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ABSTRACT

Current trends in micro- and nano-electronics are More-than-Moore (MtM) technologies,
enabling functions similar to the five human senses, all integrated in a single electronic
device. This ongoing trend of increased functionality and miniaturization leads to in-
creased complexity and failure risk of MtM components. Consequently, the realization
of MtM technologies demands advanced failure and material characterization, where
methods showing at-line or in-line potential are most beneficial.

The material- and failure characterization in metallic and polymer coatings as well as
in layered systems is of high relevance due to their vast applications. However, many
state of the art methods are destructive (e.g. focused ion beam milling) or at least require
the direct loading of the analysed sample for material characterization (e.g. the determi-
nation of the Young’s modulus by nanoindentation). Concerning failure characterization,
the challenges include the localization of the defect on and within the sample and the
distinction between various failure modes. Moreover, the defects in MtM devices often
show extensions down to the nm regime. In addition, the applied technique must be
time- and cost efficient.

In this thesis, the two ultrasonic methods laser induced ultrasound (LUS) and scanning
acoustic microscopy (SAM) are used for material and failure characterization of MtM rel-
evant devices. The LUS and the SAM methods are tested regarding their potentials
concerning (1) the determination of elastic properties of thin film systems and (2) the
detection of defects in MtM relevant components. A special focus lies on the potential
for at-line or in-line inspection of the ultrasonic methods. Moreover, the SAM evalua-
tions are supported by elastodynamic finite integration technique (EFIT) simulations.

The LUS method is used for the material characterization of metallic and polymer thin
tilms for MtM technologies. In addition, the step-wise characterization of multi-layered
systems via LUS is discussed. The possibility to distinguish different deposited metal-
lic coatings via LUS measurements is analysed and the sensitivity of surface acoustic
waves to light exposure of polymer coatings is demonstrated. For these LUS analyses,
surface acoustic waves (SAWs) are excited on the sample by short laser pulses and de-
tected using a second continuous wave laser. In layered systems, the SAW phase velocity
can depend on the frequency. This dispersion relation (obtained from the LUS measure-
ment) can also be calculated. By fitting the theoretical dispersion to the experimentally
evaluated curve, material properties can be extracted from the SAW propagation. Alter-
natively, the SAW velocity can be used directly for material monitoring.

The SAM analysis of delaminated printed circuit boards (PCBs) is presented in this
work. Although the acoustic failure analysis is complicated by the multi-layered build
up of the PCBs, an “indirect failure detection” was successfully applied. Moreover, the
detection of subsurface cracks with extensions below the lateral and axial resolution
limit of the SAM in through silicon vias (TSVs) — highly relevant MtM components — is
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carried out. The focus lies on the automatized failure detection via pattern recognition
algorithms on the one hand and on the excitation of additional wave modes for failure
detection on the other hand. The advantages of the low frequency excitation of addi-
tional wave modes - in contrast to high frequency SAM measurements - are discussed in
detail. Moreover, SAM is used for material characterization, performing V(z) analyses,
and the results are compared to the LUS outcome. Furthermore, the sound propagation
during SAM measurements is simulated using EFIT.

The results presented in this work are corroborated via variety of other state of the art

characterization techniques (e.g. high resolution X-Ray computed tomography, scanning
electron microscopy and nanoindentation) and are published in [33-39].

ZUSAMMENFASSUNG

Einen aktuellen Trend in der Mikro- und Nanoelektronik stellen More-than-Moore (MtM)
Technologien dar. Diese ermdglichen eine integrierte Funktionsvielfalt von elektroni-
schen Komponenten - dhnlich den fiinf menschlichen Sinnen. Der andauernde Trend
der zunehmenden Funktionalitit und Miniaturisierung von MtM Bauteilen erhcht de-
ren Komplexitdt, was zu einer steigenden Fehleranfalligkeit fiihrt. Aus diesem Grund
bedarf die Realisierung von MtM Technologien der Weiterentwicklung von Fehler- und
Materialcharakterisierungstechniken, wobei Methoden, die direkt in oder an der Pro-
duktionslinie gefiihrt werden konnen, nattirlich vorteilhaft sind.

Die Material- und Fehlercharakterisierung von metallischen oder polymeren Beschich-
tungen sowie von Vielschichtsystemen hat grofse Bedeutung aufgrund ihrer vielfaltigen
Anwendungen. Viele Charakterisierungsmethoden sind jedoch zerstérend oder erfor-
dern zumindest die direkte Belastung der analysierten Probe. In Bezug auf die Fehler-
charakterisierung liegen die Herausforderungen zum einen in der Lokalisierung des
Fehlers auf und innerhalb der Probe, zum anderen muss eine Differenzierung verschie-
dener Fehlermoden gemacht werden konnen. Des Weiteren zeigen Defekte in MtM Bau-
teilen oft sehr kleine Ausdehnungen im Nanometer-Bereich. Dariiber hinaus sollte die
angewandte Methode zeit- und kosteneffizient sein.

In dieser Arbeit werden die zwei Ultraschall Methoden Laser induzierter Ultraschall
(LUS) und Rasterultraschallmikroskopie (scanning acoustic microscopy, SAM) fiir die Material-
und Fehlercharakterisierung von MtM relevanten Bauteilen herangezogen. Die LUS und
die SAM Methode werden in Bezug auf (1) die Bestimmung von elastischen Parametern
von Diinnschichtsystemen und (2) die Detektion von Defekten in MtM Komponenten
getestet. Im Vordergrund steht das Potenzial, die Methoden direkt an oder in der Pro-
duktionslinie einzusetzen. Dartiber hinaus werden die SAM Messungen von Elastodyna-
mic Finite Integration Technique (EFIT) Simulationen untersttitzt.

Die LUS Methode wird in dieser Arbeit zur Materialcharakterisierung von metalli-
schen und polymeren Schichten fiir MtM Technologien verwendet. Zusatzlich wird die
schrittweise Charakterisierung von Vielschichtsystemen via LUS diskutiert. Die Mog-
lichkeit zwischen verschieden abgeschiedenen metallischen Schichten mittels LUS zu
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unterscheiden und die Sensitivitdt von Oberflachenwellen auf die Belichtungsdauer von
Polymerschichten werden demonstriert. Fiir die LUS Analysen werden Oberflichenwel-
len auf der Probe durch kurze Laserpulse induziert und mit einem zweiten, kontinuierli-
chen Laser detektiert. In Schichtsystemen kann die Phasengeschwindigkeit der Oberfla-
chenwelle von der Frequenz abhidngen. Die aus dem Experiment ermittelte Dispersions-
kurve kann auch berechnet werden. Durch das Anpassen der theoretischen Dispersion
an die experimentell ermittelte Kurve kdnnen Materialeigenschaften bestimmt werden.
Alternativ kann die Oberflichenwellengeschwindigkeit auch direkt zur Materialkontrol-
le herangezogen werden.

SAM wird in dieser Arbeit fiir die Detektion von delaminierten Schichten in Leiter-
platten (printed circuit boards, PCBs) verwendet. Obwohl der Vielschichtaufbau des
PCBs die akustische Analyse erschwert, konnte eine ,indirekte Fehlerdetektion” erfolg-
reich angewandt werden. Des Weiteren wird die Detektion von Rissen unterhalb der
Probenoberfliche mit Ausdehnungen kleiner als die laterale und axiale Auflésung des
SAMs in Silizium Durchkontaktierungen — sogenannten "through silicon vias (TSVs)",
hoch relevante MtM Komponenten - présentiert. Der Fokus liegt hier zum einen auf
der automatisierten Bilderkennung, zum anderen werden zusitzliche Wellenmoden zur
Fehlerdetektion angeregt. Die Vorteile der niederfrequenten Anregung von zusitzlichen
Wellenmoden im Gegensatz zu hochfrequenten SAM Untersuchungen werden im De-
tail diskutiert. Zusdtzlich wird SAM in dieser Arbeit zur Materialcharakterisierung —
mittels der sogenannten V(z) Analyse — verwendet und die Ergebnisse werden mit LUS
Resultaten verglichen. Dartiiber hinaus werden EFIT Simulationen der Schallausbreitung
wihrend SAM Messungen durchgefiihrt.

Die LUS und SAM Ergebnisse dieser Arbeit werden von einer Vielfalt anderer Highend-

Methoden, wie etwa hochauflosender Rongencomputertomographie, Rasterelektronen-
mikroskopie und Nano-Indentierung, bekréftigt und sind publiziert in [33-39].
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Part1

INTRODUCTION

This thesis was written in the framework of the projects eRamp (Excellence
in Speed and Reliability for More Than Moore Technologies, ENIAC, FP7 re-
search (No.:621270) and FFG (No.:843740) program) and Metrog 3D (Metro-
logy for future 3D-technologies, EU, H2020 (P. No.: 688225) program).

The project eRamp aimed for the strengthening of Europe’s market position
in automotive industries, electronics industries and leading know how for
“More than Moore” (MtM) based technologies. One goal of the project eR-
amp was the “material and failure characterization for MtM devices” with
focus on rapid learning.

The project Metrog 3D concerns advanced metrology techniques for MtM
technologies with focus on 3D integration of devices. One part of Metrog
3D concerns metrology via scanning acoustic microscopy with focus on ad-
vanced simulations of ultrasonic sound propagation.

In this work, the two ultrasonic methods scanning acoustic microscopy (SAM)
and laser induced ultrasound (LUS) are used in order to

(1) determine sound wave propagation related properties of bulk materials
and thin films relevant for application in MtM devices, and

(2) detect and analyse failure modes in micro-electronic relevant compo-
nents for MtM technologies.

With respect to (1) and (2), the potential of LUS and SAM for at- line or in-
line inspection - enhancing the possibility of rapid learning for MtM tech-
nologies - are considered. Furthermore, the SAM evaluations are supported
by simulation of sound propagation. It is stressed that the obtained results
are also of relevance for e.g. automotive industries or biological applications.

The introduction is structured as follows: The preamble defines “More Than
Moore” technologies, summarising the challenges in their realization and
emphasizes the need for advanced material and failure characterization in
this context. After a short paragraph about ultrasound, short historical over-
views of ultrasound, LUS and SAM are given, followed by the state of the
art concerning LUS and SAM. Finally, the research goals of this thesis are
discussed in detail and the contents of this work are outlined.
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1.1 MORE THAN MOORE TECHNOLOGIES

Moore’s law [101] is phrased in [151] as: “The number of transistors on a microproces-
sor chip will double every two years or so — which has generally meant that the chip’s
performance will, too” (Waldrop, 2016, p.1). The semi-conductor industry released a
road map for manufacturers and suppliers in order to stay in step with Moore’s law —
More Moore strategy [151]. More than More (MtM) technologies refer to silicon based or
silicon derived technologies that do not simply scale with Moore’s law. [166] From the
application side of view, MtM will enable functions similar to human senses of seeing,
hearing, smelling, touching and mobility all integrated in one system [166]. MtM tech-
nolgies successfully emerged in the middle of the previous decade [6]. In addition, re-
searchers have targeted the 3rd dimension to continue the trend of increased integration
density and functionality [118]. Accoring to [167], the realization of MtM technologies
results in:

* increased complexity,

decreased design margins,

¢ increased chances and consequences of failures,
¢ decreased product development time,

¢ decreased qualification times,

* increased gap between technology advance and development of fundamental
knowledge and

¢ increased difficulties to meet quality, robustness and reliability requirements.

Consequently, the need for advanced material and failure characterization with po-
tential for at-line or in-line analysis at wafer level is steadily increasing while MtM
technologies are developed.

1.2 ULTRASOUND

The term ,ultrasound” refers to vibratory waves in gases, liquids and solids at frequen-
cies above the average human hearing range [24]. For a young, healthy human adult the
hearing range extends from ~ 20Hz to ~ 20kHz, see e.g. [139].

According to [24], the field of ultrasonics concerns (1) the basic science of energy-matter
interaction, (2) the technology necessary for the generation and detection of ultrasound
and (3) an increasingly range of applications, important in almost every field of engineer-
ing, in many fields of science and in medicine [24]. Unsurprisingly, more than 200 ooo
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entries of ultrasonics literature can be found [24].

An important differentiation must be made between high and low intensity ultra-
sound. High intensity ultrasound - on the one hand - is used in order to produce an
effect on a medium, e.g. in medical therapy. Low intensity ultrasound - on the other
hand - is applied with the intention to transmit energy through a medium without caus-
ing any change in the medium [24].

This thesis deals with ultrasonic methods for material and failure characterization;
therefore only low intensity ultrasound is considered in this work.

1.2.1  Short History of Ultrasound

An overview about the historical aspects concerning ultrasound can be found in e.g. [32]
or [24]. The scientific interest in acoustics dates presumably back to Pythagoras (sixth
century B.C.) and Aristotle (fourth century B.C) [32]. In 1638, Galileo published the ob-
servation that pitch is associated with vibration [24]. Boyle demonstrated in 1662, that
sound needs a material medium to propagate [24]. In 1681, Hooke (known for Hooke’s
law) proposed a toothed wheel as first ultrasonic generator [32]. According to [24], a
variety of well known scientists contributed to the field of acoustics - including Saveur,
Taylor, Newton, d’Alembert, Lagrange and Fourier - in the 17th and 18th century. In
the 19th century, the speed of sound in water was successfully determined by Colladen
and Sturm at Lake Geneva [32] and the Savant Wheel (used to achieve frequencies up
to 24kHz) and the Galton Whistle (to test the audible limits in men and animals) were
presented [32]. In 1877, Lord Rayleigh published , The theory of sound” [83], a mile-
stone in the development of the science of acoustics [24]. The Curie brothers discovered
piezoelectricity in 1880 [20]. Also in 1880, Bell reported ,On the production and repro-
duction of sound by light” [11], nowadays referred to as , the photoacoustic effect”.

It is generally recognized, that ultrasonics was “born” in 1917, with the invention of
the sonar for submarine detection [32], for this reason, Langevin is sometimes referred
to as “father of ultrasonics” [143]. According to [32], Sokolov proposed the use of ultra-
sound for flaw detection, he also proposed an acoustic microscope in 1935 [140]. The first
scanning acoustic microscope (SAM) was developed in 1974 by Lemons and Quate [78].
In the 1970s and 1980s, lasers have been considered as non-contact alternative to piezo-
electric transducers in the generation and detection of ultrasonic waves, often refered to
as laser ultrasound (LUS) [135].

1.3 LASER INDUCED ULTRASOUND: FROM HISTORICAL OVERVIEW TO CURRENT
WORK

In the following, a short overview of previous published research in the field of material
characterization via LUS is given.



1.3 LASER INDUCED ULTRASOUND: FROM HISTORICAL OVERVIEW TO CURRENT WORK

1.3.1 LUS - Brief historical overview

Since 1880, when Bell published , On the production and reproduction of sound by
light” [11] - where the principle of light induced sound waves is introduced — many
researchers contributed to todays standard of laser ultrasonic techniques [135]. In the
following, some exemplary, important works are summarised.

Already in 1885, surface acoustic waves (SAWs) were discovered by Lord Rayleigh [83].
Nearly a century later, according to [135], in the 1960s and 1970s, pioneering work con-
cerning the LUS techniques was published, e.g. [76, 88] and more systematic studies were
carried out in the late 1970s and 1980s, e.g. [54]. In 1990, Scruby and Drain authored a
book on laser ultrasonics [135] and in 1992 Neubrand and Hess reported on , Laser gen-
eration and detection of surface acoustic waves: elastic properties of surface layers” [103].
The thickness and sound velocity measurement in thin transparent films by picosecond
acoustics were performed by Wright in 1992 [158] and in 1993 Davis et al. published
,Laser-generated ultrasound: its properties, mechanisms and multifarious applications”
[21]. The heating of multi-layer metals by femtosecond lasers was considered in [114],
followed by a variety of literature entries by Schneider et al. [128],[129],[130],[131]. Metal-
lic multilayers were studied via picosecond ultrasound in [107].

In recent years, the laser ultrasonic material characterization has further thrived, and
a variety of substrates, thin film on substrate systems and free standing films, down to
the nm regime have been characterized by LUS.

1.3.2 LUS - State of the art

The mechanical characterization of ultra-thin films of 5-30nm thickness was tested in
2000 by Schneider et al. [132]. The investigation of nonlinear mixing of SAWs was de-
scribed in [52], where a decrease in sensitivity to background non linearity and increase
in spatial sensitivity to acoustic non linearity induced by material micro structure was
studied. The anisotropic elastic properties of a thin film were determined in [51]. The
probing of carrier diffusion in gallium arsenide via picosecond pulses was described
in [159]. A review about the use of SAWs in material science was given by Hess in
2002 [47]. Brillouin Scattering, laser-generated SAWs and acoustic microscopy were con-
isdered in [25]. How these methods obtain elastic properties and other information such
as film thickness and density and examples for applications were given in [25]. In [29],
a laser ultrasonic system was presented for the real-time cure monitoring of a graphite-
epoxy composite. Narrow band ultrasonic waves (laser-generated) were used in order
to characterize free standing thin films with nm thickness by Hernandez, Murray and
Krishnaswamy [46]. In 2004, Monchalin published “Laser-ultrasonics: from the labora-
tory to industry” [100]. Real-time metallurgical transformations were monitored via LUS
in [71], the technique is appropriate for online industrial material characterization [71].
[150] reported on the , determination of material properties using guided waves” and
[136] described ,numerical simulation of laser-generated ultrasonic waves in layered
plates.” In [166], laser induced SAWs and line-focus acoustic microscopy were used
in order to characterize Cr- and W-doped dimamond-like carbon coatings. The results
were compared to nanoindentation, where good agreement was found. In [53], the SAW
propagation across the boundary between two single crystals was analysed. In 2007,
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[84] studied the attenuation of lamb waves for purposes of material characterization
and condition monitoring. In [89], the excitation and detection of high-frequency SAWs
and longitudinal waves enabled the determination of Young’s modulus and Poisson’s
ratio for a film with submicron thickness. Asphaltic concrete was analysed via SAWs
in the frequency range from 40 — 100MHz. The phase velocity and the amplitude atten-
uation were measured and their sensitivity to local compositional structural variations
was considered in [55]. In [79], sub-picosecond laser pulses were focused onto a nano-
patterned thin film sample, generating SAWs and longitudinal waves. This technique
can be extended in order to determine the Young’s modulus and the Poisson ratio of
films showing sub-10nm thickness [79]. [93] reported on ,High-frequency guided ultra-
sonic waves for hidden defect detection in multi-layered aircraft structures”. In [61] the
density and the elastic constants of a SiO, film were determined by a laser ultrasonic
method. Also in 2015, Matsuda et al. published ,an introduction to picosecond laser
ultrasonics” [94].

In conclusion, the recent laser ultrasonic research considered mainly:

¢ the characterization of (anisotropic) elastic constants, densities and thicknesses of
thin films, down to the nm regime,

¢ the applicability of the LUS method in industry and

¢ numerical simulation of sound wave propagation in layered samples.
In contrast, the following points were not in focus of state of the art LUS research:

¢ the analysis of the error caused by the fitting routine in order to give a confidence
interval for e.g. the obtained elastic constants,

the comparison of e.g. the elastic constants obtained from density functional theory
calculations to the results achieved by the LUS method,

test the possibility to step-wise characterize multiple layers by a numerically solv-
able model,

try to distinguish different deposition procedures via laser induced SAWs and

test the sensitivity of SAWs on the light dosage a sample has been exposed to.

1.4 SCANNING ACOUSTIC MICROSCOPY: FROM HISTORICAL OVERVIEW TO CUR-
RENT WORK

1.4.1  SAM - Brief historical overview

After Sokolov proposed flaw detection via ultrasound and an acoustic microscope in the
early 1930s [140], Lemons and Quate developed a SAM with 10um resolution in 1974
[78]. In the 1970s, numbers of articles concerning SAM have been published. In 1978, Ata-
lar proposed an angular-spectrum approach for the material signature obtained by SAM
measurements, also called V(z) curves, (see also Section 10.1) [7]. Johnston et al. used
the SAM to resolve small objects separated by 0.5 — 0.7 um in the context of sub-cellular
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imaging [57]. A review on SAM was given by Quates et al. in 1979 [116]. In the 1980s, ex-
tensive scientific literature in the context of SAM was published, possibly due to the fact
that since then acoustic microscopes were produced by companies in Germany, Japan,
France and in the USA. In 1981, Sheppard and Wilson considered , Effects of high angles
of convergence on V(z) in the scanning acoustic microscope” [137]. Living cells were ob-
served by SAM in vitro in 1981 [48]. In 1983, a review about SAM, especially about the
V(z) response, was published by Wickramasinghe [156]. In 1984, the characterization of
bulk materials and thin layers via SAM is described in [157] and the characterization of
living cells via SAM was performed by Issouckis [56] in 1985. The penetration depth a
SAM can achieve was analysed by Atalar in 1985 [8]. A further review about the many
applications of SAM was given by Hoppe and Bereiter-Hahn in 1985 [50]. In 1991, the
elastic properties of cells were measured by V(z) curves, evaluated using the simplex
algorithm [72]. Yu proposed the inversion of V(z) data in order to determine material
properties of layered samples [163]. The properties of cancer tissues — gastritic cancer —
were obtained via SAM in [125]. In the publication by Khuri-Yakub, the SAM operating
principle was explained and various applications were presented, including: integrated
circuits, composite materials, metrology and biological applications [58]. In 1993, Lee
considered V(z) curves obtained with a line-focus lens on layered anisotropic materials
[77]. The determination of elastic properties of individual living human cells via SAM
was discussed in [16]. In 1994, Marrow et al. proposed the in-situ SAM characterization
of crack bridging in fine-grained polycrystalline alumina [9o]. The V(z) curve properties
obtained by the SAM analysis of a spherical micro-particle were analysed in [91]. In
1995, Hasegawa et al. published results concerning the measurement of elastic proper-
ties of osteoporotic bone [44]. The measurement of elastic constants of materials with
high acoustic velocities via a line-focus transducer was discussed in [148].

1.4.2 SAM - State of the art

In 2001, Cook reported on the detection of surface-breaking cracks via SAWs [18]. Sub-
surface structure and bulk investigations were carried out for an aluminium casting via
SAM in [86]. In 2003, Every and Deschamps published results on the surface wave veloc-
ities on an anisotropic solid when analysed via a point focus lens V(z) measurement [26].
Also in 2003, a finite element model for the detection of near surface discontinuities via
SAWSs was proposed in [165]. The mechanical properties of glass-ionomer cement was
studied in [22] via SAM. In [60], the calibration-free crack sizing of surface-breaking
cracks was discussed by using anti-plane shear waves. In 2007, Schenkl et al. presented
a multiphoton acoustic microscope for the in-vivo observation of living cells, where GHz
ultrasound was generated [127]. In [92], the sizing of surface cracks was discussed and
in [81], the sizing of partially closed cracks — also surface-breaking — with SAWs was
presented. Longo et. al discussed the sizing of surface-breaking cracks via SAWs that
were detected by a laser doppler vibrometer [82]. Through the evaluation of tissue elas-
ticity, structural characteristics of disease were observed in [97]. In 2013, Laugier et al.
considered the , Quantitative Scanning Acoustic Microscopy of Bone” [75]. It was found
in [102], that the SAM can be used for the determination of the margin of squamous
cell carcinoma. In 2014, the depth of surface cracks was evaluated by Her et. al [45].
Concerning metrology via SAM, the applicability of GHz scanning acoustic microscopy
for some 3D integration technologies was considered in 2014, see [12]. SAM was also
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established in order to disciminate cancer cells [98]. Aterial stiffness was measured by
SAM in [2]. In 2017, Vien et. al presented the experimental and computational analysis
of the scattering of SAWs at a crack on a racecourse shaped hole [149]. Recently, GHz
SAM was applied to the characterization of bulk voids in Cu-Sn micro-connects, see
[122].

On the one hand, the recent investigations carried out via SAM consider mainly:

* Material characterization using V(z) curves, ranging from layered samples to cells.

* Biological or medical evaluations via SAM, including images of bone, tissue and
cells.

¢ Failure analysis, predominantly in the microelectronics field, where the SAM GHz
regime is targeted in particular.

* Detection and characterization - mostly sizing - of surface-breaking cracks in bulk
samples, often in combination with simulations.

On the other hand, the following points received relatively little attention in state of
the art SAM research:

¢ The difficulties in the standard SAM analysis of printed circuit boards (PCBs).
¢ The possibility to detect cracks below the lateral and axial resolution limit of SAM
in MtM relevant components:

— it is known that surface-breaking cracks with openings smaller than the reso-
lution limit can be detected via SAM exploiting interference effects;

— test this principle for cracks that do not break the sample surface and are not
in bulk material but in MtM relevant components;

— these cracks might lie perpendicular or parallel to the sample surface;
— test the possibility to detect cracks in combination with other failure modes,
e.g. delamination.
¢ The simulation of the SAM analyses for

— physical insight into mechanisms which may allow for the detection of defects
below the resolution limits;

— the production of a simulated A-scan (see Chapter 10) equivalent and com-
pare it to measurements;

— the SAM V(z) measurement and comparison to SAM and LUS results;

— the consideration of e.g. changing geometries, elastic properties, etc.
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As already stated, the two ultrasonic methods SAM and LUS are used in this work in
order to

(1) determine sound wave propagation related properties of bulk materials in addi-
tion to metal based and polymer thin films relevant for application in MtM microelec-
tronics, and

(2) detect and analyse various failure modes in micro-electronic relevant components
for MtM technologies.

In this work, the LUS measurements and evaluations are exclusively applied to mate-
rial characterization. Failure detection and characterization via LUS are not considered,
although the LUS method is also fit for these tasks in principle. In contrast, the SAM
method is mainly used for the detection and analysis of various failure modes in MtM
relevant components. In addition, the V(z) SAM measurement is performed for the case
of an aluminium bulk sample and an aluminium coating. In this case, the SAM outcome
is compared to the LUS evaluations. The SAM results are supported by acoustic sound
propagation simulations.

2.1 RESEARCH GOALS - MATERIAL CHARACTERIZATION

Metal-based thin films are used in electronic devices as conducting lines and intercon-
nects, as barrier layers and as metallization layers. Due to their widespread use in dif-
ferent areas of microelectronics, knowledge about the elastic properties of metal based
thin films is crucial in order to develop advanced understanding of the mechanics con-
cerning microelectronics. However, many state of the art methods for the determination
of mechanical properties are destructive or require the direct loading of the sample
(e.g. nanoindentation). Ultrasonic methods provide the possibility for non-destructive
or even non-contact measurements, showing high potential for rapid at-line or in-line
inspection. In this work the following goals were considered:

® The characterization of thin film systems on Si-substrate suitable for MtM tech-
nologies is carried out (e.g. aluminium, copper, tungsten and alloys, polyimid thin
films);

¢ the error in the obtained elastic constants caused by the fitting routine is evaluated,
e.g. via a statistical approach;

¢ the obtained results are compared to nanoindentation results and to density func-
tional theory calculations;
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¢ the thin film characterization is tested in the characterization of multiple layers on
a substrate;

¢ for the multiple-layer characterization, the theoretical model, e.g. Tiersten [145] is
extended, according to Rose [121] and the fitting routine is adapted accordingly;

¢ the possibility to distinguish differently deposited tungsten thin films is tested via
the LUS method;

¢ the sensitivity of SAWs on the light dosage polyimid samples were exposed to
(before the LUS measurements) is tested.

2.2 RESEARCH GOALS - FAILURE CHARACTERIZATION

Moreover, the failure detection and failure analysis of micro-electronic relevant compo-
nents for MtM technologies is carried out. The reliable, fast and cost efficient detection
and analysis of failure modes in microelectronic components is of the same relevance as
material characterization of thin films. Also in this case, ultrasonic methods show highly
beneficial properties: they provide insight into opaque media, are non-destructive and
they allow for defect detection down to the micron regime [122]. Here,

¢ the SAM analysis of delamination in printed circuit boards is carried out, the diffi-
culties are discussed,

¢ the possibility to detect surface and subsurface cracks with openings below the
lateral and axial resolution limit of SAM are analysed in MtM relevant components
for micro-electronic devices in combination with simulation,

¢ the V(z) measurements of bulk materials and thin film systems are tested and
compared to laser ultrasonic evaluation,
¢ the SAM analyses are supported by acoustic simulations in order to:

— give insight into mechanisms which might hinder or amplify the SAM poten-
tial,

— visualize the ultrasound propagation,
— produce a simulated A-scan (see Chapter 10) equivalent,
- consider influences of changing geometries, elastic properties, etc.

- give insight into the physical mechanisms allowing for the detection of cracks
below the axial and lateral resolution limit of SAM.

With respect to (1) and (2), the LUS and SAM techniques are highly relevant for at-line
or in-line inspection, enhancing the possibilities of rapid learning for MtM technologies.

2.3 CONTENTS OF THIS THESIS

In the following, the two major parts of this thesis are presented. Part ii deals with the
LUS method and the corresponding results, whereas a summary of the work concerning
the SAM method is given in Part iii.



2.3 CONTENTS OF THIS THESIS

2.3.1 LUS characterization of thin film systems

In Chapter 3, the LUS fundamentals are summarised and Chapter 4 gives an overview
of the LUS measurement and data analysis. Subsequently, the results obtained with the
LUS measurements and evaluations are presented. The LUS characterization of a single
layer on silicon substrate is considered in Chapter 5, the determination of elastic proper-
ties of a polyimid coating on a layered system is presented in Chapter 6, where also the
sensitivity of SAWs to the light exposure of polyimid samples is discussed. In Chapter 7,
multi-layered metal films are characterized via the LUS method and in Chapter 8 an
AlCu alloy coating is analysed via the LUS technique, where the confidence intervals
for the obtained results are given and the outcome is compared to density functional
theory calculations and nanoindentation results. The work presented in Chapter 8 is
planned to be published in the near future [65]. In Chapter 9, the possibility to distin-
guish between differently deposited metallic layers is discussed. Part ii deals with the
work published in [33, 36, 38] and the paper in preparation [65].

2.3.2  SAM failure and material characterization

The SAM results are presented in Part iii. First, the SAM principle is introduced in Chap-
ter 10. Then the results concerning the delamination detection in multi-layered PCBs are
discussed in Chapter 11. The SAM analysis of defects in TSVs, focusing on automatized
failure detection, is carried out in Chapter 12. Chapter 13 considers the detection of
sub-resolution defects in TSVs via SAM measurement and simulation. In Chapter 14,
the V(z) SAM measurement of aluminium samples is presented, the outcome is corrob-
orated via LUS measurements. Part iii considers the already published work [34, 35, 37,
39] and the publications in preparation [64, 66].

