
dashed line indicates the axis of symmetry. Only a quarter of the system is represented.
Al is shown in yellow, W in black, SiO2 in orange, and Si in red. The multilayer consists
of different materials. The indenter is spatially external to the TSV (the via height and
width of the TSV in the figure do not represent the real size, under consideration).

stress inside the TSV. In this work an indenter acting external to an open TSV, as shown
in Figure 3.3, was considered. A spherical diamond indenter with a radius of 50 µm, a
Young’s modulus of 1100 GPa, and a Poisson’s ratio of 0.07 was used. The TSV aspect
ratio is 1:2.5 and the TSV diameter is 100 µm [29]. The layers which line the inside of the
TSV have thicknesses of 1 µm for SiO2, 1 µm for the Al layer, and 0.2 µm for W.

The simulations were performed by accounting for each material of the multilayer,
rather than considering a single artificial one (Figure 3.3). The materials used in an
open TSV have a polycrystalline or amorphous structure. An isotropic behavior can
therefore be assumed which leads to a simplification of the simulation, such as allowing
to use a two-dimensional axis-symmetric simulation environment. Because of the location
of the indenter, the mechanical stress is mainly generated in the multilayer area and not
along the Si in the sidewall. Therefore it is assumed that Si is isotropic and that it does
not significantly influence the mechanical stability of the multilayer. Only a negligible
influence of the anisotropy of the Si on the final results is expected.

FEM simulation requires a contact condition between indenter and sample to recreate
the interaction between TSV bottom and indenter during penetration. In the imple-
mented model, this condition was reproduced by employing the contact pressure penalty
method [38, 62].

Accurate results are obtainable by modeling the contact areas of the indenter and the
TSV with a very fine mesh. In general, all geometries would benefit from a fine mesh, but
this would lead to excessively long simulation times. A mapped mesh with a minimum
element size of 0.5 µm was employed for the layer in contact with the indenter. Along the
edge of the indenter in contact with the TSV, a maximum element size of 0.06 µm was
used.
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A stationary parametric sweep study was performed. The movement of the indenter
was emulated using the prescribed displacement as variable. This was repeated for in-
creasing displacement, until the maximum measured displacement from the experimental
data was reached.

The TSV structure was mechanically fixed at a single point, the top of the TSV
sidewall. For the outer-rightmost Si region, a so-called roller constraint was chosen, which
allows the material to move tangential to the boundary but not perpendicular to it. On the
other edges, the TSV was free to move, allowing for a reproduction of the real conditions
of the device.

3.3.2 Plasticity Simulation

In the implemented model, the elastic-plastic behavior of the materials was considered.
The elastic behavior was reproduced with Hooke’s law (2.37). The plastic behavior was
described by employing an isotropic hardening law [62, 63].

An elastic-plastic material is usually modeled under the assumption that the strains
ε and strain increments dε formed by the elastic and plastic part can simply be added
together (2.36). By coupling the elastic part εe, described by Hooke’s law, and the plastic
part εp in (2.36), the stress σ in a material can be described as [36, 37, 44]

σ = C : εe = C : (ε− εp), (3.4)

where C is the elasticity tensor.
When considering an isotropic plastic material, the strain increment is studied by using

the plastic potential Qp, which is a function of the three invariants of the Cauchy stress
tensor

Qp(σ) = Qp(I1(σ), J2(σ), J3(σ)), (3.5)

where the three invariants are defined by

I1 = σxx + σyy + σzz,

J2 = 1
2(σiiσjj − σijσji), and

J3 = σxxσyyσzz + 2σxyσyzσzx − σ2
xyσzz − σ2

yzσxx − σ2
zxσyy.

(3.6)

An increment of the plastic strain tensor ε̇p can therefore be decomposed as

ε̇p = λ
∂Qp
∂σ

= λ

(
∂Qp
∂I1

∂I1
∂σ

+ ∂Qp
∂J2

∂J2
∂σ

+ ∂Qp
∂J3

∂J3
∂σ

)
, (3.7)

where λ is the plastic multiplier, which depends on the current state of the stress and
the load history. The "dot" in ε̇p does not indicate a true time derivative, but rather it
indicates the rate at which the plastic strain tensor changes with respect to ∂Qp/∂σ. The
employed measure of the plastic deformation is the effective plastic strain rate ε̇pe, which
is defined as

ε̇pe =
√

2
3 ε̇p : ε̇p. (3.8)

In the theory of plasticity, it is possible to describe yielding in the terms of σ only by
means of a yield function. Therefore, a yield function can be used to define the onset of the
plastic behavior. Given a yield function Fy(σ, σys), which defines the limits of the elastic
regimes, when Fy(σ, σys) < 0 the material reacts elastically and when Fy(σ, σys) ≥ 0 it
begins to deform plastically [63].
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σys(εpe) is the current yield stress which evolves during plastic flow and is described
by an isotropic hardening law. The isotropic hardening law under consideration is a linear
equation described by

σys(εpe) = σys0 + ET iso

1− ETsio
E

εpe, (3.9)

where σys0 is the initial yield stress (a material property), which indicates the stress level
at which plastic deformation occurs. As can be seen in (3.9) σys(εpe) is determined by
the isotropic tangent modulus ET iso and the effective plastic strain εpe. The yield level
increases proportionally with the effective plastic strain εpe [62, 63]. In Figure 3.4 the
σys0 and ET iso necessary to describe the plastic behavior are represented in a stress-strain
plot.

The yield function is defined as

Fy = σmises − σys(εpe), Qp = Fy, (3.10)

where σmises is the Von Mises stress.
Not only do the material parameters influence the load-displacement curves, but

nanoindentation is also sensitive to the level of residual stress in the layers. The results of
experimental indentation are therefore the sum of two contributions: plastic deformation
and residual stress.

ET iso

E

ε

σ

σys0

Elasticity Plasticity

Figure 3.4: Stress-strain curve showing the elastic part before reaching the σys0. At σys0
the plastic deformation begins.

3.4 Results and Discussions

The model calibration can permit to understand how mechanical stress develops within
the different layers (multilayer) as the force applied by the indenter increases. The pre-
sented model was calibrated using experimental data from an industrial partner. The
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experimental data were obtained for a displacement of the indenter into the surface up to
approximately 3 µm. During the experiment, the process of unloading was not recorded.

In Figure 3.5 the simulation result shows the indenter at the highest prescribed
indentation displacement. The movement of the indenter causes it to penetrate approxi-
mately 3 µm into the multilayer, which results in the displacement and deformation of the
materials therein. The highest displacement is found at the center of the device. The de-
formation of the sample develops around the contact point between indenter and sample,
and increases as the load is applied.

From the experimental data it was possible to obtain the load-displacement curve. The
loading plot provides information about the mechanical properties, as well as the failure
of the device.

Figure 3.5: FEM result, illustrating the displacement (µm) of the indenter inside of the
TSV. The displacement peaks at about 3 µm.

In Figure 3.6 the red and black lines indicate the experimental and simulation, respec-
tively. Due to the complex, multilayered architecture of TSVs, the experimental results
do not represent the behavior of only one material, but rather the behavior of a multi-
layer structure. In the experimental data shown in Figure 3.6 we can identify an initial
elastic regime which corresponds to an indentation displacement between 0 and 0.25 µm,
followed by a plastic regime for indentation displacements above 0.25 µm. An aberration
is notable around an indentation displacement of 2.5 µm, assumed to be due to a failure
in the device, such as cracking or delamination [38].

The results of the simulation are in good agreement with experimental data, as can
be seen in Figure 3.6. It is particularly important to have a good fit for low loads of the
indenter, in the range of 0 to 0.1×F/F0 because, in this range, only the elastic behavior
of the materials influences the result. The fitting of the plastic regime requires much more
effort because the bottom of the TSV consists of different materials. Each material could
exhibit plasticity, which can occur when different sufficiently high loads are applied. Fur-
thermore, the plastic properties of thin layers employed in TSV structures are not reported
in the literature. The plastic response of plastic materials during loading was described
in (3.9), where the yield stress and isotropic tangent modulus are the fitting parameters
[64, 65, 66]. The results of the simulation depend on the values of the yield stress and the

48



 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.5  1  1.5  2  2.5  3  3.5

F
/F

0

d [µm]

FEM simulation
Experimental data

Figure 3.6: The loading part of the nanoindentation process is plotted and it illustrates
a comparison between the FEM simulation and experimental data.

isotropic tangent modulus of the materials. To fit the model with the experimental data,
the values of the yield stress and the isotropic tangent modulus of the plastic materials of
the multilayer which were in contact with the indenter during indentation were modified.
By changing these parameters, a good match with the experimental data was found. The
deviation between the experimental results and the simulations is due to the multilayer
structure for which the composition between layers and the non-bulk character can have
an influence on the plastic behavior, which the model does not take into account.

During the deposition processes, residual stresses develop in the layers of the multilayer
structure. These stresses can influence the nanoindentation test [38]. Different values
of residual stress [67] were attempted in thin films of the multilayer in order to assist
the calibration process. However, these tests did not improve the fitting; therefore, the
influence of the residual stress was not considered.

Figure 3.7 depicts the normalized Von Mises stress due to the penetration of the
indenter in the TSV. Two locations with high mechanical stress can be seen. The first
is above the indenter and the second is located at the bottom corner around the TSV
sidewall. The first interaction with the indenter generates a critical mechanical stress only
at this location. As the indenter penetrates into the TSV, the mechanical stress develops
and becomes high at the bottom corner around the TSV sidewall. An increase in the
displacement of the indenter increases the stress in the TSV. The inset in Figure 3.7
depicts in detail the distribution of the Von Mises stress in the W layer.

From the simulations stress values at different locations were determined allowing to
deduce which mode of failure is most likely to occur. The highest stresses were found at
the corner of the TSV sidewall, in particular:

• In the SiO2 layer.

• At the interface between SiO2 and W.

The Figure 3.8 illustrates the Von Mises stress development in the SiO2 layer and at
the interface between SiO2/W at the corner of the TSV sidewall. This result indicates a
continuous increase in the SiO2. The stress behaves differently in the SiO2 layer and at the
SiO2/W interface. The stress at the SiO2/W interface initially grows continuously, but at
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a smaller slope than the stress at the SiO2 surface. After an indentation of approximately
0.5 µm, the slope is further reduced. This does not indicate that the failure will be confined
to the SiO2 layer; the SiO2/W interface could be experiencing a reduced stress behavior
due to defects or a small interface fracture toughness, which can strongly contribute the
failure at the interface.

Figure 3.7: This image depicts normalized Von Mises stress development in the TSV.
Two physical regions with high mechanical stress can be identified. The first is located
in the TSV area above the indenter and the second is at the corner of the TSV. This
perspective of the structure differs from Figure 3.3 in order to highlight those areas with
a high concentration of mechanical stress.
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Figure 3.8: Normalized Von Mises stress versus displacement into surface.
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3.5 Summary
In this chapter the stress development in the layers of open TSVs, during the application
of an external force, was investigated. The implemented model permits to simulate the
penetration of an indenter into the bottom of the TSV, reproducing the extra mechanical
stress which might appear during the 3D IC stacking. The simulations were calibrated with
experimental data, provided by an industrial partner. The model was fitted qualitatively
by altering the plasticity parameters of the material under test. The simulations can
predict the areas of the device in which there is increased stress and thereby a higher
probability of failure. The following scenarios were found:

• Initially, only the area of the TSV, directly above the indenter, appears to be prob-
lematic. During indentation, the concentration of stress can increase, until a failure
occurs. The presence of defects can facilitate delamination or cracking.

• At higher indentations, the increased stress becomes an issue at the corners of the
TSV. In this area we can expect cracking of the SiO2 layer. The cracks can then
propagate and, upon reaching an interface, cause delamination.

The model can be used to identify the way in which geometric and material properties
influence the mechanical stability of TSVs during 3D IC stacking.
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4
Fracture Mechanics and

Delamination in Open TSVs

In Chapter 3 the nanoindentation technique was applied in order to locate the areas with
a high concentration of mechanical stress in an open TSV. In these areas the probability
of device failure, such as cracking or delamination, is high. The bottom of the TSV under
consideration, which saw the highest stress build-up, consists of a multilayer structure
which represents the Al-based interconnection used in CMOS technology. In this section
we investigate how external forces, layer thicknesses, and the residual stress in the layers
can induce delamination at the interfaces which form the bottom of an open TSV.

4.1 Basis of Fracture Mechanics
In order to understand the delamination failure it is first necessary to explain the theory
of cracks in bodies. The following theories are based on and described in detail in [37, 68,
69, 70, 71]. In continuum mechanics a crack is defined as a cut in a body which has its end
inside the body volume. This end of the crack is referred to as a crack-tip. Crack surfaces
are defined as the two opposite boundaries formed by the cutting plane and are generally
treated as traction-free. The crack-tip and crack surfaces are illustrated in Figure 4.1.

In a solid material a crack can propagate in three different modes:

• Mode I: Opening the crack opens normal to the crack plane due to a load perpen-
dicular to the crack surface.

• Mode II: Sliding the crack faces are displaced parallel to the crack surface and
perpendicular to the crack-tip due to a shear loading.

• Mode III: Tearing the crack faces are displaced parallel to the crack surface and
parallel to the crack-tip due to a shear loading acting in parallel to the crack tip.

These propagation modes can occur independently or in combination. To fully understand
the crack propagation modes it is necessary to analyze the crack-tip field within a small
region of radius R around the crack tip. Therefore the description of the crack-tip field
demands the specification of a hybrid Cartesian and polar coordinate system as shown
in Figure 4.2.

4.1.1 Crack-Tip Field

The mechanical analysis of the crack-tip field under mode I (cf. Figure. 4.1 (a)) will be
explained in the following and it is based on [37, 70, 71].

The derivation of the crack-tip field is achieved by employing the Airy stress function
and the Westergaard approach which are described in Appendix A and Appendix B,
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(a) (b) (c)
z

y
x

Crack-tip

Crack surface

Figure 4.1: The three crack opening modes. (a) indicates mode I (opening), (b) mode
II (sliding) and (c) mode III (tearing).

respectively. The system analyzed is illustrated in Figure 4.2, where a set of in-plane
Cartesian coordinates x and y, and polar coordinates r or ϕ at the crack tip are chosen.
A complex representation z = x+ iy of the coordinates is employed in the derivations.

A line crack with the following boundary conditions is considered:

1. Very large stresses at the crack tip.

2. Traction free crack surfaces.

The stresses σxx and σyy along the y = 0 plane can be expressed as

σxx = σyy = Re{ZI(z)}, (4.1)

where ZI(z) is the Westergaard function described in Appendix B and is employed to
analyze crack problems [70, 71]. The Westergaard function permits to analyze the stress
field at the crack tip by using a complex potential, as the Airy stress function, related
to boundary condition of the system. In the following derivations the argument of Z is
omitted for better readability and the subscript of Z indicates the crack mode. Because
the strain energy in the body has to be finite, the order of the singularity of stresses at the
crack has to be of higher order than z−1/2. Therefore the solution of the crack problem
can be written in the form

ZI = g(z)√
z
, (4.2)

R

y

x

r

ϕ

Figure 4.2: Coordinate at the crack-tip.
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where g(z) is a function which does not diverge at the crack tip (z → 0). In this way the
solution permits to obtain σyy → ∞ for z → 0, satisfying the first boundary condition.
The second boundary condition σyy = 0 for x < 0 and y = 0, is defined by

σyy = Re
{
g(z)√
x

}
= Re

{
g(x)√
x

}
= 0, (4.3)

which is satisfied if g(x) is real along y = 0.
The function g(z) close to the origin of the crack-tip can be represented by a Taylor

series
g(z) = g(0) + z

dg(z)
dz

∣∣∣∣
z=0

+ 1
2!z

2d
2g(z)
dz2

∣∣∣∣
z=0

+ . . . . (4.4)

Close to the crack-tip the function g(z) is real and constant. This constant g(0) is related
to the stress intensity factor KI by

g(0) ≡ KI√
2π
, (4.5)

which gives
ZI = KI√

2πz
(4.6)

close to the crack tip. The subscript of the stress intensity factor KI indicates the crack
mode. K represents the magnitude of the crack tip stress.

The functions ZI and Z ′I necessary to describe the stresses near the tip can be expressed
by employing the polar coordinate representation of z = reiϕ

ZI = KI√
2πz

= KI√
2πr

e−i
ϕ
2 = KI√

2πr

[
cos

(
ϕ

2

)
− i sin

(
ϕ

2

)]
,

Z ′I = d

dz

KI√
2πz

= −1
2
KI√
2π
z−

3
2 = − KI√

2πr
1
2re

−i 3ϕ
2 = − KI√

2πr
1
2r

[
cos

(3ϕ
2

)
− i sin

(3ϕ
2

)]
.

(4.7)
Therefore the real and imaginary parts of the Westergaard function are

Re{ZI} = KI√
2πr

cos
(
ϕ

2

)
,

Im{ZI} = − KI√
2πr

sin
(
ϕ

2

)
,

Im{Z ′I} = KI√
2πr

1
2r sin

(3ϕ
2

)
,

Re{Z ′I} = − KI√
2πr

1
2r cos

(3ϕ
2

)
.

(4.8)

The stresses at the crack-tip can be described by using the Westergaard function (more
detail in Appendix B)

σxx = Re{ZI} − yIm{Z ′I}+ 2A,
σyy = Re{ZI}+ yIm{Z ′I},
τxy = −yRe{Z ′I},

(4.9)

where A is an uniaxial stress that does not add singularity at the crack tip. If we do not
consider the higher-order terms, the stresses at the crack tip are given by plugging (4.8)
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into (4.9) (A is set to 0)

σxx = KI√
2πr

cos
(
ϕ

2

)[
1− sin

(
ϕ

2

)
sin
(3ϕ

2

)]
,

σyy = KI√
2πr

cos
(
ϕ

2

)[
1 + sin

(
ϕ

2

)
sin
(3ϕ

2

)]
,

τxy = KI√
2πr

cos
(
ϕ

2

)
sin
(
ϕ

2

)
cos

(3ϕ
2

)
,

(4.10)

where y = r sinϕ = 2r sin
(ϕ

2
)

cos
(ϕ

2
)
.

The displacements at the crack-tip are obtained by following the same procedure
(cf. Appendix B)

ux = KI
8µπ
√

2πr
[
(2κ− 1) cos

(
ϕ

2

)
− cos

(3ϕ
2

)]
,

uy = KI
8µπ
√

2πr
[
(2κ+ 1) sin

(
ϕ

2

)
− sin

(3ϕ
2

)]
,

(4.11)

where for the plane strain, κ and σzz are defined by

κ = 3− 4ν, σzz = ν(σxx + σyy), (4.12)

and for the plane stress, they are defined by

κ = (3− ν)/(1 + ν), σzz = 0, (4.13)

where µ denotes the shear modulus.
With (4.10) and (4.11) stresses and displacements at the crack-tip for mode I have

been derived. These equations are valid for any cracked body under mode I, where if the
stress σyy is know, the stress intensity factor for mode I can be obtained as

KI = lim
r→0

√
2πrσyy(ϕ = 0). (4.14)

Since the approach is analogous for the other two modes only the end results are given
in the following. During mode II the stresses near the crack-tip are defined by [37, 70, 71]

σxx = − KII√
2πr

sin
(
ϕ

2

)[
2 + cos

(
ϕ

2

)
cos

(3ϕ
2

)]
,

σyy = KII√
2πr

sin
(
ϕ

2

)
cos

(
ϕ

2

)
cos

(3ϕ
2

)
,

τxy = KII√
2πr

cos
(
ϕ

2

)[
1− sin

(
ϕ

2

)
sin
(3ϕ

2

)]
,

(4.15)

and the displacements by

ux = KII
8µπ
√

2πr
[
(2κ+ 3) sin

(
ϕ

2

)
+ sin

(3ϕ
2

)]
,

uy = −KII
8µπ
√

2πr
[
(2κ− 3) cos

(
ϕ

2

)
+ cos

(3ϕ
2

)]
.

(4.16)

If the stress τxy is known the stress intensity factor for mode II can be obtained as:

KII = lim
r→0

√
2πrτxy(ϕ = 0). (4.17)
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For mode III the stresses near the crack-tip are

τyz = KIII√
2πr

cos
(
ϕ

2

)
,

τxz = − KIII√
2πr

sin
(
ϕ

2

)
,

(4.18)

and the corresponding displacement is

uz =
√

2
π

KIII
µ

√
r sin

(
ϕ

2

)
. (4.19)

Also here a stress intensity factor can be derived if the stress τyz is known

KIII = lim
r→0

√
2πrτyz(ϕ = 0). (4.20)

4.1.2 Delamination

In this section the fundamental equations required to describe cracks in the interface
between two materials with different material properties, also referred to as delamination,
are given. The reported theory is based on [37, 70].

The concept of the intensity factor K, described in the previously section, cannot be
easily applied, because the crack-tip in the case of delamination field has a different form
compared to a crack in a single homogeneous material.

x

y r

+

−

E1, ν1

E2, ν2

a

ϕ

Figure 4.3: Tip of a bimaterial crack.

Delamination is illustrated in Figure 4.3. A bimaterial crack lies at the interface
between two materials with elastic constants E1, ν1 and E2, ν2. This particular problem
is analyzed by using an eigenfunction expansion method [37, 70]. For the description of
the crack-tip field, a plane strain condition is considered, the complex variable method is
employed (cf. Appendix A), and polar coordinates at the crack-tip are defined. The first
boundary condition of the problem is that the crack surfaces (ϕ = ±π) are traction-free

(σϕϕ)1 = 0 for ϕ = π,

(σrϕ)1 = 0 for ϕ = π,

(σϕϕ)2 = 0 for ϕ = −π,
(σrϕ)2 = 0 for ϕ = −π.

(4.21)
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The second boundary condition is the continuity of the stress field and the displacement
field at the interface (ϕ = 0)

(σϕϕ)1 = (σϕϕ)2 for ϕ = 0,
(σrϕ)1 = (σrϕ)2 for ϕ = 0,
(ur)1 = (ur)2 for ϕ = 0,
(uϕ)1 = (uϕ)2 for ϕ = 0.

(4.22)

These boundary conditions represent a system of equations where a general solution has
to be obtained. One possible approach is to describe the problem through the Airy stress
function φ for Material 1 and for Material 2. The Airy stress function satisfies the equi-
librium equations (2.43) and therefore the compatibility equation (2.45) is given as

∇2∇2φj = 0 where j = 1, 2 (4.23)

with the Nabla operator ∇2 defined as

∇2 = ∂2

∂r2 + 1
r

∂

∂r
+ 1
r2

∂2

∂ϕ2 . (4.24)

To obtain the solution of the boundary conditions the variables of the stress function have
to be separated in the following way

φj = rλ+1Fj(ϕ) where j = 1, 2, (4.25)

where λ is the eigenvalue to be determined and Fj(ϕ) are the eigenfunctions of the bihar-
monic operator in (4.23) [70].

If we insert (4.25) into (4.23), we obtain

d4Fj(ϕ)
dϕ4 + 2(λ2 + 1)d

2Fj(ϕ)
dϕ2 + (λ2 − 1)2Fj(ϕ) = 0, j = 1, 2, (4.26)

where the solution of the differential equations (4.23) can be obtained by using an Ansatz
leading to [72]

Fj(ϕ) = aj sin(λ+1)ϕ+bj cos(λ+1)ϕ+cj sin(λ−1)ϕ+dj cos(λ−1)ϕ, j = 1, 2 (4.27)

where aj , bj , cj , dj are unknown constants.
By using (4.25) and the Airy stress in polar coordinates [70], the stress components

are described by

(σrr)j = 1
r2
∂2φj
∂ϕ2 + 1

r

∂φj
∂r

= rλ−1
[
F ′′j (ϕ) + (λ+ 1)Fj(ϕ)

]
,

(σϕϕ)j = ∂2φj
∂r2 = rλ−1λ(λ+ 1)Fj(ϕ),

(σrϕ)j = −1
r

∂2φj
∂r∂ϕ

+ 1
r2
∂φj
∂ϕ

= −λrλ−1F ′j(ϕ),

(4.28)

and the displacements in polar coordinates [70] by

(ur)j = 1
2µj

rλ{−(λ+ 1)Fj(ϕ) + (1 + κj)[cj sin(λ− 1)ϕ+ dj cos(λ− 1)ϕ]},

(uϕ)j = 1
2µj

rλ{−F ′j(ϕ)− (1 + κj)[cj cos(λ− 1)ϕ− dj sin(λ− 1)ϕ]}.
(4.29)
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Equations (4.28) and (4.29) are further plugged into the boundary conditions (4.21) and
(4.22)

a1 sin(λ+ 1)π + b1 cos(λ+ 1)π + c1 sin(λ− 1)π + d1 cos(λ− 1)π = 0,
−a2 sin(λ+ 1)π + b2 cos(λ+ 1)π − c2 sin(λ− 1)π + d2 cos(λ− 1)π = 0,

a1(λ+ 1) cos(λ+ 1)π − b1(λ+ 1) sin(λ+ 1)π
+c1(λ− 1) cos(λ− 1)π − d1(λ− 1) sin(λ− 1)π = 0,

a2(λ+ 1) cos(λ+ 1)π + b2(λ+ 1) sin(λ+ 1)π
+c2(λ− 1) cos(λ− 1)π + d2(λ− 1) sin(λ− 1)π = 0,

b1 + d1 = b2 + d2,
a1(λ+ 1) + c1(λ− 1) = a2(λ+ 1) + c2(λ− 1),

(1 + κ1)c1 = µ1
µ2

(1 + κ2)c2 +
(
µ1
µ2
− 1

)
[(λ+ 1)a2 + (λ− 1)c2],

(1 + κ1)d1 = µ1
µ2

(1 + κ2)d2 −
(
µ1
µ2
− 1

)
(λ+ 1)[b2 + d2].

(4.30)

A non-trivial solution of the system of equations (4.30) for the unknown coefficients
aj , bj , cj , and dj exists if the determinant of the system 8×8 vanishes. The solution of
the system of equations leads to

cot2 λπ +

 µ1
µ2

(1 + κ2)− (1 + κ1)− 2
(
µ1
µ2
− 1

)
µ1
µ2

(1 + κ2) + (1 + κ1)

2

= 0, (4.31)

where this equation only has complex solutions for λ (real solution results only if a homoge-
neous material is considered Material 1 = Material 2). Therefore a physically solution [70]
is obtained for the set of eigenvalues:

λn− = (n− 1/2)− iε
λn+ = (n+ 1/2) + iε

n = 0, 1, 2, . . . . (4.32)

where
ε = 1

2π ln µ2κ1 + µ1
µ1κ2 + µ2

, (4.33)

with µi = Ei/2(1 + νi), κi = 3− 4νi and ε the bimaterial constant.
The field which dominates as r → 0 (forming a singularity of the stress at the crack-tip)

corresponds to the eigenvalue with the smallest real part

λ = 1/2 + iε. (4.34)

Taking into account
riε = eiε ln r = cos(ε ln r) + i sin(ε ln r), (4.35)

and using (4.28) and (4.29), and considering (4.34) the stresses and displacements can be
approximated to

σrr, σθθ, σrθ ∼ r−1/2[cos(ε ln r) + i sin(ε ln r)], ur, uθ ∼ r1/2[cos(ε ln r) + i sin(ε ln r)].
(4.36)

It is clear that the typical 1/
√
r-type singular behavior for the stresses and the displace-

ments is present at the bimaterial crack-tip. Unlike for a homogeneous body, these quan-
tities oscillate, with increasing amplitude, while approaching the crack-tip.

The crack tip stresses (in Cartesian coordinates) can be expressed by introducing the
stress intensity factors [37, 73] as:

(σyy + iτxy)ϕ=0 = K(r/2a)iε√
2πr

,

(u+
y − u−y ) + i(u+

x − u−x ) = c1 + c2
2 cosh πε

K(r/2a)iε
1 + 2iε

√
r

2π ,
(4.37)
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where 2a indicates an arbitrary reference crack length, the sign + and − are the upper
and lower surface of the crack tip, respectively (Figure 4.3), and K is the stress intensity
factor which can be separated in a real and an imaginary part:

K = K1 + iK2, (4.38)

and
c1 = (1 + κ1)/µ1, c2 = (1 + κ2)/µ2. (4.39)

The stress intensity factors and the length 2a are weighted by the material constant ε
and therefore a decomposition into purely mode I and mode II is not possible. This can
be seen if using relation (4.35) we write the stresses at the interface from (4.37) in the
following form

σyy = 1√
2πr
{K1 cos[ε ln(r/2a)]−K2 sin[ε ln(r/2a)]} ,

τxy = 1√
2πr
{K1 cos[ε ln(r/2a)] +K2 sin[ε ln(r/2a)]} .

(4.40)

The stress intensity factor K1 is associated with the normal and the shear stresses in the
interface, which is also true for K2 since during delamination both modes are inseparably
connected to each other. In the homogeneous material case K1 and K2 correspond to KI
and KII, respectively.

4.2 Energy Release Rate

The energy release rate G is a fundamental concept in fracture mechanics [37, 70, 71].
This quantity is the released energy dΠ during an infinitesimally small crack advance dA
(A indicates a crack area in 3D and a crack length in 2D)

G = −dΠ
dA

. (4.41)

The total potential energy Π is composed of the strain energy U and the potential of
external forces V

Π = U + V, (4.42)

where U is defined by
U =

∫
A0
WdA, (4.43)

where A0 is the initial area of the crack. V is defined by

V = −
∫

Γt
TiuidΓ. (4.44)

W in (4.43) is the strain energy density given by

W =
∫ εkl

0
σijdεij , (4.45)

where σij denotes the components of the stress tensor and εij the components of the strain
tensor [74]. In (4.44) Ti indicates a prescribed traction on Γt and ui the corresponding
displacements (cf. Figure 4.4). If the body is not subjected to external tractions the
potential energy is equal to the strain energy Π = U .
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Γt Ti

da

a0

Figure 4.4: Example of crack advance in two-dimensional.

In two-dimensional problems, dΠ is related to the crack extension and therefore by
considering an infinitesimally small crack extension da, G is defined by

G = −dΠ
da
. (4.46)

For a homogeneous material and assuming the linear elastic case G can be expressed
in terms of stress intensity factors, where G can describe a single mode or a combination
of modes.

We deriveG for mode I (cf. Figure 4.1 (a)), where the stress before the crack elongates
is given by σyy and the displacement after the crack has elongated is given by uy along
y = 0. The strain energy generated over an increment of crack extension of length ∆a is
given by

− 2
∫ ∆a

0

1
2σyyuydx =

(
dΠ
da

)
∆a, (4.47)

where the minus sign indicates that the stresses and displacements act in opposite direc-
tions during relaxation and the factor of 2 refers to the two crack surfaces. By using the
definition of G (cf. (4.46)) and by considering a crack extension of a small length ∆a in
the limit ∆a→ 0, the energy release rate for mode I is calculated

G = −dΠ
da

= lim
∆a→0

2
∆a

∫ ∆a

0

1
2σyyuydx. (4.48)

In the current problem, (4.6) is employed to describe the stress and displacement of interest

σyy = Re{ZI} = KI√
2πx

for x > 0, y = 0,

uy = 2
E
Im{ZI} = 2

E
Im
{

2KI
√
z√

2π

}
along y = 0.

(4.49)

It is necessary to consider the displacement of interest which corresponds to the new crack
length. Therefore x = ∆a and z = −(x −∆a) + iy, y = 0; therefore, the displacement of
interest is

uy = 2
E
Im
{

2KI

√
−(∆a− x)√

2π

}
= 4KI

√
∆a− x

E
√

2π
. (4.50)
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By plugging the stress (4.49) and the displacement (4.50) into (4.48) G can be obtained

G = K2
I

E
plane stress,

G = (1− ν2)K2
I

E
plane strain.

(4.51)

For modes II and III the same derivation can be carried out, leading to

G = κ+ 1
8µ K2

II, (4.52)

for mode II and to
G = 1

2µK
2
III, (4.53)

for mode III. If a general crack loading is taken in consideration, all three modes are
present and G is described by

G = (1− ν2)
E

(K2
I +K2

II) + 1
2µK

2
III. (4.54)

For delamination, G can derived by applying the same approach resulting in

G = (c1 + c2)(K2
1 +K2

2 )
16 cosh2(πε)

, (4.55)

where c1 and c2 are described by (4.39), and ε by (4.33). Here G is uniquely determined
by both stress intensity factors K1 and K2.

4.2.1 Failure Criterion

During the fracture process new surfaces are generated [37, 71]. During the crack process
the material is separated along the fracture surface dA, which can be divided into the
upper dA+ and lower dA− surface of the crack. During the creation of a crack expansion
of dA, the energy required to generate the fracture is given by dΓ. During the material
separation due to cracking dΓ is given by

dΓ = 2γdA, (4.56)

where γ is the fracture surface energy usually considered to be constant and the factor of
2 stands for the two surfaces of the crack.

If we consider a quasi static fracture process of an elastic body the balance of the
energy in play reads

dΠ
dA

+ dΓ
dA

= 0, (4.57)

thus during the fracture process the change of the potential Π due to an external or internal
force and the fracture energy Γ sum up to zero. Using (4.56) and (4.41) we can write

G = Gc (4.58)

with Gc = 2γ. Expression (4.58) can be understood as a condition for crack propagation.
If the released energy is equal to the energy needed for the fracture process the crack
will advance. This fracture criterion is know as Griffith’s fracture criterion [69] and it is
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applicable for homogeneous materials. For the relation between G and Ki (i indicates the
crack mode) this criterion can be used for any combination of crack modes.

The fracture criterion can also be described for bimaterial cracks. In Section 4.1.2 it
was shown that during delamination mode I and mode II always act together. G depends
on K1 and K2 and therefore the fracture criterion is based on both modes. The phase
angle Ψ of the mixed mode characterizes G; therefore, the fracture criterion is described
as

G(Ψ) = G(i)
c (Ψ) tan Ψ = KII

KI
. (4.59)

The term G
(i)
c (Ψ) is the fracture toughness and is a function of the phase angle Ψ. The

fracture resistance of the interface has to be experimentally measured.

4.3 Energy Release Rate Calculation

The evaluation of the energy release rateG can be used to predict the crack or delamination
propagation. In this section the various procedures to calculate G are described. These
methodologies are then applied to the TSV structure in Section 4.4 and Section 4.5.

4.3.1 J-Integral

In linear fracture mechanics the value G can be obtained by applying the J-Integral
method [74, 75, 76].

The value of the J-Integral is equal to the energy which is dissipated by the fracture.
The J-Integral method is applicable for systems obeying linear-elastic fracture mechanics
as well as for materials with an inelastic behavior. The J-Integral is evaluated along a
path Γ around the crack-tip of the cracked body. The path can be arbitrary chosen as
long as the crack-tip is inside the region surrounded by the path [76].