In addition, Part iv concludes the presented work and an outlook is given. Part v
provides a collection of the publications written in the context of this thesis.
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Part II

LASER INDUCED ULTRASOUND

The following part deals with the characterization of elastic properties of thin
films and thin film systems on silicon substrates via LUS. The fundamentals
of LUS are summarised in Chapter 3, the setup is shown in Section 4.1 and
the LUS measurement as well as the data evaluation are presented in Sec-
tion 4.2.2. In Chapter 5, the analysis of a single tungsten layer on a silicon
substrate is carried out, summarising the results published in [36]. Chapter 6
considers a polyimide layer on a silicon substrate, where an 800nm interme-
diate layer is present, rendering the system a two-layer on substrate stack.
The polyimide layer was characterized and the results are shown in [38]. In
addition, the influence of exposing the polyimide to different light dosages
on the SAW propagation is discussed in Chapter 6. In Chapter 7 metallic
multi-layered systems are considered, where first tests of the LUS evaluation
of a Si-Cu-Al-Cu are presented [33]. Additional material concerning multi-
layered thin films on Si substrates is shown in Chapter 7, where good agree-
ment between measurement and theory was found. Chapter 8 discusses the
LUS characterization of an aluminium alloy thin film on a silicon substrate
compared to two other state of the art methods. Here, a confidence interval
for the LUS results is given. Chapter 9 discusses the sensitivity of LUS signals
on the deposition procedure in tungsten stack manufacturing.






LASER INDUCED ULTRASOUND (LUS) FUNDAMENTALS

3.1 LASER INDUCED ULTRASOUND PRINCIPLE

Nearly 100 years after Bell’s observation in 1880 [11], that one can use light to generate
sound waves - or transduce absorbed electromagnetic energy into mechanical energy in
a material - White demonstrated the generation of acoustic pulses by laser irradiation in
1963 [155].

According to [70], the laser generation of ultrasonic waves is achieved in the following
way: The light of a pulsed laser (or an intensity modulated continuous wave (cw) laser)
is partially absorbed by a small volume in the material, which causes a rapid local tem-
perature rise and thermal expansion, generating sound waves in the medium that can
be subsequently detected via e.g. a second cw laser or a piezoelectric element, see the
schematic in Figure 1, (Lh.s.). In a solid, a number of ultrasonic wave modes can be gen-
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Figure 1: Schematic of laser induced ultrasound principle. Excitation of thermal and sound
waves via a pulsed laser in a material (1.h.s.) and a schematic of the acoustical waves
excited in the material by the pulsed laser irradiation (r.h.s.).

erated after the laser impinges the material: longitudinal, transverse, surface acoustic
(Rayleigh) and head waves, see the schematic in Figure 1, (r.h.s.). The longitudinal wave
has the highest sound velocity, typically it is twice as fast as the transverse or shear wave.
The Rayleigh waves propagate at about 9o% of the shear wave velocity. The head wave
is a longitudinal mode consisting of traction and compression and propagates between
the shear and the longitudinal wave [5], [17]. Although Rayleigh waves are not the only
waves which can propagate on the surface of a sample [15], the terms Rayleigh waves
and SAWs are synonymously used in this work.

A distinction can be made concerning two generation mechanisms for ultrasonic waves
via laser illumination of a material, see e.g. [70], [162] or [4]. If the laser power den-
sity is high enough (typical power densities of > 107 Wcm ~2 for a metal in the near
infrared /visible wavelength region) [162], partial ablation of the illuminated target sur-
face and ionization of the ablative material takes place. In this case, the laser induces a

15
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plasma which expands away from the surface with very high pressures. The amplitudes
of Rayleigh and compressional waves are increased. Due to the destructive nature of
sound excitation in the ablative regime, the generation of acoustic waves via low power
densities (< 107 Wcm~2 for a metal in the near infrared/visible wavelength region)
[162] is used in non-destructive material characterization. Here, the laser source causes
heating and the generation of thermal waves (via heat conduction) and ultrasonic waves
(elastic waves), see Figure 1, (Lh.s.). According to [70], the generation of ultrasonic waves
in the thermoelastic regime shows the following advantages:

e it is a non-contact method,

® it is non-destructive because no material is ablated,

e it can be used for in situ setups,

* in contrast to e.g. SAM, a coupling liquid is not necessary,
¢ it can be operated on curved surfaces and

¢ frequency ranges from kHz to GHz are possible.

3.2 SAW GENERATION BY LINE FOCUSED LASER PULSES

According to [162] or [135], the characteristics of laser induced ultrasonic waves in a
material depend on the properties of the laser and the material itself. Material related
properties are: the optical penetration, the thermal diffusion, the elastic properties and
the geometry of the material. Concerning the laser, the pulse width, the shape of the
pulse and the focus spot or focus line represent the determining features. Figure 2 shows
a schematic of the excitation of a Rayleigh wave on a layered sample via a line-focused
laser pulse. The excitation via line-focused laser beams has the advantages of improved
signal to noise ratio and almost plane wavefronts (parallel to the line source) [4].

In the following, the line focus excitation of ultrasonic waves in a linear elastic, isotropic
material is considered from a theoretical point of view and [4, 162] are reproduced in
the three steps (I-III): (I), all important parameters are summarised in Table 1.

(II), the time-dependent hyperbolic thermal diffusion equation represents one of the
coupled equations of thermoelasticity. For the temperature T it is given by

VT — - — > —5 =—q/k (1)

where q denotes the heat source due to the laser illumination. In the case of a line-focus
excitation q can be considered as

e—Z/'Y

q=E(1—-R) f(x)g(t). (2)
Here, E is the energy of the laser beam per unit length, vy is the penetration depth, f(x)
and g(t) denote the spatial and temporal distributions of the laser pulse (see Figure 2)
respectively:
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Figure 2: Line focus excitation of broadband surface acoustic waves (SAW) on a layered mate-
rial via pulsed laser illumination; the SAW is detected via a beam deflection method
and the spatial and temporal distributions are sketched (Lh.s.). The higher frequency
components of the SAW propagate mainly in the thin film due to their lower penetra-
tion depth, whereas the low frequency components travel mainly in the substrate, as
depicted on the rh.s according to [132]. Here, the case of higher layer SAW velocity
VR1 > VR2 is shown.
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where w and v denote the Gaussian width and the pulse duration of the laser beam.

(III), the second coupled equation of thermoelasticity is given by:

0%u

LV2u+ A+ pV(V - u) = Poz BV, (5)

where u denotes the displacement vector. The displacement vector u can be expressed
in terms of the dilatational potential ¢ and the rotational potential 1

u=Vp+Vx. (6)
The displacement potentials ¢ and 1 fulfill the following wave equations:
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SYMBOL PARAMETER DESCRIBING/DEPENDS ON
1 longitudinal sound velocity material

c2 transverse sound velocity material

P mass density material

o linear expansion coefficient material

K thermal diffusivity material

k thermal conductivity material

o shear elastic modulus material

A Lamé elastic modulus material

v Poisson ratio material

B thermal coupling constant material

cp heat capacity material

R reflectivity material and wavelength
Y penetration depth material and wavelength
w with of spacial distribution of laser beam laser beam

v width of temporal distribution of laser beam laser beam

E energy of laser pulse per unit length laser beam

Q laser intensity (power per illuminated area) laser & focus spot

Table 1: Relevant parameters for laser induced ultrasound in a material.

Here, ¢y and c;, denote the longitudinal and transverse sound velocities in the material.
The stresses o are related to the displacements by

c=AV-1+p(Vu+uV)—p1VT. )

Utilizing Equation 1 - Equation 9, the displacements and tractions generated by a line-
focus irradiating of a material by a laser beam can be obtained. However, the numerical
determination of laser induced ultrasonic waves was not the focus of this work. The
solutions can be found in [162] or [4].

In [103] it was stated, that the amplitude of the Rayleigh wave is proportional to the
laser intensity Q and the thermal-expansion coefficient o« and inversely proportional to
the heat capacity cp per unit volume.

For the experiment, important quantities are the laser intensities Q applied to the
sample, the pressure distribution P generated in the material and the local heating AT
of the sample surface. Concerning the power densities, it has already been mentioned,
that the thermoelastic excitations of ultrasonic waves in most metals are achieved by
power densities smaller than 10”Wcm ™2 [162]. The pressure distribution P caused by

the laser illumination is given by the thermal stresses G;‘jhermal and the mechanical

mech
)

mech
i

stresses o generated in the material [111]. G{jh”mal and o can be found by



3.2 SAW GENERATION BY LINE FOCUSED LASER PULSES

the extension of Hooke’s law (see also Appendix A), to the so-called Duhamel-Neumann
relations for the anisotropic body [104]. They read:

0ij = Cijrrext — By AT. (10)

where Cjji1 denotes the elastic stiffness tensor, €y is the strain tensor, Bi; = £0;; and
& = (3N + 2y, consisting of the material constants A and p (Lamé constants) and the
linear thermal expansion coefficient . If the illuminated area A is large in comparison
to the optical penetration depth v and the film thickness d, only the pressure distribution
in z-direction, p(z) must be taken into account [111]. In the work presented here, A is
typically in the range of 150000pm?, d is in the order of 1 —10pum and the penetration
depth v in the analysed metals (W, Al, Cu) is in the order of 10 — 20nm for the applied
laser wavelength. Furthermore, in the case of an isotropic material, Equation 10 becomes

0ij = Zueij + (Aekk — E,AT)éij. (11)

In this case (isotropic material and pressure distribution only in z-direction), 033 cor-
responds to the pressure distribution caused by the laser irradiation and is given by

033 = (2pes3 +A)e3z — (BA + 2p) o AT. (12)

Here, the first term on the r.h.s corresponds to U{‘]?“h and the second term represents

ofrermal. gprech depends on the Lame constants A and p. In addition, off*¢"™¢! de-
pends on the linear thermal expansion coefficient «; and the temperature rise in the

material caused by the laser irradiation and AT. In some cases,
Tp << Tac (13)

is fulfilled. If Equation 13 holds, the laser pulse duration T, is smaller than the acoustic
relaxation time Tqc. Tqc is given by the ratio of the minimal extension of the illuminated
area (either the penetration depth or the lateral diameter of the illuminate area) and the
sound velocity of the material. In this case, the small, heated volume cannot expand,
leading to a pressure distribution caused only by U{jhe”“al (see also [105]). However,
according to [104] a typical velocity in metals is 4000m/s and (as already mentioned)
penetration depths y can be smaller than 10nm for the applied excitation laser wave-
length, requiring laser pulses in the picosecond regime that would fulfill Equation 13.

Concerning the temperature distribution in the sample, an estimation for metals can
be made via the 1D heat equation [105]. From Figure 3 it can be seen, that the maximal
temperature increase is around 180K. The analysed material is aluminium, where the
mass density p = 2700kg/m?3, the specific heat capacity cp = 880J/(kgK) and the ther-
mal conductivity k = 240W/(mK). The laser pulse energy Ep is 1m], the irradiated area
A = 0.15mm?, the pulse width is 10ns. The sample does not heat up globally in this case.

The detection of SAWs in our setup was performed via a beam deflection method, see
Figure 2, where the distance between excitation and detection of SAW was in the order
of tomm.
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Figure 3: Temperature distribution caused by laser induced ultrasound generation. Theoretical
analysis for an aluminium sample, where the pulse energy Ep is Tm], the irradiated
area A = 0.15mm?, the pulse width is 10ns, the mass density p = 2700kg/m3, the
specific heat capacity cp = 880]/(kgK) and the thermal conductivity k = 240W/(mK).
The scale bar shows the temperature in K; courtesy of R. Nuster [105].

3.3 SURFACE ACOUSTIC WAVE (SAW) PROPAGATION ON LAYERED SAMPLES

As indicated in Figure 2, the lower frequency components of the broadband SAWs travel
mainly in the substrate, whereas higher frequency components propagate in the thin
film. If the film and the substrate differ in their sound velocities, the propagation of
the SAW becomes dispersive, i.e. the phase velocity of the sound wave depends on
frequency, see e.g. [103, 129, 145]. Assuming a linear elastic and isotropic material be-
haviour, the frequency dependent Rayleigh wave velocity vg(f) can be calculated via a
theoretical model, see [145] or [121]. Fitting the theory to the measurement of the disper-
sion curve vg(f), a number of material properties can be evaluated. In the following, the
determination of material properties in this way is discussed. First, the measurement of
Vr(f) is discussed, then the theoretical model and the fitting routine are presented.



LUS MEASUREMENT AND DATA EVALUATION

4.1 LUS SETUP

The experimental setup for the LUS measurement was provided by Robert Nuster
and Giinther Paltauf at Karl-Franzens University of Graz, Department of Experimen-
tal Physics, Graz, Austria (KFU); a similar setup is described in [106].

A schematic of the LUS setup is shown in Figure 4. It is designed to switch between
two DPSS (diode pumped solid state) pulsed excitation lasers, see Table 2. The first exci-
tation laser has an approximate pulse width of 10ns, a wavelength of 532nm and a rep-
etition rate of 10Hz. The spectrum of excited SAWs extends to approximately 100MHz
in this case. The second excitation laser has also a wavelength of 532nm, but a pulse
width of 2ns and was operated at a repetition rate of 20Hz. The shorter pulse length
allows for the excitation of SAWs with frequencies up to 500MHz. The chosen excitation
laser is focused on the sample surface using a cylindrical lens, see Figure 2. The laser
energies are at 1 —2mJ and the focus line has extensions of about 20mm times 7.5um.
The line focus excitation causes plane SAWs to propagate on the sample. The SAWs are
detected via an optical beam deflection method, where a continuous wave (CW) laser
beam is focused to a point on the sample surface. The detection laser has a wavelength
of 532nm. The reflected light from the detection point on the sample is divided into
two equivalent parts by placing a sharp edged mirror in the beam path. The two equiva-
lent reflected beams are detected by a balanced photodetector (BPD). SAWs propagating
through the detection spot cause deflection and slightly alter the two beams at the bal-
anced photodetector. Therefore, the division ratio of the back reflected light power at
the two photodiodes of the BPD is proportional to the slope of the surface displacement
caused by the SAWs.

4.2 LUS ANALYSIS: WORK FLOW

Robert Nuster and Giinther Paltauf (Karl-Franzens University of Graz, Department of
Experimental Physics, Graz, Austria) provided support concerning the data evaluation

PURPOSE TYPE Alnm] Tp[ns] REPETITION RATE [HZz]
Excitation 1 pulsed 532 10 10
Excitation 2 pulsed 532 2 20
Detection 2 continous 532 - -
wave

Table 2: Laser specifications, A denotes the wavelength and tp denotes the pulse width.
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pulsed laser
sample oscilloscope
\
cylin. lens lons BPD ©
A4 lens
beam dump  pgg
" mirror

sharp edged mirror

M2

mirror

CW probe laser

BPD ... balanced photo detector (differential mode) UNI
PBS ... polarized beam splitter =

Figure 4: Schematic of LUS setup at KFU.

and interpretation.

In Figure 5, the typical evaluation steps of the LUS analysis are sketched. First, the
SAWs are excited and detected and their frequency dependent phase velocity is de-
termined as a second step. Third, the frequency dependent Rayleigh wave velocity is
evaluated via a theoretical model. Fitting the theory to the measurement in step 4, pa-
rameters of the thin film can be determined. In the following, each step is discussed in
detail.

4.2.1  Measurement

In step one, the SAWs propagating on the sample are detected at two positions (or
excited at two positions and detected at the same spot on the sample). As an example,
Figure 6 shows five measurements of laser induced SAWs, excited at five positions on
the sample. The excitation position one is approximately 8mm distanced from exciting
position five, where position five is closest to the detection point. Therefore, the SAW
signal is still quite compact after traveling from the excitation point five to the detection
point. In contrast, excitation point one is relatively far away from the detection spot.
Here, the higher frequencies lag behind the lower frequencies to a greater extent. In this
case, the substrate shows higher Rayleigh wave velocity than the layer.

4.2.2  Data evaluation

In step two, the frequency dependent Rayleigh wave velocity vg(f) is determined via
[132]

|dx|27tf

[@2(f) — @1 (7) (14)

VR(f) =




4.2 LUS ANALYSIS: WORK FLOW

1. Laser ultrasonic measurement

2. Determine frequency dependent phase
velocity from measurement

3. Determine frequency dependent phase
velocity from theory

4. Fit theory to experiment

—
R

[ Determine Film Parameters ]

Figure 5: Flow chart showing the extraction of material parameters from LUS measurements and
numerical evaluation.

where dx denotes the difference between two propagation paths. ®; denotes the phase
of the Fourier transformed first ultrasonic signal and @, denotes the phase of the Fourier
transformed second signal. The error in the derived phase velocity Avg is given by [132]

AVR
VR

2Ax
S dx

(15)

‘ 2Atw ‘
(@2 — 1) |

Ax denotes the accuracy of the translation stage, At the sampling rate and w the circular
frequency. With Ax = 10~°m, a sampling rate of 0.2ns and dx of about 10mm, the error
of our measurement is in the range of some m/s. Compared to the analysed sound
velocities, this corresponds to a relative error of about 0.1% and error-bars are therefore
not always depicted in our graphs.

4.2.3  Theory of acoustic wave propagation in multi-layered isotropic systems

In this section, the global matrix formalism and a partial wave ansatz [121] are used in
order to determine vg(f) of SAWs on multi-layered systems. Here, isotropic and linear
elastic material behaviour are assumed, see also Appendix A. For the nth layer, the
particle displacements u; and the stress-components oy; are given by [121]:

4n
u%n) — Z Bmeik[X1+cme3*CPt), (16)

m=4n—3
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Figure 6: Laser induced surface acoustic waves, excited at five positions with an increment of
2mm.

4n
WM = Y Bplgpetkiatamert), (17)

m=4n—3

4in
ol = Y B A A 4 20 Mo Us | (et i amaert (15

m=4n—3

4n
o-é?) — Z Bm [‘Xm + u3m] H(n)(ik)eik(xl+“mx3_CPt)_ (19)

m=4n—3

Here, 1 and A denote the Lamé constants and k is the wave number, cp the phase
velocity. The wave vectors Ui, and the polarizations «,, are eigenvectors and eigen-
values of the Christoffel equation, Equation 36 in Appendix A. The thickness of each
layer is denoted h(™), the position of the top surface of each layer can be defined as
HW =35 | h(™) see Figure 7. The boundary conditions for the system are:

crg]]) =0 @ x3=0, (20)

ot =0 @ x3=0, (21)
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Figure 7: Schematic of three isotropic layers on an isotropic substrate. Longitudinal and trans-
verse wavesare indicated by L and S, where + markes up-going waves and — downgo-

ing waves.
ué?) :ugr” @ x3=HM™", (22)
wy' =whi ) @ kg =HM, (23)
Gg?) = Gé?i]) @ x3= H 1), (24)
oy =053 @ x=HMT, (25)

yielding four boundary conditions for the four wave modes in the layers and two
boundary conditions for the substrate. For 3 isotropic layers on an isotropic substrate,
this gives a 14 x 14 boundary condition matrix D. The frequency dependent phase veloc-
ities of the allowed wave modes are found by iterating combinations of k and cp which
give DB = 0.

4.2.4 Fitting routine

A least square fitting routine [42, 133] is employed in order to determine the longitudinal
and transverse sound veloctiy, vi and v, of the analysed thin film. The theoretical
model is evaluated for a variety of different combinations of transverse and longitudinal
sound velocities (or equivalently Young’s moduli and Poison ratios) and the deviation
to the measured curve is evaluated. The combination of vi and vt which yields the
minimal deviation from the measured curve, provides the film parameters. The density
and thickness of the thin film have to be known for this procedure as well as the substrate
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characteristics. In the case of an anisotropic substrate, the stiffness tensor of the material
and the density have to be known, whereas in the case of an isotropic substrate the Lamé
constants and the density are necessary input values. In the case of e.g. silicon substrate,
isotropy can be assumed if the measurement is performed along a symmetry axis of the
substrate, see [132].



SINGLE LAYER ON SUBSTRATE CHARACTERIZATION

As a first step towards the laser ultrasonic characterization of thin films and thin film
systems, the characterization of a 695nm layer of tungsten on a silicon (100) substrate
was carried out and the Young’s modulus E and the Poisson ratio v of the thin tungsten
film were determined. The outcome of the analysis was compared to literature values,
where agreement was found [33].

5.1 MOTIVATION

As already mentioned earlier, the accurate characterization of thin films plays an im-
portant role in many fields of science and industry. Especially in micro- and nano-
electronics, the need for thin films and coatings increases steadily due to ongoing minia-
turization processes. In the ongoing efforts to reduce the size of devices, whilst the
functionality and package density are steadily increased, tungsten is a material with
many beneficial properties, e.g. high endurance to increasing current densities [110]. In
3D technologies, e.g. tungsten is used as coating material of through silicon vias (TSVs,
see also Section 12.1) alternatively to copper fillings [69]. In the analysis of residual
stresses in tungsten thin film systems, e.g. [63], reliable elastic input values for material
simulations are crucial. Additionally, the anisotropic factor of tungsten is close to one
[124], justifying the assumption of an isotropic layer made in the data evaluation of the
LUS measurements.

52 MEASUREMENT AND DATA EVALUATION
5.2.1 LUS measurement

The experimental setup is shown in Section 4.1. However, for the analysis of the tung-
sten thin films, the LUS setup was at that time only equipped with one nanosecond laser
system, namely the Nd:YAG laser with a wavelength of 532nm, a pulse length of 10ns
and a repetition rate of 10Hz, yielding broad band SAWs on the sample surface with fre-
quencies up to about 100MHz. The SAWs were detected via a beam deflection method
according to Section 4.1. Figure 8 shows the two analysed SAW signals. Following Sec-
tion 4.2.2, the frequency dependent phase velocity was determined via Equation 14 and
the error in the measurement was determined according to Equation 15. The error in
our measurement is smaller than 3m/s, corresponding to a relative error of about 0.1%.

5.2.2  Data evaluation
The analysis of the LUS data was carried out according to Chapter 4. A semi-infinite, lin-

ear elastic half space was assumed, see [146]. In Figure 9 a scanning electron microscopy
(SEM, see e.g. [119]) image of the analysed layer-on substrate system is shown.
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Figure 8: Laser induced SAWs, excited at two different positions on the sample. The two excita-
tion points are distanced by §mm.

Figure 9: SEM image of the analysed sample: 695nm W on Si with a 20nm TiN adhesion layer.

On the Si substrate, a thin coating of TiN and a 695nm thick tungsten layer are visible.
TiN shows good adhesion to tungsten and therefore improves the contact stability and
the reliability of the thin film system [154]. However, the thin TiN film of only few nm
thickness was neglected in our data evaluation because it did not change the dispersion
relation to a measurable extent. For the data evaluation, the longitudinal sound velocity
v? and the transverse sound velocity v3 of Si, 8432m/s and 5843m/s respectively, were
taken as input parameters as well as the density of the substrate p> and the density of
the tungsten layer p [124], (see Table 3). The thickness of the tungsten layer had to be
measured as an input value. This was achieved by using Image] [117] evaluation soft-
ware for the SEM images. The fitted theoretical curve and the experimentally evaluted
dispersion relation are shown in Figure 10.

5.2.3 Results

The results of our analysis are summarised in Table 4. The obtained values for the
Young’s modulus and the Poisson ratio agree with the literture values.
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Figure 10: Theoretical model fitted to LUS measurement data (695nm W on Si).

MATERIAL vi[m/s] vrlm/s] plkg/m?3] d[nm]
Tungsten Fit Fit 19250 695
Silicon 8432 5843 2329 -

Table 3: Fitting values and material input parameters for fitting routine of tungsten layer on
silicon substrate; vi denotes the longitudinal sound velocity, vy denotes the transverse
sound velocity, p the mass density and d the thickness of the layer; vi and vt of the
tungsten layer are evaluated in the fitting routine.

5.3 DISCUSSION AND CONCLUSION

In the work reported in [33], the Young’s modulus and the Poisson ratio of a single tung-
sten layer on a silicon substrate were determined via a contact-less LUS measurement
(Section 4.1) in combination with a numerically solved theoretical model (Section 4.2.3).
The assumption of linear elastic solids and isotropy was made in the analysis. In [33] the
thin TiN layer was neglected. This assumption was justified because the TiN layer had a
thickness of only 20nm and did not alter the dispersion relation to a measurable extent.
However, many state of the art devices in micro- and nanoelectronics rely on thicker in-
termediate layers. For instance, the case of a 800nm intermediate layer between silicon
and polyimide is discussed in Chapter 6, presenting a two-layer on substrate system.
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SOURCE YOUNG’S MODULUS [GPA] POISSON RATIO
LUS 405 0.28
Literature [43, 123, 144] 380 - 420 0.28 - 0.30

Table 4: Comparison of LUS results to literature values for the 695nm tungsten coating on Si.



CHARACTERIZATION OF POLYIMID-MULTI-LAYERED-SYSTEMS

In [36] a stacked system consisting of (1) a Si wafer, (2) 800nm of silicon nitride and
(3) 1Tum of polyimide is analysed. The Young’s modulus and the Poisson’s ratio of
the polyimide are determined and compared to literature values. The analysis of higher
wave modes is discussed. In addition to the results published in [36], LUS measurements
of photosensitive polyimide samples exposed to different light dosages are shown in this
chapter. It is shown that the SAW propagation is sensitive to the light dosage.

6.1 MOTIVATION

Altough the characterization of single layer thin-film-on-substrate-systems is currently a
very important task in a variety of industrial and academic applications, many modern
microelectronic devices require the use of multi-layered stacks, rendering the character-
ization of multi-layered systems equally important. Reference [36] concerns the analy-
sis of a multi-layered system relevant in e.g. the realization of microelectronic devices,
namely a spin coated polyimide layer of 1T1um thickness on 800nm silicon nitride de-
posited on a (100) silicon substrate.

Polyimides are one of the most heat resistant polymers [80]. They show long term
temperature durability in the range of 250 — 350°C [120] and are often referred to as
,high performance polymers” for this reason [120]. In addition to their excellent thermal
stability, the properties of polyimides can be altered to a remarkable extent by molecular
engineering of their functional groups [80, 120, 161]. Some of the beneficial properties
of polyimides are listed in [120], e.g. light weight, high corrosion resistance, good wear
properties, dimensional stability, low flammability, moisture resistance and insulating
properties. (The electrical resistivity of undoped polyimide is in the order of 102! uQcm
[06]; compare to e.g. copper in Table 7). Due to their many advantageous properties,
high performance polyimide films are often used for microelectronic fabrication and
packaging, e.g. as photoresists [99]. If photosensitive polyimides are applied, the use of
photoresists for patterning in the fabrication of electronic devices becomes unnecessary
and the number of fabrication steps is reduced [161]. Moreover, photosensitive poly-
imides are expected to be of great relevance in the manufacturing of photonic devices,
enabling the design and control of hyper fine structures [161]. It has also been reported,
that the mechanical properties of polyimide degrade, when irradiated with increasing
UV light dosage (as a consequence of the high enough energy of the UV photons that
can dissociate molecular bonds) in [115]. Regarding the 800nm of silicon nitride between
silicon and polyimde, established inorganic materials such as silicon oxide or silicon ni-
tride are used as highly temperature resistant gate insulators, inter layer dielectrics or
passivation layers [161].

31



32

CHARACTERIZATION OF POLYIMID-MULTI-LAYERED-SYSTEMS

MATERIAL p[kg/m3] vi[m/s] vrlm/s] d[um]
Polyimide 1464 2660 1160 11
SiN 3185 10607 6204 0.8
Si 2329 8432 5843 -

Table 5: Input values for the evaluation of Figure 11: Film thickness d, density p, longitudinal
and transverse sound velocity v and vt of polyimide [23], SiN [15] and Si [124].

The fabrication attendant characterization methods on wafer level for such high perfor-
mance polymers are in demand and the contact-less LUS method seems to be a promis-
ing candidate in the ongoing characterization efforts.

6.2 MEASUREMENT AND DATA EVALUATION
6.2.1  Theoretical model of acoustic wave propagation

The theoretical model for the determination of the dispersion relation of the two-layer
on substrate system can be found in Section 4.2.3 and the result is shown in Figure 11.
Here, higher wave modes (H7, H2, H3) are present in the frequency range up to 120MHz.
The Rayleigh wave starts at the Rayleigh wave velocity of the substrate: 5150m/s [124].
The higher wave modes (H7, Hy, H3) start at the cut-off velocity of about 5843m/s, cor-
responding to the transverse sound velocity of the substrate. The input parameters used
for the evaluation of Figure 11 are summarized in Table 5, where p denotes mass density
and vi and vt denote longitudinal and transverse sound velocity.
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Figure 11: Theoretically evaluated dispersion relation for 11um polyimide on silicon nitride de-
posited on silicon (100). RW denotes the Rayleigh wave and H;, H, and H3 denote
higher wave modes.



6.3 RESULTS

6.2.2 LUS experiment

The LUS measurement was performed according to Section 4.1. In the analysis of the
polyimide stacks, the 1T0ns Nd:YAG laser was applied, because as a consequence of
the 1Tum film thickness, and the covered frequency range of 100MHz additional wave
modes are already present in the layer on substrate system, see Figure 11. The SAW
propagating on the surface of the sample was detected via the beam deflection method
described in Section 4.1. Figure 12 shows the detected SAW signals excited at five posi-
tions spaced 2mm apart. The form of the signals is altered, compared to e.g. Figure 8,
due to higher wave modes present in the sample. The excitation of higher frequencies
(by using the excitation laser with the shorter pulse width of 2ns) would lead to even
more interacting wave modes.

Since an isotropic substrate was assumed, the measurement was performed along the
[110] direction of the silicon (see also [132]) substrate for which the literature values,
given in Table 5, can be used as input parameters.
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Figure 12: SAWs on polyimide-SiN-Si system, where laser induced signals for five propagation
distances are shown. The excitation positions are distanced by 2mm in each case.

6.3 RESULTS

In Figure 13 the result for the experimentally evaluated dispersion relation for the
polyimide-SiN-Si system and the fitted theoretical curve are shown. The frequency range
for the fitting procedure is approximately up to 27 MHz. In this frequency range only
the Rayleigh wave mode (RW) is present, see Figure 11. In the frequency range where
more than one wave mode is allowed, the measured phase velocity lies between the
two present wave modes, see Figure 11 for comparison. The data evaluation uses the
input values summarised for SiN and Si in Table 5. Additionally, the thicknesses of the
SiN layer and the polyimide layer serve as input values for the theoretical model. Only
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SOURCE YOUNG’S MODULUS [GPA] POISSON RATIO
LUS 4.92 0.39
Literature [14, 23, 124] 5.44 0.38

Table 6: Comparison of LUS results to literature values the polyimide coating.

the longitudinal and transversal sound velocity of the polyimide layer are altered in
the fitting procedure. The results for the Young’s modulus and the Poisson ratio of the
polyimide thin film are summarised in Table 6.
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Figure 13: Experimentally obtained dispersion curve with theoretical fit for the polyimide-SiN-5i
system.

6.4 DISCUSSION

In Figure 14 the theoretically obtained dispersion relations for the literature values of
polyimide are compared to the dispersion relations obtained via the elastic properties
evaluated via LUS, see Table 6. Higher wave modes are more influenced by small dif-
ferences in elastic properties and should therefore be considered in the analysis of poly-
imide thin film systems in future investigations.

65 DIFFERENT LIGHT DOSAGE

In the following, the sensitivity of laser induced SAWs on the exposure of polyimide
thin film systems on different light dosages is briefly shown. The samples were exposed
to UV light energies of 1000] to 6500] per m? before the LUS analysis. The exposure
increased from sample 1 to 18. Figure 15 shows exemplarily the dispersion relation for 3
samples exposed to different light dosages. The SAW velocity decreases with increasing
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Figure 14: Theoretically evaluated dispersion relations of the PI-SiN-Si-system. The dispersion
curves are compared for the case of literature values as input (circles) to the case of
dispersion curves obtained with the fitted values (crosses).

light exposure of the polyimide thin film systems. The measurements of dosage 1, 8
and 12 were repeated on 2 days, indicating a certain threshold light dosage at which the
SAW velocity is slowed down to a certain extent. However, from dosage 8 to dosage 12,
the SAW velocity remains comparable, see Figure 16.
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Figure 15: Sensitivity of SAW propagation on light exposure of polyimid sample: Light dosage
increases from D1 to D12.
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Figure 16: Sensitivity of SAW propagation on light exposure of polyimid samples: repeated mea-
surements on three days. Light dosage increases from D1 to D12. SAW propagation
shows higher sound velocity on sample D1 compared to the samples D8 and D12.

6.5.1 Discussion

A sensitivity of the SAW propagation to the exposure of polyimide systems to different
light dosages was found, see Figure 15 and Figure 16. However, the dispersion relations
shown in Figure 15 and Figure 16 are not smooth (the dispersion curves show ripples).
This is a consequence of the SAW measurement over multiple lithographic patterns
on the polyimide. The fine lattice causes multiple reflections and disturbs the SAW
propagation.
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CHARACTERIZATION OF MULTI LAYERED METAL FILMS ON SI

The functionality of MtM microelectronic devices is achieved by the complex combina-
tion of metallic, semiconducting and insulating layers, where the careful stack design
requires accurate knowledge of the material properties of the thin films. In this context,
metallic thin films play a very important role in different steps of fabrication processes
and for the functionality of electronic devices. They are used as conducting lines and
interconnects.

According to [154], interconnects (as means of transportation of information in a mi-
croelectronic circuit) have to fulfill the following requirements:

* low resistivity (high electrical conductivity),
¢ high thermal conductivity,
¢ high melting point,

¢ technology compatibility to the back-end-of-line (see e.g. [154]) process.

In Table 7 the advantageous material properties of aluminium and copper concerning
their application as interconnects are summarized according to [154]. As smaller inter-
connect cross-sections increase the risk of electromigration, aluminium alloys are also
commonly used as interconnects. The lower resistivity of copper is generally mentioned
as advantage, because it improves the RC product, see e.g. [154]. Also the high melting
point of copper is beneficial for its reliability as interconnect. However, effective diffu-
sion barriers are necessary when copper interconnects are used , because copper readily
diffuses into silicon oxide as well as into silicon [154].

In this chapter, two multi-layer sample sets are considered. First, Si-Cu-Al-Cu stacks
and secondly four silicon samples with stacks of SiO,, AlCu, WTi and Cu are character-
ized via the LUS method. In both cases, the Young’s moduli and the Poisson’s ratios of
the metallic films are determined and compared to literature values.

PHYSICAL PROPERTY Al Cu
Specific electrical resistivity [uQcm] 227 171
Thermal conductivity [W/(mK])] 238  327.7
Melting Point [K] 933.5 1358

Table 7: Beneficial material properties of aluminium and copper as interconnects in microelec-
tronics [154].
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7.1 CHARACTERIZATION OF Si— Cu— Al — Cu STACKS

This section deals with the step-wise determination of the Young’s moduli and Poisson’s
ratios of Si-Cu-Al-Cu stacks via LUS measurements, because Al and Cu are frequently
used as interconnects in microelectronic components.

The non-destructive, step-wise characterization of the Young’s moduli and the Pois-
son’s ratios of a Si-Cu-Al-Cu stack was carried out using LUS measurements in combi-
nation with a theoretical model, see Appendix A. Fitting the theoretical model to the
experimentally evaluated data, only a limited number of parameters can be derived, e.g.
the longitudinal and transverse sound velocities of one of the layers. In the step-wise
approach, (1) a Si-Cu system (see Figure 18) is characterized, (2) a Si-Cu-Al system is
evaluated and the gained results are used for the characterization of (3) a Si-Cu-Al-Cu
stack. The use of the step-wise approach enables the analysis of the whole Si-Cu-Al-Cu
multi-layered stack. All three layers have a thickness of 1 pm and were deposited via
the same sputter process. The presented non-contact method shows high potential re-
garding the non-destructive evaluation of elastic properties of thin films in multi-layered
systems, the results are summarised in [38]. The results for the obtained elastic proper-
ties are compared to literature values for bulk materials [38].

7.1.1  Measurement and data evaluation

The optical setup displayed in Section 4.1 was used, where the pulsed laser with the
longer pulse width of about 10ns was operated. A schematic of the set up and an ex-
ample for LUS induced signals on the analyzed samples is shown in Figure 17. The
theoretical model presented in Section 4.2.3 in combination with the fitting routine de-
scribed in Section 4.2.4. The fitting routine described in Section 4.2.4 was applied for one
layer at a time (Figure 19). The input values are summarized in Table 8.

(a) (b) '
> | BPD |
& CWiaser || 7 - 52 oy
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cu . d L e
—
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Figure 17: (a) Schematic of the LUS setup and (b) two LUS induced signals on the Si-Cu-Al-Cu
stack, measured at two different propagation distances.

7.1.2 Results

In Table 9, the LUS results are listed and compared to literature values.



7.2 LUS MEASUREMENTS OF S1— 510, — AlCu — WTi— Cu STACKS AND THEORETICAL EVALUATIONS

Figure 18: SEM images of two analysed systems (a) Si-Cu and (b) Si-Cu-Al-Cu stack.

MATERIAL plkg/m3] vi[m/s] vr[m/s] dlum]
Cu 8933 Fit Fit 1
Al 2698 Fit Fit 1
Si 2329 8432 5843 -

Table 8: Input values for the theoretical evaluation of the Si-Cu-Al-Cu stack, where d denotes the
layer thickness, p the mass density and vi and vt the longitudinal and transverse sound
velocity, respectively [15, 124]; vi and vt of the Al and Cu layers are evaluated in the
fitting routine.
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Figure 19: Numerical models fitted to experimental evaluations for Si-Cu, Si-Cu-Al and Si-Cu-
Al-Cu.

7.2 LUS MEASUREMENTS OF S1— Si0,; — AlCu — WT1i— Cu STACKS AND THEO-
RETICAL EVALUATIONS

Aluminium and its alloys show many beneficial properties for the realization of MtM
technologies, e.g. high conductivity and high corrosion resistance. These properties are
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LAYER E [crA] LUS vV LUS E [cprA] v
Cu Layer 1 132 0.35 110 - 130 0.33 - 0.36
Al Layer 70 0.33 70 0.33
Cu Layer 2 112 0.35 110 - 130 0.33 - 0.36

Table 9: Comparison of LUS results to literature values [14, 112, 124, 126] for Si-Cu-Al-Cu stack.

SAMPLE S10,(20nm) AlCu(3200nm) WTi(150nm) Cu(4700nm)

KP1 X X o] o]
KP3 X X X X
KP4 X X o) X
KP6 X o] X o]

Table 10: Description of multi-layered samples (x - - - layer deposited, o - - - layer not deposited).

especially important as the size and costs of microelectronic components decrease, whilst
their functionality and packing density is steadily increasing. As already mentioned, Cu
is often used in interconnects of electronic devices [154] and SiO, as well as WTi are
used as barrier layers [31]. The four samples considered in this section are described in
Table 10.

7.2.1 LUS measurements

The optical setup described in Section 4.1 was used, where the pulsed laser with the
shorter pulse width of about 2ns was applied in the case of the samples KP1 and KP6;
the laser with the 10ns pulse width was used for the characterization of the samples KP3
and KP4. Exemplarily, the LUS measurement of the sample KP6 is shown in Figure 20.
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Figure 20: LUS measurement of sample KP6; the excitation positions are distanced by Tmm in
each case.



7.3 DISCUSSION AND CONCLUSION

SAMPLE LAYER E[GPa] Lus vV LUS E[GPa] v
KP 1 AlCu 78 0.3 77 0.31
KP 4 Cu 115-135 0.32-0.34 110-130 0.33-0.36
KP 6 WTi 388 0.25 na na

Table 11: Preliminary LUS results for multi-layered samples compared to literature values for Cu
[112, 124, 126] and to measurements for AlCu (Chapter 8).

7.2.2  Results

The theoretical model presented in Section 4.2.3 in combination with the fitting routine
described in Section 4.2.4 was applied in order to obtain the Young’s modulus and the
Poisson ratio of the top layers of the samples KP1, KP4 and KP6, see Figure 21. The
results are summarised in Table 11.
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Figure 21: Theoretically evaluated dispersion curves fitted to experimentally evaluated data. The
top layer of KP1, KP4 and KP6 are analysed and their Young’s modulus E and Poisson
ratio v are determined.

7.3 DISCUSSION AND CONCLUSION

In [38], the results obtained via LUS measurements and numerical evaluations for the
Si-Cu-Al-Cu stack are comparable to literature values [14, 112, 124, 126].

The outcome in Table 11 for the Si-S5iO,-AlCu-WTi-Cu system presented in this work
gives reasonable values. The Cu values in Table 11 are comparable to literature values
[112, 124, 126] and the AICu result is in agreement with the results presented in Chap-
ter 8. The Young’s modulus and the Poisson ratio of the specific tungsten titanium alloy
are not to be found in the literature. For this reason, the results from the samples KP1T,
KP4 and KP6 (in Table 11) were used as input values for the theoretical evaluation (see
Appendix A for details) of the dispersion curve corresponding to sample KP3. The dis-
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persion curves from the LUS measurement are directly compared to the outcome of the
theoretical model in Figure 22, where good agreement is found.
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Figure 22: LUS measurement and theoretical evaluation of sample KP3. No fitting procedure was
applied, but the results presented in Table 11 were used as input for the theoretical
model described in Section A.3.

In the analysis of the metallic multi-layered systems on Si subtrates, no confidence in-
terval for the determined Young’s modulus and the Poisson ratio is given. Besides, the
outcome in [38] and the results for the Si-S5iO,-AlCu-WTi-Cu stack are not compared to
the evaluation of other methods.

In the following section, the characterization of a thin aluminium alloy film on a
silicon substrate is carried out by the LUS method. The LUS results are compared to
nanoindentation (see e.g. [28]) results and density function theory (DFT) calculations
(see e.g. [138]). Moreover, the confidence intervals of the elastic properties determined
via LUS are discussed in Chapter 8, [65].
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ALUMINIUM-COPPER ALLOY COATINGS ON SILICON
SUBSTRATES

In this chapter, the characterization of AICu layers on silicon substrates is carried out via
LUS, where the confidence interval for the obtained Young’s moduli and Poisson ratios
are given. Secondly, the Young’s moduli obtained by LUS are compared to nanoinden-
tation (NI, see e.g. [28]) results and density function theory (DFT) calculations (see e.g.
[138]). The work presented in this chapter is planned to be published in the near future

[65].
8.1 MOTIVATION

As mentioned in Chapter 7, aluminium is frequently used as interconnect in microelec-
tronics due to its relatively high electrical conductivity, high thermal conductivity and
high melting point (see Table 7). However, electromigration seems to increase as MtM
miniaturization efforts take place. This is a consequence of increased current densities
[154]. It was observed, that an increase in lifetime can be achieved by alloying aluminium
with copper [3]. In general, alloying with trace elements can have the following effects

[154]:
¢ prevent interdiffusion,
* create self passivating layers,
¢ promote adhesion,
¢ reduce fatigue effects,
* improve electromigration.
Due to the many beneficial effects of alloying, AlCu alloys are commonly used as inter-

connects [154] and their non-destructive characterization is highly in demand.

8.2 SAMPLES

The samples analysed in this work are Si (100) wafers with approximately 20nm thermal
oxide and AlCu layers of Tum, 2um and 5pum thickness. The thin films were fabricated
by a physical vapor deposition process and the wafers were cut into 2x4cm? plates.

8.2.1 Thickness measurement by profilometry and by SEM image analysis

The thickness of the thin films was measured via profilometry in the case of the 2Zum and
Tum film thickness. The profilometric measurements were carried out for each 2x4cm?
plate, in this way, a mean value and a standard deviation for the layer thickness over
the whole wafer was determined. The thickness of the 5pm samples was measured with
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AlCu[um] LATTICE CONSTANT [A] DENSITY [n%%]
1 66.04 2794
2 66.21 2787
5 66.16 2789

Table 12: XRD measurements of AICu samples.

the Image]J software [117] analysis of scanning electron microscopy (SEM, see e.g. [154])
images, see Figure 23. The sample cross-section shown in Figure 23 was obtained by
ion-slicing, see e.g. [160]. The thickness measurements using the image] software were
carried out at ten positions for each plate, yielding a mean value for the sample thickness
and a corresponding standard deviation.

Si

Figure 23: SEM image of the cross-section of the 5um AlCu layer on Si after ion-slicing.

8.2.2  Density measurement via XRD

The lattice constants and the densities of the AlCu layers were determined via XRD
measurements (see e.g. [152, 154]). The results are summarised in Table 12. The densities
serve as input for the LUS evaluations and the DFT calculations. Additionally to the
densities, also the lattice constants are required for the DFT calculations of the AlCu
stiffness tensor.

83 LUS MEASUREMENT AND DATA EVALUATION

The setup described in Section 4.1 was used, where the laser with the shorter pulse
duration of 2ns was operated in the cases of the 2um and Tum thin films. The laser
with a pulse duration of about 10ns was applied in the case of the 5um coating. The
theoretical model for the data evaluation can be found in Section 4.2.3. Fitting the theo-
retical model to the experimentally evaluated frequency dependent phase velocity (see
Section 4.2.2), the elastic modulus E and the Poisson ratio v of the thin film can be evalu-
ated, see Figure 24. The fitting procedure relies on the input parameters of the substrate.
Under the assumption of an isotropic substrate, the longitudinal and transverse sound
velocity and the density of silicon (see Table 8 [124]) are needed as input values. The



83 LUS MEASUREMENT AND DATA EVALUATION

assumption of isotropy can be applied in the measurement, as long as the measurement
is performed along a symmetry axis of the silicon [132]. In our analysis, the measure-
ments were performed along the [110] axis of the silicon substrate. In addition to the
substrate parameters, also input parameters of the thin film are required, namely the
density (determined by XRD measurements) and the thickness of the film (determined
via profilometry and cross-checked via the analysis of SEM — measurements). As a test,
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Figure 24: Theoretical models (dotted lines) fitted to experimentally evaluated dispersion curves
(solid line) for the case of Tum, 2um and 5pum AlICu coatings on silicon substrate in
the [110] direction. Measurement (black dots) and theoretical (grey line) evaluation of
5um AlCu coating along the [100] direction.

the LUS measurement was performed under a 45° rotation of the sample in the case of
one sample with 5um AlCu on Si, performing a measurement in the [100] direction. The
theoretical model for acoustic wave propagation in an isotropic layer on an anisotropic
substrate with cubic symmetry was used to calculate the frequency dependent phase
velocity in this direction [100] (see Appendix A), taking the anisotropy of the Si and the
results obtained from the fitting routine for the [110] direction into account. Here, the
three elastic constants of the substrate (c11 = 166GPa,c12 = 64GPa,cq4 = 80GPa [153])
were used as input parameters. The obtained result for the [100] direction (black gray
line in Figure 24) agrees with the measurement (dotted black line in Figure 24). This test
corroborates the assumption of isotropic SAW wave propagation, in accordance with the
electron backscatter diffraction (EBSD, see e.g. [154]) data shown in Figure 25.

In addition, the problem of multiple solutions (when more than one set of fitting pa-
rameters yields the best least square fit) in one fitting process was addressed as follows:
every time the standard deviation from the multiple solutions was higher than 1GPa
in the case of elastic modulus E and higher than 0.01 in the case of the Poisson ratio v
was counted, which yielded zero cases. This means the multiple solutions are very close
to our obtained results and within the confidence interval calculated in the following
subsection.
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- - (C) )

Figure 25: Lateral EBSD analyses of (a) 5um, (b) 2um and (c) Tum AlICu thin films (sample
surfaces); the colour code (d) corresponds to the grain orientation.

8.3.1 Confidence intervals

For the evaluation of the confidence interval of the LUS results, a statistical error analy-
sis was performed, see e.g. [19]. To this purpose, not a single input for each parameter
was chosen, but each parameter was given a normal distribution in the range of the
error estimated via the measurements. The corresponding distributions of the input pa-
rameters are shown in Figure 26, where vi s, vts, ps, pr and d; denote the longitudinal
sound velocity of the substrate, the transverse sound velocity of the substrate, the mass
density of the substrate and the layer and the thickness of the layer, respectively.
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Figure 26: Determination of confidence interval: Gaussian distribution of fitting parameters for
the evaluation of the Young’s modulus and the Poisson ratio of the aluminium coat-
ings on Si substrates.

The least square fitting procedure was then applied to the measured dispersion curve
using the theoretical model for 6000 parameter sets. For each parameter set, the input
parameters are chosen randomly from the 5 normal distributions. After the analysis
of 6000 parameter sets, the system approximated certain constant mean values for the
elastic modulus E and the Poisson ratio v, see Figure 27. From the evaluation of the



6000 parameter sets, distributions for the elastic modulus E and the Poisson ratio v are

8.4 RESULTS

obtained, see Figure 28. Each parameter set corresponds to one iteration step.

Figure 27:

84

Iteration steps for the evaluation of the mean Young’s modulus and the mean Poisson
ratio via a statistical error analysis.
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Figure 28: Elastic modulus and the Poisson ratio evaluations for two different samples of

5um AlCu on Si.

8.4 RESULTS

In Table 13, the results for the AlCu layers of Tum, 2um and 5um thickness are sum-
marised. The distribution for E and v are skew, therefore they are presented as boxplots
in Figure 28 and their median and first quantile (AE and Av) are given. The outcome of
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METHOD THICKNESS E[GPa] AE[GPa] v Av
LUS spm 81 3 0.30 0.02
LUS spm 82 1 0.30 0.01
NI sum 84 3 0.30 —
DFT 5pm 79 — 0.33 -
LUS 2pm 78 4 0.34 0.02
NI 2pm 83 6 0.34 —
DFT 2pm 79 — 0.33 —
LUS 1pm 73 4 0.36 0.01
NI 1pm 78 7 0.36 —
DFT 1pm 81 — 0.33 —

Table 13: Comparison of the LUS, NI and DFT results for E and v regarding the AlCu samples,
AE and Av denote the median and first quantile in the case of the LUS measurement.

8.5 DISCUSSION AND SUMMARY

The obtained results, summarised in Table 13, were achieved by three different measure-
ment and evaluation procedures, where good agreement for the Young’s modulus was
found. The Poisson ratios were achieved via LUS and DFT, the LUS result for the Pois-
son ratio serving as input for the NI evaluation.

The Young’s moduli show a slight tendency to decrease with decreasing film thick-
ness in the LUS and also in the NI results.

According to [154], the texture and grain size corresponds to a homogeneous film
in Al interconnects and the grain size is of the order of the film thickness. The texture
can be influenced by intermediate layers and deposition parameters. It has been found,
that narrow (111) texture improves the interconnect reliability [62]. In the case of AlICu
alloys different micro-structures, depending on the heat treatment, can be observed. In
the EBSD analysis (Figure 25) a decrease in grain size with decreasing film thickness
as well as a predominent (111) texture is shown. The AlCu grain sizes are of the or-
der of the film thickness in the axial direction (one grain over the film thickness, see
Figure 23). In the lateral direction (Figure 25), the average grain sizes range from about
Tpum in the case of the Tum thin film to about 16pm in the case of the 5pm AlCu coating.

It was reported that for very small grains (about 10 — 100nm), the Young’s modulus
can decrease with the grain size [10, 40, 168]. NI results concerning this effect can be
found in e.g. [40, 168] and a theoretical study is presented in [10].

One advantage of the LUS approach in comparison to NI is the contact-less measure-
ment. Moreover, the LUS method enables fast data evaluation compared to the more
advanced DFT calculations, necessary to determine the elastic constants of the AlCu
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alloy. Also, the DFT calculations do not take the decreasing grain size into account. The
presented results are planned to be published in the near future [65], where a detailed
description of the NI and DFT evaluations is planned to be given.
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TUNGSTEN STACKS DIFFERENT DEPOSITION PROCEDURES

The contact-less nature of the LUS characterization is highly interesting for the at-line
or in-line thin film characterization, especially the process-attendant monitoring of thin
film deposition procedures during manufacturing is considered most relevant.

In the following, customized tungsten stacks of different deposition procedures and
thicknesses were analysed via LUS. In Figure 29, schematics of the analysed samples
are shown. Figure 29a shows the silicon substrate, some intermediate layers and tung-
sten layers of (1) 200nm thickness, (2) 400nm thickness and (3) 600nm thickness. The
tungsten layers in Figure 29a were deposited in a single step. In contrast, Figure 29b
depicts the scenario, where 200nm of tungsten were applied in each deposition step
(see also Table 14). The formation of oxide layers during the step-wise deposition was
assumed. In the work reported here, the potential formation of oxide layers during the
manufacturing process is tested via LUS measurements and theoretical evaluations. The
material and thickness of the intermediate layers are known to the authors but should
not be published. The intermediate layers (between silicon and tungsten as well as the
assumed oxide layers) were included in the theoretical model for the analysis of the
tungsten stacks, see Appendix A.

200 nm or 400 nm or 600 nm W
Intermediate | ——
Layers Intermediate Layer |

Si (~725 pum)

(a) Tungsten deposited in single step.

200 nm W
200 nm W > | Thin oxide ?
Intermediate [~ 200 nm W

Layers

Si (~725 pm)

(b) Multiple step deposited tungsten.

Figure 29: Tungsten stacks deposited via different procedures; the formation of thin oxide layers
during the step-wise deposition was assumed.
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NOMENCLATURE STEP 1 STEP 2 STEP 3 STEP 4
Wiz 200nm - - -
W13 200nm 200nm - -
Wiy 200nm 200nm 200nm -
Wis 200nm 200nm 200nm 200nm
W16 400nm - - -
Wiy 600nm - - -

Table 14: Nomenclature for tungsten stacks deposited via different procedures.

MATERIAL REFERENCE v [m/s] vrlm/s] plkg/m3]
Tungsten [15] 5180 2870 19250
Tungsten [15] 4314 2134 18000
Oxide
Silicon [124] 8432 5843 2329

Table 15: Material input values for the theoretical evaluations of tungsten layers on silicon sub-
strate; single-step and multi-step deposition procedure, where vi denotes the longitu-
dinal sound velocity, v denotes the transverse sound velocity and p the mass density.

9.1 MEASUREMENT AND THEORY

The setup for the LUS measurement is shown in Section 4.1. The Nd:YAG laser with
a wavelength of 532nm, a pulse length of 10ns and a repetition rate of 10Hz was used
for the excitation of broad band SAWs with frequencies up to about T00MHz. A beam
deflection method according to Section 4.1 was used to detect the SAWs. Here, no fitting
procedure was carried out. The theoretical model for the evaluation of the frequency
dependent SAW velocity for systems with an arbitrary number of isotropic layers (up to
nine layers on substrate systems were successfully tested) on a substrate is summarised
in Section A.3. The material input parameters can be found in Table 15. The frequency
dependent phase velocity was determined according to Equation 14. The error in the
determined SAW velocity was determined via Equation 15. Due to shorter distances
between the excitation points, the errors in the LUS measurements presented in this
section are in the range of +5m/s up to £20m/s.

9.2 RESULTS
9.2.1 Influence of intermediate layers - theoretical evaluation

In Figure 30, the influence of the intermediate layers is evaluated via a theoretical model,
see Section 4.2.3. First, the case of no intermediate layers, only a tungsten layer on silicon
is plotted (cross), second, “Intermediate Layer 1” (see Figure 29a) is included (stars) and
third, all intermediate layers are included (circle). Due to the influence on the phase ve-



9.2 RESULTS

locity in the high frequency range, all intermediate layers are included in the theoretical
evaluation of the tungsten stacks.
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Figure 30: Calculated dispersion curve for a silicon sample coated with tungsten compared to
the cases where intermediate layers between tungsten and silicon are present.

9.2.2  Comparison of single and multiple step procedure - measurement

The dispersion curves are shown in Figure 31 for the case of single-step deposited tung-
sten layers and in Figure 32 for the multi-step deposited tungsten according to Fig-
ure 29a and Figure 29b, respectively.

With increasing film thickness, the higher frequency part of the SAW propagates in
the substrate to lower extent, leading to a stronger decline of the phase velocity with
increasing film thickness in Figure 31 and Figure 32.

The comparison of Figure 31 and Figure 32 indicates a change in phase velocity of
approximately 50m/s at 100MHz in the case of 400nm tungsten when deposited step-
wise in comparison to a single step deposited tungsten layer. In the case of the 600nm
tungsten layer, a change of approximately 100m/s in phase velocity at T00MHz can be
observed.

9.2.3 Comparison of single and multiple step procedure - theoretical evaluation

In Figure 33, the influence of thin oxide layers is considered via a theoretical model, see
Section 4.2.3 and Section A.3.

53



54

TUNGSTEN STACKS DIFFERENT DEPOSITION PROCEDURES

5200 . |
5000
7
'E 4800
=
8
- 4600
>
Q
2]}
S 4a00- -
o
4200/ E
—12 (200nm)
—16 (400nm)
50 =17 (600nm) i ‘ ‘ i ‘ ‘
%0 30 40 50 80 90 100

60 70
Frequency [MHz]

Figure 31: Measured dispersion curves for single step deposited tungsten; the error in the LUS
measurements is indicated by broken lines.
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Figure 32: Measured dispersion curves for multiple step deposited tungsten; the error in the LUS
measurements is indicated by broken lines.

The inclusion of 10nm tungsten oxide layers changes the phase velocity by approx-
imately 10m/s at T00MHz in the case of a step-wise deposited 400nm tungsten layer
(circles), where only one layer of tungsten oxide is present. In the case of a 600nm step-
wise deposited tungsten layer (crosses), where two intermediate tungsten oxide layers
are present, the phase velocity changes about 20m/s in the high frequency range.

The calculated changes in phase velocity due to intermediate oxide layers of up to
20m/s (shown in Figure 33) are not comparable to the measured changes of up to
100m/s (see Figure 31 and Figure 32).
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Figure 33: Calculated dispersion curves for tungsten layers on silicon compared to the case
where intermediate oxide layers are present.

9.3 DISCUSSION

In this chapter, the analysis of customized tungsten stacks of different deposition pro-
cedures via LUS measurements and theoretical models was presented. The sensitivity
of the LUS measurements to the different deposition procedures was shown (compare
Figure 31 and Figure 32). The change in the phase velocity of the Rayleigh waves ex-
ceeds the changes due to intermediate oxide layers predicted by the theoretical model,
see Figure 33. The changes might stem from (a) variations in density, (b) stresses or (c)
thickness of the deposited layers. Because the change in the sound velocity increased
steadily (see Figure 33) with increasing layer thickness, the assumption of a thickness
variation in the two deposition processes was made. Follow up SEM measurements of
the stacks corroborated the LUS results and the assumption of thickness variations in
the deposition processes, see Figure 34 and Figure 35.

In Figure 37, the LUS measurements are compared to the theoretically evaluated dis-
persion curves for the actual film thicknesses obtained from the SEM images shown in
Figure 34 and Figure 35. Here, good agreement is found which corroborates the assump-
tion of a variation in film thickness in the single-step deposition procedure compared to
the multiple-step deposition procedure. The findings in this chapter corroborate the the-
oretical calculated dispersion curves for multi-layered systems. Due to the multi-layered
build up, no fitting procedures for the determination of e.g. the Young’s modulus was
performed. Fitting procedures might be possible, when higher wave modes (see also
Chapter 6) are considered in the LUS measurements, in the data evaluation and in the
fitting routine in future analyses.

55



56 TUNGSTEN STACKS DIFFERENT DEPOSITION PROCEDURES

Figure 34: SEM images of single-step deposited tungsten (W16) and step-wise deposited tung-
sten layer (W13) of roughly 400nm thickness. The film thickness of the W layers devi-
ates in the cases of step-wise and single-step deposition procedure.
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Figure 35: SEM images of single-step deposited tungsten (W17) and step-wise deposited tung-
sten layer (W14) of roughly 600nm thickness. The film thickness of the W layers devi-
ates in the cases of step-wise and single-step deposition procedure.
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Figure 36: LUS measurements compared to the theoretical evaluated dispersion curves for film
thicknesses obtained from the SEM data in the case of the presumed 400nm film
thickness; the error in the LUS measurements is indicated by broken lines.
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Part III

SCANNING ACOUSTIC MICROSCOPY

This part deals with the failure and material characterization by SAM. In
Chapter 10, the SAM principle is introduced and the V(z) measurement as
well as the elastodynamic finite integration technique (EFIT) simulation [27,
134] of SAM measurements are briefly discussed. In Chapter 11 the indirect
detection of delaminations in PCBs, presented in [34], is reviewed. Chap-
ter 12 and Chapter 13 consider the detection of defects in so-called through
silicon vias (TSVs) for 3D integration in MtM technologies. Here, Chapter 12
deals with the automatized failure detection by SAM [35] and first simula-
tions for wave mode enhanced failure detection are presented [37]; whereas
the detection of sub-resolution defects is considered via measurement and
simulation in Chapter 13. Finally, Chapter 14 discusses material characteriza-
tion by SAM. In [39], V(z) SAM measurements are utilized in order to obtain
the Rayleigh wave velocity of a layered sample and a comparison to LUS
results is made. Good agreement between SAM and LUS measurements as
well as EFIT simulation outcome is found.