The definition of the J-Integral is given by

J =
∫

Γ

(
W dy − Ti

∂ui
∂x

ds

)
=
∫

Γ

(
Wnx − Ti

∂ui
∂x

)
ds, (4.60)

where W is the strain energy density, Ti are the components of the traction vector, ui are
the components of the displacement vector, and ni are the components of the unit vector
perpendicular to the integration path (Figure 4.5). The strain energy density is the work
per unit volume done during the elastic deformation of a material and is defined by (4.45).

y

x

n
ds

Γ

Figure 4.5: A possible (arbitrary) path around the crack-tip for the J-integral.
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For linear elastic materials, introducing (2.37) into (4.45), W is defined by

W = 1
2σijεij . (4.61)

The traction vector is defined by
Ti = σijnj . (4.62)

Considering a straight bond line, the standard J-Integral, primarily developed for
problems of single homogeneous materials, can also be applied to bi-material interfaces [37,
76].

4.3.2 Regression Analysis

The energy release rate G can be calculated by determining the values K1 and K2 from
(4.55). These values are obtained by regression analysis fitting. Regression analysis per-
mits to obtain unknown parameters by employing fitting functions. One of the most
common approaches is the least squares method, where through the minimization of the
sum of squared residuals (residual is the difference between an observed value and the
fitted value provided by a model) the fitting parameters can be obtained [77].

The stress intensity factors are obtainable by using the stress at the head of the right
side of the crack-tip (cf. Figure 4.3) which is described by (4.40). The equation for σyy
is multiplied by cos[εln(r/2a)] and added to the equation for τxy previously multiplied by
sin[εln(r/2a)] [78]. The resulting equation is denoted as σ1 and represents the combined
stress

σ1 = σyy cos[εln(r/2a)] + τxy sin[εln(r/2a)] = K1√
2πr

. (4.63)

An additional combined stress σ2 can be obtained by multiplying τxy with cos[εln(r/2a)].
An addition to the product of σyy and sin[εln(r/2a)] leads to

σ2 = −σyy cos[εln(r/2a)] + τxy sin[εln(r/2a)] = K2√
2πr

. (4.64)

The values σ1 and σ2 can be calculated using σyy and τxy, which can be obtained from
FEM simulations. The stress intensity factors K1 and K2 are calculated by a regression
of σ1 versus r and σ2 versus r [68, 78]. The values K1 and K2 can be further used to
calculate G using (4.55).

4.4 Delamination Prediction at TSV Bottom

In this section the J-Integral method was employed to predict delamination failure at
the TSV bottom. The study was carried out by means of simulation, which is based
on the evaluation of the J-Integral at different interfaces. These simulations enable the
determination of the structures with the lowest failure probability.

The study of delamination in TSVs is necessary, because the delamination can increase
the probability of cracking or corrosion of the conducting layer (W) or lead to rupture of
sidewall oxide isolation. To limit these problems different factors were analyzed to under-
stand how they can influence delamination, and the mechanical stability of the device.
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4.4.1 Studied System

The existence of mechanical stress can be sufficient to degrade the performance and to
induce crack or delamination in the TSVs [79]. In Section 3 the critical areas where a
mechanical failure of the TSV can be assumed were found. One of these areas is the bottom
of the TSV sidewall which consists of various interfaces between different material films
with different thicknesses and mechanical properties. At these interfaces the possibility of
delamination leading to failure of the device needs to be considered.

Figure 4.6: Schematic of the Open TSV geometry under consideration. The open TSV
is integrated in the silicon of the wafer. The alternating layers with different thickness
are located at the bottom. There are the interfaces where a failure of the device due to
delamination is expected.

Figure 4.6 depicts the open TSV studied [29, 80, 81]. Different factors such as the
residual stress of the films, the film thicknesses, and the external forces influence the
failure of the device. By analyzing these factors the critical mechanical and geometrical
conditions which influence G, and thereby the probability of delamination, can be studied.

4.4.2 Approach

The energy release rate G was calculated for the different interfaces at the bottom of the
TSV by using COMSOL Multiphysics [62]. Considering the bottom of an open TSV as
free to bend, cracking or delamination of the layers has to be expected under the sidewall
(cf. red circled region Figure 4.6).

Two-dimensional simulations for the structure shown in Figure 4.7 were carried out.
All the layers have a length w of 20 µm and the thicknesses of the layers were varied
according to the values given in Table 4.1.

All the materials were assumed to be linear elastic and isotropic. The failure of the
interconnection in the area under the sidewall was studied; therefore, the top layer of the
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Figure 4.7: Schematic representation of the studied system. In the inset the path Γ for
the J integral calculation is shown. The variable a indicates the crack length and w the
width of the layer.

simulation space was assumed mechanically fixed as the sidewall of the TSV was fixed.
Furthermore, a downward force was applied on the bottom of the system and the bottom
of the TSV was considered free to bend (cf. Figure 4.7). The simulations were started
with a small initial crack length a and gradually increased until a predefined value was
reached.

The four interface systems found in the open TSV are Ti/Al, SiO2/TiN, SiO2/W, and
Si/SiO2. For the prediction of failure due to delamination, the values G are compared to
critical values Gc taken from [82, 83, 84, 85] and showed in the Table 4.2.

Calculations were carried out for different ratios of crack length a and layer width w.
All simulations start with a crack of length 0.5 µm which was gradually increased by steps
of 0.5 µm until 3 µm was reached.

By varying the following factors their influence on G was investigated:

• Residual stress: The stress was simulated by adding an initial stress in each con-
sidered layer. It was introduced by setting σxx and σyy to the assumed stress values.
The residual stress in the layer is due to the combination of the film deposition
process and thermal processes. Small changes in residual stress influence the value
of G.

• Thicknesses of the layers: The thickness of the layers influence G and different
values were employed to find the critical condition for the delamination.

• External force: It can represent extra mechanical stress during the fabrication
processes (for example, during bonding between dies or between the interposer layer
and die [14]), or an accidental load, for example due to the presence of dust particles.

Layer Ti/TiN SiO2 Al W Si

Thickness (µm) 0.05-0.2 0.3-1.4 0.3-0.6 0.04-0.16 5

Table 4.1: Thickness of layers employed.

Interface SiO2/TiN Si/SiO2 SiO2/W

Gc (J/m2) 1.9 1.8 0.2-0.5

Table 4.2: Critical values Gc for the considered interface.
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G was calculated by employing the J-Integral method (Section 4.3.1) where the integral
path Γ is displayed in Figure 4.7. Because the experimental critical values of Gc found
in literature have a larger range of phase angles Ψ and because the main mode which
acts in the considered structure is unknown, only G was evaluated in this study, without
investigate the value of Ψ. Therefore, the failure prediction is made by comparing G from
the simulations with Gc.

4.4.3 Results

In all the plots shown (Figures 4.8-4.23), the x-axis represents the ratio a/w, the y-
axis the considered factors, and the z-axis the calculated G. For the residual stress and
thickness analyses a downward force of 110 mN was applied (F in Figure 4.7).

4.4.3.1 Residual Stress Analysis

In Figure 4.8 the G values for the interface between Ti and Al are plotted. The initial
stress in the Al was assumed to be compressive. Inside the Ti a constant compressive
initial stress σTi of 50 MPa was used. For the Ti a thickness hTi of 0.15 µm and for the Al
a thickness hAl of 0.5 µm were set. The effect of the ratio a/w on G is small compared to
the influence of the initial stress. This shows that the probability of a failure is effectively
reduced by a decrease in the initial stress in the Al layer.

Figure 4.9 depicts the G value for an interface between Ti and Al where the initial
stress in the Ti was varied. For the Ti a thickness hTi of 0.15 µm and for the Al a thickness
hAl of 0.5 µm were set. A compressive stress σAl of 100 MPa was set in the Al layer. A
reduction in the initial stress in Ti leads to an increase in the energy release rate; therefore,
in contrast to Figure 4.8 the decrease in the initial stress in the Ti layer can lead to a
delamination propagation. The increase of the crack length does not significantly influence
G. For this interface no value of Gc to compare with our values were available in literature.
Nevertheless the G values are very small thus we can assume no delamination failure for
this interface.
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Figure 4.8: The energy release rate G for different initial stresses (Al) and crack lengths
in the interface Ti/Al. Simulation conditions were σTi=-50 MPa, hTi=0.15 µm, and
hAl=0.5 µm.
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Figure 4.9: The energy release rate G for different initial stresses (Ti) and crack lengths
in the interface Ti/Al. Simulation conditions were σAl=-100 MPa, hTi=0.15 µm, and
hAl=0.5 µm.

Figure 4.10 shows the behavior ofG at the interface between Si and SiO2. Thicknesses
of 5 µm and 1.4 µm for Si (hSi) and SiO2 (hSiO2) were used, respectively. The critical value
Gc was found to be 1.8 J/m2 [83]. All the points are far below the critical value. A slight
decrease of G with an increase of the crack length is observable. This shows the stability
of this interface for every crack length and for every initial stress in the SiO2 layer.

The behavior of G at the SiO2/W interface is shown in Figure 4.11 for thicknesses of
0.4 µm and 0.1 µm for the SiO2 (hSiO2) and the W (hW) layers, respectively. In the SiO2
an initial compressive stress σSiO2 of 100 MPa was assumed. The simulations were carried
out for different tensile initial stresses in the W layer. The Gc according to [84] is in the
range of 0.2-0.5 J/m2 and therefore quite small compared to G obtained for the SiO2/W
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Figure 4.10: The energy release rate G for different initial stresses (SiO2) and crack
lengths in the interface Si/SiO2. Simulation conditions were hSi=5 µm, and hSiO2=1.4 µm.
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Figure 4.11: The energy release rate G for different initial stresses (W) and crack lengths
in the interface SiO2/W. Simulation conditions were σSiO2=-100 MPa, hW=0.1 µm and
hSiO2=0.4 µm.

interface. For this system the influence of the a/w ratio variation is small compared to
the initial stress variation. There is a constant increase in G with an increase in the initial
tensile stress in the W layer. Initial stresses above 1.25 GPa will lead to delamination at
all a/w ratios and therefore to the failure of the device.

In Figure 4.12 the interface SiO2/W was also taken in consideration. An initial
tensile stress σW of 1.25 GPa and a thickness hW of 0.1 µm were used for the W layer.
Different initial compressive stresses in the SiO2 using a thickness hSiO2 of 0.4 µm were
simulated. An increase in G is observable for increasing crack lengths a. In contrast to the
behavior of G due to a varying initial stress in the W layer, here the variation of G with
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Figure 4.12: The energy release rate G for different initial stresses (SiO2) and crack
lengths in the interface SiO2/W. Simulation conditions were σW=1.25 GPa, hSiO2=0.4 µm,
and hW=0.1 µm.
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Figure 4.13: The energy release rate G for different initial stresses (TiN) and
crack lengths in the interface SiO2/TiN. Simulation conditions were σSiO2=-100 MPa,
hSiO2=1 µm, and hTiN=0.15 µm.

respect to the variation of the initial stress in the SiO2 is negligible. Only at high crack
lengths is the modeled G value close to the critical Gc. Therefore, the main influence to
the stability of this interface is connected to the crack length.

Figure 4.13 shows the behavior of G at the interface SiO2/TiN. Here thicknesses
of 1 µm and 0.15 µm for the SiO2 (hSiO2) and TiN (hTiN) were used, respectively. A
compressive stress σSiO2 of 100 MPa was used for the SiO2 layer. Critical value Gc for
this interface was found to be 1.9 J/m2 [82]. In this configuration the a/w ratio does not
cause failure at the interface. The main effect which can be the cause of problems in this
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Figure 4.14: The energy release rate G for different initial stresses (SiO2) and crack
lengths in the interface SiO2/TiN. Simulation conditions were σTiN=-50 MPa, hSiO2=1 µm,
and hTiN=0.15 µm.
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interface is the initial stress in the TiN. A constant increase of G related to the initial
stress can be observed.

In Figure 4.14 the SiO2/TiN interface was analyzed. The thickness of 1 µm for the
SiO2 (hSiO2) layer and 0.15 µm for the TiN (hTiN) layer with a compressive initial stress
σTiN of 50 MPa for the TiN were chosen. By varying the a/w ratio in the range 0.08 to 0.1
a minimum G at high initial stresses is found. This behavior results in a high G for short
and long crack lengths. This means that the presence of a crack in the interface does not
support the propagation, provided that the length of the initial crack does not exceed a
certain critical value. Under the modeled variation configuration and load delamination
will not occur as the values of G are below the critical value.

4.4.3.2 Thickness Analysis

In Figures 4.15-4.19 the calculated G for different layers thicknesses is shown. In this
section the influence of the layer thicknesses are investigated. The results for the SiO2/W
interface are presented in Figure 4.15. For the SiO2 layer a thickness hSiO2 of 0.4 µm
and a compressive stress σSiO2 of 100 MPa were used. In the W layer a tensile stress
σW of 1.25 GPa was applied. The effect of the W thickness is highly relevant because
a high increase of G is observed at long crack lengths and small thicknesses. For large
thicknesses of W the calculated G is in the range of the Gc and for this condition we can
expect delamination to take place.

Figure 4.16 shows the behavior of G at the SiO2/W interface. Here a thickness hW
of 0.1 µm for the W was set. A compressive stress of 100 MPa in the SiO2 (σSiO2) layer
and a tensile stress of 1.25 GPa in the W (σW) layer were used. The thickness of the
SiO2 does not appear to have a significant influence on G and the increase in G is only
attributed to the a/w ratio.

In Figure 4.17 the results at the interface between SiO2 and TiN for different TiN
thicknesses are displayed. A layer thickness hSiO2 of 1 µm and a compressive initial stress
of 100 MPa for the SiO2 (σSiO2) and a compressive initial stress of 50 MPa in the TiN
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Figure 4.15: The energy release rate G for different thicknesses (W) and crack lengths in
the SiO2/W interface. Simulation conditions were σSiO2=-100 MPa, σW=1.25 GPa, and
hSiO2=0.4 µm.
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Figure 4.16: The energy release rate G for different thicknesses (SiO2) and crack lengths
in the SiO2/W interface. Simulation conditions were σSiO2=-100 MPa, σW=1.25 GPa,
and hW=0.1 µm.

(σTiN) were chosen. For this interface at very small thicknesses and at long crack lengths
there is an important increase in G which can exceed the critical Gc of 1.9 J/m2 [84].

In Figure 4.18 the interface between the Ti and Al for different thicknesses were
studied. A thickness hTi of 0.15 µm and a compressive initial stress σTi of 50 MPa for
the Ti was used. A compressive stress σAl of 100 MPa for the Al was chosen. The critical
energy release rate for this interface is not available in literature. We can assume that
the delamination will not appear because the calculated values of G are very small. A
significant increase in G is noted only at small thicknesses of the Al and at high crack
lengths. For the other configurations the G remains almost unchanged.
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Figure 4.17: The energy release rate G for different thicknesses (TiN) and crack lengths
in the SiO2/TiN interface. Simulation conditions were σSiO2=-100 MPa, σTiN=-50 MPa,
and hSiO2=1 µm.
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In Figure 4.19 the G values of the interface between Si and SiO2 are reported. An
initial compressive stress σSiO2 of 100 MPa in the SiO2 was used. For the Si layer a
thickness hSi of 5 µm was set. The thickness variation of the SiO2 does not produce high
value of G.
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Figure 4.18: The energy release rate G for different thicknesses (Al) and crack lengths
in the Ti/Al interface. Simulation conditions were σTi=-50 MPa, σAl=-100 MPa, and
hTi=0.15 µm.
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Figure 4.19: The energy release rate G for different thicknesses (SiO2) and crack lengths
in the Si/SiO2 interface. Simulation conditions were σSiO2=-100 MPa and hSi=5 µm.
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4.4.3.3 Force Analysis

The effects of different forces on the system are presented in Figures 4.20-4.23. In these
simulations different forces in the range of 10-210 mN were applied.

The behavior of G at the SiO2/W interface is shown in Figure 4.20. A thickness of
0.4 µm for the SiO2 (hSiO2) layer and a thickness of 0.1 µm for the W (hW) layer were
employed. In the SiO2 a compressive initial stress σSiO2 of 100 MPa and in the W a tensile
stress σW of 1.25 GPa were applied. The simulations were carried out for different forces.
The Gc is in the range of 0.2-0.5 J/m2 [84] and therefore small in comparison to the values
of G obtained for the SiO2/W interface. For this system delamination is expected only
when a force over 100 mN is applied.
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Figure 4.20: The energy release rateG for different force and crack lengths in the SiO2/W
interface. Simulation conditions were σSiO2=-100 MPa, σW=1.25 GPa, hSiO2=0.4 µm, and
hW=0.1 µm.
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Figure 4.21: The G for different forces and crack lengths in the Si/SiO2 interface.
Simulation conditions were σSiO2=-100 MPa, hSiO2=1.4 µm, and hSi=5 µm.
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Figure 4.22: The G for different forces and crack lengths in the SiO2/TiN interface. Sim-
ulation conditions were σSiO2=-100 MPa, σTiN=-100 MPa, hSiO2=1 µm, and hTi=0.15 µm.

In Figure 4.21 the G values of the interface between Si and SiO2 are plotted against
the a/w ratio. An initial compressive stress σSiO2 of 100 MPa in the SiO2 with a thickness
hSiO2 of 1.4 µm were used. For Si a layer thickness hSi of 5 µm was set. The effect of a
force variation is small compared to the influence of the a/w ratio. In this interface for
smaller crack lengths the values of G are larger than for long crack lengths. The critical
Gc value of 1.8 J/m2 [83] for this interface is much larger than those calculated in the
given simulations.

The G values of the interface between the SiO2/TiN are shown in Figure 4.22. Thick-
nesses of 1 µm and 0.15 µm for the SiO2 (hSiO2) and TiN (hTi) were used, respectively. A
compressive stress of 100 MPa for the SiO2 (σSiO2) and 100 MPa for the TiN (σTiN) were
applied. Here G increases with the increase in the crack length and the applied force. The
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Figure 4.23: The G for different forces and crack lengths in the Ti/Al interface. Simu-
lation conditions were σTi=-50 MPa, σAl=-100 MPa, hTi=0.1 µm, and hAl=0.5 µm.
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calculated values of G are much lower than Gc, therefore we can expect delamination only
for large applied forces.

In Figure 4.23 the G values obtained for the interface between the Ti/Al are reported.
For the Ti layer a thickness hTi of 0.1 µm and initial compressive stress σTi of 50 MPa
were employed. The Al layer was assumed to have a thickness hAl of 0.5 µm and an initial
compressive stress σAl of 100 MPa. The G values obtained are very small therefore no
delamination can be supposed for this interface.

4.4.4 Discussion

The impact of the layer thicknesses, the residual stresses, and the applied forces on the
energy release rate G were investigated and are summarized in Table 4.3.

In Section 4.4.3.1 the effects of the films’ residual stresses on G were investigated.
In the SiO2/W interface, a high probability of delamination propagation occurs when,
due to the deposition process and thermal processes, the W layer exhibits high values of
residual stress. In addition, the presence of defects, generated during film deposition and
resulting in the presence of cracks at the interface, increase the probability of delamination
failure. The SiO2/TiN interface shows the possibility of delamination propagation only
for high values of compressive initial stress in the TiN layer. The variation of initial stress
in the SiO2 does not produce high G values decisive for mechanical failure. The Si/SiO2
interface remains stable for every crack length and residual stress. Although the critical
energy release rates are not available in literature for the Ti/Al interface, a qualitative
estimation of the delamination can be given. As the obtained energy release rate is very
small, no delamination propagation in this interface is anticipated. In the SiO2/W interface
the most critical condition that lead to delamination propagation is obtained when high
values of residual stress in the W layer are noted.

In Section 4.4.3.2 the effects of the layer thicknesses were investigated. Different
values of thicknesses of the layer change the value of G. From simulations it is possible
to conclude that for long crack lengths the thickness of the layer has an important effect
on the stability of the interface. Usually a thickness decrease strongly increases G. This
is not applicable for the SiO2/W interface, where also at high thicknesses a high G was
obtained.

In Section 4.4.3.3 the effects of an external load were studied. The increased applied
force leads to an evident increase in G. This effect is not valid at every interface. The
force has a stronger effect at the SiO2/TiN interface than at the Si/SiO2 interface, where
a small increase in G as a function of the load is observed. The stability of these interfaces
was demonstrated up to a force of 210 mN.

The main influencing factor is the residual stress of the W film which has a strong
impact on the stability of the interfaces, which are part of the TSV. By reducing the
residual stress of the W film the probability of delamination propagation can be reduced
in open TSV. In this study the energy release rate was calculated at different interfaces.
The values of the critical energy release rate Gc found in the literature were used to predict
the probability of delamination under the varied conditions.

The applied model enables the simulation of different boundary conditions (e.g. thick-
nesses, initial stresses, applied force) and the determination of TSV structures which are
less prone to delamination.
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Interfaces
Ti/Al SiO2/TiN SiO2/W Si/SiO2

Fa
ct
or
s Residual

stresses
No delamination
for the investi-
gated conditions.
G values very small

G increases as σTiN
increases. G values
far below Gc

Delamination for
σW over 1.25 GPa
and for long crack
lengths

G increases as σSiO2
increases. G values
far below Gc

Layer
thicknesses

No delamination
for the investi-
gated conditions.
G values very small

G increases for thin
TiN layers and for
long crack lengths.
G values far be-
low Gc

Delamination for
thin W film and for
long crack lengths

No delamination
for the investigated
conditions. G val-
ues far below Gc

Applied
forces

No delamination
for the investi-
gated conditions.
G values very small

G increases as
the applied force
increases. G values
far below Gc

Delamination for
applied force over
100 mN and for
long crack lengths

No delamination
for the investigated
conditions. G val-
ues far below Gc

Table 4.3: Summary of the conditions for delamination propagation.

4.5 Experimental Analysis

Experimental measurements were used to calculate the critical energy release rate Gc at
the interface between SiO2 and W. SiO2 and W are building materials of Open TSVs and
these materials are fundamental for the reliability of the full integrated circuit. W is the
conducting material and its mechanical stability is essential to avoid an open circuit failure.
In this section a developed model to calculate the energy release rate G is presented and
the results are compared with experimental data.

4.5.1 Experiment - Four Point Bend Technique

In microelectronics, the fracture at interfaces between adjoining materials is a critical phe-
nomenon for device reliability and different techniques are available for reliability analysis.
As seen previously, in an Open TSV a typical conductor material is W (Section 1.3.2).
Due to deposition and thermal processes the conductor has a high value of intrinsic tensile
stress [86]. The stress in the layers can be sufficiently high to degrade the performance
and to induce crack or delamination in the TSV.

There are several methods for measuring Gc which employ different sample geometries.
Thin film delamination can initiate as a result of a driving force or stored energy in the
films [82].

h1

h2

F/2b F/2b

w

l
m

Figure 4.24: Schematic representation of the studied system. On the top a force (F)
was applied, and at the bottom two fixed points were used as bearings.
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Sample h1 [µm] h2 [µm] % Del. Comments
1 726.3 684.6 28 CVD-TiN with Ti
2 725.7 684.4 7 CVD-TiN without Ti
3 725.5 688.3 78 CVD-TiN with Ti
4 726 698.7 89 CVD-TiN without Ti
5 724.7 683.3 84 PVD-TiN with Ti

Table 4.4: Geometry of the samples used in the simulation study. The thickness h2
includes the thickness of the adhesive. The comments indicate the type of deposition
process and the presence or absence of the Ti layer.

The four point bend (4PB) technique is the most popular adhesion test employed to
characterize interface cracks. For such fractures, normal and shear stresses act along the
crack and the mixed mode condition prevails (Section 4.1). The 4PB setup was used to
determine the experimental values of the critical energy release rate Gc. Gc was measured
at different interfaces, relevant to the Open TSV structures. In the present work COMSOL
Multiphysics [62] was used to simulate the 4PB technique and to calculate G.

The Fraunhofer Institute for Electronic Nano System (Fraunhofer-ENAS) used a 4PB
specimen [87] to determine the experimental Gc. In Figure 4.24 the 4PB setup is il-
lustrated. The technique consists of a bimaterial flexural beam with a notch in the top
layer. For the bimaterial beam two Si wafers were used to sandwich the film of interest.
Under the Si top layer, indicated with h1 in Figure 4.24, a SiO2 layer with a thickness of
500 nm was placed. Subsequently, at the SiO2 film a TiN layer with a thickness of 11 nm
and a W layer with a thickness of 200 nm were placed. On the top of the h2 Si layer an
adhesive was laid in order to link to the top h1 layer. At the interfaces of three samples
an additional Ti layer with a thickness of 25 nm was deposited between the SiO2 and
TiN. The deposition process of the TiN layer, the thickness of the layers, and the samples
including are presented in Table 4.4. At the end of the experimental measurements the
percentage of delamination in the sample was measured (cf. % Del. in Table 4.4). All the
samples have a length w of 44 mm and a depth b of 3.5 mm. In the 4PB method a constant
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Figure 4.25: Experimental results for Sample 1 and Sample 2. The gray area indicates
the steady state region where delamination appears.
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Figure 4.26: Experimental results for Sample 3, Sample 4, and Sample 5. The gray area
indicates the steady state region where delamination appears.

load F and two fixed points are applied at the sample as shown in the Figure 4.24. By
recording the load as a function of displacement a plateau was obtained when the crack
interface reached the steady state. In this regime G is independent of the crack length
and indicates the Gc value [87].

In the 4PB technique the Euler-Bernoulli beam theory in plane strain condition is
applied [87] and the critical energy release rate Gc is calculated using

Gc = 3F 2
c l

2

2ESib2

[
1
h3

2
− 1
h3

1 + h3
2 + 3h1h2(h1 + h2)

]
, (4.65)

where Fc is the force measured at the steady state of the plots in Figure 4.25 and
Figure 4.26, ESi is the Young modulus of Si, and the remaining parameters are indicated
in Figure 4.24.

4.5.2 Simulation

The 4PB technique was simulated using the finite element method. The geometry used for
the experiment has been reproduced in two-dimensional simulations. Due to the symmetry
conditions in the 4PB test, it is sufficient to consider only half of the structure as depicted
in Figure 4.27. All the materials are assumed to be linear elastic. On the left side of
the Figure 4.27 a symmetry condition was applied and a fixed point and a load point
were applied as in the experiment. Near the crack tip, a very fine triangular mesh was
used. The initial conditions for the simulations include an interface crack with a length
of 1 mm, which has been increased by 1 mm steps during the simulation until the desired
value is reached.

In Figure 4.27 the results of a simulation with a=5 mm are shown. Due to the
boundary condition the Von Mises Stress is mainly generated at the h2 layer. The stress
distribution at the interface crack opening is described by (4.37). For every crack length
the σyy and τxy values were extracted as a function of r. Figure 4.28 and Figure 4.29
show an example of the obtained results, where the cross dots are the values of the stresses
obtained from the FEM simulations. The x-axis indicates the interface distance at the
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Figure 4.27: FEM simulation of the 4PB test. The legend indicates the Von Mises Stress
(106 N/m2). Due to the boundary condition the stress development in the bottom layer
can be observed. In the inset a zoomed-in section of the crack, with the mesh used is
shown.

right side of the crack-tip (r) and the y-axis the stress value. Here, the singularity described
in Section 4.1.2 can be observed for both stresses.

4.5.3 Simulation Results

The simulation results are obtained by using the approach described in Section 4.3.2
where the values of σyy and τxy were extracted from the FEM simulations. The G values
are calculated by applying the approach for every simulated crack length in the range from
1 mm to 10 mm.
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Figure 4.28: Example of the obtained FEM results compared with the stresses calculated
using (4.40). Here σxx as a function of r is shown.
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Figure 4.29: Example of the obtained FEM results compared with the stresses calculated
using (4.40). Here τxy as a function of r is shown.

In Figure 4.28 and Figure 4.29 the results of the regression analysis are compared
with the FEM simulation results. By using the approach described in Section 4.3.2 the
values ofK1 andK2 were obtained; by subsequently inserting them in (4.40) the stresses at
the interface can be reproduced. The reproduced stresses qualitatively and quantitatively
match the FEM simulation results very closely.

Figure 4.30 displays the G values calculated at every crack length a for the Sample 1
and Sample 2 (Table 4.4). As the crack approaches the fixed point of the 4PB test (4 mm
from the center of the samples, m in Figure 4.24) the G value decreases [88].
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Figure 4.30: G obtained from FEM simulations. Crack length in the range from 1 mm
to 10 mm was simulated.

The simulated value G at every crack length a for Sample 3, Sample 4, and Sample 5
(Table 4.4) is shown in Figure 4.31. Here the decrease in G is less pronounced than
in Sample 1 and Sample 2. The value m=10 mm (same as in the experiment) was used
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Figure 4.31: G obtained from FEM simulations. The crack length in the range from
1 mm to 10 mm was simulated.

and the simulations were executed until the crack length of a=10 mm was reached. The
different line slopes are due to the different thicknesses and interfaces of the analyzed
sample.

The experimental Gc was determined by using the average of the loads in a steady
state range. In addition, for the FEM simulation results an average value for Gc was
determined. In particular for Sample 1 and Sample 2 Gc was calculated in a range of
crack lengths from 1 mm to 4 mm and for Sample 3, Sample 4 and Sample 5 in a range
of crack lengths from 3 mm to 9 mm.

In Table 4.5 the Gc values obtained from experimental and simulation data are com-
pared. For Samples 1 and 2 the FEM simulation results differ from the experiments
results. This difference is attributed to the behavior observed in Figure 4.25. In these
load-displacement plots no clean steady state regions can be observed. The discontinuous
sections of the load plots are a result of an unstable crack propagation. It is quite possi-
ble that due to some defects or imperfect adhesion between the layers the delamination
propagates unevenly. This is also understandable considering the percent of delamination
in these two samples (cf. Table 4.4). For Sample 1 and Sample 2 the percentage of
delamination is 28 % and 7 %, respectively. For Sample 3, Sample 4, and Sample 5 the
percentage of delamination is over 75 % that indicates a stable crack propagation. The
FEM simulation results for Sample 3, Sample 4, and Sample 5 appear closer, as given in

Sample Experimental Gc[J/m2] Simulation Gc[J/m2] % Error
1 5.95 7.36 19,2
2 5.9 7.33 19,5
3 4.6 5.10 9,8
4 3.5 3.88 9,8
5 3.9 4.75 17,9

Table 4.5: Gc values measured from experimental data and calculated using FEM sim-
ulations. The Gc values calculated for Sample 3, Sample 4, and 5 are in good agreement
with the experimentally measured Gc values.
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Table 4.5. The Gc values for Sample 3 and Sample 4 are very close to the experimental
values. This is again due to a better adhesion in a longer region and thus a more pro-
nounced steady state load area. In Figure 4.26 a distinguishable constant load created
as a result of the delamination is observed. The FEM simulation results the Sample 5 is
less accurate but still in an acceptable range (cf. % Err. in Table 4.5).

Simulation results and experimental data imply that the influence of the additional Ti
layer (Table 4.4) is negligible.

4.5.4 Discussion

A FEM simulation method to calculate the energy release rate G at the interface between
two materials was presented. The 4PB technique can be simulated by considering a
simplified structure. From the FEM simulations, the stress at the interface was obtained
and used to calculate the energy release rate G. The results of FEM simulations strongly
depend on the quality of the experimental data. For the calculation of Gc it is necessary
to start with a load-displacement plot, where a steady state load is clearly observable and
distinguishable. This study demonstrated the efficiency of the FEM simulation and how
it can be used to calculate G for different boundary conditions and geometries of the TSV
structure, where the delamination is a potential reliability issue.

The results obtained are in good agreement with experimental measurements. There-
fore, the developed model provides a convenient tool for the study of delamination issues
in TSVs.

4.6 Comparison between J-Integral and
Regression Analysis

In the previous sections two different methods for the calculation of the energy release
rate G were presented, namely J-Integral and regression analysis. The results in Sec-
tion 4.5 show good agreement between experimental data and simulations. Therefore,
the developed method correctly represent the physical delamination behavior.

A comparison between the two methods is given in this section. Using an identical
structure G was calculated with the two methods. The results of the two methods are
compared to verify their quality with respect to the G value.

4.6.1 Structure

Figure 4.32 depicts the structure under simulation. At the left side of the structure a
symmetric condition was set. Layer 1 indicates Si and layer 2 indicates SiO2 films. Si has
a thickness of 70 µm and SiO2 of 72.6 µm. The length w was set to 2.22 mm and the
applied force F has a value of 0.2 N. The fixed point was positioned at m=1 mm from the
left side of the structure.

As used previously in the other simulations also here a stationary simulation was
performed. Crack lengths in the range from 0.1 mm to 0.9 mm were simulated.

4.6.2 Results and Discussion

In Figure 4.33 the simulation results are presented. There is a clear agreement between
the two methods. The black crosses indicate the results obtained from the J-Integral
method and the red crosses are the results obtained from the regression analysis. Both
methods give a constant G for every simulated crack length.
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Figure 4.32: Structure used for a comparison between the two methods.
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Figure 4.33: G values obtained using the J-Integral method and the linear regression
method. Crack lengths in the range from 0.1 mm to 0.9 mm were simulated. The per-
centage of variation between the two methods is reported.

The two methods were verified for the same structure. The results are effectively
identical. As shown in Figure 4.33 the variation in percentage between the two methods
varies from 1% at small crack lenghts to 3.2% at long crack lengths. The regression
analysis becomes less accurate as the simulated crack lengths approach the fixed point m
of the structure [87]. The J-Integral method is implemented in a FEM tool. This method
permits to calculate the G value directly at the end of the simulation. The method needs
to calculate an integral over a path between the two materials. If the material thickness
of one layer or both is too thin, the inability of defining a path for the integral can be
encountered.

The regression analysis can be applied when thin films are taken in account. It produces
the same results, but the evaluation time necessary to calculate G is higher, as the results
have to be post processed. After the simulation, the stress at the interface needs to be
collected and used in a statistical analysis software, which is used to perform the post-
processing fitting.
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4.7 Summary
In this chapter the delamination theory was explained and the probability of delamination
at several material interfaces, essential for the fabrication of an open TSV was investigated.

The energy release rate G, which is an important measure for delamination prediction,
was calculated at different interfaces. By comparing G with the critical energy release
rate Gc predictions about the probability of delamination can be made. Two different
methods used in calculations of G were implemented using FEM. The J-Integral method
permits to obtain G at the end of the FEM simulation. The regression analysis method,
however requires two post-processing steps. In the first step the obtained stress values at
the interface between the two materials need to be extracted. In the second step, through
a regression analysis of the collected stress values K1 and K2, necessary to calculate G are
determined.

The second method was verified by replicating experiments and the obtained results
sufficiently reproduce the measured results. Therefore, the two methods were employed
to calculate G for the same structure. The results obtained from the two methods are in
good agreement.

While investigating the material interfaces present in open TSVs using the J-Integral
method, it was found that the most critical conditions were at the SiO2/W interface. For
this interface the Gc was determined experimentally (Section 4.5) and the simulated
value (3.5-5.95 J/m2) was higher than that found in literature (0.2-0.5 J/m2 [84]). This
difference is caused by a particular configuration of the film/substrate geometry. The
thickness of the layers, the residual stress of the layers, and the employed method to
calculate Gc produce different results. Open TSVs have sophisticated structures which
do not permit to know the critical condition for the failure. Therefore we are able to
qualitatively predict the most unstable condition for delamination by comparing G with
the lowest Gc found in literature.