SCANNING ACOUSTIC MICROSCOPY (SAM) PRINCIPLE

The operating principle of a SAM can be found in the book by Briggs and Kolosov [14]
for example. A short overview was given in e.g. [34]. The summary of the SAM principle
presented in this chapter follows [34] closely.

The key element of a SAM is a piezoelectric transducer mounted on an x-y-z stage.
The transducer emits ultrasonic waves that propagate through a lens towards the sample
of interest, see Figure 38. The lenses are often fabricated out of sapphire and a thin anti-
reflective coating (ARC) is applied in order to achieve maximal transmisson from the
lens into the coupling liquid (mostly water). By moving the transducer in the z-direction,
the sound field can be focused onto the surface of the sample. Decreasing the distance
between lens and sample even further (de-focus), the sound field can be focused inside
the sample, where additional wave modes are excited, if the opening angle of the lens is
big enough, see Figure 38. At the interfaces, the acoustic sound wave is partially reflected

(a) | Transducer | X
Sound Fleld Transducer | y
Sound Field

Lens Body
Water Lens | Water

Lens Body

Focused Sound Field

»
|

Sample X

{ Focal Plane

Yz vz

Figure 38: Schematic of SAM measurements. Measurement in-focus (a) and measurement de-
focused (b), where surface acoustic waves are excited on the sample [64].

according to

—(Z7 — Z3)
(Z1 4+ Z2)

where perpendicular incidence of the sound waves is assumed. Z; denotes the acous-
tic impedance (product of sound velocity and mass density) of the medium 1, from
which the sound field is transmitted into medium 2 (with acoustic impedance Z ;). The
non-reflected remaining ultrasonic wave is transmitted into the sample where it under-
goes further reflection as well as attenuation and scattering. The reflected parts of the
acoustic waves travel back through the coupling liquid and the acoustic lens to the trans-
ducer. Here, they are spatially integrated by the piezoelectric element and "transduced"
into a time-variant electrical signal. This signal is presented as a function of time in the

R(90°) = (26)
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amplitude-scan mode, also called SAM A-scan mode.

As an example, Figure 39 shows the simulated sound field (EFIT simulation, see
Section 10.2) transmission and reflection considering three contrasting samples: (a) a
PMMA-epoxy sample, (b) a copper-epoxy sample and (c) an epoxy sample with an air
inclusion, representing the case of a delamination in a material. Figure 40 shows the
corresponding A-scans to Figure 39. In case (a), the sound field is transmitted through
the water-PMMA interface and subsequently through the PMMA-epoxy interface with
almost no reflection due to the similar acoustic impedances of water, PMMA and epoxy.
In contrast, a high amount of reflection takes place at the water-copper interface, due to
the impedance mismatch of water and copper. In the case of the epoxy layer with an air
inclusion, almost no signal is reflected at the water-epoxy interface, whereas practically
the entire remaining acoustic waves are reflected at the epoxy-air interface.

Considering the high reflection of sound waves at air in a material - and the resulting
drastic change in the SAM A-scan (see Figure 40) - the SAM is predestined for the de-
tection of delamination and cracks. In general, the SAM outperforms e.g. the otherwise
powerful X-Ray analysis in this respect [34]. In Figure 40, the signal components arriv-
ing later in the SAM A-scan correspond to larger distances that the ultrasonic waves
had to travel. If the longitudinal sound velocity in the concerned material of the sample
is known, the time delay between two pulses can be converted to the physical distance
between the two sources of the reflection (in the z-direction). The frequency compo-
nents of the reflected ultrasonic wave can be obtained by Fourier transformation. The
dominant frequency f of the acoustic wave determines the achievable lateral resolution
W:

A

W= INA (27)

with the wavelength A = v/f , and NA = sin(0); where 0 is the semi-angle of the
lens aperture and v is the velocity of the acoustic wave in the propagation medium.
Therefore, an increase in frequency leads to smaller W, thus smaller structures can be
resolved. However, an increase in frequency causes increased damping by the coupling
liquid [164] and is inevitably connected to a decrease in penetration depth caused by
attenuation effects in the analysed sample.

The resolution in z-direction is also of high relevance in SAM measurements. According
to [87], the axial resolution of a SAM is

cdt
6(,lxial,'pu,lse = 7/ (28)

if two pulses need to be separated (5t denotes the temporal pulse width of the ultrasonic
signal and c denotes the longitudinal wave velocity inside the sample). Axial surface
extensions of the sample can be detected via SAM according to

_‘w
6axxal,water - ZSR’ (29)

where SR denotes the sampling rate of the acoustic microscope and cy, the velocity of
sound in water.
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Figure 39: EFIT [27] simulation of SAM measurements in the case of the reflection at (a) a PMMA-
epoxy sample, (b) a copper-epoxy sample and (c) an epoxy layer with an air bubble.
All three samples are immersed in water. Time-steps 1 - 3 are shown [34].

The A-scan mode gives information about the sample along the z-axis at a single x-y
location. By moving the transducer in the x-y plane (keeping the z distance fixed) and
collecting the A-scan data at each point, 3D information of the sample can be obtained.
Alternatively, 2D cross-sections at a certain time range in the A-scan (corresponding
to a depth range in the sample) can be acquired and represented as so-called SAM C-
scan images. In SAM C-scans, the maximum amplitude in a given time-interval (often
referred to as "time gate" or simply "gate") of the A-scan is evaluated and depicted
as gray value. Brighter pixels correspond to higher signal amplitudes and thus high
reflection coefficients of the sample at this x-y position.

10.1 ACOUSTIC MATERIAL SIGNATURE V(z)

One outstanding attribute of SAM was investigated in [39]: The SAM offers the possi-
bility to monitor the intensity V of the reflected sound field as a function of the defocus
position z, see e.g. [14]. This section follows [39] almost at verbatim.

As already mentioned, Rayleigh waves can be excited on the surface of the sample (see
Figure 38), if the opening angle of the lens includes the Rayleigh angle 0r:

0 = sin~ (VO) . (30)

VR
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Figure 40: EFIT [27] simulation of the A-scan in the case of the reflection at a PMMA-epoxy
sample (blue solid line), copper-epoxy sample (green broken line) and at an epoxy
layer with an air bubble (red dotted line), corresponding to the case of delamination.
All three samples are immersed in water [34].

Here, v denotes the sound velocity in water and vg the Rayleigh wave velocity of the
sample. Once excited, the Rayleigh wave propagates along the surface of the sample
and leaks energy back to the transducer. At the piezoelectric element of the transducer,
the phase and amplitude of the longitudinal sound wave reflected from the sample and
the leaky Rayleigh wave are summed up [14]. The two wave modes (Rayleigh wave and
longitudinal wave) interfere alternating constructively and destructively, depending on
the defocus position z of the transducer. According to [14], the periodicity Az of the
oscillation depends on the Rayleigh sound velocity vg of the investigated sample via

Ao

Az = 2 (1 —cos(0Rr))

(31)
where Ao denotes the wavelength of the acoustic wave in water.

The importance of V(z) measurements relies on the possibility to measure the Rayleigh
wave velocity in a broad frequency range (which is interesting for layered samples) at a
very small spot (the focal spot of the lens) on the sample.

10.2 INTRODUCTION TO EFIT

The simulation of acoustic wave propagation via the elastodynamic finite integration
technique (EFIT) was introduced in [27]. The EFIT simulations presented in this thesis
are results of the cooperation with René Hammer (Materials Center Leoben, Simulation
Department).

EFIT offers a good compromise in terms of accuracy taking into consideration its com-
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putational cost. For the simulation, the basic equations for (1) the kinetics

v =
pa =V x o, (32)

(2) the kinematics

de 1|/= N

“Nz[(v®v>+(v®v> ] (33)
(3) and material law

o~E-g (34)

are put on a staggered grid and evolved in time via a leap frog scheme [27] (see also
[39]). Here, V denotes the particle velocity, p the mass density, o is the stress tensor and
E and e denote the stiffness tensor and the strain tensor, respectively.

10.3 SAM SETUP

In the presented research [34, 35, 39, 64, 66], a commercially available scanning acoustic
microscope “SAM 400” (PVA TePla Analytical System GmbH, Westhausen, Germany)
was operated in reflection mode, using various transducers with frequencies from 75
MHz to 400 MHz, equipped with lenses of small opening angles (about 8°) and wide
opening (up to 120°) acoustic objectives (AO). The reflected signal was analysed by the
inspection software “WinSAM5” (PVA TePla Analytical Systems GmbH, Westhausen,
Germany) and by custom made programs in the case of the V(z) measurements. The
SAM was adapted in order to perform V(z) measurements, where the SAM is usually
operated in tone burst (TB) mode (PVA TePla Analytical Systems GmbH, Westhausen,
Germany). In the TB mode, the longer excitation time of the pulses results in a very
narrow signal in the frequency domain, allowing for precise frequency-dependent mea-
surements (see e.g. [59]). The SAM was additionally equipped with a 7 GHz ADC card.
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3D FAILURE CHARACTERIZATION OF PCBS VIA SAM

This chapter concerns the non-destructive failure analysis of printed circuit boards
(PCBs), where an indirect delamination detection is proposed. Complementary simula-
tion efforts and destructive sample analysis corroborate the obtained results. The results
presented in this work are published in [34].

11.1 MOTIVATION

The ongoing miniaturization trends (considering MtM technologies, see also Section 1.1)
have high impact on the design of PCBs. The multi-layered build ups - involving met-
als in combination with composite materials - render PCBs complex systems, as far as
failure analysis and detection are concerned. Invasive analysis methods are not to be
preferred due to the possibility of introducing new defects by the failure inspection it-
self. Moreover, the measurement cannot be repeated if the sample is (partly) destroyed.
In non-destructive failure detection and analysis, also preferred methods like X-ray com-
puted tomography have difficulties due to the high amount of copper in the analysed
PCB samples [34]. One of the major failure modes in PCBs are delaminations which can
be caused by manufacturing processes or thermo-mechanical exposure. In [34], the de-
tection of delaminations in PCBs by SAM is described. It is shown that, even though the
acoustic analysis is complicated because of the multi-layered, multi-material build-up
(see also Chapter 10) of the investigated PCBs, delaminations can be detected within the
PCB. To this purpose, the resulting curvatures of the layers were analysed and SAM 2D
data in combination with novel 3D data was evaluated. In addition, EFIT simulations
(see Section 10.2) were carried out. Complementary destructive physical cross-sectioning
corroborates the obtained results.

11.2 MEASUREMENT AND DATA EVALUATION

The measurements were performed using SAM (Chapter 10), where the data analysis
was supported via EFIT simulations (Section 10.2). In Table 16, the EFIT simulation pa-
rameters and settings for the analysis of acoustic wave interaction with PCBs presented
in this chapter are summarized and Table 17 gives details about the used material prop-
erties.

MATERIAL REFERENCE fIMHZz] 0[°] Area ngp

Cu, Epoxy [15, 95] 100 20 Xz 25

Table 16: Summary of EFIT parameters and simulation settings. f denotes the frequency and ©
is the semi-angle of the lens aperture. Area refers to the 2 dimensional simulation area,
in this case the xz plane (the coordinates refer to Figure 38) and ngp denotes the grid
points per wavelength.
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MATERIAL REFERENCE E[GPd] v plkg/m3] dlum]
Cu [15] 117 0.34 8960 64
Epoxy [95] 3.5 0.33 1540 200

Table 17: Summary of material parameters of PCBs for EFIT simulations, where the elastic mod-
ulus E, the Poisson ratio v, the mass density p and the thickness of the layers are given.

11.2.1 Scanning acoustic microscopy

The “SAM 400” (PVA TePla Analytical System GmbH, Westhausen, Germany) was op-
erated in reflection mode, using a transducer of 75MHz nominal center frequency. The
reflected signal was analysed by the inspection software “WinSAM5” (PVA TePla Ana-
lytical Systems GmbH, Westhausen, Germany). See also Section 10.3 for details on the
SAM measurement. In addition, the “Avizo Fire 8.0” software was utilized in order to
obtain 3D representations of the analysed PCBs.

11.2.2  Sample and complementary assessment

A cross-section of the analysed PCB (48.5x82x1.2 mm?) is shown in [34]. Via a thermal
cycling process, delamination in the PCB was introduced. For the acoustic analysis, the
multiple copper layers in the sample present a severe hindrance. According to Equa-
tion 26, R at an epoxy — copper interface is approximately 8o %. As a consequence, the
copper layers embedded in the epoxy matrix render PCBs nearly impenetrable for acous-
tic analysis [13].

After the SAM analysis, the PCB was ground and imaged sequentially using optical
microscopy. Using the Olympus Streamsoftware, the imaged sections were stitched into
a single image of the PCB, where the delamination could be located. The cross-sectioning
took place without considering the results obtained by the SAM analysis.

11.3 RESULTS

In this work, a two dimensional EFIT simulation [27] of the SAM measurement of delam-
inated PCBs was performed. Simulated equivalents of the SAM A-scan were obtained
and compared to the A-scans from the SAM measurements, see Figure 41.

Altough the delamination could not be detected directly, the analysis of the 3D data
and the comparison to the simulation enabled the detection of the delamination in the x-
y plane and the delaminated layer could be identified. Figure 42 shows the comparison
of the SAM data analysis (green) to the physical cross-sectioning results (red and blue
lines).
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Figure 41: A-scan of well laminated and delaminated area of PCB (a) SAM measurement and (b)
EFIT simulation result from [34].

11.4 DISCUSSION AND SUMMARY

Although the failure characterization of PCBs presents a highly relevant task in context
of MtM technologies, state of the art methods show drawbacks in their characterization
[34]. Also the SAM analysis is complicated because of the multi-layered material com-
bination of copper and epoxy, which represents a severe hindrance for the otherwise
powerful SAM failure detection in analysis.

Here, the indirect detection of delamination in PCBs is proposed and carried out
via SAM measurements and advanced data analysis. EFIT simulations support the pre-
sented SAM analysis and good agreement was found. The indirect delamination detec-
tion shows the advantage of being applicable even if the delaminated area is filled with
water or SAM through scans (see e.g. [164] for details on SAM through scans) are not
teasible, as pointed out in [34].
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Figure 42: Comparison of SAM measurements (green) to mechanical cross-sectioning results (red
and blue lines) of PCB [34].



SAM ANALYSIS OF TSVS: MEASUREMENT AND SIMULATION

Publications [35] and [37] consider the failure detection in through silicon vias (TSVs)
for 3D integrated technologies by SAM. In the following, the results obtained in [35] are
summarised briefly and [37] is put into context.

12.1 MOTIVATION

A promising way to realize More-than-Moore technologies (see also Section 1.1) is the 3D
integration of devices [30]. Here, a key element is the vertical electrical interconnection
between two or more layers of active electronic components. Such vertical interconnec-
tions are referred to as through silicon vias (TSVs) [74]. Although the TSV technology is
a promising candidate in the ongoing trend of miniaturization, aiming for higher electri-
cal performance, lighter weight and lower power consumption, the processing, material
engineering and quality management of TSVs remains highly demanding [74].

A distinction between “open” and “filled” TSVs can be made. While the latter are
completely filled with conducting materials - often copper - open TSVs have a metal-
lized side wall for the electrical connection and remain hollow. In comparison to filled
TSVs, open TSVs show advantages regarding stress relaxation [41] and are highly rel-
evant for sensor applications - as pointed out in [67, 68]. Open TSVs are processed by
etching holes into the silicon using deep reactive ion etching (Bosch process) [74]. Dur-
ing this process, the generated TSV structures are protected with a polymer coating that
is removed in several cleaning steps before the metallization. In e.g. [41] it was pointed
out that residual stresses in the metallization have direct impact on the defect formation
in TSVs.

For an improved material engineering and quality management of TSVs, the detection
and understanding of different failure modes is crucial. Especially the detection of poly-
mer residues and defects in the metallization are a big challenge in terms of the charac-
terization of the whole TSV (side-wall and bottom), and the necessary resolution down
to the nm regime. In the defect detection and evaluation of open TSVs, non-destructive
analysis methods are preferably applied. Non-destructive methods show the advantages
of repeatable measurements, minimizing the potential introduction of additional failure
modes by the testing itself and are attractive for industrial applications due to their po-
tential for in-line or at-line inspection. However, several state of the art methods show
drawbacks in the characterization of open TSVs. For example, SEM (see e.g. [119]) is a
method that provides high resolution for the bottom and side wall inspection of TSVs.
However, it demands special sample stages and preparation of the sample, is time con-
suming and costly (if the damaged TSVs are not pre-defined) due to the necessary step
by step inspection of each TSV. Some other potential TSV characterization methods and
their drawbacks are summarised in [64].
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In [35], the possibility to detect metallization defects with extensions of about 50pum
in an automatized way by SAM is discussed.

12.2 SAM MEASUREMENT, EFIT SIMULATION AND DATA ANALYSIS

In [35], the commercially available scanning acoustic microscope “SAM 400” (PVA TePla
Analytical System GmbH, Westhausen, Germany) was operated in reflection mode, us-
ing an AO transducer of 100MHz nominal center frequency. The reflected signal was
analysed by the inspection software “WinSAM5"” (PVA TePla Analytical Systems GmbH,
Westhausen, Germany), providing SAM C-scan images. Subsequently, the SAM C-scan
images were analysed via a pattern recognition algorithm [85, 113].

In addition, the SAM measurement of a TSV showing a bottom defect was simulated
via the EFIT [27] approach, see also Section 10.2. Here, the interaction of an acoustic
wave with T00MHz center frequency with defect and intact TSVs was simulated, see
Figure 43 for the simulation schematic.

(a)

sound wave

e -

|

defect

Velocity magnitude norm.

silicon [ TSV
defect~

damping layer

Figure 43: Principle of SAM measurement of TSVs (EFIT simulation): (a) a sound wave propa-
gates from top to bottom and (b) close up [35].

In Figure 43, an acoustic wave propagates from the top through water to the silicon
sample. The sound field is focused by excitation along a circular arc. In this manner, the
angular aperture of 60° and the aperture diameter of approximately Tmm are realized.
This represents the geometries of the AO lens applied in the SAM measurement. In
Table 18, the EFIT simulation parameters and settings for the analysis of sound field in-
teraction with TSVs presented in this chapter are summarized and Table 19 gives details
about the used material properties.

The A-scan is detected at one point in our simulation in contrast to the detection in
the measurement, where the lens is sensitive to the reflected acoustic field at its whole
opening angle and therefore detects e.g. energy emitted by surface acoustic waves.
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MATERIAL REFERENCE fIMHZz] CIN Area ngp

Si, W [15, 124] 100 30 Xz 20

Table 18: Summary of EFIT parameters and simulation settings, where f denotes frequency and
O is the semi-angle of the lens aperture. Area refers to the 2 dimensional simulation
area, in this case the xz plane (the coordinates refer to Figure 38) and ngp denotes the
grid points per wavelength.

MATERIAL REFERENCE E[GPda] v plkg/m3]
Si [49] 130 0.28 2330
\% [15] 405 0.28 18250

Table 19: Summary of material parameters of TSVs for EFIT simulations, where the elastic mod-
ulus E, the Poisson ratio v and the mass density p are given.

In order to prevent back-reflections, a damping layer was implemented at the bound-
aries of the simulation area, see Figure 43 (rh.s.) and the colour-scale displays the nor-
malized velocity magnitude.

12.3 RESULT

In Figure 44 the EFIT simulation of the SAM measurement of a TSV with a metalliza-
tion defect at the bottom is shown. Figure 44 depicts that the sound wave cannot be
focused to TSV bottom, due to the geometries of the AO and the small diameter of the
TSV. Therefore, positioning the transducer centered over the TSV, a first reflection from
the surrounding silicon followed by a second reflection from the bottom of the TSV is
observed. In Figure 44 time-step 2, the incident longitudinal sound wave excites addi-
tional wave modes in the silicon. In Figure 44 time-steps 3 and 4, the Rayleigh wave,
which leaks energy back toward the transducer through the coupling liquid, can be ob-
served. In Figure 44 time-step 4, parts of the sound waves have left the TSV and travel
back through the coupling liquid towards the transducer. In [35] slight differences were
found in the simulated A-scans for various failure modes.

Concerning the SAM measurement, a SAM C-scan is presented in Figure 45. Here,
the TSVs showing no defect are marked with a blue circle via the circular Hough trans-
form algorithm [85, 113]. In Figure 45 the scale bar is omitted in order to protect the
manufacturers’ expertise.

12.4 DISCUSSION AND SUMMARY

The SAM failure analysis of open TSVs with an AO lens proved to be very powerful
in the detection of bottom defects with extension of about 50pum. The resolution of the
SAM C-scan images was sufficient to successfully apply a pattern recognition algorithm
in order to distinguish defect TSVs from TSVs where no failure mode was detected in
the SAM analysis automatically. In addition, the SAM software was updated in order
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Figure 44: SAM measurement of defect TSV (EFIT simulation), time-steps 1 - 4.

to perform SAM C-scans at predefined de-focus positions automatically, enabling fast
and reliable failure detection. The obtained EFIT simulation results support the SAM
analysis.

12.4.1 Enhanced accretion detection via SAM

The work published in [35] discusses the possibility to detect TSV bottom defects with
extension of about 50pum. In [35], the center frequency of the applied transducer was
at T0OOMHz, which gives a wavelength in water of approximately 15um. According to
Equation 27, the resolution of the SAM is about half a wavelength, if the numerical aper-
ture is close to one. A numerical aperture close to one can be achieved in some cases
[164]. In e.g. the book by Briggs and Kolosov [14], the detection of surface cracks with
openings below the resolution limit is discussed. The detection of sub-resolution surface
defects considered in [14] relies on the excitation of SAWSs, that interact with the surface
defects. The defects are then detected via interference fringes.

In [37], similar effects in open TSVs are discussed, where additional wave modes can
enhance the detection of accretions in TSVs. By EFIT simulation efforts, it is shown how
acoustic waves are affected by accretions within TSVs, see Figure 46 and [37] for details.



12.4 DISCUSSION AND SUMMARY

TSV 1

| 14
' ‘ ) ‘
Figure 45: Pattern recognition algorithm (circular Hough transform [85, 113]) applied to SAM

C-scan (xy-plane) in order to detect a bottom defect. Intact TSVs are marked with a
blue circle, "TSV 1" shows a bottom defect.

In Table 20, the EFIT simulation parameters and settings for the analysis of the sound

Figure 46: EFIT simulation of sound propagation along the rim of an open TSV, in the xy-plane:
(a) shows the case of an intact TSV, in (b) a small accretion at the TSV coating dis-
turbs the sound wave propagation. The TSV is filled with water and the colour-scale
represents the normalized velocity magnitude.

propagation along the TSV rim are summarized.
In the next section, the detection of cracks with openings below the lateral and axial

resolution limit is demonstrated (by SAM measurement and simulation) and it is shown
how additional wave modes are indeed beneficial in this process.
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MATERIAL REFERENCE fIMHZz] Area ngp

Si [15, 124] 100 Xy 25

Table 20: Summary of EFIT parameters and simulation settings for the sound wave propagation
along the TSV rim. Here, f denotes the frequency and Area refers to the 2 dimen-
sional simulation area, in this case the xy plane (the coordinates refer to Figure 38) and
ngp denotes the grid points per wavelength, the Si input values are listed in Table 19,
according to [15].



SUB-RESOLUTION CRACK DETECTION IN MTM COMPONENTS

In the following chapter, the detection of artificially introduced cracks in open TSVs
(see Section 12.1) by SAM is discussed. Notably, the cracks show openings below the
lateral and axial resolution limit of the SAM and they run parallel as well as normal to
the SAM axis. The experimental results and the theoretical evaluation are planned to be
published in the near future in accompanying papers [64, 66].

13.1 MOTIVATION

The potential of SAM to detect surface cracks which show less than half a wavelength
opening (compare to Equation 27) has attracted great attention in recent decades. One
underlying principle is the excitation of SAWs on the sample via transducers equipped
with AO lenses. Interference effects make the surface crack detection below the lateral
resolution limit of half a wavelength possible [14]. In [1] the influences of subsurface
cracks on SAW propagation are considered. More recently, a wide range of literature
considering the ultrasonic detection of surface-breaking cracks (perpendicular to the
sample surface) in single material samples via experiment and theoretical evaluations
has been published [18, 45, 60, 81, 82, 92, 149, 165].

In [64], the measurement of cracks of less than one micron opening — corresponding
to less than a tenth of the acoustic wavelength — by SAM is demonstrated. Notably, the
evaluated samples in [64] are open TSV (see Section 12.1) test arrays, highly relevant
for 3D integration technology in microelectronics. It is speculated that Rayleigh waves
might be the driving force enabling the sub-resolution defect detection in [64].

In [66], the destructive analysis of pre-defined TSVs (showing a special characteristic
in SAM measurements [64]) is presented. In this way, additional cracks along the TSV
coating — normal to the sample surface — are found. These cracks are circumferential
cracks along the TSV coating (see [64] , additional material). In [66] EFIT [27] simulations
are carried out in order to determine if (1) Rayleigh waves are indeed the key element in
the SAM analysis presented in [64] and (2) in order to investigate the influence on SAM
A-scans of the cracks normal and parallel to the SAM axis separately.

13.2 MEASUREMENTS

In [64] the failure detection in open, tungsten coated TSVs is discussed in detail, where
various failure modes are addressed. The outcome of the SAM analysis is corroborated
by SEM and pXCT data evaluations. The failure mode considered in the following
concerns cracks with openings of less than a tenth of the acoustic wavelength. These
circumferential-cracks lead to reproducible intensity patterns - reminding of blossoms -
in the SAM C-scans, see Figure 47, TSV "D6 3". However, the inspection of TSV "Dé6 3"
by uXCT shows no failure mode, see Figure 48.
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Figure 47: Blossom characteristic of defect TSV in SAM C-scan: SAM measurement of TSV with-
out failure mode "D6 «" and defect TSV "D6 3" showing a blossom-like characteristic.

Figure 48: uXCT analysis of TSV "D6 ": (a) horizontal cross-section at the TSV bottom, (b) ver-
tical cross-section 0°, (c) vertical cross-section 9o° and (d) 3D representation of uXCT
data, no failure mode is found. The coordinates refer to Figure 38.

13.3 EFIT SIMULATIONS

The numerical simulation of ultrasonic waves in isotropic linear elastic media is de-
scribed in [27], where the elastodynamic finite integration technique (EFIT) is presented
(see also Section 10.2). In Figure 49, the EFIT simulation [66] of the SAM measurement
[64] is shown for the case of an intact TSV. A lens body and an ARC are included in
the simulation in accordance with the SAM measurements. The analysed TSVs have a
diameter of approximately 100um, a height of approximately 200um and a coating of
about Tpm . The center frequency of the transducer is 100MHz and the opening angle of
the lens is 60°. In Figure 49 the transducer excites an ultrasonic wave of 100MHz center
frequency in timestep 1, which propagates through the lens body to the anti-reflective
coating (ARC) and through the coupling liquid towards the sample in timestep 2, until
it reaches the sample surface in timestep 3. SAWs are excited in timestep 3 and the wave
modes in the silicon can be observed in timesep 4, when part of the acoustic signal trav-
els back towards the transducer and part of the signal is still within the TSV, travelling
towards the TSV bottom. In the EFIT simulations, the axial symmetry in the pseudo 3D
simulations is implemented according to [134]. The pseudo 3D simulations make use of
the axial symmetry of the acoustic lens, the TSVs and defects in the TSVs. In the EFIT
simulation, the elongation in the z-direction was summed up along the width of the
transducer, in accordance with the SAM measurements in order to obtain a simulated



13.4 RESULTS

2000
LY =11l
“e® & STransdubdrf 4+

’ //J Plane Wav\e\\

——

ARC =, Lens

500
TSV (No Defect)

00 225 450 725 900 2 225 450 725 225 450 725 225 450 725 900

|| rlum] rlum] r(pm]

Interaction

Figure 49: EFIT simulation of axial-symmetric SAM measurement: Sound interaction with intact

TSV.
SAMPLE LENS, COATING f[MHZz] 0I°] AREA ngp
Si, W sapphire, 100 30 axi 30
Si0,

Table 21: Summary of EFIT parameters and simulation settings. f denotes frequency, © is the
semi-angle of the lens aperture, Lens and ARC define the lens and the antireflective
coating in the simulations. Area refers to axial symmetric (with respect to the z-axis)
simulation area (the coordinates refer to Figure 38) and ngp denotes the grid points
per wavelength. The material parameters for Si and W are listed in Table 19 according

to [15, 49].

version of the SAM A-scan.

In Table 21, the EFIT simulation parameters and settings for the analysis of sound
tield interaction with TSVs presented in this chapter are summarized and Table 22 gives
details about the used material properties.

13.4 RESULTS

In the following, the results from the SAM measurement, the data analysis and the
simulation efforts are summarised. In this section, certain scale bars are omitted in or-
der to protect the manufacturers” know-how. Figure 50 shows the SEM analysis of a
pre-defined TSV (blossom-like characteristic in SAM C-scan). A circumferential crack
is found, see Figure 50. Notably, the crack opening is approximatley 200nm. The crack
has been imaged along the whole coating via SEM. To this purpose, the sample was
mounted on a rotation and tilting stage, see the supplementary material of [64]. The
SEM investigation of TSVs without the blossom-like characteristic in the SAM C-scan
did not reveal circumferential cracks. In addition, the applicability of a geometry based
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MATERIAL REFERENCE E[GPa] v plkg/m3]
sapphire [15] 345 0.29 3980
silicon dioxide [124] 70 0.19 2200

Table 22: Summary of material parameters for EFIT simulations of TSVs SAM measurement,
where the elastic modulus E, the Poisson ratio v and the mass density p are given. The
material parameters for Si and W are listed in Table 19 according to [15, 49].

Figure 50: SEM image of pre-defined TSV: a circumferential crack is detected. The crack is
coloured red to guide the eye.

pattern recognition algorithm [85, 113] to the blossom-like characteristics in the SAM
C-scan was successfully tested, see Figure 51. Further destructive investigation (via ion
slicing) revealed additional cracks at the TSV bottom and a delamination of the coating,
see Figure 52. In Figure 52, the TSV was tilted for the slicing. The crack openings are
below 200nm.