The SiO2/W interface is fundamental for the mechanical stability of open TSVs. G was
calculated by investigating the influence of factors such as residual stresses in the films,
thicknesses of the layers and, force applied to the system. It was determined, that the
most unstable system is one where the residual stress in the W layer is very high, a high
external force is applied, or the W film is very thin. Therefore, in the next chapter the
origin of the residual stress in solid films is studied.
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5
Simulation of Intrinsic Stress

Build-Up in Thin Metal Films

Thin films in microelectronics exhibit residual stress which can affect the performance and
reliability of devices. In Chapter 4 it was demonstrated how high values of residual stress
in thin films can be problematic for the mechanical stability of 3D interconnect structures,
such as open TSVs. A high value of residual stress in the W layer of the TSV structure
can increase the probability of delamination at the interface between W and SiO2.

In this chapter, the mechanism behind stress development during film growth is in-
vestigated. This study is needed for the understanding of the reduction of film stress
which is necessary to increase the mechanical reliability of TSVs. Usually metal films
are used in TSVs to electrically connect the integrated circuit in the 3D structure. Typi-
cally, the growth process of metal films in TSVs follows the Volmer-Weber mechanism. A
FEM-based model describing the stress evolution during the three steps of Volmer-Weber
growth was implemented. In general, stress in the film evolves from compressive to tensile
and can then return to compressive. The stress generated in the film strongly depends
on processing and material properties. Results obtained from the model were compared
with different experimental data. The implemented model helps to predict the intrinsic
stress in thin films during the growth process and enables an analysis of the influence of
fabrication conditions on the thin film stress. The presence of scallops, which appear as a
consequence of deep reactive ion etching, results in reduced intrinsic stress. Film growth
on a scalloped substrate was simulated. When the scallops were more pronounced, i.e. a
larger height/width ratio, the intrinsic stress was further reduced. In addition film growths
at different deposition temperatures and different growth rates were simulated.

5.1 Introduction

Thin films are utilized in microelectronics to build functional devices such as interconnects.
The properties of a film and its applications are determined by the choice of material and
its geometry. The mechanical properties of thin films with a thickness in the range of
several atomic layers differ from those of bulk materials. These differences are caused by
the diverse microstructures of the film, which depend greatly on the deposition technique.
Most films used for microelectronics are polycrystalline materials composed of a large
number of small crystallites. In order to understand the microstructure of the film and its
mechanical properties, the deposition process must be studied in detail. Significant stress
may develop in the film during the deposition process and during the subsequent cooling to
room temperature, due to a large mismatch in the thermal expansion coefficients between
the material used in the film and the surrounding layers. Stress can lead to reliability issues
such as cracking and delamination within a device structure, resulting in poor reliability
and ultimately early device failure. Understanding the mechanisms which generate stress

87



in films during the deposition processes is therefore essential in order to decrease the
probability of an interconnect failure.

In this chapter the intrinsic stress build-up during the deposition process using simula-
tion methods is analyzed. The deposition process of a given film is modeled by employing
well-established theories and physical models which describe film growth [89, 90, 91, 92].
Each material has different properties and consequently a different impact on the growth
process of the film. The analysis is focused on W and Cu, which are the materials typically
used for TSV interconnects [28, 29] (Section 1.3.2).

Although this study deals with stress build-up during deposition, for TSVs the etching
step cannot be avoided. In order to fabricate the TSV structure, etching of the silicon
wafer is required. This step can be performed either by ion-enhanced plasma etching or by
deep reactive ion etching (DRIE) [93]. Both methods have their own reliability concerns:
Problems specific to DRIE are scallop formation along the sidewall, notch formation at the
bottom of the TSV, and potential step coverage concerns [94]. Etching using ion-enhanced
plasma, such as SF6/O2, results in noticeable sidewall tapering, resulting in a significant
limitation in the aspect ratio of the etched hole [95].

5.2 Theoretical Background

The mechanical properties of a thin film are highly dependent on the conditions under
which the film deposition takes place. Different deposition processes are used during
integrated circuit fabrication where metals, dielectrics, and semiconductors are grown.
Due to thermodynamical reasons, there are three different modes describing film growth
during deposition, namely Volmer-Weber (V-W), Frank-Van der Merwe, and Stranski-
Krastanov [92]. Film stress development in polycrystalline metal films deposited onto
polycrystalline or amorphous substrates is investigated. The atoms of the polycrystalline
metal film are more strongly bound to each other than to the substrate, and this situation
is well described by the V-W growth mode [42, 90]. The film growth of these materials is
therefore investigated with the basic assumption that the film growth proceeds according
to the V-W mode.

The stress build-up during the growth process is also influenced by the layer on top
of which the deposition takes place, such as SiO2 or the barrier layer. The geometry
along the sidewalls of TSVs on top of which metal liner is deposited can have scalloped
features. These features are a result of the wafer etching process, mainly the deep reactive
ion etching (Bosch process [14, 24]). In this study, the effects of the scallops on the stress
build-up during film growth are also analyzed.

5.2.1 Volmer-Weber Growth

In the fourth processing step (Section 1.3.1) of TSV fabrication a metal film is
deposited. Polycrystalline metal films deposited onto polycrystalline or amorphous sub-
strates are described by the V-W growth mode [42, 90]. During the V-W mode three
unique growth steps can be distinguished. Each step affects the film microstructure and
consequently the physical properties of the film. The initial stage of film growth is the
nucleation of islands onto the substrate. During the deposition process, atoms arrive on
the surface and initiate the nucleation step. The minimum nucleus, formed by the atoms
on the surface, has a characteristic size associated with a critical initial radius Ri. Beyond
this size, the nucleus is stable and begins to grow [90]. The microstructure of a growing
film is influenced by the deposition rate vg, the substrate temperature Ts, and the material
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Figure 5.1: Three steps of the V-W growth process. (a) indicates the nucleation of the
islands where compressive stress occurs, (b) indicates the coalescence process where the
islands impinge upon each other, and (c)-(d) is the thickening process where a homoge-
neous film is formed. The properties of the deposited material distinguish two kinds of
microstructure, Type 1 (for low adatom mobility materials) or Type 2 (for high adatom
mobility materials).

properties. Nucleation events continue to occur during deposition as long as there exists
a substrate area exposed to the atoms [42, 90]. The first growth step consists of the
nucleation of islands in the film deposition process as shown in Figure 5.1 (a). During
the second growth step the islands grow larger in size and start to impinge on each other,
forming a continuous polycrystalline film. This step is commonly referred to as the island
coalescence process (illustrated in Figure 5.1 (b)) After island coalescence film thickening
takes place.
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Figure 5.2: Stress evolution during the deposition process for both kinds of materials.

In this third step the formed film continues to thicken and gain volume until the
deposition process is interrupted; this step is shown in Figure 5.1 (c)-(d). During the
thickening process the structure of the grains and their evolution are strongly influenced
by the adatom diffusivity of the material employed in the deposition process. There
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are two different types of grain-structure evolution. Materials with low adatom mobility
(high melting temperature) exhibit a columnar grain structure with increasing grains
during thickening referred to as Type 1; this type is depicted in Figure 5.1 (c). In these
materials (e.g. Si, W, Fe), the adatom diffusivity is relatively low even at high processing
temperature. In materials with high adatom mobility (low melting temperature), the
microstructure forms equiaxed grains which continue to evolve during film thickening.
This process is typically found in Al, Ag, Au, and Cu, depicted in Figure 5.1 (d), and is
referred to as Type 2.

The three V-W growth steps generate stress within the film as shown in Figure 5.2.
This stress evolves from compressive to tensile and can then develop further in one of two
different ways. It can either become compressive again or remain tensile [96], depending
on the adatom mobility of the material used in the deposition process.

5.2.2 DRIE Scallop Formation

An essential step in TSV fabrication is the etching of silicon, previously described as the
first processing step (Section 1.3.1). Most often this proceeds using DRIE which is a
combination of multiple cycles of the isotropic deposition of a polymer and an ion-enhanced
plasma etching of the polymer and underlying silicon wafer. The polymer protects the

(a)

(b)

Figure 5.3: (a) A schematic illustration of the DRIE process, where a passivation layer
protects the sidewalls during the subsequent etching cycle. (b) Etched trench structure
after 8 deposition/etch cycles.

sidewalls from the chemical etch, while it is removed from the trench bottom. As the
bottom becomes exposed, chemical etching proceeds there. This ensures a vertical etch,
but with the presence of a rough, scalloped sidewall. In Figure 5.3 (a) a simple schematic
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of the DRIE process is depicted, while Figure 5.3 (b) shows the resulting trench with
scalloped sidewalls after 8 cycles.

The deposition of the thin polymer layer is usually performed in a CxFy gas environ-
ment, while the subsequent etching step is performed in an ion-enhanced plasma environ-
ment, usually using SF6 gas [97]. By controlling the individual times for the deposition
and etch steps of the cycles, the geometry of the resulting scallops can be manipulated. In
this work several scallop structures are examined in order to determine which factors have
the greatest influence on the intrinsic stress generation. With these results the process
sequence proceeds in a way to minimize the resulting stress in the thin film can be ensured.

5.3 Volmer-Weber Model for Thin Films

During the V-W growth of the film the produced stress plays an important role in the
growth process itself. In the following sections the stress-generation mechanisms is de-
scribed. First, the geometric conditions used for the simulation of the growth mechanism,
followed by a theoretical model implemented with the FEM are described.

The model is capable of simulating V-W growth for materials with both high and low
adatom mobility. Although the grain size in films is not uniform, in this work layers having
only a single grain size which corresponds to the average grain size of the deposited film
are considered. This assumption does not correspond to the real condition; however, a
negligible influence of the other grain sizes on the final stress generation is expected. The
main purpose of this study is to analyze the interaction between single grains.

Further, it is important to note that the crystal orientation, the elastic anisotropy, and
the possible plastic relaxation were not taken into account. These material properties can
influence the stress generation during film growth; however, the intent of the developed
model is to describe qualitative trends of growth in confined geometries and to describe
the effects of fabrication conditions on the stress evolution.

The cylindrical geometry of TSVs could impact and influence the magnitude and con-
centration of the film stress. A cause of the complexity to simulate the 3D TSV geometry
only two-dimensional geometries are considered. Further studies are necessary to under-
stand the impact of the cylindrical geometry of TSV.

5.3.1 Geometry

The growth process is analyzed for material islands with a hemicylindrical shape [90]. The
material island is represented as a half-cylindrical cut along the z-axis, which lies on a
substrate (Figure 5.4). The length l of the cylinder with a circular-cap cross section
is assumed to be infinite. This assumption is implemented by using the plane strain
condition (i.e. strains in z-direction are zero) in two-dimensional simulations. A thin film
as a periodic array of islands is modeled, and therefore the symmetry boundary condition
is imposed on outward normals of the geometry. A non-slip interface condition between the
islands and the substrate is employed. A schematic representation of the islands is shown
in Figure 5.4. FEM model to simulate V-W film growth is implemented in COMSOL
Multiphysics [62] and described in the sections which follow. A stationary parametric
sweep is used to simulate the growth steps. With the radius parameter R (Figure 5.5)
the island geometry is modified as it grows. At each value of the parameter R a new
geometry is created and the stress generated due to island growth is computed. The stress
calculated for every value of R is used as the initial stress condition (in terms of the stress
tensor component σxx and σyy) for the subsequent simulation step. It is assumed that
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all materials behave elastically and that all islands are of the same size. Furthermore, an
initial island with a critical radius (corresponding to a small Ri value) already nucleated
on the substrate is considered. For every simulation step, R is assumed to increase linearly
in time t according to

R(t) = Ri + tvg = hf , (5.1)

where Ri is the initial radius of the island and hf is the film thickness. In this way R
progressively grows as a function of vg.

The average grain size of a film depends on the deposition parameters. In the imple-
mented model, r is the radius of the island at the coalescence point which corresponds to
the average grain size of the film.

The comparison with experimental data is carried out by computing the average stress
in the film 〈σxx〉 using a FEM simulation, followed by the evaluation of the stress-thickness
product 〈σxx〉 × hf [90]. The stress-thickness product 〈σxx〉 × hf is often called the
“force/width” and is frequently used in measurements of stresses through thin films in
order to highlight that the stress can have a through-the-thickness variation which cannot
be determined solely by post-deposition curvature measurement [98].

y

x

z

l

Figure 5.4: Half-cylindrical islands which lie on the substrate.
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Figure 5.5: Schematic diagram of the impingement of the islands is shown. The dashed
lines indicate the island before the coalescence process and the solid lines depict the ho-
mogeneous film (after the coalescence of the islands).

5.3.2 First Step: Compressive Stress

In the first step of V-W growth (cf. Figure 5.1 (a)) a compressive stress develops in the
islands before the film becomes continuous. The stress subsequently emerging is mainly
due to the action of the surface stress [89, 90]. In the solid nucleus the surface atoms
have an equilibrium interatomic spacing which differs from those of the interior (bulk)
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atoms, due to the different bondings between surface and interior atoms. This difference
in equilibrium spacing results in the development of surface stress f (cf. Figure 5.5). f
is associated with the reversible work per unit area required to elastically strain a solid
surface. Because of the surface stress f a Laplace pressure ∆P is generated inside the
island. During the deposition process, the island increases in volume dV and some amount
of work ∆PdV is produced. The work available for a volume increase, due to the pressure,
must balance the work required for an increase of the surface, due to the surface stress f .
For positive surface stress f a compressive stress due to Laplace pressure is present and
measurable during the first step of the deposition process. As for a free surface, surface
stress can also be associated with the solid-solid interface between island and substrate.
The interface stress necessary to stretch an interface by elastically deforming the island
and substrate is denoted by g (Figure 5.5) [99]. In this analysis the effect of the stress
on the island-substrate interface [89, 90] are neglected.

There is a second mechanism concurrently generating a compressive stress. This stress
is based on the fact that the island becomes strongly attached (non-slip) to the substrate
during the first growth step. The radius size at which the island is frozen-in at the substrate
is denoted as Rfr which is a function of the strength of the island-substrate bonding. If
the radius of the island is less than Rfr, this mechanism does not affect the internal stress,
since the island is unconstrained [89, 90]. As the volume of the island’s nucleus grows
further, the internal elastic stress tends to relax due to the Laplace pressure. Since the
island is now rigidly bonded to the substrate, the difference between the lattice parameter,
corresponding to Rfr, and the lattice parameter which it would have due to the Laplace
pressure tends to generate a compressive stress in the islands. Considering both effects
and the geometry included in the model, the compressive stress is given by

σcomp = f

( 1
R
− 1
Rfr

)
. (5.2)

This equation is used in the model to describe the initial compressive stress observed at
an early stage of film growth prior to island coalescence.

5.3.3 Second Step: Island Coalescence Process

The tensile stress evolution during film growth is connected to island impingement as
depicted in Figure 5.1 (b). The reason for this process is that the small gaps between
adjacent grains are closed by forming grain boundaries with height hgb (Figure 5.5). The
energy released through the reduction of the surface area of the islands is converted into
elastic deformation energy of the participating grains. In recent years, several approaches
for the computation of the tensile stress generated by island coalescence have been formu-
lated [90, 100, 101]. In the chosen model’s geometry, the approach described by Seel [90]
is considered, where the generated average tensile stress in the continuous film is given by

〈σ〉 =
√

1
9

(
E

1− ν2

)(2γs − γgb)
r

, (5.3)

where E is the Young’s modulus, ν is the Poisson’s ratio, γs is the surface energy, γgb
is the grain boundary energy, and r is the radius of the island R at the coalescence
point. In the derivation of (5.3) the islands are considered to have a circular shaped cross
section [90]. In this study (5.3) is used to describe the tensile stress generated during the
island coalescence process. The equation can be applied to predict the average film stress
by using parameters γs and γgb available in the literature [102].
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5.3.4 Third Step: Thickening

In this section the third growth step for low and high adatom mobility materials is de-
scribed. Usually, materials with low adatom mobility exhibit a large tensile stress which
remains constant throughout the thickening process [89, 92]. For these materials, the
third step under the assumption that the stress generated during the second step remains
constant throughout is considered.

For high adatom mobility materials, on the other hand, compressive stress can re-
emerge. Different theories have been developed to describe compressive stress generation
during the third step of V-W growth. Compressive stress development can be due to the
movement of atoms toward the edges of the film [103], excess adatom concentration on
the surface [104], capillarity effects [105], or movement of atoms into the grain boundaries
[91]. The compressive stress generation by the diffusion of atoms into the grain boundaries
during film growth is considered. This kinetic model for the evolution of residual stress was
validated with measurements in several studies [1, 2, 91]. The theory assumes that the film
during its deposition is composed of multiple thin layers. The film is thereby represented
by parallel atomic layers in the grains with a grain boundary between them. During the
deposition process, the grain boundary height hgb changes as the atoms fill the edge in
between the grains. For this process islands are considered with circular arcs between the
grain boundaries with the same center for all thicknesses as shown in Figure 5.6. hgb,i
denotes the grain boundary height, where the ith layer is grown. The atoms can move
into the grain boundary, changing the grain boundary height from hgb,i to hgb,i+1 [91].
Film stress therefore changes as a function of the grain boundary velocity vgb. The value
of vgb is not constant, as it does not only depend on the constant growth velocity vg, but
also on the geometrical transformation of the islands. Figure 5.7 shows that a higher vg
results in higher grain boundary velocities and consequently changes the magnitude of the
generated compressive stress due to the shorter time required for the atoms to move into
the grain boundary.

hgb,1 hgb,2 hgb,3

hgb,i

R

r

hf

Figure 5.6: hgb,i during film growth.