EFIT simulations were carried out in analogy to the SEM results presented in Figure 52:
for the case of cracks parallel to the SAM axis, a delamination between silicon and coat-
ing and for the combination of both failure modes. See Figure 53 for a schematic repre-
sentation of the failure modes within the TSV. The EFIT results for the different failure
modes are compared to the case of sound interaction with an intact TSV. In Figure 54,
the SAM A-scans are shown in direct comparison for the case of (a) a lens opening an-
gle smaller than the critical Rayleigh angle and (b) a lens opening exceeding the critical
Rayleigh angle. According to Equation 30, the critical Rayleigh angle is about 17°. Here,
the Rayleigh wave velocity of silicon is assumed to be 5150m/s and the sound velocity
of water is 1480m/s [124]. The results presented in Figure 54 show a clear sensitivity of
the SAM to different failure modes, if the lens opening is sufficiently large.
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Figure 51: Indirect detection of circumferential cracks in TSVs via a pattern recognition algo-
rithm: The TSVs showing no failure mode are detected via a geometry based pattern
recognition algorithm. TSVs showing the blossom-like characteristic are not marked
by the algorithm.

Figure 52: SEM image after ion slicing of the TSV. In addition to the circumfirential crack, also
a crack at the TSV buttom and along the TSV coating are found. The crack openings
are below Tum.

13.5 DISCUSSION

In state of the art failure detection and characterization, the guiding principle seems to
be "high frequency evaluation” when devices become smaller, e.g. [12, 108, 122]. How-
ever, an increase in frequency means also a decrease in penetration depth [164]. In [64]
and [66] we demonstrate that the resolution limit of a SAM is not its detection limit via
EFIT simulation and SAM measurements. It is shown, that via the excitation of addi-
tional wave modes, the SAM is capable of detecting cracks with openings of less than a
tenth of the acoustic wavelength (compare also to Equation 27) in MtM relevant compo-
nents. In many cases, especially for at-line or in-line inspection, it is sufficient to detect
a failure mode. The detection (without high resolution images of the defect) gives the
possiblity to dismiss the flawed sample or to inspect with other high resolution methods,
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(@) (b) ()

Figure 53: Schematic of the failure modes within the TSV: (a) TSV with cracks parallel to the
surface, (b) cracks normal to the surface (delamination) and (c) the combined failure
modes of cracks parallel to the SAM axis and delamination.

e.g. SEM or XCT.

It is also demonstrated in [64] that the XCT and SEM analysis are quite cumbersome,
time consuming and therefore expensive without the prior knowledge from the time-
efficient SAM analysis.
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Figure 54: Simulated A-scans for the case of (a) a lens opening smaller than the critical Rayleigh
angle and (b) for the case of an opening angle exceeding the critical Rayleigh angle.
The cases of an intact TSV, a TSV with cracks parallel to the surface, cracks normal to
the surface (delamination) and the combined failure modes of cracks parallel to the
SAM axis and delamination.

One advantage (in terms of frequency) of a 100MHz transducer - in contrast to GHz
acoustic microscopy [12, 108, 122] — is the longer working distance between lens and
sample, allowing for simpler handling and easier automatization. Besides, the attenua-
tion of the low frequency sound waves is smaller, leading to higher penetration depth.
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In addition, transducers and SAM setups below the GHz regime are in general easier to
access at lower costs [35]. In conclusion, it is not a priori advisable to increase the fre-
quency in a SAM measurement when devices and structures become smaller; additional
wave modes can be utilized in order to detect small defects even if they are not breaking
the sample surface and concern multi-material devices.
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SIMULATION OF V(Z) CURVES AND COMPARISON TO
EXPERIMENT

In the work reported in [39], intensity (V) — defocus (z) curves (Section 10.1) were simu-
lated via EFIT (Section 10.2) and compared to experimental results. The simulations of
the V(z) measurements, obtained by SAM, were first carried out on an aluminium bulk
sample, and secondly on a Tum aluminium coating deposited on a silicon wafer. Alu-
minium on silicon layered systems are of high relevance for MtM applications [154]. The
V(z) curves were used to determine the Rayleigh wave velocity of the aluminium bulk
sample and the aluminium coating. The results of the simulations with respect to the
Rayleigh velocity were corroborated by non-destructive SAM and LUS measurements.

14.1 MOTIVATION

The V(z) curve measurement by SAM enables the determination of the Rayleigh-velocity
of a sample locally, in the focal spot of the acoustic lens. The Rayleigh wave velocity
can be used directly for material characterization or material monitoring. Alternatively,
e.g. elastic parameters can be determined. Thus, the V(z) measurements are of high
relevance in the fields of MtM technologies (Section 1.1). In the work presented in [39]
the simulation of V(z) curves - and therefore acoustic wave propagation in samples
during the SAM measurement - was carried out. In the following, the content of [39] is
briefly revised.

14.2 MATERIAL AND METHODS
14.2.1  Samples

For the calibration measurement, an aluminium block of 5x3x1cm?® was investigated.
The aluminium coated sample was a 4x2cm? segment of an aluminium-coated silicon
wafer, crystallographic orientation (100). The aluminium was deposited on the silicon
wafer by a physical vapor deposition procedure and a thickness of Tum was deter-
mined via profilometry. The density of the aluminium thin film was determined by
X-ray diffraction measurements that yielded a mass density of 2.709g/cm3.

14.2.2 Scanning acoustic microscopy

The results published in [39] were obtained by using the SAM 400 (PVA, Analytical
Systems GmbH, Westhausen, Germany) in reflection mode. The SAM was equipped
with a custom-built tone-burst setup in order to perform precise frequency-dependent
measurements. For the calibration measurement on bulk aluminium, an AO with an
opening angle of 120° was used, attached to a transducer of 400MHz nominal center
frequency. The transducer was addressed at approximately 430MHz, corresponding to
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SAMPLE LENS, COATING f[MHz] ©O[°] AREA ngp D[Neper/msz]

Si, Al sapphire, 430 30 axi 30 3.7-10 11
SiO,

Si, Al sapphire, 400 60 axi 30 3.7-10~ 11
SiO,

Table 23: Summary of EFIT parameters and simulation settings for the V(z) analysis, where f de-
notes the frequency, O is the semi-angle of the lens aperture, Lens and Coating define
the lens and the antireflective coating in the simulations. Area refers to the axial sym-
metric (with respect to the z-axis) simulation area (the coordinates refer to Figure 38)
and ngp denotes the grid points per wavelength. D denotes to the exponential damp-
ing factor implemented in the EFIT simulations, the material parameters can be found

in [15, 124].

MATERIAL REFERENCE E[GPa] v plkg/m3]
Si [49] 130 0.28 2330
Al [15] 70 0.35 2698
sapphire [15] 345 0.29 3980
SiO, [124] 70 0.19 2200

Table 24: Summary of material parameters for V(z) EFIT simulations., where the elastic modulus
E, the Poisson ratio v and the mass density p are given.

the resonance frequency of the transducer. In the case of the aluminium thin film on
the silicon substrate, an AO (60°) was applied. The transducer was addressed at about
400MHz. The Rayleigh wave velocities were extracted from the V(z) curves according to
Equation 31.

14.2.3 EFIT

The simulation of V(z) curves was carried out for the aluminium block and the alu-
minium layer deposited on a silicon substrate (see Section 14.2.1). Isotropic, linear elastic
material behaviour was assumed in the simulations. The assumption of isotropy is made
for aluminium because its Zener anisotropy ratio is close to one [124]. Literature values
for the longitudinal and transverse sound velocity and the density of aluminium were
used as input values [15, 124]. The literature values for silicon were taken from [124].

In Table 23, the EFIT simulation parameters and settings for the V(z) analysis pre-
sented in this chapter are summarized and Table 24 gives details about the used material
properties.

For more than 30 defocus positions an equivalent of the A-scan data obtained in SAM
measuements was determined and the V(z) curves were evaluated, see [39] for details.
The dominant frequency and the opening angle of the lens were implemented in the
EFIT simulations in accordance with the SAM measurement. Also an ARC was consid-



14.2 MATERIAL AND METHODS

ered in the simulations. Figure 55 shows the EFIT simulation of the SAM measurement
at nine time-steps, where the ultrasonic field is presented by the normalized magnitude
of the velocity fields z-component. In timestep 1 and 2, the sound wave is excited by
the transducer and propagates through the lens body from top to bottom towards the
surface of the sample in timestep 3 and 4. At time-step 5, the ultrasonic waves reach
the surface of the sample. Here, part of the sound field is transmitted into the sample
(see time-step 6). The reflected sound field travels back towards the lens (time-step 7
and 8) and reaches the transducer at time-step 9. In analogy to the SAM measurement,
the simulated A-scan is obtained by summing up the z-component of the velocity field
along the width of the transducer at the position of the transducer.

»
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Figure 55: EFIT simulation of sound propagation in an aluminium thin film.
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14.3 RESULTS
In the following, the results of [39] are briefly summarised.

Figure 56 shows the direct comparison of the V(z) measurement to the EFIT sim-
ulation results for the calibration measurement of the aluminium bulk sample. Good
agreement between measurement and simulation was found and the Rayleigh wave ve-
locity of aluminium determined for the aluminium sample is comparable to literature
values, see [39] for details.
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Figure 56: SAM measurement (open circles) and EFIT simulation (diamonds) of V(z) curve for
an aluminium sample.

In Figure 57 the V(z) measurement and the EFIT simulations were carried out for a
aluminium thin film of Tum thickness on a silicon substrate. Again, good agreement
between measurement and simulation was found. Because the Rayleigh wave velocity
depends on frequency if the surface layer of the sample is thinner than about 1-2 wave-
length, the frequency dependent Rayleigh wave velocity was determined and is shown
in Figure 58, see [39] for details. The outcome is directly compared to LUS measure-
ments in the frequency range up to 200MHz. At 400MHz, the SAM and EFIT results are
shown in Figure 58, where good agreement was found.

14.4 DISCUSSION

The work reported in [39] shows good agreement between SAM and LUS measurements
and EFIT simulation results. The performed measurements and simulations are of high
relevance concerning the challenges in the SAM analysis of MtM technologies, namely
(1) the accurate data interpretation, (2) the choice of the most suitable transducer or (3),
the design of the most effective lens for a specific sample.
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CONCLUSION AND OUTLOOK

As stated in the preamble, the realization of MtM technologies demands the increased
advanced failure and material characterization of devices, where methods with at-line
or in-line potential are most valuable due to decreased qualification times. Especially the
material characterization and failure detection concerning metallic and polymer coatings
are of high relevance due to their vast application in microelectronic devices. However,
many state of the art methods for the characterization of thin films and the failure de-
tection in coatings are destructive or at least require the direct loading of the analysed
sample.

The two utilized ultrasonic methods LUS and SAM proved to be tools of choice in the
failure and material characterization regarding MtM technology relevant samples. The
LUS method, applied to the characterization of metallic and polymer layers on silicon
substrates also showed great potential for at-line or in-line inspection. The possibility to
distinguish different deposition procedures via LUS and the sensitivity of surface acous-
tic waves to light exposure of polymer coatings was tested. Moreover, multiple-layer
characterization was considered.

The SAM analysis was successfully applied to the delamination detection in multi-
layered PCBs, where an indirect failure detection method was discussed. Moreover, TSV
test arrays - highly relevant for the 3D integration of devices in MtM technologies —
were characterized in detail. In this context, the SAM analysis of metal coated TSVs was
performed via relatively low frequency evaluations, where the excitation of additional
wave modes proved to be a powerful method in state of the art defect detection. The
SAM and LUS results were compared in one publication, where good agreement was
found [39].

The results presented in this work were corroborated via EFIT simulations and a vari-
ety of other state of the art characterization techniques, e.g. pXCT analysis, SEM images
and nano-indentation results; they are published in [33—38].

The encouraging results presented in this thesis already enabled further ultrasonic
evaluations in follow up projects. Concerning the LUS applications, the characterization
of e.g. porous media and doped samples (see also Appendix A) via Lamb and bulk
waves is already considered in succeeding projects. Concerning the SAM analyses, the
failure detection of sub-resolution defects is a very interesting topic, probably applicable
for a number of samples. The method is currently tested on filled TSVs with diameters
of about 5 pm with ultrasonic frequencies up to 400 MHz. With respect to the simulation
efforts, parallelized full 3D simulations of sound propagation in anisotropic media are
planned.

93






Part V

PUBLICATIONS

In the following part, the publications [33—39] are attached.
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Abstract

The non-destructive examination of microstructural properties of thin films is of consistent significance in microelectronic
applications and simulations. Here, a laser ultrasonic (LUS) method is used to determine Young’s modulus E and Poisson’s ratio
v of thin films deposited on silicon substrates. In particular, we determine the longitudinal and transversal sound velocity of a
surface acoustic wave (SAW) in a 695 nm tungsten layer on a silicon (100) substrate, from which E and v are derived. The setup
uses laser pulses to generate SAWSs on the sample of interest. By detecting the SAWs with an optical beam deflection method, it is
possible to determine the frequency-dependent phase velocity. Fitting a theoretical model to the experimentally evaluated
dispersion curve, the longitudinal and transversal sound velocities of the thin film are derived.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Latest developments in microelectronics and nanoelectronics aim for an increased density of components by further
miniaturization, whilst simultaneously enhancing functionality and reducing the costs of electronic devices. Reducing
the size and increasing the functionality — “More-than-Moore-technology” — often includes the need for thin films,
e.g. in the realization of micro-electro-mechanical systems (MEMS) [1], 3D integration [2], nanosensors [3], or energy
harvesting applications [4]. In the ongoing miniaturization and diversification processes, tungsten is a material that
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can endure the increasing current densities that arise as microelectronic devices become smaller [5]. In 3D integration,
tungsten is used as coating material in through silicon vias (TSVs) as alternative to copper fillings in TSVs [2].
Recently, the residual stresses in tungsten thin films have been studied experimentally and via simulation [1, 6] due
to their relevance in the realization of MEMS. In order to assess the risk of component failure via material modelling,
the mechanical properties of tungsten thin films have to be accurately determined. In this sense, the microstructural
properties of tungsten thin films are of major importance in micro- and nanotechnologies and the corresponding
material modeling [1, 6]. However, the mechanical properties of coatings may deviate significantly from their bulk
counterparts, especially when multi-layer systems or constrained layers are considered. Many current testing
techniques require direct loading of the thin film, e.g. nano-indentation, and additionally the influence of the substrate
or supporting structures can obscure the film properties [7]. Laser ultrasonic (LUS) characterization presents a non-
destructive analysis method and is presumed to be probably the most suitable technique to determine the acoustic
wave related mechanical properties of thin films [7]. The LUS approach applied in this work uses laser pulses to
generate broadband surface acoustic waves (SAWs) which propagate dispersively on the layer-substrate system [7-
13]. The frequency dependent phase velocity can be evaluated from the measurement and additionally be determined
numerically. Fitting the theoretically evaluated phase velocity to the measurement yields the mechanical properties of
the thin film. The LUS method has been applied to several layer-substrate systems [7, 10-13] in the past. In the
presented work, a contactless characterization of Young’s modulus and Poisson’s ratio of a tungsten layer deposited
on a silicon (100) substrate was carried out. The determined mechanical properties are input values for current material
simulations [ 1] where very similar substrate-layer systems are investigated. To this purpose, an optical SAW detection
setup and a theoretical model were implemented and validated. The approach represents an analytical method with
high potential for reliable and fast material characterization.

2. Experimental Setup and Measurement

The setup (Fig.1.) uses a nanosecond laser system (Nd:Y AG laser) providing laser pulses with a pulse duration of
10 ns at a repetition rate of 10 Hz. To excite a broad-band surface acoustic wave (SAW) the laser beam is focused
with a cylindrical lens onto the sample surface. To detect the SAWs a beam deflection technique is used. A continuous
wave (cw) laser beam is focused onto the sample surface and the deflection of the back reflected light is detected by
a balanced photodetector (BPD). The back reflected light is divided into two parts by placing a mirror with a sharp
edge into the beam path. The two separated parts are detected with the two photodiodes working in differential mode
of the BPD. Since the division ratio of the back reflected light power detected by the two laser diodes of the BPD is
proportional to the deflection the recorded signal is proportional to the slope of the surface displacement.

== === Llens

e
!

—jv ¥ Mirror

ZZ Laser
%

SAW == Cylindrical Lens

Fig. 1. Schematic of the experimental setup to excite and detect SAWs.
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3. Theoretical Description of the Dispersion Relation

The frequency dependent phase velocity of a surface acoustic wave propagating on a coated solid can be evaluated
numerically. To this purpose, a semi-infinite, linear elastic, substrate-layer system is considered. The layer and the
substrate are assumed to be isotropic. This assumption has been made for the tungsten thin film because no pronounced
texture was observed by using X-Ray diffraction (XRD) analysis. According to [8] the particle displacement vector u
in the solid can be written as u = V¢ + V X 3P, when ¢ denotes the scalar potential of particle displacement and 1
denotes the vector potential of the particle displacement. Both potentials have to fulfill the wave equation,

24 109%¢

Ve - 252 =0 )
2qy — LMW _

Vi - 552 =0, @)

where v;denotes the longitudinal sound velocity and v denotes the transversal sound velocity. Equations (1) and
(2) combined with the appropriate ansatz for ¢p and ¥ and the corresponding boundary conditions for displacement
and traction at the surface and interface yield a system of six linear algebraic equations, which has non-trivial solutions
at the zeros of its 6x6 coefficient determinant. According to [8], this 6x6 determinant can be rewritten as a 4x4
determinant, the roots of which can be found via numerical evaluation. We determined the frequency dependent phase
velocity theoretically using MATLAB.

4. Data Analysis and Results
4.1. Data Analysis of Laser Ultra Sonic (LUS) Measurement of a Layered System

Surface acoustic waves on bulk materials propagate dispersion-free. However, if a thin film is deposited on the
substrate, the lower frequency components of the SAWs propagate mainly in the substrate, whereas higher frequency

parts of the wave propagate mostly in the thin film. Therefore, the coating causes the SAW to propagate dispersively
on the layer-substrate system, meaning the phase velocity v depends on the frequency f.
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Fig. 2. (a) Laser induced signals u, (t) detected at position x;; (b) laser induced signals u, (t) detected at position x,.

By detecting the SAWs of e.g. a tungsten layer with an optical beam deflection method (Fig.1.), it is possible to
determine the frequency-dependent phase velocity. To this purpose, the laser induced signals u;(t), detected at
different distances xi as shown in (Fig. 2.), are Fourier transformed to their complex spectral functions, denoted by
U;(f). According to [10], the phase velocity v (f) is then given by
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where ®;(f) denote the phases of the frequency components U;(f).

4.2. Young’s Modulus and Poisson’s Ratio of a 695 nm Tungsten Film on a Si Substrate

In Fig.3. the analyzed system consisting of a Si substrate, a barrier coating of TiN and a 695 nm thick tungsten
layer is shown. For the MATLAB evaluation, the longitudinal velocity v; and transversal velocity v of Si, 8432 m/s
and 5843 m/s respectively [14], were taken as input parameters as well as the density of the substrate p5 and the
density of the tungsten layer p. Furthermore, the thickness of the tungsten layer had to be measured as input value for
the MATLAB program. This was done using ImagelJ [15] evaluation software for REM images (Fig.3.). The TiN as
well as the W film were deposited via chemical vapor deposition (CVD). The influence of the thin TiN barrier coating
was neglected in our analysis.

Fig. 3. (a) REM image of the analyzed system; (b) high resolved image detail for thickness measurement.
Cross-section of investigated sample: 695 nm tungsten layer on Si substrate with a TiN barrier layer.

Fitting the theoretical curve to the experimentally evaluated frequency dependent phase velocity yields the
longitudinal and transversal sound velocities v; and vy of the SAW in the thin tungsten film. To this purpose, the
longitudinal and transversal velocities are altered until the theoretical model shows best agreement to the
measurement.
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Fig. 4. Phase velocity c as a function of frequency f of a tungsten layer on a Si substrate from LUS measurement (blue)
and a fitted theoretical curve (red) from simulation (MATLAB).
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In Fig. 4. we show the result for the experimentally evaluated dispersion relation and the fitted theoretically
determined frequency dependent phase velocity for the 695 nm tungsten film on a Si (100) substrate. Under the
assumption of an isotropic, linear elastic solid, the elastic constants ¢;; = vZp and ¢;, = ¢;; — Vp are related to the
Young’s Modulus £ and Poisson’s ratio v via

E=c,— 2( ciz ) and “)

C11+C12
V= /(11 F €12) -

The evaluation via fitting the theoretical curve to the experimentally evaluated data gives a Young’s modulus E of
405 GPa and a Poisson’s ratio v of 0.28, which is in accordance with values reported in literature of 380 GPa —
420 GPa and 0.28 — 0.3 for Young’s modulus E and Poisson’s ratio v, respectively [19]. The error in the measurement
of the frequency dependent phase velocity can be estimated via [10]
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An oscilloscope of 2GSa/s was used and the accuracy of the positioning and translation stage was of A x + 1.2
um. The signals in Fig. 3. were measured with a distance of x, — x; = 8 mm. Applying equation (5), the error in the
determined phase velocity is smaller than 3m/s in our measurement. From equation (5) it can be seen that by increasing
the distance between the two measurements by a factor of 4, the accuracy increases by the same factor.

5. Conclusion and Outlook

In this work, we report on the determination of the Young’s modulus E and the Poisson’s ratio v of a 695 nm thin
tungsten film on a Si (100) substrate with laser-induced ultrasonic surface waves. The proposed method provides an
analytical, non-destructive measurement of elastic constants for material and reliability inspection. The presented
results are the basis for the further development of Young’s modulus and Poisson’s ratio characterization via LUS and
ongoing projects concerning the comparison of material parameters determined via scanning acoustic microscopy or
nanoindentation [ 16—18]. Moreover, future studies will be concerned with the characterization of the elastic properties
of differently processed layers of tungsten and muli-layered systems.
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Abstract

Modern microelectronic devices frequently require the
use of thin films and multi-layer systems [1]. Especially
the application of advanced material models to simulate
e.g. reliability issues for such components relies on the
accurate determination of the layers’ elastic properties [2].
Polyimides (PI) show many beneficial mechanical and
chemical properties for applications in the field of micro-
electronics, e.g. in the realization of MEMS packages [3].
In the work reported here, the combination of a laser
ultrasonic measurement and a numerically solved theoret-
ical model [4] is presented in order to determine the elas-
tic properties of a multi-layer system. The multi-layer
system  consists of a polyimide layer of
11 pm thickness and an 800 nm silicon nitride film on a
(100) silicon substrate. The theoretical model uses a par-
tial wave ansatz and a global matrix method in order to
determine the frequency dependent phase velocity [5]. For
the measurement of the frequency dependent phase veloc-
ity, nanosecond laser pulses were focused to a line shape
onto the sample surface. This line excitation generates
plane broadband surface acoustic waves (SAWs). The
phase velocity depends on the frequency as a consequence
of the different sound velocities of substrate and layers.
The low frequency SAWs propagate mainly in the sub-
strate, whereas higher frequency waves propagate mostly
in the thin layers. An optical beam deflection method was
applied to detect the SAWs. The Young’'s Modulus and
the Poisson ratio of the polyimide layer were derived by
fitting the theoretical curve to the experiment. The pre-
sented method provides the possibility to measure con-
tactless on wafer level. It represents a valuable tool re-
garding the non-destructive evaluation of elastic proper-
ties of thin films in multi-layered systems. The Young's
modulus and the Poisson ratio can serve as essential input
for various advanced measurement techniques and simu-
lations [2].

1. Introduction

Current trends in the fields of micro- and
nanoelectronics require the application of thin films, e.g.
in the realization of micro-electro-mechanical systems
(MEMS) [2], nanosensors [6], packaging and 3D
integration [2], or in energy harvesting applications [7].
Polyimides show many beneficial mechanical and
chemical properties for the application in micro-systems.
In the realization of MEMS, polyimides are used as
photoresists and as structural or buffer materials.
Moreover, the properties of polyimide can be adapted to

978-1-5090-2106-2/16/$31.00 ©2016 IEEE

an outstanding extent. For example, piezoelectric
properties can be introduced, leading to a new type of
polyimides (PolyMEMS), which can be used in aerospace
applications [3]. The modelling of the failure behaviour of
micro- or nanoelectronic devices requires the precise
measurement of the mechanical properties of the thin
polyimide films. In addition, fabrication attendant
characterization methods on wafer level are highly in
demand. However, many current testing techniques are
destructive, e.g. nano-indentation, and additionally the
influence of the substrate can mask the actual mechanical
properties of the thin films [8]. Suitable techniques to
determine the acoustic wave speed related properties of
thin films and thin film systems are laser ultrasound
(LUS) methods [8]. The LUS approach applied in this
work uses laser pulses to generate surface acoustic waves
(SAWSs) on the layer-substrate system [9]. The frequency
dependent phase velocity can be evaluated from the LUS
measurement and additionally be calculated numerically.
Fitting the theoretically determined dispersion relation to
the measurement of the frequency dependent phase
velocity yields the mechanical properties of the thin film.
In the past, the LUS method has been applied to several
layer-substrate systems [9]. In the work reported here, the
contactless characterization of a polyimide layer was
carried out. The multi-layer system consists of a
polyimide layer of 11 pum thickness and an 800 nm silicon
nitride film on a (100) silicon substrate. The determined
material properties can serve as input values for
simulations [2].

2. Experimental set-up and Measurement

In the work reported here, surface acoustic waves
(SAWs) are excited using a pulsed laser system (Nd:YAG
laser) with a repetition rate of 10 Hz and a pulse length of
10 ns. The laser light is focused onto the sample with a
cylindrical lens, generating a line focus, therefore 2 plane
SAWs propagate in opposite direction on one distinct
spatial axis of the system. As a consequence of the 10 ns
pulse length, the SAWs show frequencies up to
approximately 100 MHz. A beam deflection method is
applied in order to detect one of the 2 propagating SAWs
on the sample (Figure 1). To this purpose, a continuous
wave (CW) laser beam is focused onto the sample surface
and the reflected light is divided into two equivalent parts
which are then detected by a balanced photodetector
(BPD). When the SAW passes the focus spot of the CW
laser, the two separated beams are altered and the division
ratio of the back reflected light power, detected by the
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two laser diodes of the BPD, is proportional to the slope
of the surface displacement.

m
; Lens 2 =
- Mirror

l i Lens
L=

X3

X1

X2
Pulsed Laser

W Cylindrical Lens

SAW

Sample

Figure 1: Schematic of experimental set-up.

3. Theoretical description of the dispersion relation
In the following, the frequency dependent phase

velocities of the wave modes in a 2-layer on substrate

system (Figure 2) are determined by using the partial

wave technique.
X3

Layer 2 (Pl) 02, Eo, vy h
2
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Figure 2: Schematic of the PI-SiN-Si-system.

According to [5], the partial wave technique can be
extended to multiple layers on a half space. For the linear
elastic, isotropic case, only four wave modes in each layer
have to be considered, corresponding to up- and down-
going longitudinal and transversal waves. In a linear
elastic, isotropic substrate, only the down-going
longitudinal and transversal waves have to be considered
in the ansatz. When a sound wave travels through a
medium, the particles of the medium are displaced from
their equilibrium positon. For a wave propagating in the
x;-direction (Figure 1), the particle displacement u; in
x, -direction and us in x;-direction in the n™ layer, where
n=1,23, ..., are given by [5]

uin) — y4n

ik(x1+amxz—cpt
me4n—3 Cme (x1+amxz—cp )’

w” = T CuUspe i amia=erd (1)

C,, are the coefficients of the polarization vector U, k
is the wave number, @,, denotes the x; component of the
direction vector, cp the phase velocity of the SAW and ¢
denotes the time. From equation (1), the entries of the
strain and stress tensors can be computed [5], where
isotropic, linear elastic layers and substrate are assumed

in the presented analysis. The boundary conditions
concerning the stresses o0;; and particle displacements u;
in the two layer system on Si (100) substrate are:

1. Stress free surface:
04 =0@x3=hy +h,,
05 =0@x; =hy +h,.
2. Continuity of particle displacement and stress tensor
entries at the interfaces:
uf = uz @x; = hy,
u3; = u33; @x3 = hy,

2 _ 1 _
031 = 031 @ x3 = hy,
2 _ 1 _
033 = 033 @ x3 = hy,

1 _ ,,Substrate —
U3y = Uzq @x; =0,

1 _ ,,Substrate —
U3z = U3z @x3 =0,

1 _ . Substrate —
031 = 031 @x; =0,

1 _ . Substrate —
033 = 033 @x3 =0. (2)

Considering the particle displacements u; and the
stresses 0;; at the boundaries of the system yields a matrix
equation. Only if the determinant of the 10x10 boundary
matrix , in case of 2 layers on a substrate, is forced to zero
by the right combination of frequency and phase velocity,
a sound wave can propagate in the solid [5]. The
dispersion relation for the allowed wave modes in an 11
pm polyimide (PI) on 800 nm silicon nitride on silicon
system are shown in Figure 3.
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Figure 3: Theoretically determined dispersion relation

of wave modes in a PI-SiN-Si-System.

In the frequency range up to 120 MHz, 4 wave modes
are present in the considered phase velocity range (Figure
3).

The first wave mode (Rayleigh wave) starts at the
Rayleigh wave velocity of the substrate (5150m/s) [12].
The additional wave modes start at the transversal sound
velocity vy of the substrate (5843m/s). The input
parameters for the evaluation of Figure 3 are summarized
in Table 1.
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plkg/ m* | v;[m/s] | vy[mis]
Polyimide 1464 2660 1160
SiN 3185 10607 6204
Si [100] 2329 8432 5843

Table 1: Density p, longitudinal (v;) and transversal
sound velocity (vr), of polyimide [10], SiN [11]
and Si [12].

4. Data-Analysis

SAWs propagate dispersively on the surface of the
sample because higher frequency waves show lower
penetration depth and propagate mainly in the layers,
whereas lower frequencies with high penetration depth
propagate mostly in the substrate. If the layers and the
substrate have different sound propagation velocities, the
phase velocity of the SAWs depends on frequency.
Detecting the SAWs on the PI-SiN-Si-System (Figure 1)
at two positions on the sample surface, the frequency
dependent phase velocity of the surface acoustic wave can
be determined. If the Fourier transformed laser induced
signals, detected at different positions x;, are denoted
U;(f), then according to [4], the phase velocity c(f) is
given by

_ (x2—x1)2mf
<) = 5 P-a:107 (3)

where @;(f) denote the phases of the frequency
components U;(f). Figure 5 shows five laser induced
signals detected at the surface of the PI-SiN-Si-System.
The spatial distance between the detection points is 2mm.
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Figure 5: LUS signals dete(cutse)d at five postions on the
PI-SiN-Si-System.

In Figure 5, the typical shape of the laser induced
signals expected from e.g. [1] are not observed as a
consequence of the multiple wave modes present in the
frequency range up to 100 MHz, see Figure 3.