The atoms can move into the grain boundary, because the film surface is not in equilib-
rium during the deposition process, which leads to an atomic flux. The chemical potentials
on the surface and in the grain boundaries are different from their equilibrium [2, 91].

The increase in the chemical potential on the surface due to non-equilibrium conditions
is defined as δµs. The non-equilibrium condition is caused by the flux of impinging atoms,
leading to a supersaturation of adatoms or to a change in surface morphology. The non-
equilibrium value of the chemical potential in the grain boundary is a cause of the stress in
the layer. It is defined as −σiΩ where σi is the stress in the ith layer and Ω is the atomic
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Figure 5.7: Behavior of vgb as a function of thickness for different vg.

volume. The chemical potential is negative, because the chemical potential is lower than
the equilibrium value in the presence of tensile stress. The stress in the layer, and therefore
the chemical potential in the grain boundary, changes with time due to the diffusion of
atoms into the grain boundary. The difference in the chemical potential between the
surface µs and the grain boundary µgb is given by

∆µ = µs − µgb = δµs + σiΩ. (5.4)

The chemical potential depends on growth conditions and on the stress in the film. The
difference in the chemical potential ∆µ is the driving force behind the necessary move-
ment of atoms Ngb from the surface to the grain boundary. When there is no growth,
the chemical potential on the surface and at the grain boundary are identical, therefore
no atom moves into the grain boundary. The rate of insertion of atoms into the grain
boundary is defined as [1, 2, 91]

∂Ngb

∂t
= 4Cs

D

a2 (1− e−∆µ/kT ) ∼= 4Cs
D∆µ
a2kT

, (5.5)

where Cs is the fractional coverage, D is the effective diffusivity, a is the height of an atomic
step (Ω1/3), k is the Boltzmann constant, and T is the deposition temperature. The atomic
step is the amount of space necessary to close two adjacent layers, forming a bond and an
additional grain boundary. The atoms can only migrate after a grain boundary is formed,
after which a tensile stress, generated by the island coalescence process, is already present.
The insertion of atoms into the grain boundary decreases the tensile stress in the film.
Thus, the generated stress σi at the ith layer can be described as [1, 2]

σi = σT −
aENgb

(1− ν)L, (5.6)

where σT is the tensile stress generated due to island coalescence, ν is the Poisson ratio,
and L is the grain size (equal to 2 · r (cf. Figure 5.5)). The second term in the right-
hand-side of (5.6) represents the compressive stress generated by the movement of atoms
into the grain boundary.

The stress evolution for the ith layer is obtained by differentiating (5.6) with respect
to time. Using (5.5), the rate of stress change is given by

∂σi
∂t

= − 4ECsD∆µ
aLkT (1− ν) . (5.7)
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By solving (5.7), Chason et al. [1, 2] evaluated the stress in the ith layer to

σi = σC + (σT − σC)e
−∆ti
τ , (5.8)

where ∆ti is the time period in which the atoms can move into the grain boundary. The
other terms are defined as

σc = −δµsΩ , (5.9a)
1
τ

= 4CsEΩD
aLkT (1− ν) . (5.9b)

The time increment ∆ti is defined [1, 2] by

∆ti = a
∂hgb,i
∂t

. (5.10)

When the layer forms (t = ti), only the term σT , which is due to coalescence, is relevant.
The velocity vgb has an important influence on compressive stress release. At the

beginning, vgb is high and the atoms have a short time in which to migrate into the grain
boundary. The stress in the layer therefore becomes more tensile. When the thickness
increases, vgb decreases and converges to the average deposition rate; consequently the
tensile stress in the film decreases.

To include (5.8) in the model, a reformulation is performed. The velocity vgb can be
obtained from the geometry; therefore, the stress for discrete layers can be replaced by a
continuum description. By using (5.1), the term hgb,i can be written as:

hgb,i =
√
h2
f − r2 =

√
(Ri + tvg)2 − r2. (5.11)

The grain boundary velocity is given by

vgb = ∂hgb,i
∂t

= vg(Ri + tvg)√
(Ri + tvg)2 − r2

= vghf√
h2
f − r2

. (5.12)

In [1, 2] the stress-thickness product of the film was calculated by summing the stress
contributions from each layer and multiplying by the layer thickness

〈σ〉hf = a

Nlayers∑
i=1

[
σC + (σT − σC)e

−∆ti
τ

]
. (5.13)

In this model the average stress is calculated as a function of film thickness hf with (5.8)
and (5.12) integrating over the interval [hgb,1, hgb,i]

〈σ〉 = 1
hf

∫ hgb,i

hgb,1
σC + (σT − σC)e

− β

(vghf )/
√

h2
f
−r2

dh, (5.14)

where
β = 4CsEΩD

LkT (1− ν) . (5.15)

The parameter β has the dimension of a velocity, and its value influences the exponential
term in (5.14). The average stress generated in the film depends on the number of mobile
atoms adjusted by the parameters β and vg. The value σT can be calculated theoretically
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using the stress generated at the coalescence point [90] or by fitting to experimental data
[1, 2].

Equation (5.14) is implemented in the model and enables to simulate growth processes
for different boundary conditions. At every film thickness the integral (5.14) is calculated
and its value is used as the initial stress in the film for the next simulation step. Using
experimental data, the model can be calibrated and evaluated for different boundary and
geometric conditions.

5.4 Results

W and Cu are materials frequently used for TSV interconnects [28, 29]. W is a material
with a low adatom mobility, and it exhibits a high value of intrinsic tensile stress. Cu
is a material with high adatom mobility and can exhibits compressive or tensile stress
depending on the film thickness and the conditions of deposition. For open TSVs, W [29]
or Cu [28] are usually used for metalization.

The development of compressive or tensile stress in the thin film in an open TSV
can induce delamination or cracking (Chapter 4). Usually, tensile stress can generate
surface cracking, channeling, spalling, and debonding of the substrate. If the stress in
the film is compressive, the dominant failure modes are buckling-driven interface or edge
delamination [45]. In the following sections an investigation of the factors which influence
the evolution of stress in the film in order to ascertain how to reduce the probability of
mechanical failure is studied. The capabilities of the model are demonstrated for W and
Cu films.

As described in Section 5.2.1 during the first step and the second step of the V-W
growth, materials with low and high adatom mobility exhibit the same physical behavior.
Therefore, it is important to clarify that in this work the results regarding the first and
second step are valid for both types of materials. A complete analysis of the three steps
of the V-W for low adatom mobility is reported. In contrast only the third step of the
V-W for high adatom mobility is presented, since the first two steps are identical to the
low adatom mobility. During these two steps proper material parameters have to be used
in (5.2) and (5.3) [89, 90].

5.4.1 Low Adatom Mobility Analysis

5.4.1.1 Sample Description

In the following sections the mechanical effects of the V-W growth on a full plate sample
and at the sidewall area of an open TSV structure are examined.

Residual stress measurements of W layers, either deposited as blanket films or grown
along the sidewall of TSVs etched in silicon, were investigated in [86]. In the full plate
sample described in [86], a specific stack was deposited on the silicon substrate. The stack
was composed of SiO2 (500 nm), Ti (40 nm), TiN (55 nm) and W (200 nm). The layer
sequence of Ti/TiN/W was repeated twice. In the W layer on the top of the sample
structure a grain size of 300 nm (2·r in Figure 5.5) was measured. Since the V-W growth
impacts mainly only the first layers, the implement model was simplified by considering
one Ti/TiN/W stack.

For the full plate sample the residual stress measured [86] at room temperature was
1.6 GPa. In the TSV sidewall it was four times smaller 0.4 GPa. This large difference
could be caused by delamination, difference in the residual stress, non equi-biaxial state
of stress or by the presence of rippled sidewalls in the TSV [86]. The measured residual
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stress is basically thermal stress generated from the different thermal expansion coeffi-
cients between film and substrate (cf. Section 2.3.2). The V-W growth occurs during
the deposition process where the film stress is different than the value measured at room
temperature. Therefore, a FEM elastic thermo-mechanical simulation was performed to
obtain the value of intrinsic stress during the deposition process. By considering a deposi-
tion process at 400 ◦C, the obtained film stress was 0.64 GPa. In the following simulations
the calibration of the full plate sample with a grain size of 300 nm was performed by using
an intrinsic film stress of 0.64 GPa.

5.4.1.2 Island Nucleation and Expansion

During the first step of the V-W growth (5.2) was applied to simulate the growth of W
islands already nucleated on a Ti/TiN substrate.

The stress σxx distribution due to the Laplace pressure during the first step of the V-W
growth is shown in Figure 5.8. A low tensile stress acts on the surface of the islands and
a compressive stress at the center of the islands.

yy

xx

TiN

Ti

SiO2

Figure 5.8: σxx (in GPa) during the initial nucleation of W isolated islands. Development
of compressive stress is observable at the W islands.
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The islands exhibit a compressive average stress 〈σxx〉 (negative value) which is re-
ported as a function of the film thickness in Figure 5.9 for different grain sizes. The
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magnitude of the generated stress is influenced by the grain sizes of the islands. Thin
films having big grain size produce less compressive stress compared to small grain size.
Because Rfr=10 nm was set the compressive stress starts from the thickness of 10 nm
(cf. Figure 5.9).

The generated stress during this first step of the V-W growth can influence the sub-
strate (Figure 5.8). If the substrate is thin and the generated stress is high, the proba-
bility of crack or delamination at the interface increases (Chapter 4).

Rfr is a function of the strength of the island-substrate bonding and in this configu-
ration it was assumed to be in a range between 1 nm and 10 nm [90]. In Figure 5.10
results for three different Rfr values and an island grain size of 300 nm are shown. The
compressive stress decreases with increasing Rfr, and the smallest Rfr produces a com-
pressive stress around 300 MPa. Stress in this range can influence the mechanical stability
of the system and in particular in the thin layers.

The magnitude of the generated compressive stress is determined by the surface stress
f , the frozen-in radius Rfr, and the island radius R. Due to the simulation conditions,
islands having a large grain size do not impinge rapidly. At the initial simulation step,
the distance between islands corresponds at the simulated grain size (2 · r in Figure 5.5).
When a large grain size is considered, the initial distance between islands is wide. There-
fore, islands of a depositing film whose expected grain size is large do not impinge rapidly.
The substrate is therefore exposed to compressive stress for an extended period of time.
If Rfr is small, the strength of the island-substrate bonding is strong and compressive
stress can reach a high value, critical to the mechanical stability of the system. In this
study the model was applied for a low adatom mobility material. It should be clarified
that the model can also be adapted to suit high adatom mobility materials by adjusting
the parameters f and Rfr in (5.2).

5.4.1.3 Island Coalescence and Grain Formation

During the coalescence process the film stress is gradually changing from compressive to
tensile. (5.3) was used at the first contact point between islands where the tensile stress
is generated due to the impinge of them. During the coalescence process grain boundaries
are formed due to the reduction of the surface area of the islands.

The simulation was calibrated by using the intrinsic stress value of 0.64 GPa (cf. Sec-
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Figure 5.12: Normalized 〈σxx〉 × hf for different grain size during growth.

tion 5.4.1.1). The term (2γs-γgb) in (5.3) was varied until the desired average 〈σxx〉 at
the film thickness of 200 nm was obtained. The values used are shown in Table 5.1.

The film stress 〈σxx〉 as a function of the film thickness is shown in Figure 5.11.
The simulations were carried out until a thickness of 500 nm was reached. Initially, the
film stress is compressive when coalescence starts the compressive stress decreases until
it changes its sign and becomes tensile. Subsequently, the film stress increases until it
saturates and reaches a constant value. The end of the coalescence process corresponds to
the first peak value of the tensile stress. In Figure 5.11 the influence of the grain size on
the film stress is reported. Small grain size produces high stress in the film, on the other
hand big grain size produces a small film stress [90] as described in Section 5.3.3.

f [J/m2] Rfr [nm] (2γs- γgb) [J/m2]
2.833 [99] 10 7.6

Table 5.1: Parameters used for the simulations. The value (2γs - γgb) was used as fitting
parameter.
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The stress-thickness 〈σxx〉 × hf is mainly tensile and increases nearly linearly with
film thickness. The normalized stress-thickness for different grain size is displayed in
Figure 5.12. The constant slopes for thicknesses above 50 nm (grain size=50 nm), 100
nm (grain size=100 nm), and 150 nm (grain size=150 nm) indicate the independence of
the film stress on the film thickness.

5.4.1.4 Effects of the Island Shapes

The island coalescence process assuming three different nuclei shapes was investigated. In
this analysis, stress forms in the film due only to the island coalescence process.

Sample 1
b = r/2

Sample 2
b = r

Sample 3
b = r + r/2

Figure 5.13: Distributions of σxx stress (GPa) at the point of coalescence for three
different samples are shown.
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Figure 5.14: Normalized average stress as a function of film thickness measured for the
three different samples is shown. As the films thicken, their stress reach a steady value.
All the stresses are normalized at the steady value.

The three samples studied are shown in Figure 5.13. Sample 2 shows an island with
a circular shape, whereas Sample 1 and Sample 3 depict islands of elliptical shape. The
island height b is a function of the grain radius (cf. Figure 5.5). For all three samples
(5.3) was applied at the first contact point between the islands. With the exception of the
grain height, all parameters were kept constant for the simulations of all three samples.

The difference in island geometries leads to a different stress evolution during V-W
growth. Figure 5.13 shows the stress components σxx generated, when coalescence takes

101



place. Due to the different height to width ratio, coalescence is initiated at different
film thicknesses. The stress increase associated with film coalescence therefore starts at
different times for Sample 1, 2, and 3 (Figure 5.14).

When the film converges to a homogeneous height, the surface irregularity reduces,
and the islands’ initial shapes have no influence on the intrinsic stress in the film. This
phenomenon can be observed in Figure 5.14, where the normalized average stress 〈σxx〉
as a function of film thickness is shown to be constant after film coalescence and equal for
all three island shapes.

The maximum stress develops in the film, when the surface roughness is low, specifically
when the grain boundary height is equal to the film thickness of a homogeneous film.
During the film growth after island collision, the grain boundary height changes as the
film thickness increases (hgb in Figure 5.6). At the point of coalescence between islands
the grain boundary height is small, but as the film becomes thicker the grain boundary
height grows reaching approximately the film thickness. Tensile stress develops due to
a reduction in the surface areas of the islands [90, 100, 101] and the maximum tensile
stress is generated when the grain boundary height is equal to the film thickness. This
process is consistent with the results reported in [106], which suggests that tensile stress
due to coalescence evolves during grain boundary formation and reaches its maximum
value, when the film develops into a homogeneous film. From this analysis, it is possible
to see how the microstructure influences 〈σxx〉 at different film thicknesses. In particular,
the grains’ size influences stress as well as the thickness of the film and the islands’ shapes.

5.4.1.5 Influence of Scallops

For low adatom mobility materials the stress generated at the end of the coalescence
process remains constant during the third step of V-W growth. The model was verified
for W V-W growth on a full plate sample and at the sidewall of an open TSV. The
V-W growth simulation of W on a full plate sample was calibrated using corresponding
experimental results Section 5.4.1.1. Subsequently, the calibrated model was used to
simulate the V-W growth of W at the sidewall of an open TSV.

The third simulation step is dominated by the film-thickening. The deposited metal (W)
is a low-mobility material, therefore the generated intrinsic stress remains tensile during
the growth [89]. In Figure 5.11 the results of the V-W growth on a full plate sample
are shown. The mechanical stress in the film is constant and tensile after the end of
the coalescence process. As the grain size of the film decreases the intrinsic film stress
increases.

The formation of surface roughness along the TSV sidewall, called scallops, due to
the etch process is characteristic of open TSVs. This particular structure modifies the
distribution of stress in the W layer. The CVD growth process was reproduced on a
scalloped surface. As reported in [86] the film stress measured at room temperature along
the sidewall of an open TSV was four times smaller than the stress in a full plate sample.
To understand the possible effects of the TSV geometry a more detailed investigation on
the influence of a scalloped substrate on the intrinsic film stress was carried out.

In Figure 5.15 the 1 µm/0.1 µm structure is depicted, where ws and hs indicate the
width and the height of the scallops, respectively. The W layer is grown on top of a 40 nm
TiN layer which sits on top of a SiO2 substrate; this structure corresponds to the sidewall
of an open TSV before W deposition [29]. During V-W growth the generated stress also
influences the substrate where the thin film is grown. In order to investigate how the
mechanical stress affects the substrate, a compressive residual stress of 1GPa was set in
the TiN layer [67]. Usually the SiO2 substrate contains inconsequential amounts of residual
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stress [67] and it was therefore considered stress free in this study. In all simulations the
same material properties were used and the grain size of the W islands 2 · r was set to 200
nm.

(a)

(b)

(c)

hs
ws

Figure 5.15: Normalized 〈σxx〉 distribution in a scalloped structure (hs=0.1 µm and
ws=1 µm) for three different film thicknesses (∼0 nm (a), 200 nm (b), and 400 nm (c)).

The W layer exhibits a low adatom mobility; therefore (5.3) was used to describe the
film growth. The effects of the scalloped structure on the normalized average stress were
investigated (cf. Figure 5.15). This particular structure can produce a high concentration
of stress during film thickening, which leads to mechanical failure. In Figure 5.15 the
normalized stress distributions at film thicknesses of ∼0 nm, 200 nm, and 400 nm are
displayed. The highest tensile stress is observed at the intersection points of the grains. In
turn, the highest compressive stress is observed at the intersection points of the scallops.
These locations are the critical areas in which a crack in the film or delamination can
occur.