5. Results and Discussion

In Figure 6 we show the result for the experimentally
evaluated dispersion relation for the 11 pm polyimide (PI)
film on 800 nm SiN on a Si (100) substrate and the fitted
theoretical curve. The considered frequency range for the
fitting procedure is approximately up to 27 MHz (broken

line), below which only one wave mode is present. In the
frequency range where more than one wave mode are
allowed, the measured phase velocity lies between the
two present wave modes (Figure 6). The data evaluation
uses the input parameters from literature which are
summarized for SiN and Si in Table 1. Additionally, the
thicknesses of the SiN layer and the PI layer are input for
the theoretical model. Only the longitudinal and
transversal sound velocity in the PI layer are altered in the
fitting procedure.
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Figure 6: Dispersion relation of PI-SiN-Si-System.
Theory (dots) fitted to experiment (broken line).

Since an isotropic substrate was assumed, in analogy to
[4], the measurement was performed along the [100]
direction of the silicon substrate for which the literature
values, given in Table 1, can be used as input parameters.
The evaluation via fitting the theoretical curve to the
experimentally evaluated data gives a Young’s modulus E
of 4.92 GPa and a Poisson’s ratio v of 0.39, summarized
in Table 2.

p v vr E v
Fit 1464 | 2600 | 1100 | 4.92 | 0.39
Literature | 1464 | 2660 | 1160 | 5.44 | 0.38

Table 2: Results compared to literature values [11].
Mass density p, sound velocities v; and v,
Young’s modulus E and Poisson’s ratio v.

The signals in Figure 6 were measured with a distance
of x, —x; =4mm. This distance would be highly
sufficient for most state of the art application in the
manufacturing of semiconductor power devices.

The error in the measurement of the frequency dependent
phase velocity can be estimated via [4]

2Atw

(P2-9DI )

The accuracy of the positioning and translation stage in
the measurement was of A x + 1.2 um. An oscilloscope
of 2GSa/s was used. The signals were measured with a
distance of 4 mm. Applying equation (5), the error in the
determined phase velocity is smaller than 10 m/s in our
measurement.

AVl <

v 7 lxp—xq
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In Figure 7, direct comparison of the wave modes in a
PI-SiN-Si-system with the elastic constants from literature
of Table 1 and the wave modes with the input parameters
from the fitted theoretical dispersion relation, from Table
2, are shown.
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Figure 7: Dispersion relation of PI-SiN-Si-System

from theoretical evaluations.

From Figure 7 it can be observed that small changes
of the Young’s modulus E and the Poisson’s ratio v
change the dispersion relation of the Rayleigh wave to
measureable extent in the considered frequency range. For
higher wave modes, in the frequency range up to
120 MHz (Figure 8), the sensitivity to changes in the
elastic properties of the polyimide layer continues to
increase.
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Figure 8: Dispersion relation of PI-SiN-Si-System
from theoretical evaluations. Literature values as in-
put (circles) compared to fitted values (crosses).

6. Conclusion

In this work, we report on the determination of the>-

Young’s modulus E and the Poisson’s ratio v of an 11 um
polyimide film, which is deposited on a silicon nitride
(800 nm) coated silicon substrate (100). The analysis was
performed by combining laser ultrasonic experiments and
a numerically solved theoretical model. Additionally, the
numerical model showed that especially the higher wave
modes in the system are very sensitive to changes in the
longitudinal and transversal sound velocities of the poly-
imide layer. The higher wave mode excitation and analy-

sis in thin film systems is part of further studies. The laser
ultrasonic method provides an efficient, non-destructive
way to determine elastic constants of thin films on wafer
level. Thus, the presented approach is a promising candi-
date for process-attendant characterization. The Young’s
modulus E and the Poisson’s ratio v can serve as valuable
input for state-of the art measurement techniques and
simulations [2].
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Abstract

In this work, the step-wise determination of elastic properties of a Si-Cu-Al-Cu stack via laser induced ultrasonic
measurements is presented. The analysed Si-Cu-Al-Cu system consists of a silicon (100) substrate, two copper
layers and an aluminium layer embedded between the copper layers, with a thickness of about 1 um of each layer.
The obtained results for the Young’s moduli and Poisson’s ratios of the multi-layered system are compared to
literature values for bulk materials. The presented non-contact method shows high potential regarding the non-
destructive evaluation of elastic properties of thin films in multi-layered systems.

© 2017 Elsevier Ltd. All rights reserved.
Selection and/or Peer-review under responsibility of nanoFIS 2016 — Functional Integrated nano Systems.

Keywords: Thin Film Characterization; Laser Ultrasound; Multi-Layered Systems; Stack Charakterization

1. Introduction

The frequent application of coatings and thin film stacks in state of the art micro- and nano-electronic devices
increases the interest in thin film stack characterization [1-6], especially since the mechanical properties of bulk
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materials may differ from their thin film counterparts. However, at the same time, the use of various thin film
materials at small scales makes the characterization of thin films and thin film stack configurations demanding.
Many current testing techniques, e.g. nano-indentation measurements [7], require mechanical loading of the
analysed thin film systems. In addition, the influence of the substrate can obscure the properties of the thin films [8].
Laser induced ultrasound (LUS) enables the contactless determination of acoustic wave related mechanical
properties of thin films, e.g. [8-16]. In the presented work, the non-destructive, step-wise characterization of the
Young’s moduli and the Poisson’s ratios of a Si-Cu-Al-Cu stack was carried out using laser induced ultrasonic
measurements in combination with a theoretical model [17]. All layers have a thickness of 1 um and were deposited
via the same sputter process in order to keep the variation of the film properties to a minimum. Fitting the theoretical
model to the experimentally evaluated data, only a limited number of parameters can be derived, e.g. the
longitudinal and transversal sound velocities of one of the layers. The use of the step-wise approach enables the
analysis of the whole Si-Cu-Al-Cu multi-layered stack. We characterize (i) a Si-Cu system, (ii) a Si-Cu-Al system
and use the gained results for the characterization of (iii) a Si-Cu-Al-Cu stack. The results are a Young’s modulus of
132 GPa and a Poisson ratio of 0.35 for the first copper layer, a Young’s modulus of 70 GPa and a Poisson ratio of
0.33 for the intermediate aluminium layer and a Young’s modulus of 112 GPa and a Poisson ratio of 0.35 for the Cu
top layer.

2. Experimental Setup, Measurement and Data Analysis
2.1. Set-up

A schematic of the experimental set-up is shown in Figure 1. For the excitation of broadband surface acoustic
waves (SAWSs), nanosecond laser pulses were focused on the surface of the sample using a cylindrical lens. The
Nd:YAG laser provided 10 ns light pulses of 532 nm wavelength at a repetition rate of 10 Hz. The line focus
excitation generated SAWs propagating along the x; -direction, see Figure 1, in a frequency range up to 100 MHz.
For the contactless detection of the SAWs, a continuous wave (CW) laser beam was focused onto the sample
surface. In the applied optical beam deflection approach, the light reflected back from the sample was divided into
two equivalent parts by placing a sharp edged mirror in the beam path. The resulting two light beams were then
detected via two photodiodes of a balanced photodetector (BPD) working in differential mode. A SAW propagating
through the focus spot of the detection laser caused a deflection of the reflected light beam and therefore a change in
the division ratio of the reflected light power detected at the two photo diodes of the BPD. Thus, the recorded signal
was proportional to the slope of the surface displacement.

(a) — (b)
> BPD |}
X1 CW Laser ] Lens s 2~ s
£ Pulsed Laser |) i ’Mmfr §
X3 Cylindrical Lens . : 2
SAW v ens g
= J//Wf//,// v 0 A o
———
Si Sample 1 1.2 14 16 1.8 2 22
tlus]

Fig. 1. (a) Schematic of experimental set-up and (b) laser induced SAWs excited at two different positions on the sample surface.
2.2. Measurement and data analysis

In accordance with literature [8-16], the surface displacement caused by the SAWs is detected for 2 excitation
positions on each sample along the x;-direction, while the detection position is kept constant, see Figure 1 (a). The
excitation locations 1 and 2 in Figure 1 (b) are separated by a distance dx, which ranges from 6 mm to 8§ mm in our
measurements. Two detected SAW signals u, (t) and u,(t) are shown in Figure 1 (b). If u, (t) and u,(t) are Fourier
transformed to their complex spectral functions, denoted by U;(f), the frequency dependent phase velocity v (f)
can be derived, e.g. [8-16]:
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where @;(f) denote the phases of the frequency components U;(f).

3. Theoretical Determination of the Frequency Dependent Surface Acoustic Wave Velocity

m=1-4 Layer1(Cu) L+S+ ihy 23]
m=5-8 Layer 2 (Al) L+S+ ‘hz
m=9-12 Layer3(Cu) L+tS+ . hs x3 = H?
m=13-14

Substrate (Si) L —S — *3

Fig. 2. Three layers (Cu-Al-Cu) on Silicon substrate [17].

Figure 2 shows a schematic of the analyzed Si-Cu-Al-Cu stack. In order to determine the frequency dependent
phase velocity of a SAW propagating on a 3-layer on substrate system theoretically, a partial wave ansatz and a
global matrix formalism were applied [17]. Each layer in Figure 2 has a height of h;, where H* = Y'h;, i= 1,2,3. For
the case of isotropic media and the assumption of linear elastic media, only four wave modes in each layer have to
be considered. The four wave modes correspond to up- and down-propagating longitudinal and shear waves. In
Figure 2, the longitudinal and shear waves are denoted by L and S, where + and - represent the up and down
propagating wave modes and the index m counts the wave modes present in each layer. In a linear elastic, isotropic
substrate, only the down-going longitudinal and shear waves have to be considered in the ansatz. Thus, a total of 14
wave modes are present in the three layer on substrate system. For an acoustic wave propagating in the x,-direction
(Figure 1), the particle displacement u; in x, -direction and u; in x5-direction in the n™ layer, where = 1,2,3, ..., are
given by [17]:

m _ an ik(xq1+amxz—cpt
ul — Me4n—3 Cme (x1 mX3—Cp )’
M) _ y4n ik(xq+amxs—cpt
Uz~ = Ym=an—3CnUspme (ytam¥z=cpt), 2

In equation (2), the index m numbers the wave modes in the layers, C,,, are the coefficients of the polarization vector

U, k is the wave number, a, denotes the x; component of the direction vector, cp the phase velocity of the SAW
and t denotes the time. From equation (2), the entries of the strain and stress tensors can be computed [17]. The
boundary conditions concerning the stresses 0;; and particle displacements u; in the three layer on substrate system
are stress free interfaces:

0'31=0@x3:03nd0-33=0@x3=0,' (3)
and the continuity of particle displacement and stresses at the interfaces:
n-1,

n _,n-1, ,,n _ n _ .~n-1 n _ .n-1 — n-1
Uz; = Uzq ; Uz = Uj3 ; O3 =031 andogz =035 @x3 =H" . 4

Considering the boundary conditions for the particle displacements u; and the stresses g;; yields a matrix equation.
Only if the determinant of the 14 x 14 boundary condition matrix, is forced to zero by the right combination of phase
velocity and frequency, the condition for sound waves propagating in the solid is fulfilled [17].
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4. Results
4.1. Thickness measurement of the multi-layered stacks

The thickness of each layer was measured from scanning electron microscopy (SEM) images - where secondary
electrons (SE) were detected - using ImagelJ evaluation software [18]. Figure 3 (a) shows a SEM image of the 1 um
Cu on Si System and Figure 3 (b) shows the Si-Cu-Al-Cu stack, consisting of a Si substrate, and three layers of
approximately 1 um thickness. The Cu as well as the Al films were deposited on the silicon wafers via DC
magnetron sputtering.

Fig. 3. SEM images of (a) Si-Cu system and (b) Si-Cu-Al-Cu stack measured with the (SE)-detector.
4.2. Young’s moduli and Poisson’s ratios of three stack configurations

The characterization of the Si-Cu-Al-Cu multi-layered system was realized via a step-wise procedure: As step (i)
the copper layer of a Si-Cu system was analysed and the result of step (i) was used as input for step (ii), the
characterization of the Al layer in a Si-Cu-Al system. The results for the Cu layer of step (i) and the Al layer of step
(i1) were applied in order to determine the Young’s moduli and the Poisson’s ratios of the entire Si-Cu-Al-Cu stack
as step (iii). In Figure 4 we show the results for the experimentally evaluated dispersion relations (solid lines) and
the fitted theoretically determined frequency dependent phase velocities (dashed lines) for (i) the Si-Cu system
(diamonds), (ii) the Si-Cu-Al system (circles) and (iii) the entire Si-Cu-Al-Cu stack (crosses).
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Fig. 4. Theoretically evaluated dispersion curve fitted to experimental results from LUS measurements.
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For the theoretical evaluation, the longitudinal sound velocity and transversal sound velocity of Si, 8432 m/s and
5843 m/s, as well as the density of Si 2329 kg/m3 were taken from literature [18,19] as input values. The densities
of copper (8933 kg/m?) and aluminium (2698 kg/m?3) were chosen according to [18,19]. Assuming isotropic,
linear elastic layers and substrate, the elastic constants ¢;; = vZp and ¢;, = ¢;; — V2p are related to the Young’s
Modulus E and Poisson’s ratio v via

2
E=c¢— 2( iz ) and v = ¢;5/(Cy1 + Cq2), %)

C11+C12

where v; denotes the longitudinal sound velocity, v the transversal sound velocity and p denotes the density. The
evaluated Young’s moduli £ and Poisson’s ratios v are compared to literature values from [18-20] in Table 1.

Table 1. Comparison of LUS results to literature values

Analysed Layer E (Result) v (Result) E [18-20] v [18-20]
Cu Layer 1 132 GPa 0.35 110 - 130 GPa 0.33-0.36
Al Layer 70 GPa 0.33 70 GPa 0.33

Cu Layer 2 (top) 112 GPa 0.35 110 - 130 GPa 0.33-0.36

The error in the measurement of the frequency dependent phase velocity can be estimated via [11-13]

AV

v

2Atw

(P2—-1)

2Ax

dx

<

: (6)

An oscilloscope of 2 GSa/s was used in our LUS measurements and the applied positioning and translation stage
was of A x + 1.2 um accuracy. Equation (6), evaluated for the whole frequency range of LUS data, yields an error
in the determined phase velocity which is smaller than +5 m/s in our measurements.

5. Discussion & Conclusion

A number of influences can alter thin film properties, e.g. microstructure differences due to various deposition
procedures, residual stresses due to lattice mismatch of different materials and additional interfacial effects. From
Table 1, it can be seen that the literature values [18-20] for copper can scatter significantly and the measurement of
thin copper film properties might be essential, e.g. for state of the art material modelling. Many current testing
techniques, e.g. nano-indentation, require the mechanical contact of sample and testing device and are therefore
difficult to implement directly as in-line material testing and quality control tools. Additionally, substrate influences
can conceal the coating properties. In this work, we propose the contactless, step-wise characterization of a Si-Cu-
Al-Cu multi layered system via laser induced ultrasound. By characterizing a Si-Cu system as first step and a Si-Cu-
Al system as second step, the whole Si-Cu-Al-Cu stack could be characterized. The outcome of our analysis is
comparable to literature values for bulk media. The determined Young’s modulus of 70 GPa and the Poisson ratio of
0.33 for aluminium agree with literature values for bulk aluminium. The evaluated differences in the Young’s
moduli of the first and second copper layer in the Si-Cu-Al-Cu stack (Table 1) might be a consequence of the
microstructure, e.g. cracks and pores in the submicron scale and grain structure, see Fig. 3 (b). Complementary
measurements of the film properties and advanced theoretical models, including e.g. residual stresses, are part of
ongoing work. The presented contactless, step-wise characterization method shows high potential for fast
determination of elastic properties of thin films and thin film stacks on wafer level.
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ARTICLE INFO ABSTRACT

Keywords:

Scanning acoustic microscopy
PCB reliability

Delamination

3D visualization

The non-destructive inspection of printed circuit boards (PCBs) represents an issue of constant importance in
microelectronics. In this study, the detection of delaminations in modern PCBs by scanning acoustic microscopy
(SAM) is described. It is shown that, even though the acoustic analysis is complicated due to the multi-layered
build-up, delamination/delaminations can be located within the PCB by (1) utilizing the resulting curvatures of
the layers for the detection, (2) analysing the generated SAM 2D data in combination with novel 3D data and (3)

using Elastic Finite Integration Technique (EFIT) based simulations. Complementary destructive physical
cross-sectioning corroborates the obtained results.

1. Introduction

Microelectronic devices in areas such as mobile communications,
computing or networking are continuously pushed towards smaller
scales, while their performance is simultaneously improved and their
costs are reduced, More-than-Moore is the key approach in this context
[1]. These ongoing efforts have impact on wafer level e.g. [2—4] but also
on the design of printed circuit boards (PCBs). The need for multi-
layered build ups, including conducting materials, such as copper, and
composite materials makes state of the art PCBs complex systems [5]
with respect to failure detection and analysis. Major failure modes in
PCBs are delaminations which can be caused by manufacturing
processes or thermo-mechanical influences [5].

In the fields of metrology, one distinguishes between invasive and
non-destructive methods. Invasive analysis methods require mechan-
ical preparation and may partially destroy the sample during inspec-
tion. In the latter the introduction of additional failures cannot be
excluded. Non-destructive reliability analysis on the other hand
exhibits many immanent advantages, such as the ability to repeat
measurements offering the potential for in-line inspection. Therefore,
especially the application of non-destructive inspection techniques of
failure modes in PCBs is pursued in the field of metrology.

However, state of the art non-destructive analysis methods show
inefficiencies in the analysis of PCBs. X-ray computed tomography
(XCT), for instance, does not represent an ideal candidate for PCB
failure analysis in general. High X-ray attenuating metals, like inherent
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copper layers lead to a considerable amount of scattered radiation [6].
The delaminations in PCBs are often extremely thin, resulting in a wide
extension in x-y dimensions but only a very small extension in the z-
direction. This presents a severe hindrance for the otherwise powerful
XCT analysis: the necessary resolution (in z-direction) can only be
obtained after destructive sample preparation, since the specimen has
to be placed as close as possible to the X-ray tube but still allowing for
rotation [6].

Scanning acoustic microscopy (SAM) shows high potential for rapid
in-line inspection. It provides sufficient axial and lateral resolution to
identify and localize defects in microelectronic devices [7-10].
However, the multiple copper layers embedded in an epoxy matrix
render PCBs nearly impenetrable for acoustic waves [11]. Therefore,
common delamination detection techniques by SAM, based on reflec-
tion- or through transmission, are highly challenging.

The current work describes the application of advanced SAM
methods for the detection and visualization of delaminations in
modern PCBs. To that purpose (1) the sensitivity of the SAM to local
surface and sub-surface irregularities and its ability to penetrate
opaque media is exploited, (2) sophisticated data analysis,
SAMnalysis (IMWS) toolbox for SAM 3D data sets, and the 3D analysis
software “Avizo Fire 8.0”, was used to create 3D visualizations of the
PCBs. In addition (3) the analyses were supported by “EFIT” [12]
simulations (MCL). Complementary destructive inspection of one PCB-
sample corroborates the SAM results, identifying SAM as tool of choice
for non-destructive PCB characterization.
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2. Material and methods
2.1. Scanning acoustic microscopy (SAM)

A scanning acoustic microscope (SAM) operated in reflection mode
uses a piezoelectric transducer to generate acoustic waves which are
then focused on the surface of the investigated sample [13,14]. Since
the acoustic waves need a medium to couple to the specimen of
interest, the sample is immersed in water acting as coupling fluid. The
sound field can be focused below the specimen surface by decreasing
the distance between the acoustic lens and the sample (z-axis). At the
water-sample interface, the incident acoustic wave is partially reflected
according to

R(90°) = —(Zi—=Z)/(Z+2), @

where perpendicular incidence of the sound waves is assumed. Z
denotes the acoustic impedance of water (product of sound velocity and
mass density) and Z, denotes the acoustic impedance of the sample.
The remaining ultrasonic wave is transmitted into the sample where it
undergoes attenuation, scattering and reflection. The reflected acoustic
waves travel back through the coupling liquid through the acoustic lens
where they are spatially integrated by the piezoelectric element and
converted into a time-variant electrical signal. This signal is commonly
presented in time domain and referred to as “A-scan” (amplitude scan).
The Fourier-transformation transfers the A-scan into the spectral
domain giving access to the frequency components of the reflected
ultrasonic wave. The dominant frequency f of the sound wave largely
influences the achievable lateral resolution W:

A

“oNA @

with the wavelength A = v/f, and NA = sin (6); where 6, is the semi-
angle of the lens aperture and v is the velocity of the acoustic wave in
the propagation medium [13]. However, an increase in frequency
(corresponding to higher resolution) is inevitably connected to a
decrease in penetration depth caused by attenuation effects.
According to [15], the axial resolution of a SAM is

c
5Axial,Pulse=§5t, 3)
if two pulses need to be separated, 5, denotes the temporal pulse width
of the ultrasonic signal and ¢ denotes the longitudinal wave velocity
inside the sample. Axial surface extensions of the sample can be
detected via SAM according to

5 _ Cw
’Axial, Water— )

2SR @

where SR denotes the sampling rate of the acoustic microscope and cy,
the velocity of sound in water.

2.1.1. Data acquisition in the SAM measurement

The A-scan signal contains 1-D information (along the z-direction)
about the sample at a single location in the x-y plane. Signal
components arriving at larger time delays in the A-scan correspond
to larger distances the ultrasonic wave travelled. Provided the long-
itudinal sound velocity in the concerned material is known, the time
delays between two pulses can be converted to the physical distance
between the two sources in axial-direction. By moving the transducer
in the x-y plane (at a fixed z distance) and collecting the A-scan data at
each point, 3D information about the sample can be derived. The
application of sophisticated analysis tools to the 3D data, allows the 3D
visualization of the specimen and its interior. Alternatively, 2D cross-
sections at a certain time range (“gate”) in the A-scan (corresponding to
the depth range) can be acquired and represented in C-scans (Fig. 1).
In Fig. 1, the maximum amplitude in a given time-interval of the A-
scan (“gate”) is evaluated and depicted in grey values. Brighter pixels
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Fig. 1. SAM C-scan at the surface of the PCB, (“WinSAM5”, PVA TePla).

correspond to higher signal amplitudes and thus high reflection
coefficients of the sample.

In the work reported here, a commercially available scanning
acoustic microscope “SAM 400” (PVA TePla Analytical System
GmbH, Westhausen, Germany) was operated in reflection mode, using
a 75 MHz focused transducer of 12.7 mm focal length. The A-scan
acquired with this transducer at a well laminated part of the analysed
PBC and its Fourier-transformed are shown in Fig. 2. The spectrum
represents the frequency components reflected from the sample, in
contrast to the nominal frequency of the transducer which is 75 MHz.
The spectral maximum occurs at approximately 40 MHz. The sample
and part of the transducer were immersed in water at room tempera-
ture that served as the coupling medium. The reflected signal, which
was recollected by the same transducer, was analysed by the inspection
software “WinSAM5” (PVA TePla Analytical Systems GmbH,
Westhausen, Germany).

Additionally, the 3D data of the PCB were extracted using the
advanced software package “SAMnalysis” (IMWS). 3D representations
of the PCB were obtained using “Avizo Fire 8.0” based on the
“SAMnalysis” data analysis results.

2.1.2. EFIT simulation of the SAM measurements

The discretization of the governing equations of ultrasonic wave
motion in isotropic, linear elastic materials based on the Finite
Integration Technique (EFIT) is described elsewhere [12].

In the analysis shown here, a two dimensional simulation (in the x-
z-plane) of the SAM measurement was performed. Specifically, the
reflection and scattering of sound waves at a model of the PCB and at
relevant interfaces, e.g. copper-epoxy interfaces, were simulated. For
the model of the multi-layered PCB, the longitudinal and transverse
sound wave velocities as well as the mass density and thickness of the
PCBs layers were input values. Here isotropic materials were assumed.
The glass fibres, which cause attenuation and scattering of the acoustic
waves in the measurement, as well as the frequency dependent
attenuation were not included in the simulation. The focusing of the
sound waves was simulated by a sound field emitted following a
circular arc, corresponding to a semi-angle of the lens aperture of 20°.

Parts of the propagating sound waves are reflected at the interfaces
of the PCB. Various detection points can be implemented in the
simulations, yielding e.g. the back reflected signal from the sample as
function of time which can be compared to the measurement. The mesh
size within the EFIT simulation has been chosen to meet the necessary
accuracy.

2.1.3. Optimized transmission trough copper layers

In contrast to the reflection at a single interface which is given by
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Fig. 2. A-scan of the reflected signal at well laminated area of the PCB and its spectrum
(“SAMnalysis”, (IMWS)).

Eq. (1), the transmission through copper layers embedded in epoxy is
frequency dependent, see e.g. [16]. The frequency dependence is
caused by resonator effects and can be described by destructive
interference of incoming and reflected waves. For perpendicular
incidence, the frequency with maximal transmission correspond to
nA/2 = d (the half wavelength in the copper layer has to be a multiple of
the layer thickness) with n=1,23,... This can be exploited for an
optimized choice of the transducer frequency. The mathematical
description of the frequency dependent transmission through the
copper layer is revealed by the transfer matrix technique.

In each layer an approach for right and left-going plane waves is
used (see Fig. 3)

U,=r, ei(""_k”’\')+lnei(“’[+knx),
where o denotes the angular frequency, t the time and k the wave

vector component. The first constraint at the interface requires the
displacement u to be continuous

T+l 1=+,

The second constraint imposes the stress o = (A + Zp)% to be
continuous across the boundary which leads to

Zn—l(rn—l_ln—]):Zn(rn_ln)
where Z,=p,v, and k,=w/v, . The right-going wave picks up the phase

e~k by traversing the layer and the left-going e, respectively.
Normalizing by i provides the transfer matrix
n

I, _ 1 (Zn+zn_l)ei2nfdn/v“ (Zn_zn_l)e—unfd"/v" Tne1
ln _2Zn (Zn—Zn_l)eu"fdn/Vn (Zn+zn_1)e—i2nfd"/v" ln—l .

The transfer matrix propagates the wave from material n—1 into
material n to the end of material n. For the transfer from epoxy through
copper and into epoxy again one has to apply the transfer matrix 7, and
then 7,,, (with d,,..1=0). Setting the incoming wave as r,_; =1, r,,_;=0
and evaluating r,, leads to the formula for the amplitude transmission
coefficient

2rfdcy
4ZcuZgpoxye™ 'Cu

idnfdcy
- (ZCu - ZEpoxy)2

TEpuxy —Cu—Epoxy™=

(ZCu + ZEpnxy)237 VCu

Obviously, |T|=1 for —‘ﬁﬂ=2ﬂn (n=0,1,2,3,...), leads to the reso-
nance frequencies —f = én (this corresponds to half of the wavelength

condition ”A%:dcl, ). For a 64 um copper layer with a longitudinal
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Fig. 3. Schematic of sound transmission through a copper layer of thickness d
embedded in epoxy.

sound velocity in copper of 4600 m/s one gets the (T=1) frequencies at
0 MHz, 35.9 MHz, 71.9 MHz, 107.8 MHz, 143.8 MHz, .... The trans-
mission spectrum is shown in Fig. 4.

2.2. Sample

A cross-section of the analysed PCB (48.5x82x1.2 mm3) is shown
in Fig. 5. The PCB was thermally cycled using the reflow test. As a
consequence of the thermal cycling process, failures like delaminations
and a bending over the PCBs entire lateral extension were induced.

For acoustic analysis, the copper layers in the sample present a
severe hindrance: According to Eq. (1), the reflection coefficient R at a
epoxy — copper interface is approximately 79% for Z.p,y=5. 15MRayl
and Zcopper=42. 64MRayl. Multiple copper layers embedded in an epoxy
matrix render PCBs nearly impenetrable for acoustic analysis [11].

2.3. Complementary assessment

After the SAM analysis, the PCB was sequentially ground and
imaged using optical microscopy along the y-direction (48.5 mm).
Each grinding step was performed with 400 grit SiC paper and removed
approximately 0.8 + 0.2 mm of the PCB at each pass. In total, 54 steps
were required to cross-section the entire PCB. After each step, the
entire width of the PCB was imaged using 12—-15 images at a low
magnification and stitched together into one image (Olympus
Streamsoftware). Areas of delamination were imaged a second time
at a higher magnification also employing the stitching technique
(Fig. 6). For each identified delamination, the x-position and length
were measured. It should be noted that the mechanical cross-section-
ing took place without considering the results obtained by the SAM
analysis.

3. Results
3.1. EFIT results: reflection at various interface configurations

Fig. 7 shows the simulated reflection of acoustic waves at various
epoxy interfaces. The ultrasonic waves travel from top to bottom until
they are reflected. In Fig. 7(a), the acoustic wave penetrates the epoxy
layer underneath the PMMA layer as a consequence of the similar
elastic properties of water, PMMA and epoxy. In contrast, the majority
of the signal is reflected at the water-copper interface shown in
Fig. 7(b). At an air-filled delamination, practically the whole signal is
reflected since the acoustic impedance of air is close to zero, Fig. 7(c).

In Fig. 8, the simulated A-scans corresponding to Fig. 7 are shown.
The A-scan of a PMMA-layer on epoxy (solid line) shows one reflection
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Fig. 5. Cross-section of the multi-layered PCB that was inspected by SAM. The core, the
pre-preg (epoxy glass fibre composite) and the copper layers are visible.

at the water-PMMA interface and a second, similar in amplitude at the
PMMA-epoxy interface. The copper-epoxy A-scan (broken line) shows
high amplitude at the first water-copper interface and multiple reflec-
tions (“ringing”) caused by the epoxy-copper or the water-copper
interface, respectively. In the case of a delamination in an epoxy layer
(dotted line), the reflected signal shows highest amplitude and a change
in phase at the delamination. The presented simulations (Figs. 7 and 8)
are in accordance with Eq. (1): the smaller the impedance mismatch of
the adjacent media, the lower is the reflection coefficient.

3.2. Penetration depth analysis via “SAMnalysis” (IMWS)

Fig. 9 shows images computed by the software package
“SAMnalysis” (IMWS). The highly reflecting first layer of copper is
shown in Fig. 9(a), only a small amount of the signal is left in the
underlying layer shown in Fig. 9(b). Fig. 9 was obtained by applying the
sliding window analysis (SWA) to time domain SAM data in combina-
tion with the tilt compensation of the “SAMnalysis” (IMWS) software
toolbox. The SWA uses the SAM signal in the whole time range (A-
scan) and divides it into overlapping time-windows from which
acoustic C-scans are computed using the backscatter amplitude integral

=
= =

b -
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(BAI) signal parameter. In this manner, very fine z-steps can be
obtained. Applying one of the multiple options for tilt-compensation
implemented in the “SAMnalysis”, IMWS, the interior of the sample
can be represented accurately. The tilt compensation used here detects
the threshold crossing of the signal of the surface in a defined time
range in the A-scan and places the surface signals at equal times or z-
positions, respectively. In this manner, the bent surface of the PCBs
was synthetically “flattened” and the appropriate penetration depth
was estimated. It has to be mentioned, that the tilt compensation
smoothed the delaminations and the surface. Therefore, the application
of the filter with respect to delaminated areas needs to be well
considered. Only a very slight contrast variation (circled in Fig. 9)
can be seen at the delaminated areas of the PCBs. These small
variations cannot be classified as delaminations directly.

3.3. Indirect failure detection

According to Eq. (1) and Fig. 8, the direct detection of a delamina-
tion would lead to an increase of the amplitude in the A-scan
corresponding to a high reflectivity, caused by the large impedance
mismatch at the delamination. Therefore, detecting a delamination
directly would lead to largely increased brightness in the acoustic
micrograph. Additionally, the reflection at a delamination would lead
to a phase reversal of the signal, as illustrated in Fig. 8. In the analysis
reported here, the delaminations could not be detected directly. More
precisely, the delamination has neither been detected by an increase in
amplitude nor by a phase reversal as shown in Fig. 8. Since the acoustic
waves have been attenuated to a large extent on the way to the
delaminations and/or at the way back to the material composition
and the various copper-epoxy interfaces, the interface to the delamina-
tion vanished. However, delaminations were detected indirectly, ex-
ploiting the below explained effects.

3.3.1. Time shifted A-scans due to delaminations

The first effect is the depiction of delaminations as dark spots in the
acoustic micrographs as shown in Fig. 10.

The dark delaminated areas result from so called “gating-effects”.
The x-y scan was computed from a fixed z-position, resulting in the
sound wave reflected at the delamination arriving earlier at the
transducer; compare timestep 4 in Fig. 11.

Fig. 11(a) shows the simulated reflection of an ultrasonic wave at a
well laminated area of the PCB. In comparison, the reflection and
scattering at a local curvature caused by a delamination is shown in
Fig. 11(b). In Fig. 11, the top layer represents the PCB coating,
underneath is the first copper layer on the pre-preg (the glass-fibres
are not included in the model) followed by the second copper layer. The
ultrasonic waves travel from top to bottom and the colour-scale in
Fig. 11 represents the normalized velocity magnitude. In accordance
with the experiment, all simulations in Fig. 11 were performed at a
frequency of 40 MHz and a pulse width of 20 ns.

The shorter way the ultrasonic wave has to travel, in the case of
reflection at a delaminated area, leads to time-shifted A-scans shown in
Fig. 12. Here, the experimental results are confirmed by the simula-
tions. Setting the gate to e.g. the surface of the sample at a well
laminated area results in a gate below the surface at the delaminated
area, see Fig. 12(a), “Gate 1”. In Fig. 10, the positions where the A-
scans shown in Fig. 12(a) were acquired are marked by a black “X”

Fig. 6. An example of a delamination found in the PCB. The cross-section was imaged with optical light microscopy using a “stitching” technique.
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Fig. 8. Simulated A-scans in a water-PMMA-epoxy system (solid line), water-copper-
epoxy system (broken line) and a delamination in epoxy (dotted line), (“EFIT”, MCL).

(well laminated) and a white “X” (local curvature).

In Fig. 12, the A-scans of the SAM measurement (a) and the
simulation (b) are compared. The amplitude-ratios (of “delaminated A-
scan” compared to “well laminated A-scan”) and the time-shift as well
as the general wave form are in good agreement for measurement and
simulation. Especially the first reflection at the PCB coating and the
high amplitude in the A-scan resulting from the first copper layer
coincide in the case of simulation and measurement. The exact wave
form is very sensitive to the layer thickness. The values of the sound
velocity of the analysed materials were taken from [11,17]. The
attenuation is not implemented in the simulation. In the measurement,
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Fig. 12(a), the signal is not immune to attenuation effects, caused
mainly by the glass-fibres in the pre-peg layer. This leads to decreasing
amplitudes in the measured A-scan.

3.3.2. Decrease in the amplitude of the reflected signal due to
delaminations

The second effect exploited in this work for indirectly detecting
delaminations is the decrease in amplitude in the A-scan at a
delaminated area of the PCB, which is corroborated by simulation
and measurement in Fig. 12. As a result of the locally bent surface
(Fig. 11), the acoustic waves are partially scattered at different angles
and cannot contribute to the transducer signal.

Setting the gate to a wide time range in the A-scan, “Gate 2” in
Fig. 12(a), and performing a SAM C-scan, the delaminated area shows
a decrease in amplitude (see Fig. 13) compared to the well-laminated
area.

3.4. Visualization of PCB delaminations in 3D image

Due to the bent specimen surface neither the number nor the full
extent of the delaminations can be evaluated from a single 2D image in
reflection mode acoustic microscopy. To visualize all delaminations in
the PCB in a single image, without any loss of information, a 3D
representation of the PCBs was obtained (Fig. 14).

To this purpose, all time-domain data aquired by "WinSAM5" (PVA
TePla) and analysed using the SWA in "SAMnalysis" (IMWS) was
combined into a 3D visualization using "Avizo Fire 8.0". In the 3D
image, the x-y extension of the delaminations can be measured
(Fig. 12). According to Eq. (4), surface extensions of approximately
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Fig. 9. (a) Scan at the first copper layer showing a signal with rather high amplitudes and (b) inside the first layer of pre-preg with rather small amplitudes due to the strong reflection at

the first copper layer (“SAMnalysis”, IMWS).

Fig. 10. Section of SAM C-scan of delaminated PCB (“SAMnalysis”, IMWS).

750 nm are detectable by SAM since its ADC board has a sampling rate
of 1 GHz.

Since the acoustic signal could be detected in the first layer of pre-
preg without an increase in amplitude in the A-scan and without a
phase reversal, as expected from Eq. (1) or Fig. 8, at a delamination,
the poorly laminated areas must have occurred at the second copper
layer (Fig. 5). It is noteworthy, that the PCB has been acoustically
analysed from both sides. The analysis from the opposite side showed
no indication of a delamination.

3.5. Comparison of SAM 3D visualization and physical cross-
sectioning

The 3D representation of a PCB obtained from SAM data is shown
in Fig. 15, in direct comparison to the results obtained by mechanical
cross-sectioning.

The delaminated areas identified by SAM are marked green in the
3D visualization of the PCB. By mechanical cross-sectioning the entire
PCB, four large delaminated areas were found at the same positions
observed by SAM (Fig. 15).
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4. Discussion

The major problems in analysing PCBs by conventional SAM
methods are the highly reflecting copper-epoxy interfaces and the
attenuation effects due to e.g. the glass fibres embedded in the PCBs.
The strong attenuation and scattering effects in the PCB cause a
continuous decrease in the A-scan amplitude shown in Fig. 12(a). In
contrast, the amplitude in the A-scan decreases less in the simulation,
where the glass fibres and the frequency dependent attenuation of
acoustic waves are not implemented, see Fig. 12(b) for comparison.

For practical applications, the frequency of the transducer should
be as low as possible to overcome attenuation effects and to increase
transmissivity at low frequencies (Fig. 4). On the other hand, the
applied frequency should be as high as possible to obtain maximal
lateral resolution, according to Eq. (2). In addition, the transmission
maxima shown in Fig. 4 for the underlying structure should be taken
into account.

Therefore, the most promising technique would employ a custom
made transducer for each analysed sample. In this way, even SAM
through scans might be possible where not the reflected but the
transmitted signal is recorded and analysed.

The presented indirect failure detection bypasses the challenging
requirements, caused by the highly attenuating glass fibres, the
strongly reflecting copper-epoxy interfaces and other scattering effects
in the PCBs and without the need for customized transducer build-ups.

In the work reported here, four large delaminated areas detected in
the PCB by SAM indirectly were complementary corroborated by
mechanical cross-sectioning (Fig. 15). Moreover, the isolation of
possible delaminated interfaces by SAM was confirmed since all
delaminations were found to occur at the pre-preg to “copper layer
2” interface (see Fig. 5) in the physical cross-sectioning analysis.
Additional small delaminations, marked by blue lines in Fig. 15, were
observed in the mechanical cross-section analysis. These small dela-
minations are likely caused by the mechanical polishing procedure and
may not be representative. The placement and irregularity supports
this hypothesis. Benefits of the non-destructive SAM analysis are
therefore the exclusion of introducing additional failure modes as
preparation artefacts, as well as the opportunity to examine the PCB
invasively for verification. One delamination shown in Fig. 15 (at 4—
5 cm length) shows a very fine extension which was not fully observed
by SAM or may be explained by inaccuracies in measuring the distance
and length of the delamination in the optical micrographs.



E. Griinwald et al.

NDT&E International 84 (2016) 99-107

|v] norm.

|v] norm.

E
-
o
c
>

5 . I

Fig. 11. (a) Reflected and scattered ultrasonic waves at well laminated area of the PCB and (b) at a local curvature caused by a delamination (b) at 40 MHz, timesteps 1-6 (“EFIT”,

MCL).

It should be mentioned that the SAM measurement was performed
in less than about 30 min, whereas the mechanical cross-sectioning of
the entire PCB took approximately 30 h.

5. Conclusion

The current work presents the indirect detection and 3D visualiza-
tion of delaminations in multi-layered PCBs using scanning acoustic
microscopy. The proposed method of indirect failure detection is
applicable even if the optimal transducer for a specific sample is not
available, through scans cannot be conducted, or the delamination is
filled with water.

The lateral extensions of the delaminations were determined and
the delaminated layer was identified by SAM. This represents a major
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advantage compared to other analysis methods which are sensitive to
the surface topography but cannot penetrate opaque media. Another
significant advantage of the SAM-based analysis presented in this work
is the option to compute 3D visualizations of the delaminated areas and
their height profile. For comparison, the SAM measurements con-
ducted here were simulated and showed good agreements between
simulation and the experimental results. The accordance of the
acoustic analysis with the mechanical cross-sectioning technique
corroborates SAM as a suitable, time-efficient and non-destructive tool
in detecting and visualizing delaminations in PCBs, especially when
combined with state of the art analysis software and simulations.
Thus, the indirect failure detection by SAM presented in this work
should be considered as an alternative analysis tool for PCB quality
assessment.
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Fig. 13. SAM C-scan section of delaminated (dashed line) PCB (“SAMnalysis”, IMWS).
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Fig. 14. 3D visualization and measurement of delaminations in PCBs according to SAM
data (“WinSAM5”, PVA TePla, “SAMnalysis”, IMWS and “Avizo Fire 8.0”).
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Here, the focus lay on the realization of an automatized failure detection method towards rapid learning. We
showed that by using a transducer of 100 MHz center frequency, established with an acoustical objective (AO),
it is possible to detect defects within the TSVs. In order to interpret our analysis, we performed acoustic wave
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l\/lei{‘;z(:lesctronics propagation simulations based on the elastodynamic finite integration technique (EFIT). In addition, high resolu-
Ultrasound tion X-ray computed tomography (XCT) was performed which corroborated the SAM analysis. In order to go to-

EFIT simulations wards automatized defect detection, firstly the commercially available software “WinSAM8” was enhanced to
TSVs perform scans at defined working distances automatically. Secondly, a pattern recognition algorithm was suc-
cessfully applied using “Python” to the SAM scans in order to distinguish damaged TSVs from defect-free TSVs.
Besides the potential for automatized failure detection in TSVs, the SAM approach exhibits the advantages of

fast and non-destructive failure detection, without the need for special preparation of the sample.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In the fields of micro- and nanoelectronics, More-than-Moore
technologies push towards improved integration density, higher
performance and increased functionality of devices [1-9]. In these
ongoing efforts, 3D integration is considered a most promising tech-
nique [10]: two or more layers of active electronic components are
vertically interconnected [11] using through silicon vias (TSVs),
e.g. [12,13]. Advantages of the key-enabling TSV technology are
higher electrical performance, lower power consumption, higher
density and lighter weight [11].

However, 3D integration technologies are faced with many chal-
lenges concerning the processing, design and performance of micro-
electronic devices. Especially the failure analysis and defect detection
in TSVs present highly demanding tasks and are in focus of latest ad-
vanced reliability studies, e.g. [13,14]. Considering the demand for
rapid in-line inspection, non-destructive analysis methods are pursued.

Scanning acoustic microscopy (SAM) shows high potential for fail-
ure characterization on wafer level. With frequencies ranging up to

* Corresponding author.
E-mail address: roland.brunner@mcl.at (R. Brunner).

http://dx.doi.org/10.1016/j.microrel.2016.07.075
0026-2714/© 2016 Elsevier Ltd. All rights reserved.

the GHz regime, SAM provides sufficient axial and lateral resolution to
identify and localize defects in many microelectronic devices [14].

In the work reported here, we used scanning acoustic microscopy to
detect defects in tungsten coated TSVs in an automatized way. This ap-
proach is highly interesting for process attendant failure analysis. The
outcome of the SAM analysis was corroborated by high resolution X-
ray computed tomography (XCT) scans. The advantages of SAM, in com-
parison to the XCT analysis, are the potential for automatized measure-
ment and data analysis without the need for special sample preparation,
resulting in fast, non-destructive and efficient failure analyses. In order
to interpret our results, the SAM measurement has been simulated.
Good agreement between measurement and simulations was found.
The detection via lower frequencies, 100 MHz in our case, includes the
advantages of accessible acoustic objectives (AOs) at lower costs and
larger working distances between lens and sample compared to GHz
lenses and set-ups. The possibility to scan e.g. a whole wafer in a single
measurement allows for uncomplicated analyses, which can be easier to
automatized. Considering the increasing demand for rapid process at-
tendant inspection, the commercially available control software
“WinSAM 8” has been upgraded in order to perform scans at arbitrary
equidistant z-positions automatically. Finally, the applicability of a pat-
tern recognition algorithms using “Python” [15,16], to distinguish dam-
aged from defect-free TSVs, is presented in this work.
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Fig. 1. (a) EFIT simulation of the SAM measurement. (b) Zoom into a tungsten coated damaged TSV.

2. Materials and methods
2.1. Scanning acoustic microscopy (SAM)

A scanning acoustic microscope (SAM) uses a piezoelectric trans-
ducer to generate ultrasonic sound waves which can be focused onto
the surface of the investigated sample via an acoustic lens or an acoustic
objective (AO). The frequency fof the sound wave is related to the later-
al resolution L:

L= (1)

via the wave-length A = v/f, where NA = sin(6p) and 6y is the semi-
angle of the lens aperture and v is the velocity of the acoustic wave in
an arbitrary medium [17]. Due to attenuation effects, an increase in fre-
quency (corresponding to higher resolution) involves a decrease in pen-
etration depth.

Decreasing the distance between lens and sample (z-direction), the
sound waves can be focused into the specimen. In reflection mode, a
SAM detects the reflected acoustic field of the sample. The reflected ul-
trasonic wave is presented as a function of time in the so-called A-scan.
The A-scan gives information about the analysed samples in z-direction.
2D images can be obtained, by scanning in the x-y plane, keeping the
lens-sample distance constant.

Choosing a certain time range in the A-scan, 2D cross-sections at cer-
tain z-position in the x-y plane can be acquired, so-called SAM C-scans.

Additional wave modes can be excited in the investigated sample at
negative defocus, when the distance between lens and sample becomes
smaller than the focal length, and the angle of the lens aperture is suffi-
ciently large. If the additional excited wave modes leak energy back to
the transducer through the coupling liquid, the piezoelectric element
sums up both their amplitude and phase and interference effects can
be observed [17].

2.2. Elastodynamic finite integration technique (EFIT)

The simulation of ultrasonic wave propagation in isotropic, linear
elastic materials, discretized via the finite integration technique (FIT),
has been described elsewhere, e.g. [18]. In the work reported here, the
propagation of sound waves, their reflection and scattering at defect
and non-damaged TSVs, was simulated in two space dimensions using
EFIT.

In Fig. 1(a), an ultrasonic wave propagates from top to bottom
through water to the sample, where the colour-scale displays the nor-
malized velocity magnitude. The focusing of the sound waves was sim-
ulated by a sound field emitted following a circular arc. In this manner,
the angular aperture of 60° was realized as well as the aperture diame-
ter of approximately 1 mm. This represents the geometries of the AO ap-
plied in the SAM measurement. In accordance with the SAM

(b) TSV array 2

l—»x

1

Fig. 2. SAM C-scans of TSV test arrays. Region of interest (ROI) of regions 1 and 2 are highlighted. (a) “TSV array 1” scanned at focus position and (b) “TSV array 2” scanned at negative

defocus.
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Fig. 3. Defocused SAM C-scan (ROI 1) for TSV array 2. Three defect-free TSVs are marked by
pattern recognition algorithm (circles), one TSV is damaged (rectangle).

measurement, the distance between lens and sample was slightly
smaller than the focal length.

In order to prevent back-reflections, a damping layer was imple-
mented at the boundaries of the simulation area, see Fig. 1(b). The fre-
quency dependent damping of ultrasonic waves was not implemented
in the EFIT simulation.

2.3. Sample

The experimental characterization via SAM was performed on two
test arrays of TSV structures (Fig. 2). Both test arrays were exposed to
electrical loading to induce failure modes within the TSV. The analysis
via SAM was performed without the prior knowledge of the failure po-
sitions on the TSV arrays.

Fig. 2(a) was obtained keeping the acoustic lens at the focus position,
Fig. 2(b) at slight negative defocusing of the lens. As a consequence,
Fig. 2(b) shows smaller contrast. According to the SAM C-scans the
TSVs have an approximate diameter of about 100 um and a height of
200 um. The TSVs are tungsten coated and not filled with any additional
material. In Fig. 2, two regions of interest (ROIs) under discussion are
marked with red rectangles.

3. Results and discussion
3.1. SAM analysis

In Fig. 3, a negative defocused SAM scan of ROI 1, marked in Fig. 2(b),
is shown. The brightness and contrast has been increased for better vis-
ibility in Fig. 3. “TSV 1”7, marked with a red rectangle, shows an irregular
structure compared to the other presented TSVs. It is presumed that
“TSV 1” is damaged. The potential defect is apparently extended to
half of the TSV's diameter. Additionally, distinctive fringes around
some of the TSVs are shown in Fig. 3, see also [19].

3.2. High resolution XCT analysis of “ISV 1”

In order to represent the presumably damaged “TSV 1” in 3D, a high
resolution XCT was performed. Due to the conical shape of the X-ray
beam of this type of X-ray system, the analysed structure has to be
placed very close to the X-ray tube and has to be rotatable to certain ex-
tent [20].

In the case of the TSV arrays shown in Fig. 2, only TSVs located close
to the edge of the sample, e.g. ROI 1 in TSV array 2, can be analysed with-
out further destructive sample preparation. In Fig. 5, in a 3 dimensional
XCT representation, the damaged “TSV 1” from ROI 1 is visualized. The
XCT analysis in Fig. 5 confirms the SAM defect detection. Moreover,
the shape of the defect observed in the SAM C-scan (Fig. 3), extending
to half of the TSV's diameter, is confirmed in Fig. 4. From the XCT mea-
surements, the dimensions of the defect in “TSV 1” from ROI 1 could be
estimated and were used as input for the subsequent EFIT simulations.
The height of the defect is estimated from Fig. 4(a) to be approximately
20 um. The lateral extension of the defect is approximately 50 pum, ac-
cording to Fig. 4(b).

3.3. EHT simulation of SAM measurement

The EFIT simulations were carried out for the case of a defect-free
TSV, a TSV with a bottom defect (Fig. 5) and for a TSV with a 10 um
open crack of 30 um length near to the silicon surface. It was assumed
that the empty TSVs fill with water in the simulation.

3.3.1. TSV with bottom defect (EFIT simulation)

From XCT measurements (Fig. 5), the dimensions of the defect in
“TSV 1” from ROI 1 could be estimated and were used as input for the
EFIT simulations. In Fig. 5 at time step (1), the sound wave incident on
the TSV array surface is shown. In Fig. 5 at time step (2), additional

Fig. 4. High resolution 3D XCT image of “TSV 1" (ROI 1), (a) side view and (b) top view with defect.
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Fig. 5. EFIT simulation. Scattering of a sound wave at a defect TSV (bottom defect), timesteps 1-4.

wave modes have formed in the silicon and the incident longitudinal
wave travels through the water to the bottom of the TSV.

In Fig. 5 at time step (3), the sound wave reached the defect through
the water. In Fig. 5 (4), the leaky Rayleigh wave can be observed as well
as the sound waves which are still present in the defect TSV.

3.3.2. Comparison of damaged and defect-free TSVs

For the defect-free TSV, a TSV with a bottom defect (Fig. 6) and for a
TSV with a crack near to the surface, a detection point at the center of
the simulated area was implemented in the simulation. This allows for
an estimation of the reflected acoustic field from the sample, see
Fig. 6. Fig. 6 corresponds to the simulated A-scans of the SAM measure-
ment. Here, the first reflected signal from the surface as well as the
reflected signal from the bottom of the TSV can be seen.

A third signal, marked as “TSV”, most pronounced (highest ampli-
tude) in the case of the defect-free TSV, is also present, resulting from
the acoustic field which is reflected inside the TSV before it travels
back to the transducer.

Fig. 7 shows a zoom-in of the “surface signal”. A defect, which ex-
tends to a sufficient amount towards the surface of the TSV array, can af-
fect the “surface” signal. The sound velocity in silicon of 8430 m/s is
more than 5 times faster than the sound velocity in water, 1495 m/s.
The first incident waves which travel directly through the “faster” sili-
con to the defect on the bottom have time to go back to the surface
and influence the reflected ultrasonic waves going back to the transduc-
er. A crack closer to the surface of the TSV should affect the surface sig-
nal earlier which is confirmed in Fig. 7.

Also the “TSV bottom” signal and the “TSV” signal, marked in Fig. 6,
change due to defects.

3.3.3. Additional wave modes, Rayleigh waves

In Fig. 5 the simulations show clearly the excitation of additional
wave modes in the silicon wafer.

The excited surface acoustic waves, or Rayleigh waves, propagate at
the surface of the TSV array and can form interference fringes when

reflected at obstacles, e.g. cracks [17]. These fringes can be disturbed
atirregular structures, such as defects in TSVs, see Fig. 3. The corrobora-
tion of additional wave modes in the simulation accounts at least partly
for the presence of interference fringes observed in the SAM C-scan
shown in Fig. 3, see also [19]. However, one major difference between
the measurement and the simulation is, that due to just one detection
point in the EFIT simulation, the leaky Rayleigh wave is hardly detected
in contrast to the experiment. In the measurement, the Rayleigh wave
leaks energy back at the angle at which it was excited and is therefore
detected to a major extent by the lens. The detailed modelling of the
transducer - lens system is subject of ongoing work.

3.4. Automatization

3.4.1. Automatization of the scanning approach

The optimal defocus position, for detecting defects in TSVs, can be
found from SAM C-scans. To that purpose, SAM C-scans at increasing
negative defocus positions have to be performed.
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Fig. 6. Simulated signals for damaged and undamaged TSV models, EFIT.
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Fig. 8. SAM C-Scan of ROI 2 for TSV array 1, defect-free TSVs spotted via pattern recognition
(circles), one damaged TSV is manually marked (rectangle).

In order to automatize this procedure for unknown samples, the
commercially available control software “WinSAM 8” was enhanced to
perform C-scans at a sequence of equidistant defocus positions
automatically.

3.4.2. Pattern recognition (ROl 1 & ROI 2)

In the negative defocused SAM C-scan of ROI 1, shown in Fig. 3, the
defect-free TSVs are spotted by the circular Hough transform algorithm
[15,16] and are automatically marked with blue circles, defining “TSV
1”, marked red in Fig. 3 manually, to be damaged. “TSV 1” was corrobo-
rated to be defect via XCT analysis, see Fig. 4. The brightness of Fig. 3 was
increased for better visibility after the circular Hough algorithm was
applied.

In order to test the pattern recognition algorithm for a larger scan
field, the circular Hough transform algorithm was also applied to a neg-
ative defocus SAM C-scan of ROI 2 shown in Fig. 8. In ROI 2, 31 TSVs are
automatically marked with blue circles. One damaged TSV does not
show a distinguishable circular boundary. It is therefore not detected
by the algorithm and manually marked with a red rectangle in Fig. 8.
The brightness of Fig. 8 was increased for better visibility after the circu-
lar Hough algorithm was applied.

The algorithm employed in Figs. 3 and 8 can in principle be applied
to a whole wafer with TSV structures.

In this study, the detected failure modes are of approximately
20 pm-50 pm extensions.

4. Conclusion

In this work, we report on the detection and visualization of defects
in TSV arrays using scanning acoustic microscopy (SAM), where the
focus lays on the potential for automatized, fast and cost efficient failure
inspection for rapid learning applications. The interpretation of the
measurement was supported by EFIT simulations. They are conclusive
with the SAM measurements.

Moreover, the automatization potential of the SAM measurement
and data analysis has been shown in this study. A pattern recognition al-
gorithm [15,16] was successfully applied to the SAM C-scans in order to
spot defect TSVs automatically. The pattern recognition algorithm used
in this work can in principle be employed to examine whole wafers, fur-
ther improving the potential of SAM concerning time- and cost-efficient
failure detection and analysis.
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Accretion Detection via Scanning Acoustic Microscopy in Microelectronic
Components - Considering Symmetry Breaking Effects
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Currently, micro — and nano-electronic devices are pushed towards higher performance, increased
functionality and higher integration density. A promising technique to achieve ,,More than Moore
devices* is 3D integration. Here, layers of active electronic components are connected vertically via so-
called through silicon vias (TSVs). These TSVs are practically cylindrical holes with diameters in the
range from 5 — 200 pum in silicon which are filled or coated with conducting materials. The processing,
design and the performance of TSVs faces many challenges and especially the defect detection, failure
characterization and reliability analysis are in the focus of state of the art reliability studies [1, 2].

In this work, we consider scanning acoustic microscopy (SAM) as a tool of choice in the
characterization of TSVs. With frequencies ranging up to the GHz regime, SAM provides sufficient
lateral resolution and with fast sampling rates of state of the art ADC boards down to ps, SAM provides
high axial resolution in the analysis of microelectronic samples. The non-destructive nature of the SAM
analysis allows for subsequent analyses with other methods and minimizes the possibility of introducing
new failure modes by the analysis itself. Moreover, SAM shows high potential with respect to rapid
learning towards rapid in-line inspection of 3D integrated samples. Recently, the high potential for the
automatization of SAM measurements concerning defects in tungsten coated TSVs was shown [2].

In the work reported here, the SAM analysis of metal coated TSVs of approximately 100 um diameter
was carried out. The analyzed sample was an array of TSV test structures, where different kinds of
failure modes were artificially introduced in order to test the ability of SAM concerning their detection.

In the SAM measurement, an acoustic objective with a center frequency of 100 MHz and an opening
angle of the lens with about 60° was used. The SAM analysis showed high sensitivity to accretions.
Figure 1 (a) shows a SAM C-scan image of a TSV labeled with “TSV 17, where an irregularity in the
TSV can be observed on the left hand side. In Figure 1 (b), the X-ray computed tomography (XCT)
result for “TSV 17 is shown. The XCT shows only an indication of a possible failure. Therefore, no
reliable measurement can be performed in Figure 1 (b). The SEM analysis of “TSV 1” shown in Figure
1 (c) shows an accretion and allows an estimation of the extension. The accretion shows an extension of
approximately 30 times 10 microns parallel to the coating but only a very small extension reaching
towards the center of the TSV.

In order to interpret the SAM results, elastodynamic finite integration (EFIT) simulations [3] of sound
wave propagation in TSVs in two space dimensions were carried out, see Figure 2. The time-steps in the
simulation are numbered from 1 to 5. The sound wave starts in time-step 1 from the right hand side of
the TSV and propagates along the wall of the TSV. Figure 2 (a) shows a sound wave propagating on the
wall of an intact TSV, whereas Figure 2 (b) shows the case of a sound wave propagating on the wall of a
TSV with a small accretion. The accretion is marked red in time-step 1 in Figure 2 (b). From Figure 2, it
can be seen, that the sound field in the symmetric intact TSV, Figure 2 (a) is disturbed by the presence
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of the accretion Figure 2 (b), especially in time-step 3 directly at the accretion. In the later time-step 5,
the effect of the accretion on the wall is visible in the middle of the TSV.

Here, the sensitivity of SAM to accretions in metal coated TSVs was demonstrated, Figure 1 (a). The
results were corroborated by high resolution X-ray computed tomography (Figure 1 (b)) and via SEM
(Figure 1 (c)). In order to interpret the SAM results, EFIT simulations were carried out. From the
simulations, it seems that a combination of the longitudinal sound waves, the Rayleigh waves and other
wave modes in the TSVs can increase the sensitivity of SAM concerning the detection of accretions [4].
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Figure 2. EFIT simulation of (a) sound wave propagation in intact TSV and (b) sound wave propagation
in TSV with accretion.
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Abstract: Aluminium coatings and their characterization are of great interest in many fields of
application, ranging from aircraft industries to microelectronics. Here, we present the simulation of
acoustic wave propagation in aluminium coatings via the elastodynamic finite integration technique
(EFIT) in comparison to experimental results. The simulations of intensity (I)-defocus (z) curves,
obtained by scanning acoustic microscopy (SAM), were first carried out on an aluminium bulk
sample, and secondly on a 1 pm aluminium coating deposited on a silicon substrate. The I(z) curves
were used to determine the Rayleigh wave velocity of the aluminium bulk sample and the aluminium
coating. The results of the simulations with respect to the Rayleigh velocity were corroborated by
non-destructive SAM measurements and laser ultrasonic measurements (LUS).

Keywords: aluminium coatings; acoustic simulation; scanning acoustic microscopy; V(z); acoustic
material signature; Rayleigh wave velocity, integrated computational material engineering

1. Introduction

Aluminium coatings offer a variety of favourable properties, including high reflectivity, high
conductivity, high corrosion resistance, and low costs. The benefits of aluminium coatings render them
attractive candidates for large-scale applications in aircraft industries, and also for implementation in
small-scale devices, concerning micro- and nano-electronics [1].

The frequent use of aluminium coatings increases the demand for their precise characterization.
However, some state-of-the-art methods show drawbacks concerning thin film characterization;
e.g., they require the direct loading of the sample [2]. Alternatively, ultrasonic waves can be used in
order to determine thin film properties; e.g., via laser-induced ultrasound (LUS) [3-6] or via scanning
acoustic microscopy (SAM) [7,8].