The compressive stress in the TiN layer is influenced by the film growth. Initially high
values of compressive stress are concentrated only at the intersection points of the scallops.

103



However, when the film is formed, the compressive stress in the TiN layer spreads toward
the center of the scallops.

5.4.1.6 Effects of the Scallop Geometry (Width & Height)

By simulating different scallop sizes important information about the stress generation
during film growth on a confined geometry was obtained. The etch process can be de-
signed in order to produce scallops with different geometries. Scallops with a width/height
of 0.75 µm / 0.1 µm, 1 µm / 0.2 µm, and 1.25 µm/0.3 µm were considered. As previously
reported the average film stress is strongly dependent on the film thickness. In the scal-
loped structure, compared to the full plate sample, the tensile stress due to coalescence
increases at a reduced rate as the thickness increases.

Figure 5.16, Figure 5.17, and Figure 5.18, are the simulation results of a W film
grown on scalloped geometries with height/width of 0.75 µm/0.1 µm, 1 µm/0.2 µm, and
1.25 µm/0.3 µm, respectively. In all the figures the green line indicates the normalized
average stress during the V-W growth on a full plate sample. The other lines represent
the normalized average stress during V-W growth for different scalloped structures where
hs and ws were varied. For the full plate sample, during the third V-W growth step, the
average stress remains constant, as is characteristic of low adatom mobility materials.

In Figure 5.16 (a), Figure 5.17 (a) and Figure 5.18 (a) the width ws of the
scallops was kept constant at 0.75 µm, 1 µm, and 1.25 µm, respectively, and the height
hs of the scallops was varied between 0.1 µm, 0.2 µm, and 0.3 µm at every width. In all
samples the same stress evolution is observable. The width ws of the scallops influences the
stress at small thicknesses; subsequently, as the thickness increases, the film stress evolves
similarly for all samples. In Figure 5.16 (a) it is evident that the width of the scallops
affects the film stress evolution until a thickness around 200 nm is reached. Similar is
the case in Figure 5.17 (a) and in Figure 5.18 (a), where the film stress evolution is
unaffected by scallops until thicknesses of 225 nm and 250 nm are reached, respectively.
In all figures it is evident that a sharp stress increase takes place during thickening. This
increase is connected to the overtaking of grains by neighboring grains. As the scallop
width ws increases this process is delayed, leading to the sharp stress increase at different
film thicknesses. This phenomenon of overtaking grains is further described in the next
subsection.

In all the samples with hs=0.1 µm and a varied ws the normalized average stress
does not significantly vary with the scallop width. This is depicted in Figure 5.16 (b),
where in all the scalloped structures the tensile stress evolves similarly and converges at
the same maximum value for all samples. In this configuration the scallop heights do
not significantly change the film geometry which is still essentially flat and therefore no
extreme stress variations are observable.

In Figure 5.17 (b) hs was set to 0.2 µm and ws was varied. Here, between film
thicknesses of 125 nm to 250 nm different stress behaviors are observed. In this thickness
range the film assumes the scalloped shape and its stress is influenced by the geometry.
In all the results a sharp stress increase is evident due to grains which are overtaken by
neighboring grains. The smallest generated stress is in the structure having ws=0.75 µm
due to the scallop curvatures. In general, as the curvature of the scallops increases (big
hs and small ws), the film stress decreases.

In Figure 5.18 (b) the scallop structures have hs=0.3 µm and the width ws was
varied. These samples correspond to the structures having the most curved scallops. In
particular the sample with ws=0.75 µm has the most pronounced scallop curvature and
a small average film stress develops before finally reaching the maximum stress. Also
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Figure 5.16: Normalized average stress as a function of film thickness measured for
different samples. In (a) the height of the scallops was varied, keeping constant the width
of 0.75 µm. In (b) the height of 0.1 µm was fixed and the weight of the scallops was varied.
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Figure 5.17: Normalized average stress as a function of film thickness measured for
different samples. In (a) the height of the scallops was varied, keeping constant the width
of 1 µm. In (b) the height of 0.2 µm was fixed and the width of the scallops was varied.
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Figure 5.18: Normalized average stress as a function of film thickness measured for
different samples. In (a) the height of the scallops was varied, keeping constant the width
of 1.25 µm. In (b) the height of 0.3 µm was fixed and the width of the scallops was varied.

here the sharp stress increase at a thickness between 200 nm and 250 nm is due to the
overtaking of grains by neighboring grains. This stress behavior is related to the curvature
of the scallops that influence the grain growth during film thickening. The grain boundary
height hgb increases slowly, unlike in a full plate sample. During the deposition process
the film stress build-up evolves. The maximum tensile stress is reached only when the
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grain boundary height is equal to the film thickness [106]. Due to the scallop curvatures
a homogeneous film (for low roughness the grain boundary height corresponds to the film
thickness) is formed at high thicknesses; therefore, at small thicknesses the grain boundary
height is small and a low amount of intrinsic tensile stress is generated.

In all samples a stress decrease was observed for thin films (below ∼200-250 nm),
when a notable curvature is present in the scallops, such as at high hs or at small ws. The
generated stress in these samples is less than that produced in a full plate sample. When
the grains are grown on curved surfaces, they have less contact area, thereby producing
less stress.

This simulation approach can be used to investigate the stress evolution for arbitrary
geometries.

5.4.1.7 Overtaking of Grains

The sharp stress increase observed in Figure 5.16, Figure 5.17, and Figure 5.18
of the previously subsection can be described by considering the overtaking of grains.
As the film thickness increases a grain can be overtaken by the neighboring grains as
depicted in Figure 5.19. As described previously the intrinsic stress build-up is an
evolving process dependent on the grain boundary height. During overtaking the contact
area (grain boundary height) between grains rapidly increases and the film starts to be
homogeneous, leading to a rapid stress increase.

Coalescence Film Thickening

Overtaking

Figure 5.19: Schematic representation of grain overtaking. As the film thickness in-
creases the grain which grows between scallops (indicated in red) is overtaken by the
neighboring grains.

The stress in low adatom mobility films grown on a full plate sample stays constant
during the third step of the V-W growth. However, when films are grown on a scalloped
structure this is no longer the case and two phases of film thickening can be clearly
identified:

• The first phase identifies the stage before the overtaking of grains. The film stress
has a small value compared to a film grown on a full plate sample. In this phase
the intrinsic stress is significantly lower than that in flat samples. This explains the
reduced stress in thin films from published experiments [86].
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• The second phase indicates the stage after the overtaking of grains. A homogeneous
film is forming and a rapid stress increase in the film increase characterizes this stage
is observed. As thickening proceeds, the stress approaches the value found in flat
samples.

The two-phase stress development during thickening suggests that the scallops only help
reduce stress in thin films. For thick films the stress eventually reaches the levels observed
in flat samples.

5.4.2 High Adatom Mobility Analysis

5.4.2.1 Temperature Effects

The implemented model, which simulates the generation of compressive stress during the
third V-W growth step for high adatom mobility materials, was verified by using stress
measurements of Ag films grown on SiO2. In [1, 2] the stress-thickness product as a
function of thickness was measured by changing the deposition temperature. Since the
adatom mobility depends on temperature, the shape of the curve at higher temperatures
becomes less tensile (i.e. more compressive) as the thickness increases. This experimentally
derived behavior [1, 2] is shown in Figure 5.20. All samples were grown using a fixed
growth rate of vg = 0.2 nm/s.

With the FEM model the experimental data were reproduced by using (5.14), where
σT = 1550 MPa and σC = −200 MPa. All simulations were started with an assumed
film thickness of 20 nm. The model reproduces the experimental results at different
temperatures by varying β (the employed β values are in the inset of Figure 5.20).
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Figure 5.20: The crossed data points are the experimental data from [1, 2], and the lines
are the results of the FEM simulations.

In the stress-thickness versus thickness plot (cf. Figure 5.20) a tensile behavior is
only observable at low temperatures (green line), and at high temperatures the transition
from tensile to compressive stress can be seen clearly (red line). In these simulations is
assumed that the generated compressive stress is driven only by adatom mobility, allowing
the atom to move into the grain boundary. This suggests to vary the atom diffusivity with
β. Higher values of β correspond to higher adatom mobilities, whereas smaller values
stand for lower adatom mobilities. The simulations produced results with qualitatively
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Figure 5.21: Average stress obtained from FEM simulations for different deposition
temperatures.

good agreement to experimental data and it provided an understanding of the transition
from tensile to compressive stress. The best fittings are obtained at low deposition tem-
peratures. This observation is ascribed to a constant distribution of grain sizes under these
growth conditions. At higher temperatures the simulation results of the model fit quanti-
tatively better to experimental results at high film thickness. Especially for temperatures
between −20 ◦C and 30 ◦C (cf. black and red lines in Figure 5.20) the simulations are in
quantitatively good agreement for thicker films, where the model predicts the generation
of compressive stress. For small thicknesses the model underestimates the generation of
tensile stress. It is supposed that the film roughness and the different sizes of the islands
for small film thicknesses have a significant influence on the stress. These effects are not
included in the model, due to the impossibility of tracking them experimentally.
〈σxx〉 was calculated in the film as a function of film thickness and the results are

depicted in Figure 5.21. The magnitude of the stress is strongly dependent on the
deposition temperature. The transition from tensile to compressive stress at high tem-
peratures is clearly observable. Therefore, the model can be used for the simulation at
different deposition temperatures.

As far as interconnect design is concerned, the knowledge of 〈σxx〉 as function of film
thickness can be used to reduce the probability of mechanical failure. In this study the
capability of the model to reproduce the deposition process for different temperatures were
verified.

5.4.2.2 Growth Rate Effects

In [3] stress measurements during Cu electrodeposition on an Au substrate were carried
out. Cu was deposited at room temperature with different growth rates vg. In order to
create a consistent starting layer with respect to grain size for all the considered deposition
processes, 100 nm of Cu was deposited with a growth rate of 9.1 nm/s in the first phase.
The resulting grains had an average size of L = 200 nm [3]. After reaching 100 nm
thickness, the second phase was initiated by changing the electrical potential, thereby
producing different growth rates. Unlike the situation described in the previous section,
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the model applied here was verified by changing the growth rate and keeping the other
parameters constant.

The electrical potential at the electrodes influences the nucleation density and the
growth rate in the electrodeposition process. The experimental stress-thickness product
as a function of thickness was reproduced by simulation. The parameters σT = 230 MPa,
σc = −195 MPa, and β = 4.125 nm/s were utilized in the simulation. In Figure 5.22,
the obtained experimental values for the stress-thickness product between −0.45 V to
−0.65 V were compared with the simulation results. An average grain size of 200 nm
was used as it fits well to experimental data, even though the grain size for thicknesses
over 100 nm was not measured for this experiment [3]. A change in the average grain
size during growth may alter the film stress, however, the model qualitatively reproduces
the experimental results well with the assumed grain size. The model accurately fits

 5

 10

 15

 20

 25

 30

 35

 40

 45

 50

 100  200  300  400  500  600

 S
tr

e
ss

 T
h

ic
k

n
e
ss

 P
ro

d
u

c
t 

[N
/m

]

 Thickness [nm]

-0.65 V

-0.6 V

-0.55 V

-0.5 V

-0.45 V

23.5 nm/s

17.1 nm/s

13.1 nm/s

9.1 nm/s

5.6 nm/s

Figure 5.22: The crossed data points are the experimental data from [3] and the lines
represent the FEM simulations.

 20

 30

 40

 50

 60

 70

 80

 90

 100  200  300  400  500  600

 <
σ

x
x
>

 [
M

P
a
]

 Thickness [nm]

23.5 nm/s

17.1 nm/s

13.1 nm/s

9.2 nm/s

5.6 nm/s

Figure 5.23: Average stress measured from FEM simulations for different thicknesses is
shown.

109



the experimental results for growth rates between 9.1 and 23.5 nm/s. For this range of
deposition rates the grain sizes generated by the initial deposition process for all samples
were kept constant in the subsequent process phases as the growth rates are increased. At
a growth rate of 5.6 nm/s the model does not properly predict the stress for high material
thicknesses possibly due the fact that the growth rate in the initial phase surpasses the
growth rate of the thickening phase. This can lead to the generation of additional grains
leading to a higher roughness of the film. These effects, which might influence the stress in
the film, are not included in the model. The growth rate has a significant influence on the
residual stress in the film (cf. Figure 5.23). For all the simulated deposition conditions,
as the growth rate decreases, the film stress reduces. Slow growth rates correpond to a
low grain boundary velocity and therefore the film stress becomes less tensile and more
compressive. At slow growth rates the adatoms have ample opportunity to move into
the grain boundary, generating compressive stress, while at high growth rates the stress
remains almost constant throughout thickening.

5.5 Summary

The intrinsic stress generated during the deposition processes of thin metal films was
investigated. Since the metalization of wafers in microelectronics is usually performed at
the "back end" of the production line, it is important to understand the origin and behavior
of stress during film deposition in order to increase reliability and to prevent mechanical
failure of the interconnects. The three growth steps responsible for the evolution of stress
were identified, and each of them was simulated by FEM.

By applying the concepts of Laplace pressure and of the frozen-in radius, compressive
stress generation in the islands during the first growth step was simulated. The estimation
of the magnitude of the stress is a very challenging task due to the lack of experimentally
confirmed parameters. Nevertheless, the model helps to understand, how stress caused by
volume increase develops at the substrate and inside the islands. Information regarding
stress distribution in the substrate is useful, when it comes to adjusting the deposition
process in order to limit mechanical failures (e.g. delamination, cracks, etc.).

By using Seel’s approach the second step regarding the process of island coalescence
was examined. At small thicknesses of the film, the shape of the island, grain sizes, and
film roughness are factors which influence the stress build-up in a film. For thick films
the film is homogeneous (low roughness) and the stress is equally distributed. During the
growth process, the maximum stress is reached, when a homogeneous film is formed. For
a thin film the island shapes change the stress distribution and thereby the average stress
in the film. Therefore, different stress values can be obtained in thin films. Smaller grains
exhibit higher stresses, whereas bigger grains produce lower stress in the film.

The stress behavior due to low adatom mobility was analyzed during W growth on a
scalloped structure and on a full plate sample. The results demonstrated that the substrate
shape influences the film stress for thin films. Thin films grown on a scalloped surface
with a high curvature develop a small intrinsic stress. Due to the curved substrate the
thickness necessary to reach a homogeneous film increases leading to a small intrinsic stress
generation. The grain boundary height on a scalloped structure grows differently than in a
flat sample. During the film grows, height and width of the scallops influence the contact
areas between islands and consequently the tensile stress generated. As film thickness
increases the film becomes homogeneous (when the grain boundary height correspond to
film thickness) and the tensile stress converges at the stress value found in a full plate.
A new phase in the stress evolution during film thickening on scalloped surfaces was
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identified. The first phase indicates thin film growth at the stage before the overtaking of
grains, while the second phase occurs after grain overtaking and is similar to the traditional
V-W thickening during deposition on flat surfaces. This information can be used during
deep reactive ion etching for TSV fabrication. By controlling the etching parameters,
the appropriate scallop size necessary to minimize mechanical failure can be achieved.
Scallops having a larger height/width ratio induce small intrinsic stress generation. The
scallop geometry permits to reduce considerably the film stress. Deposition on scallops
having the largest height/width ratio (hs=0.3 µm / ws=0.75 µm) produce ∼70% less
film stress compared to a full plate sample. On the other hand, films grown on scallops
having the smallest height/width ratio (hs=0.1 µm / ws=1.25 µm) produce ∼20% less of
stress compared to a full plate sample. Scallops influence the stress evolution between the
coalescence process and the overtaking of islands. As the film becomes thicker the scallop
geometry does not impact the stress evolution.

A high adatom mobility model was implemented on the basis of the theory described
by Chason. Compressive stress in a film is generated due to the movement of atoms into
the grain boundary. The implemented model is able to reproduce measured data from two
different experiments. In the first, the effects of the deposition temperature on film stress
and in the second the effects of different growth rates were replicated. High deposition
temperatures and slow growth rate produce small intrinsic tensile stress. The calibrated
model can be applied to investigate the stress evolution for future applications. In open
TSVs, Cu is still deposited by electrodeposition. This process often shows an abnormal
grain growth. For such cases the described model is not able to properly handle the
deposition process. Future technologies generations demanding higher aspect ratio TSVs
might require a CVD Cu deposition. However, Cu films deposited by CVD are still not
worthy manufacturing [107].
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6
Summary and Outlook

One of the key paradigms to enhance and improve the capabilities and performance of
ICs is 3D integration. The work presented in this thesis advances the understanding of
the mechanical reliability of open TSVs, which are one of the central components in 3D
integration. The TSV is essentially a vertical conductor connecting the top and the bot-
tom of a silicon substrate in a stacked die. Because TSVs have the task of electrically
connecting components in an IC, its reliability is a fundamental aspect to examine. The
TSV reliability deals with the tolerable thermal budget, mechanical stability, process vari-
ability, and electromigration. Each of these aspects can seriously impact and compromise
the performances of the IC. Therefore, all reliability aspects have to be thoroughly inves-
tigated. The work presented here is focused on the mechanical stability of open TSVs.
TSV interconnects can mechanically fail due to tensile rupture, creep failure, and fatigue
causing an open circuit in the conducting line.

Before mass production is viable, a variety of experimental, modeling, and analysis
techniques must be employed in order to investigate all potential failure conditions. Using
experimental analysis and simulation techniques, TSVs under different scenarios can be
examined and the most reliable configuration of the TSV structure for a desired application
can be obtained.

In this thesis FEM, a numerical method which permits to analyze different multiphys-
ical problems, has been employed. Mechanical simulations have been performed for open
TSVs, which frequently use conducting materials based on W or Cu metalization technol-
ogy. The presented work is focused on open W-lined TSVs, which are already used in mass
production in image sensors to transport the sensor signal between vertically-stacked dies.
W is used when the IC is subjected to many temperature cycles because it has a smaller
thermal expansion coefficient compared to Cu. Therefore a smaller stress variation at the
interfaces between W and Si under thermal cycling results in a higher structure stability.
However, during the deposition process the W develops a very high intrinsic stress, which
can be problematic for the stability of the TSV and, furthermore, for the entire IC. For this
reason the potential mechanical problems in open W-lined TSVs have been investigated.
Results of this investigation extend the state-of-the-art knowledge about the failure modes
in such structures.

External forces applied on the structure during 3D IC stacking can generate stress,
leading to rupture, in the form of cracking or delamination, in the device. An experi-
mental setup, provided by an industrial partner, was replicated in a FEM environment in
order to simulate the effects of an external force acting on the open TSV. By comparing
the simulations with measurement data two critical areas with high concentrations of me-
chanical stress were identified; one located above the applied external force and the other
at the bottom corner of the TSV. In these areas different material layers are stacked and a
high concentration of mechanical stress can generate mechanical failure such as cracking or
delamination. The chosen approach is useful to identify a TSV geometry (re-enforcement
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materials and layer thicknesses), necessary to improve the mechanical stability of the
structure.

The identified critical areas serve as potential candidates for delamination and were
investigated in further detail. The critical conditions necessary for delamination propa-
gation at the high stress locations were predicted. The critical locations are situated at
the material interfaces, found in the multilayer structure at the bottom of the TSV. The
delamination propagation was determined by calculating the energy release rate at the
interfaces. Critical energy release rates for those interfaces are used as a criterion for the
delamination propagation. The energy release rates have been calculated using FEM in
combination with two different methods. For the first method the energy release rate is
calculated using the J-Integral approach. For the second method the energy release rate
is derived in two steps: in the first step the stress values of the FEM simulation at the
interfaces between the materials are gathered, and in the second step the necessary pa-
rameters to calculate the energy release rate are fitted through regression analysis of the
collected stress values. The first method has been applied to the interfaces present at the
bottom of the TSV. The results have shown a critical instability at the SiO2/W interface.
The highest energy release rate is found when the W layer was assumed to carry a high in-
trinsic tensile stress. The first method is realized by calculating an integral over the crack
tip. However, if the considered material layers are very thin, as is the case in our study a
suitable integral path around the delamination tip, with respect to the meshing density,
can not be defined. Therefore the second method has been implemented and verified with
data found in thin layer experiments. The two methods have been further employed to
calculate the energy release rate for thicker layers in the same structure producing results
with good agreement. These two methods can be used to investigate the critical factors
which lead to delamination propagation.

When thin material films are stacked, as in TSVs, the mechanical stability of the
system can be compromised by the presence of a high intrinsic stress. In the scope of
this thesis a model for the simulation of the stress build-up during deposition of thin
films was implemented by using FEM. Due to thermodynamical reasons, polycrystalline
metal films deposited onto polycrystalline or amorphous substrates grow according to the
Volmer-Weber mode. During the Volmer-Weber mode, three unique growth steps can be
distinguished: nucleation, coalescence, and film thickening. In the two first steps the film
stress evolves from compressive to tensile. In the third step, which is film thickening,
the stress can return to compressive or stays tensile, depending on the continued grain-
structure evolution during growth. Materials with a low adatom mobility (high melting
temperature) exhibit a columnar grain structure which results in a constant stress during
film thickening. For materials with a high adatom mobility (low melting temperature)
the microstructure forms equiaxed grains which continue to evolve during film thickening,
resulting in a possible compressive stress generation. Models were developed which are
useful for the simulation of low and high adatom mobility materials. Stress behavior of low
adatom mobility materials was analyzed during W growth onto a scalloped structure and
onto a flat sample. Due to the deep reactive ion etching process a scalloped structure can
form along the TSV sidewall. The simulation and measurement results have shown that
the substrate shape influences the stress in thin films. Thin films grown on a scalloped
surface, with a pronounced curvature, develop a small intrinsic stress. The scalloped
geometry permits to reduce the film stress considerably. In addition, the implemented
model was verified for high adatom mobility materials. The model is able to reproduce
the measured data from two different experiments, where in the first Ag was deposited on
a SiO2 layer and in the second Cu was deposited on a Au layer. For the first experimental
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results the effects of the deposition temperature on the film stress were replicated and
for the second the effects of different growth rates were reproduced. High deposition
temperatures and slow growth rates result in small intrinsic film stress. The implemented
model for low adatom mobility materials can be applied to investigate the stress evolution
in any geometry. The model for high adatom mobility can be used for the analysis of the
fabrication effects in complex structures, such as metal deposition in open Cu-TSVs.

The aim of the simulations and models presented here help to understand the poten-
tial mechanical problems occurring during IC fabrication, while also enabling a physical
prediction of the mechanical stability of open metal-lined TSVs. However, as the 3D
integration technology evolves further studies and model improvements will be essential.

The employed methodology and the implemented model, which mimics external forces
during the 3D stacking of ICs are used to analyze the stress behavior in the TSV struc-
ture. This simulation approach can be used to find alternative geometries and fabrication
methods in order to limit the resulting mechanical failure in TSVs. This gives chip design-
ers the possibility to reduce the necessity for expensive and time-consuming experimental
tests. Nevertheless, the simulations can be further improved by considering the plastic be-
havior of the individual materials, but also of the entire multilayer structure. Stress-strain
curves of thin films provide the necessary information to describe plasticity of a single
material. However, the interaction between layers in a stacked structure can differ from
the single layer material behavior. Further studies must be carried out to understand how
the plasticity of the materials evolves inside the TSV structure.

The implemented model used to predict delamination has been implemented to investi-
gate the factors which influence delamination. However, more experimental measurements
of the critical energy release rate for interfaces which are present in the open TSV are nec-
essary. Measurements of the SiO2/W interface have been performed by our industrial
partner and they found that these results differ from those found in literature. The tech-
nique, the size of the samples, and the microstructure of the materials are all factors
which influence the critical energy release rate. Therefore, new and different experimental
methods to measure the critical energy release rate in open TSVs are essential.

The developed method used to simulate stress build-up in thin films has provided in-
teresting results, in particular about deposition on scalloped substrates. Films grown on
a scalloped structure develop less stress compared to a flat alternative. Stress measure-
ments during film growth on different scalloped substrate geometries (different heights
and widths of the scallops) should be performed to compare and validate the obtained
results against measurements. The model for low adatom mobility materials is suitable to
analyze the stress evolution in the IC fabrication processes.
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A
Kolosov-Muskhelishvili Formulas

The Kolosov-Muskhelishvili formulas provide the most convenient method to treat two-
dimensional crack problems. This formulation allows us to consider stresses and displace-
ments in therms of analytic functions of complex variables. Here, this formulation is
derived for two-dimensional problems [70, 71].

A.1 Airy Stress Function

To derive the Kolosov-Muskhelishvili formulation it is necessary to introduce a new func-
tion, known as the Airy stress function. By using the stress-strain relations (2.46) together
with the equilibrium equations (2.43) and the compatibility equations (2.45) described in
Section 2.2 we can rewrite the compatibility condition as

∇2 (σxx + σyy) = 0, (A.1)

where the ∇2 is the Laplace operator defined by

∇2 = ∂2

∂x2 + ∂2

∂y2 . (A.2)

The Airy stress function φ is defined as

σxx = ∂2φ

∂y2 , τxy = − ∂2φ

∂x∂y
, σyy = ∂2φ

∂x2 . (A.3)

By using the relationships (A.3) in the equilibrium equations (2.43) it is possible to demon-
strate that the equilibrium conditions are automatically satisfied by φ and (A.1) can be
rewritten

∇4φ = ∇2∇2φ = 0, (A.4)

where ∇4 is the biharmonic operator and any function φ satisfying this equation is bihar-
monic.

A.2 Analytic Function and Complex Variable

Secondly, the Kolosov-Muskhelishvili method is formulated by describing two-dimensional
elastic problems using analytic functions of complex variables. We define the position
representation by the complex variable z, which in polar coordinates (r, θ) is given by

z = r(cos θ + i sin θ) = reiθ,
z̄ = r(cos θ − i sin θ) = re−iθ,

(A.5)
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where z̄ stands for the complex conjugation. (A.5) can also be described using the Carte-
sian coordinate system (x, y):

z = x+ iy,

z̄ = x− iy.
(A.6)

A function of the complex variable z,

f(z) = f(x+ iy) = f(x+ iy) = Ref(z) + iImf(z), (A.7)

is said to be analytic at a point z0, if it has a derivative at z0 and at its neighborhood.

A.3 Complex Representation of the Airy Stress Function
To obtain the complex potential representation of the Airy stress function we introduce a
function P

∇2φ = P and ∇2P = ∇2∇2φ = 0, (A.8)

where
∇2∇2 = ∂4

∂x4 + 2 ∂4

∂x2∂y2 + ∂4

∂y4 . (A.9)

Due to the definition (A.4) P is harmonic. We define

P = Re{f(z)}, (A.10)

where f(z) is an analytic function defined by

f(z) = P + iQ. (A.11)

The complex representation of the Airy stress function requires a further function

ψ(z) = 1
4

∫
f(z)dz = p+ iq, (A.12)

which is also analytic and its derivative corresponds to

ψ′(z) = 1
4f(z). (A.13)

By considering the Cauchy-Riemann equations we can describe ψ′(z) by

ψ′(z) = ∂p

∂x
+ i

∂q

∂x
= ∂q

∂y
− i∂p

∂y
, (A.14)

which allows us to obtain a relation between P and the functions p and q

P = 4∂p
∂x

= 4∂q
∂y
. (A.15)

By using these relations we can rewrite (A.8) as

∇2 [φ− (xp+ yq)] = 0, (A.16)

where φ − (xp + yq) is harmonic and can be written as the real part of some analytic
function. Therefore χ(z) can be chosen and is defined as

φ− (xp+ yq) = Re{χ(z)}. (A.17)
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By employing the relation
xp+ yq = Re{z̄ψ(z)}, (A.18)

the complex potential representation of the Airy stress function is obtained

φ = Re{zψ(z) + χ(z)}. (A.19)

If we define
Θ(z) = zψ(z) + χ(z), and Θ(z) = zψ(z) + χ(z), (A.20)

summing these equations, we obtain

Θ(z) + Θ(z) = zψ(z) + χ(z) + zψ(z) + χ(z) = 2Re{Θ(z)} = 2φ. (A.21)

Equation (A.21) is employed in the next section to derive the Kolosov-Muskhelishvili
formulas.

A.4 Stress and Displacement described by
Airy Stress Function

By using the definition of the Airy stress function (A.19), the stresses can be described by

σxx + iτxy = ∂2φ

∂y2 − i
∂2φ

∂x∂y
= −i ∂

∂y

(
∂φ

∂x
+ i

∂φ

∂y

)
,

σyy − iτxy = ∂2φ

∂x2 + i
∂2φ

∂x∂y
= ∂

∂x

(
∂φ

∂x
+ i

∂φ

∂y

)
.

(A.22)

For an analytic function f(z) the following relations are valid [70, 71]

∂f(z)
∂x

= f ′(z)∂z
∂x

= f ′(z),

∂f(z)
∂x

=
(
∂f(z)
∂x

)
= f ′(z),

∂f(z)
∂y

= f ′(z)∂z
∂y

= if ′(z),

∂f(z)
∂y

=
(
∂f(z)
∂y

)
= −if ′(z).

(A.23)

The differentiation of (A.21) with respect to x and y gives

2∂φ
∂x

= zψ′(z) + ψ(z) + χ′(z) + zψ′(z) + ψ(z) + χ′(z),

2∂φ
∂y

= i
[
zψ′(z)− ψ(z) + χ′(z)− zψ′(z) + ψ(z)− χ′(z)

]
,

(A.24)

where the second equation multiplied by i and summed to the first gives:

∂φ

∂x
+ i

∂φ

∂y
= ψ(z) + zψ′(z) + χ′(z). (A.25)

The equations from (A.22) can be rewritten using (A.25)

σxx + iτxy = ψ′(z) + ψ′(z)− zχ′′(z)− χ′′(z),
σyy − iτxy = ψ′(z) + ψ′(z) + zχ′′(z) + χ′′(z).

(A.26)
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The sum of these two equations results in

σxx + σyy = 2
[
ψ′(z) + ψ′(z)

]
= 4Re

[
ψ′(z)

]
(A.27)

and the subtraction of the first equation from the second produces

σyy − σxx − 2iτxy = 2zψ′′(z) + 2χ′′(z). (A.28)

Taking its complex conjugated results in

σyy − σxx + 2iτxy = 2
[
zψ′′(x) + χ′′(z)

]
. (A.29)

The two equations (A.27) and (A.29) are the complex potential representation of the
stresses.

Further we derive the complex potential of the displacements. (2.44) and (A.3) can be
substituted in (2.46) to give

2µ∂ux
∂x

= ∂2φ

∂y2 −
λ∗

2(λ∗ + µ)∇
2φ,

2µ∂uy
∂y

= ∂2φ

∂x2 −
λ∗

2(λ∗ + µ)∇
2φ,

µ

(
∂ux
∂y

+ ∂uy
∂x

)
= − ∂2φ

∂x∂y
,

(A.30)

where
λ∗ = 3− κ

κ− 1µ (A.31)

and κ is defined by

κ =
{

3− 4ν for plane strain
3−ν
1+ν for plane stress (A.32)

and µ is the shear modulus.
By plugging

∇2φ = P = 4∂p
∂x

= 4∂q
∂y
, (A.33)

into (A.30) we obtain

2µ∂ux
∂x

= −∂
2φ

∂x2 + 2(λ∗ + 2µ)
λ∗ + µ

∂p

∂x
,

2µ∂uy
∂y

= −∂
2φ

∂y2 + 2(λ∗ + 2µ)
λ∗ + µ

∂q

∂y
,

(A.34)

which by integrating leads to

2µux = −∂φ
∂x

+ 2(λ∗ + 2µ)
λ∗ + µ

p+ f1(y),

2µuy = −∂φ
∂y

+ 2(λ∗ + 2µ)
λ∗ + µ

q + f2(x),
(A.35)

where f1(y) and f2(x) represent rigid body displacements and can be neglected. This
equation can be rewritten in complex form

2µ(ux + iuy) = −
(
∂φ

∂x
+ i

∂φ

∂y

)
+ 2(λ∗ + 2µ)

λ∗ + µ
ψ(z), (A.36)
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and recalling (A.25) we obtain

2µ(ux + iuy) = κψ(z)− zψ′(z)− χ′(z), (A.37)

which represent the complex potential of the displacements.
The Kolosov-Muskhelishvili formulas are given by the equations set (A.27), (A.29),

and (A.37).
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B
Westergaard Approach

The three crack modes described in Section 4.1 have symmetric and antisymmetric prop-
erties. The Westergaard approach permits to easily treat and analyze these kinds of crack
problems [70, 71].

The Westergaard approach is derived for a crack that propagates in Mode I, therefore
τxy=0 along y=0.

Using this condition and employing (A.29) we can write

Im{zψ′′(z) + χ′′(z)} = 0 at y = 0, (B.1)

which can be satisfied only if

zψ′′(z) + χ′′(z) +A = 0, (B.2)

where A is a real constant.
As it is possible to express the stresses and displacements by a single analytic function

we write
χ′′(z) = −zψ′′(z)−A, (B.3)

which can be plugged into (A.27) using (A.37). Solving the resulting equation leads to
the stresses

σxx = 2Re{ψ′(z)} − 2yIm{ψ′′(z)}+A,

σyy = 2Re{ψ′(z)}+ 2yIm{ψ′′(z)} −A,
τxy = −2yRe{ψ′′(z)},

(B.4)

and the displacements

2µux = (κ− 1)Re{ψ(z)} − 2yIm{ψ′′(z)}+Ax,

2µuy = (κ+ 1)Im{ψ(z)} − 2yRe{ψ′′(z)} −Ay.
(B.5)

If we define

ψ′(z) = 1
2 (ZI(z) +A) thus ψ(z) = 1

2
(
ẐI(z) +Az

)
and ψ′′ = 1

2Z
′
I(z) (B.6)

where the hat in ZI(z) indicates the integral ẐI
′(z) ≡ ZI(z). These equations are further

used with (B.4) and (B.5), resulting in

σxx = Re{ZI(z)} − yIm{Z ′I(z)}+ 2A,
σyy = Re{ZI(z)}+ yIm{Z ′I(z)},
τxy = −yRe{Z ′I(z)},

2µux = (κ− 1)
2 Re{ẐI(z)} − yIm{ZI(z)}+ 1

2(κ+ 1)Ax,

2µuy = (κ+ 1)
2 Im{ẐI(z)} − yRe{ZI(z)}+ 1

2(κ− 3)Ay,

(B.7)
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where A is a uniform uniaxial stress and does not add to the singularity of the stress at
the crack tip (usually it is set to 0).

Therefore, the stresses and displacements (B.7) can be derived by choosing the follow-
ing Airy stress function

φ = Re{ ˆ̂
ZI(z)}+ yIm{ẐI(z)}+Ay2, (B.8)

where the derivatives of the function ˆ̂
ZI are defined as

ẐI(z) = ∂
ˆ̂
ZI(z)
∂z

, ZI(z) = ∂ẐI(z)
∂z

, Z ′I(z) = ∂ZI(z)
∂z

, (B.9)

and ZI(z) is known as Westergaard function.
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