SAM represents a well-established tool in state-of-the-art failure and material characterization,
providing high potential regarding automation [9], allowing fast and accurate failure detection.
With commercially available SAM set-ups, the challenge lies mainly in (1) the necessary specific
hardware for the measurement (e.g., emitter /sensor), high time resolution (ps), and accurate movement
of emitter/sensor over the sample, and (2) in the interpretation of the SAM data—which can be quite
cumbersome due to the presence of various wave modes in thin films.

Coatings 2017, 7, 230; doi:10.3390/ coatings7120230 www.mdpi.com/journal/coatings
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One outstanding attribute of acoustic microscopy is the possibility to monitor the intensity I of
the reflected sound waves as a function of the defocus position z—also called V/(z) curves or acoustic
material signatures (AMS) [7,8]—from which the Rayleigh wave velocity of the analysed material can
be obtained.

The I(z) measurement relies on the excitation of Rayleigh waves that propagate on the sample
surface and leak back to the piezoelectric transducer. Decreasing the distance between lens and sample,
the Rayleigh contribution interferes with the acoustic field reflected from the sample—alternating
destructively and constructively, resulting in an oscillation of the measured intensity I as function of
the defocus position z.

The Rayleigh wave velocity can be used directly for material characterization or material
monitoring [10,11], or alternatively, material properties can be extracted [3-8]. In layered media,
the Rayleigh velocity depends on frequency if the analysed coatings are thinner than approximately
1-2 wavelengths [12,13]. Considering a broad-band Rayleigh wave, the lower frequency part of the
wave propagates more in the substrate, whereas higher frequency components travel mainly in the
coating due to their lower penetration depth. Consequently, the Rayleigh wave velocity becomes
dispersive (i.e., depends on frequency); this effect has been extensively studied in the past (e.g., [13-15]).
The dispersion of the Rayleigh wave can be used to extract elastic mechanical parameters like the
Young’s modulus, because the Rayleigh wave velocity depends on the density as well as the elastic
constants. In this sense, the determination of the Rayleigh wave velocities is of high interest for the
characterization of materials—especially of coatings—and was studied via LUS in, e.g., [3—6] and via
SAM in, e.g., [8,16-19]. In the past, I(z) measurements have been investigated analytically via ray
theory [7,20,21] and via wave theory approaches [7,22].

For general numerical elastic wave propagation, finite element [23-25], spectral element [26,27],
pseudospectral [28,29], finite volume methods [30], finite difference [31-34], and the elastodynamic
finite integration technique (EFIT) [35,36] can be found in the literature. It is a common feature of
all real-space numerical schemes for elastic wave propagation in higher dimensions that the linear
dispersion relation of the wave equation is not reproduced exactly, but numerical dispersion errors
are introduced. Severe dispersive errors and even spurious solutions force standard finite element
methods (FEMs) with low-degree ansatz functions to use excessively high mesh densities [23-25].
In this work, to access the I(z) curves we use EFIT for the full elastic wave propagation, because
of its good compromise in terms of accuracy relative to its computational cost. The field variables,
velocity and stress, are placed in a staggered manner onto the computational grid, which greatly
improves the dispersion relation of the scheme. Interestingly, this property is also exploited
in electrodynamics, where the finite difference time domain (FDTD) scheme is unsurpassed for
inhomogeneous domains [37], and recently also for the relativistic wave equation [38]. The elastic
wave discretization using a staggered grid and the EFIT are related, with the difference being that the
material properties are placed differently on the grid, allowing the EFIT to more accurately describe
material inhomogeneities [35].

We simulated the I(z) curve for an aluminium bulk sample for calibration, because bulk values
for aluminium can be found in the literature (e.g., [7]). In addition, the Rayleigh wave velocity
can be measured very accurately via LUS [3-6]. After this calibration step, the I(z) curve of an
aluminium-coated silicon sample was simulated and directly compared to results obtained from SAM
measurements. The Rayleigh wave velocity—as a material parameter—was obtained from the EFIT
simulation and from the SAM measurement, using a 400 MHz acoustic lens. The SAM and the LUS
measurements corroborated the EFIT simulation results regarding the Rayleigh wave velocity of the
aluminium sample and the aluminium coating. The use of full wave simulation as tested here on
aluminium bulk and coated samples allows for arbitrarily varying real thickness and material property
distribution up to complex geometrical structures like microelectronics components.

Although ray theory approaches outperform the EFIT simulation of I(z) curves with respect to
time-efficiency in general, the EFIT simulation provides more possibilities with respect to: (a) depicting
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the sound field propagation for various time-steps in the measurement, (b) creating an A-scan
equivalent, (c) analysing the influence of, e.g., anti-reflective coating (ARC) or damping of the
coupling liquid, and (d) most notably, complex multi-layered structures—relevant for, e.g., micro- and
nanoelectronic devices—can be conveniently analysed via state-of-the-art EFIT simulations.

2. Materials and Methods

2.1. Sample

The analysed sample was a 4 x 2 cm? segment of an aluminium-coated silicon wafer with (100)
crystallographic orientation. The aluminium layer was deposited via physical vapour deposition,
and its thickness was determined via profilometry. In addition, the density of 2.709 g/cm? of
the aluminium thin film was determined via X-ray diffraction (XRD) using a D8 Discover system
(Bruker, Billerica, MA, USA).

2.2. Scanning Acoustic Microscopy (SAM)

In scanning acoustic microscope measurements, piezoelectric transducers (emitter /sensor) are
used to generate ultrasonic waves (see Figure 1), e.g., [7]. The sound waves are focused onto or below
the surface of the investigated sample via an acoustic lens. At the sample-water interface, part of
the acoustic field is reflected and propagates back to the transducer. At the transducer, the reflected
acoustic field is converted into a time-variant electric signal which is presented in time domain and
commonly referred to as A-scan (see e.g., [39]).

| Transducer |

Sound Field !

X

- y Scanning Unit
———

Lens Body Z

Water Drop

Focused
Sound Field

Figure 1. Schematic of scanning acoustic microscopy (SAM) principle.

If the opening angle of the lens exceeds the critical Rayleigh angle 0,

og = sin~! (z’()) (1)
UR

Rayleigh waves can be excited at the surface of the sample (Equation (1)). Here, vy denotes
the sound velocity in water, which is approximately 1500 m/s at room temperature. Once excited,
the Rayleigh wave propagates along the surface and leaks energy back to the lens and subsequently
to the transducer. At the piezoelectric element of the transducer, the phase and amplitude of the
longitudinal sound wave reflected from the sample and the leaky Rayleigh wave are summed up [7].
The two wave modes (Rayleigh and longitudinal wave) interfere alternating constructively and
destructively, depending on the defocus position of the transducer. According to [7], the periodicity Az
of the oscillation depends on the Rayleigh sound velocity vy of the investigated sample via

Ao

A =
T o x (1 —cosBR)

)
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where Ay denotes the wavelength of the sound wave in water, see Equation (2).

A SAM can be operated in either pulsed or tone-burst mode [22]. The generally longer excitation
time in tone burst mode results in signals which are very narrow in the frequency domain, allowing
precise frequency-dependent measurements.

In the work reported here, a commercially available SAM 400 (PVA, Analytical Systems GmbH,
Westhausen, Germany) was operated in reflection mode, equipped with a custom-built tone-burst
set-up, to perform precise frequency-dependent measurements. For the calibration measurement on
bulk aluminium, an acoustic objective (AO) was used with a transducer of 400 MHz nominal centre
frequency and an opening angle of 120° (PVA, Analytical Systems GmbH, Westhausen, Germany).
The resonance frequency of the transducer was found at approximately 430 MHz. In the case of the
aluminium coating, an acoustic objective with an opening angle of 60° was applied (PVA, Analytical
Systems GmbH, Westhausen, Germany). Operated in tone-burst mode, the transducer was addressed
at approximately 400 MHz, at the resonance frequency of the transducer. The I(z) curve was monitored
with a step size of 2 um in the case of the calibration measurement and in the case of the coating
measurement. From the periodicity Az of the I(z) curves, the Rayleigh wave velocities were extracted.

2.3. Elastodynamic Finite Integration Technique (EFIT)

The description of ultrasonic sound field propagation simulation in isotropic linear elastic
materials, discretized via the elastodynamic finite integration technique, can be found in [35].
The underlying set of differential equations is given by the kinetics

ov =
por =V Xo
the kinematics
d lFev)+@o V)]
dt ~ 2 A% A%

and the constitutive (or material) law relating them by o0 ~ E- €

p is the mass density, v is the particle velocity field (being the first derivative of the displacement
field u with respect to time), € is the (second rank) strain tensor, o is the (second rank) stress tensor,
and E is the (forth rank) stiffness tensor. As shown in Figure 2, the velocities and stress field variables
are discretized in a staggered manner on the spatial grid together with a leap-frog updating procedure
in time (c.f. Figure 2) [35]. It is shown in [35] that the scheme can be written for arbitrary anisotropy
and inhomogeneity of the elastic material behaviour.

Figure 2. The staggered discretization of field variables velocity v and stress o in the elastodynamic
finite integration technique (EFIT).

Figure 3 shows EFIT results for the SAM measurement of a coated sample at nine time-steps.
In accordance with the SAM measurement, an anti-reflective coating (ARC) on the lens was
implemented. The ultrasonic field is depicted by the normalized magnitude of the z-component
of the velocity field in Figure 3. The sound wave is excited by the transducer in Figure 3, time-steps 1
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and 2, and propagates from top to bottom through the lens body (time-step 3) towards the surface of
the sample (time-step 4). At the surface (time-step 5), part of the sound field is transmitted into the
sample (time-step 6). The remaining sound field is reflected and travels back to the lens at time-steps 7
and 8. At time-step 9, the reflected sound waves reach the transducer. The artificial A-scan is obtained
by summing up the z-component of the velocity field along the width of the transducer at the position
of the transducer.

v

Figure 3. EFIT simulation of SAM measurement, time steps 1-9.

The I(z) measurement, carried out via SAM, was simulated for the case of (1) an aluminium
block of approximately 40 x 50 x 3 mm?, referred to as bulk aluminium, and (2) an aluminium
coating of approximately 1 pm thickness, deposited on a silicon wafer (100). In accordance with
the SAM measurement, we implemented a transducer of approximately 430 MHz centre frequency
and a lens-opening angle of 120° in the simulation for case (1). For the simulation, isotropic linear
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elastic material behaviour was assumed, in accordance with [13]. The assumption of isotropy is
made for aluminium because its Zener anisotropy ratio is close to one [40]. Literature values for
the longitudinal and transversal sound velocity and the density of aluminium were used as input
values [7,40]. The simulation was carried out for more than 30 defocus positions, and the A-scan data
was assembled for each of them. From the A-scan data, the relevant time window was identified, and
the intensity was computed and integrated over the identified time interval. For case (2), the aluminium
coating on a silicon substrate, literature values for the longitudinal and transversal sound velocity and
the density of aluminium as well as silicon were used as input values, taken from [7,40]. The simulation
was carried out for a transducer of 400 MHz centre frequency and a lens-opening angle of 60°. For more
than 30 defocus positions, the A-scan data were computed and the intensity of the acoustic signal as a
function of the defocus position z was computed. The frequency-dependent damping of the coupling
liquid was implemented via an exponential damping factor in the simulation, and due to the spherical
focus of the lens used in the SAM measurement, an axial symmetric simulation along the z-axis was
performed [36].

2.4. Laser Ultrasound (LUS)

The laser ultrasonic measurement is described in [3-6]. Here, a pulsed laser is focused via a
cylindrical lens on the sample surface, exciting a Rayleigh wave. A second, continuous wave laser
is used in order to detect the Rayleigh wave, using a beam deflection approach. A schematic of the
set-up is shown in Figure 4. From the measurement at two detection points, the phase velocity of the
Rayleigh wave vg as function of frequency f (Equation 3) can be determined via [3-6]:

(o —x1)27f
)= 8- e ©

Beam Splitter
Lens

' |
| Pulsed Laser |j

vy Cylindrical Lens

z

Aluminium

Sample l

Figure 4. Schematic of laser-induced ultrasound (LUS) set-up; CW laser denotes a continuous wave
laser, SAW denotes a surface acoustic wave.

In Equation (3), x, — x1 is the distance between the detection points and ® denotes the phases of
the Fourier-transformed laser-induced signals.

In the case of (1), the calibration measurement on bulk aluminium, Rayleigh waves were excited
via a pulsed laser at 11 positions. The applied Nd:YAG laser has a pulse width of approximately 2 ns,
a repetition rate of 10 Hz, and a wavelength of 532 nm. For the 11 cases, the excited Rayleigh waves
were detected via a second continuous wave laser. The time at which the Rayleigh waves passed the
detection point are plotted as function of the distance the waves travelled in Figure 5.

For the aluminium coating, the pulsed laser from the calibration measurement was used in
order to excite broadband Rayleigh waves on the sample. The measurement was performed in the
frequency range up to 200 MHz. The Rayleigh wave velocity was obtained from the measurement
at two detection points via Equation (3). Since the Rayleigh wave velocity depends on frequency
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in the case of a coated sample, a theoretical model for the evaluation of the dispersion curve was
considered [13]. In the theoretical model, isotropic material behaviour is assumed. This assumption is
valid if the measurement is carried out along a symmetry axis of the silicon [3-6]. Our measurements
were performed along the [110] symmetry axis of the silicon sample.

6 T T T

51 y=2.969%x +0.06525

N
T

Distance [mm]
w

2 |- -
1r -®-LUS Measurement||
— Linear Fit
e
0 | ! L L
0 0.5 1 1.5 2

Time [ps]

Figure 5. LUS measurement on bulk aluminium. Comparison of EFIT result to LUS measurement.

3. Results

3.1. Aluminium Bulk Sample for Calibration

In the case of the aluminium sample, the simulated intensity I as function of the defocus positions
z is shown in Figure 6, in direct comparison to the SAM measurement. From Figure 6, the periodicity
of the I(z) oscillation Az was determined and used to calculate the Rayleigh wave velocity vg via
vR = \/m, according to [22]. In [22], the important property of the I(z) curves in the evaluation
of Rayleigh wave velocities is appointed to be Az, not the amplitude. However, differences in
the amplitudes of the I(z) curves in Figure 6 might stem from actual higher damping coefficients
(e.g., for water we used literature values for the damping coefficient; the damping in the sapphire
lens body is not included in our simulations). Concerning the LUS measurement, the slope of the
linear fit in Figure 5 was used to determine the Rayleigh wave velocity. The EFIT, SAM, and LUS
results are listed in Table 1, in comparison to a literature value for the Rayleigh wave velocity in
bulk aluminium [7].

->-SAM Measurement ¢

14 |-¢-EFIT Simulation

Intensity [a.u.]

0
-100 -80 -60 -40 -20 0 20
Defocus z [um]

Figure 6. EFIT simulation (diamonds) and SAM measurement (circles) of I(z) for the aluminium bulk
sample at 430 MHz.
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Table 1. Rayleigh wave velocity results for an aluminium sample.

Method Az (um) ovR (m/s)
EFIT 13 2896
SAM 13 2896
LUS - 2969

Literature [7] - 2906

3.2. Aluminium Thin Film on Silicon Substrate

Here, the simulation of I(z) on an aluminium coating with a thickness of approximately 1 um
on a silicon substrate (100) was performed. The simulated results are directly compared to the SAM

measurement in Figure 7.

25 T T T T T
---SAM Measurement ’.

-¢-EFIT Simulation ! .

20

Intensity [a.u.]
o

-
o
o

0
-160 -140 -120 -100 -80 -60 -40 -20 0 20
Defocus z [um]

Figure 7. EFIT simulation (diamonds) and SAM measurement (circles) of I(z) for an aluminium coating

on silicon sample at 400 MHz.

Figure 8 shows the Rayleigh phase velocity uR as function of frequency. The solid line corresponds
to the theoretical model, predicting the Rayleigh dispersion curve of a 1 pm aluminium coating on a
silicon substrate. The dotted line in the frequency range from 50 to 200 MHz was obtained by laser
ultrasonic measurements, where good agreement was found. The empty diamond corresponds to the
EFIT simulation result, and the full circle corresponds to the SAM measurement.

There is only one data point obtained from the SAM measurement and SAM simulation data
because the measurement and simulation were performed in tone burst mode in order to obtain signals
which are very narrow in the frequency domain (in our case at 400 MHz). The LUS measurement uses
broadband acoustic surface waves in a frequency range from about 50 MHz to 200 MHz.

The wavelengths considered in this work are on the order of 10 um. This means that they do
penetrate the coating and their propagation is influenced by the substrate. However, the aluminium
coating has a measurable influence on the phase velocity of the Rayleigh wave (see Figure 8).
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Figure 8. Rayleigh wave velocity as function of frequency for a 1 pm aluminium coating on silicon.

4. Discussion and Conclusions

In this work, SAM I(z) measurements were simulated via EFIT, where (1) an aluminium bulk
sample for calibration and (2) an aluminium-coated silicon wafer were analysed. From the I(z) curves,
the Rayleigh wave velocity of samples (1) and (2) were determined. The simulated results were
corroborated via non-destructive SAM and LUS measurements. The obtained results demonstrate that
the presented approach is highly useful for the material characterization of coatings.

The results summarized in Tables 1 and 2 give integer values for the I(z) periodicity Az, because
the SAM measurement is limited by the number of oscillations and the 2 pm steps of defocus
positions. Moreover, the number of evaluable A-scans is restricted due to multi-reflected signals
in the measurement and in the simulation. Nevertheless, the Rayleigh wave velocities evaluated via
EFIT simulations and SAM measurements are corroborated via the LUS method. The error in the
determined Rayleigh velocity of the LUS measurements lies in the range of £10 m/s.

Table 2. Rayleigh wave velocity results at 400 MHz for 1 um aluminium coating on silicon.

Method Az (um) vR (m/s)
EFIT 38 4775
SAM 40 4899
Theoretical Model - 4819

The advantages of the performed EFIT simulation tackle the challenges of state-of-the-art SAM
measurements—namely, accurate data interpretation and the choice of the most suitable transducer.
In addition, the most effective lens for a specific sample can be designed via EFIT simulation support.
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The calculations of the elastic wave propagation on isotropic and anisotropic substrates
and multi-layered systems is presented in this part and follows [121] closely. Details on
the theory of elasticity can be found in e.g. [73, 147].

A.1 LINEAR ELASTICITY

The starting point for the evaluation of the phase velocity in an anisotropic material is
Hooke’s Law. This equation relates stress acting on an elastic solid body to strain.

F=«u

F is an applied force, i denotes the deformation and « is the material spring constant.
If the state of stress in the solid is described by the stress tensor

011 012 0713
Oij = | 021 022 023

031 032 033

and the strain at a certain point in the solid is described by the strain tensor

€11 €12 €13
€ij = | €21 €22 €23

€31 €32 €33

then Hooke’s Law for the 3 dimensional elastic body reads
0ij = Cijkrext.

Cijk1 is the elastic stiffness tensor of order four and has 81 entries in general

(1,j,k 1..1,2,3 = 3 x 3 x 3 x 3). However, stress and strain are symmetric and additional
energy considerations lead to 21 independent stiffness constants at most. The number
of independent components can further be reduced invoking symmetry arguments. For
example, there are only 3 independent components in the stiffness tensor of a material
with cubic symmetry:

c11 ¢12 ¢i2 0 0 O
C11 €12 0 0
cubic C11 0 0
cubic _ . (35)
ijkl Cas 0 0
Cq4 0
C44
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Newton’s second law of motion relates the stress acting on a point in a solid to the
motion of the particles in the solid:

pli = 0jj,i
where u; is the displacement of a particle in the body in the ith direction. It follows that
pli = Cijki€xuj,
with the definition of elastic strain:
1
ex = 5 (WL +urk)

this yields

plly = %Cijkl (w1 +ugk) = Cijrauiji-
With the ansatz
U=Apexp {i(lzi’— wt)}
the derivatives are given by
Uy = —wzui
and
U j1 = —kjkug.
It follows, that
pw?u; = Cijrkjkiuk = Cijrrk?djdiu
and
pcu; = Cijrdjdiu.
The Christoffel equation for anisotropic solids reads
[pc?8ix — Cijirdjdi] ] =0 (36)

and the Christoffel matrix for an anisotropic solids is given by

A1 — pc? A12 A13
A2 A2z —pc? A23 (37)
A13 A23 A3z — pc?

with the following entries (see also [124]):

A= d%Cﬂ + d§C66 + d§C55 +2dyd3Cs6 +2d3d1Ci5 +2d2d1Cqg,

Ao = d%ng + d%sz + d%C44 +2dyd3Co4 +2d3d1Ci5 +2d2d 1 Cyg,



A.2 ACOUSTIC WAVE MODES IN ISOTROPIC PLATES - PARTIAL WAVE ANSATZ

A3z = d%C55 + d%C44 + d§C33 4+2dyd3C34 +2d3d1Cs5 +2d2d 1 Cyg,
A2 = d3C1s+d3Co6+d5Css5 +d2d3(Cag+ Cas) +d3dq (Crg + Cs6) +dady(Cra + Ces),
A3 = d3Cy5+d3Ca6+d5C35 +d2d3(Cas + C36) +d3d1(Cr3 + Cs5) +dadi(Cra + Cse),

A23 = d§Cs6+d3Cas +d3C34 +d2d3(Cas +Ca3) +d3d1(C36+ Cas) +dadi (Cas + Cap)-

A.2 ACOUSTIC WAVE MODES IN ISOTROPIC PLATES - PARTIAL WAVE ANSATZ

A technique which can be applied also to anisotropic plates is the partial wave method.
The particle displacement in the partial wave ansatz reads:

U =Apexp {i(l_{%— wt)} (38)
where 7 is the polarization vector, k = dk is the wave vector and d is the propagation

vector.

u; = Apg exp{—iwt}exp{ik(dix; + dax2 + d3x3)}
uy = Apz exp{—iwt}exp{ik(dixj + dax2 + d3x3)}

uz = Apz exp{—iwt}exp{ik(dix; + dax2 + d3x3)}

For pure longitudinal modes, p || d — pi = d; and for pure transverse modes p L d —
pidi =0 — p1dy +p2d2 +p3ds = 0. dy = cos(d),d; = sin(Pp) and d3 = «,, where ¢
denotes the angle to the x; axis. For  =0pj =Tand p, =0 — p3 = —1/ds.

In the notation of [121], for the six wave modes which can travel in an isotropic plate,
the partial wave ansatz in x1-direction reads:

6
u].(n) — Z Cnu].“” exp [ik (x1 + oc(“)X3>} .
n=1
Inserting 35 into 36 leads to the Christoffel equation for a solid with cubic symmetry

11 + Caq — pc? 0 (c12+cas)x U
0 11 4 Ca4 — pc? 0 u,| =0. (39)

(c124caa)x 0 cas+ci1—pc?| |Us
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Here, the shear horizontal waves decouple. The equation for the SH waves is c44 +

caso? —pc? = 0, from which two a(™) for these wave modes follow. For an isotropic
solid c11 = A+2u,¢c1p =Aand cgqg = p = %(cn —c12), the Christoffel equation for
isotropic media therefore reads:
a b U]
=0 (40)
b ¢ Uz
where

a=(A+2u) + po? — pcd,

b=A+pwa
and
c=A+2pwo? +pu— pc%.

Due to the decoupling of the SH wave modes, only 4 wave modes (up and downgoing
longitudinal and transverse modes) are to be considered:

4
Uy = Z cnu].(“) exp [ik ()q + oc(“)X3)} )
n=1

Since the propagation of wave modes is conditioned by the Christoffel equation, the
eigenvalues o™ and the eigenvectors U].(n) of 40 have to be found. To this purpose, the
determinant of the Christoffel matrix in 40 has to go to zero, which leads to a 4th order
polynomial equation for the ™. Having all eigenvalues (™) and the corresponding

Uj(n), the displacement vectors and stress tensor components

4

u; = Z Bm exp {ik (x1 + atmx3 —cpt)},
1

4

uz = Z BmUszm exp {ik (x1 + atmx3 —cpt)},
1

4
031 = 3 By lotm + U] ulik) exp {ik (x1 + otmx3 — cpt)},
1

4
033 =) B A+ (A+2p) ot Usm] (ik) exp{ik (x; + amx3 — cpt))
1

can be inserted into the boundary conditions

0‘3]:0‘33:0 @ X3:d, X3=0
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leading to the 4 x 4 matrix D, where

Dim = A+ (A+ 21 o) Uszm ) (ik),

Dom = (&m + u3m)u(ik)/

Dim = A+ (A+21) o) Usm ) (ik) exp(ikam d),

Dygm = (atm + Uzm ) p(ik) exp(ikoemd).

Varying the frequency and the phase velocity until the determinant of the matrix D goes
to zero, the allowed wave modes can be found.

A.3 ELASTIC WAVES IN MULTI-LAYERED ISOTROPIC SYSTEMS

The elastice wave propagation in isotropic multi-layered systems is discussed in Sec-
tion 4.2.3. The process of calculating the allowed wave modes in a system with an
isotropic substrate and an in principle arbitrary number of isotropic layers (up to nine
layers were tested) is summarized in Listing 1.

A.4 ELASTIC WAVES ON AN ISOTROPIC LAYER-ANISOTROPIC SUBSTRATE SYSTEM
In the case of an isotropic layer on an substrate with cubic symmetry, four wave modes
of the layer and two wave modes of the substrate have to be considered if the wave

propagates along the x; direction. The six conditions for the boundary condition matrix
are

ol =0 @ x=0,

Gg%) = 0251) @ x=-—h,
(D) (s

033 =033 @ x=-h,

ug{) = ués]) @ x=-—h,
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(L) (S
where h is the layer thickness and the superscripts L and S denote the layer and the
substrate respectively. The requirement of a vanishing boundary condition matrix for
the right combination of cp and k leads to the dispersion relation of the system.

In Listing 2 the steps for the determination of the frequency dependent phase velocity
of SAWs on an isotropic layer on an anisotropic cubic system along the x; axis are
summarized.

A.5 ELASTIC WAVES ON ANISOTROPIC CUBIC SUBSTRATE

For the consideration of the angular dependent wave propagation on an anisotropic sub-
strate, either ¢ in the determination of Equation 38 in the propagation vector d can be
changed, or the stiffness tensor C is rotated to C'.

In [141], the determination of elastic constants from angular dependent measurements

on (100) silicon is presented, where the rotation of Cj ;1 to an,n,‘p, q 18 achieved via

/

Crnpq = PmiBnjBprBqicijkl,

Bi; (denoting the rotation matrix) is given by

cos(¢p) sin(dp) 0
Bij = |—sin(dp) cos(p) 0
0 0 1

The entries of the Christoffel matrix Equation 37 are then evaluated for the rotated
system in order to obtain the eigenvalues and eigenvectors of the equation. With the
condition of vanishing stresses at the surface 031 =0 @ x3 =0, the boundary condi-
tion matrix D can be found. By the right combination of phase velocity and angle, the
roots of D are determined.

Figure 59 shows the angular dependent Rayleigh wave velocity for seven LUS mea-
surements and the theoretical evaluation described in Listing 3. In Figure 59 the samples
"HD" are silicon samples with higher doping concentration, whereas the samples "ND"
show doping of lower concentration. The theoretical model was evaluated with the lit-
erature values reported by [9] of c17 = 166GPa, c12 = 64GPa, c44 = 80GPa and a mass
density of 2329kg/m3. No fitting routine was applied in Figure 59, but in principle the
elastic constants of the substrate can be characterized via similar measurements accom-
panied by a fitting procedure [141]. The change in phase velocity due to the doping
of silicon is expected from the literature [142]. Further investigations of doped silicon
samples via bulk waves can be found in [109].



Rayleigh Velocity [mm/us]
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Figure 59: Angular dependent Rayleigh wave velocity on silicon (100), comparison of measure-
ment and theory, where 0° corresponds to [100]. LUS measurements of highly doped
Si samples "HD" (circles and solid lines) are compared to LUS measurements of sam-
ples with lower doping concentration "ND" (diamonds, solid line) and to theoretical
evaluations (circles no line).
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Listing 1: Global Matrix Method for Multi-Layered (Isotropic) System [121]

#Define ParamterMatrix
NumLayer= #Number of Layers
ParameterPerLayer=4; #rho, lambda, mu, h (Isotropic Materials)
ParameterMatrix=zeros(NumLayer,ParameterPerLayer);
Fill ParameterMatrix
#Create BoundaryConditionMatrix D
D=zeros (NumLayerx4,NumLayer+4) ;
#Find Frequency
for f = [fstart:fstep:fstopl
omega=2*xpixf;
#Find Phase Velocity
for ¢ = [cstart:cstep:cstopl
k=omega/c;
#Calculate Eigenvectors alphas, Eigenvectors U3s
alphas Layers
alphas Substrate
U3s Layers
alphas Substrate
U3s Substrate
Fill BoundaryConditionMatrix D
# The boundary condition matrix, shows regularities allowing automatized
filling the eigenvalues alpha, the eigenvalues U, the layer parameters
must be known
Find boundary matrix D zeros
end
end




A5 ELASTIC WAVES ON ANISOTROPIC CUBIC SUBSTRATE

Listing 2: Isotropic Layer on Anisotropic Cubic Substrate [121]

#Determination Eigenvalues alpha, Eigenvectors U Cubic Symmetric Material
#Christoffel Equation:
111=cll+c44*alpha™2-rhoxc"2;
122=(c44 + cllxalpha”™2 - rhoxc”™2);
112=(cl2+c44)+*alpha;
L=[111 112; 112 122];
#--> Find Eigenvalues, Eigenvectors alpha5, alpha6, U35, U36
# Define Layer Properties
VL=# long. sound velocity
VT=# trans. sound velocity
rho=# density
h=# thickness
# Define parameters cubic symmetric substrate
cll= ;
cl2= ;
cd44= ;
rho2= ;
#Find frequency
for f = [fstart:fsteps:fstop]*1076
omega = 2xpixf;
#Find phase velocity
for ¢ = cstart:cstep:cstop
k=omega/c;
define alphas
define Us
define substrate alphas from Christoffel equation
define substrate Us from Christoffel equation
Fill boundary matrix D
end
Find boundary matrix D zeros
end
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Listing 3: Anisotropic Cubic Substrate [121]

Define Stiffnesstensor
#Define Rotation angle
for kk=0:0.5:20;
theta = kkxpi/180;
#Rotation matrix
beta=[[cos(theta) sin(theta) 0];[-sin(theta) cos(theta) 0];[0 0 1];1;
Rotate stiffness tensor
Determine eigenvalues alphas
Determine eigenvectors Us
#Determine phase velocity
for cphase = cstart:cstep:cstop
Evaluate alphas
Evaluate Us
Fill D matrix
end
Find boundary matrix D zeros
end
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