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Summary
Goal of the thesis was to measure and characterize multi-dimensional mechanical stresses
and changes of the microstructure in materials at small length-scales by means of Raman
microscopy. The work is motivated by the constant progress and development in the fields
of microelectronics and the resulting ongoing miniaturization of its components.
Miniaturization can cause new kinds of stress related problems in materials which may
have a negative influence on the reliability and durability of devices. Stresses and changes
of the microstructure can also affect optical and electronic properties of semiconductors
such as zinc oxide (ZnO). To fully understand the behavior and properties of materials on
the nano- and micro-scopic scale, it is essential to measure stresses with the highest
possible lateral resolution. At present, several techniques are available for analyzing
stresses and changes of the microstructure with a high spatial resolution such as Raman
microscopy, X-ray microdiffraction or convergent beam electron diffraction. All methods
have their advantages and drawbacks. Raman microscopy was the method of choice as it
features a spatial resolution in the submicrometer range, a high data acquisition rate as
well as high strain sensitivity.
Experiments in one-, two- and three-dimensions were performed focusing each time on
different aspects of mechanical stresses and changes of the microstructure. The findings of
the work are published in five full length articles and can be divided into two main parts.
The first part mainly covers the methodology of Raman microscopy itself. The second part
concentrates on the measurements of stresses and properties of different materials.
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Raman Microscopy
In a full length article about compression tests performed on 8 μm diameter silicon pillars
combined with a micro-Raman set-up, we have shown that Raman microscopy is an
accurate method for measuring mechanical stress. The uniaxial stress in the micro-pillars
was applied with a micro-indenter while Raman measurements were performed in situ.
The deviation between the stresses calculated from the Raman peak shifts and a load cell
was less than 3% throughout the whole test until the rupture of the pillars.
In the third chapter of the thesis, a method for the mapping of 2-dimensional stresses in
metal thin films was developed by means of Raman microscopy using a silicon thin film
as a strain gage material. The sample consisted of layers of 280 nm poly-silicon, 30 nm
silicon nitride and 850 nm aluminum. At 200°C the measured thermal stresses in the
silicon film were on the order of +250 MPa to +450 MPa which directly corresponded to
compressive stresses of -90 MPa to -160 MPa in the aluminum film.
This work presents in the chapters 5 and 6 illustrate a novel approach in measuring and
visualizing three dimensional stresses in transparent, Raman active materials using
confocal Raman microscopy. Two cases studies on a ZnO single crystal and a sapphire
single crystal were performed with a spatial resolution in the sub micrometer range.
Although, the method was more of a qualitative nature than a quantitative one it is a very
useful tool for visualizing 3-D stress fields. Quantifying stresses requires the presumption
of certain defined stress states.
Besides measuring stresses, the laser of the Raman microscope was used to induce grain
growth in amorphous silicon thin films. The focused laser with a spot size of 300 nm was
used to successfully produce well-defined, crystalline structures with a diameter in the
range of one micrometer. This could be a useful tool to fabricate freestanding structures or
electrical conductors.
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Materials Aspects
Raman and TEM analysis showed that the main deformation mechanism of the silicon
micro pillars is brittle fracture. No phase transformations and nucleation were observed.
Also the movement of dislocations seems to play a minor role. The average compressive
failure strength of the micro-pillars was -5.1 GPa. The authors have indications that
Raman microscopy allowed observing cracks propagating through the pillars.
A lamella was extracted from the center of a micro indent in a silicon wafer by means of
focused ion beam (FIB). 2-D Raman maps showed that the width of the Raman peaks
correlates to the defect density of the lamella, which was analyzed by TEM. Further, the
study demonstrated nicely how implanted Ga+-ions, originating from the lamella
extraction process, shift the Raman signal to lower wavenumbers. This averted the
measurement of residual stresses in the lamella and leads to the question how much the
sample preparation changes the properties of the sample itself.
The residual stress fields in the vicinity of micro indents in a sapphire single crystal and in
a ZnO single crystal were analyzed and visualized in 3-D with a confocal Raman
microscope. Two studies, presented as full length articles, showed that the residual stress
field is mainly influenced by the deformation mechanism of the material and not by the
indenter geometry. While the indents in both materials exhibited a fourfold symmetry, the
residual stress field in sapphire and in ZnO possessed a threefold and a twofold symmetry,
respectively. In the case of ZnO the biaxial stress field at the surface of the crystal was
calculated. The stress field is highly anisotropic as the distortion caused by the
dislocations is much stronger along the x-axis then along the c-axis. In both materials an
evolution of the microstructure was observed. Sapphire exhibited a phase transformation
directly below the indent while in ZnO the volume of the area with a high dislocation
density (226 µm3) could be calculated from the 3-D maps.
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Zusammenfassung
Ziel der Arbeit war es mittels Raman Mikroskopie mechanische Spannungen und
Veränderungen der Mikrostruktur in Materialien ein-, zwei- und dreidimensional zu
messen. Die Motivation der Arbeit liegt hauptsächlich in den andauernden Fortschritten
und Entwicklungen auf dem Gebiet der Mikroelektronik. Durch die ständige
Verkleinerung der einzelnen Komponenten und Bauteile können in den verwendeten
Materialien neue spannungsbedingte Probleme auftauchen, welche die Zuverlässigkeit und
die Dauerhaftigkeit negativ beeinflussen können. Mechanische Spannungen und
Veränderungen der Mikrostruktur beeinflussen unter Umständen auch die optischen und
elektrischen Eigenschaften von Halbleitern wie zum Beispiel Zinkoxid (ZnO). Um das
Verhalten und die Eigenschaften von Materialien im Nano- und Mikrometerbereich
vollständig zu verstehen, ist es wichtig, dass man die mechanischen Spannungen als auch
Veränderungen der Mikrostruktur mit einer grösstmöglichen örtlichen Auflösung messen
kann. Mehrere verschiedene Methoden wie zum Beispiel Röntgen-Mikrobeugung,
konvergente

Elektronenstrahlbeugung

und

Raman

Mikroskopie

ermöglichen

es

heutzutage Spannungen mit einer hohen örtlichen Auflösung zu messen. Alle Methoden
haben ihre Vor- und Nachteile und eigenen sich für eine bestimmte Art von Messungen.
Raman Mikroskopie wurde für diese Arbeit gewählt, weil die Methode eine hohe örtliche
Auflösung hat, schnell Daten akquiriert und sehr dehnungssensitiv ist.
Im Rahmen der Arbeit wurden ein-, zwei-, und dreidimensionale Untersuchungen
durchgeführt, welche sich jeweils auf bestimmte Aspekte der Thematik von mechanischen
Spannungen und Veränderung der Mikrostruktur konzentrierten. Die Ergebnisse der
Arbeit wurden in fünf Artikeln veröffentlicht und können grundsätzlich in zwei Teile
unterteilt werden. Ein erster Teil der Resultate bezieht sich vor allem auf die Methode der
Raman Mikroskopie, während der zweite Teil auf materialspezifische Erkenntnisse
fokussiert.
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Raman Mikroskopie
Im ersten Kapitel, welches das Verhalten von 8 μm breiten Siliziumsäulen unter
einachsigen Druckspannungen untersucht, konnte bewiesen werden, dass Raman
Mikroskopie eine genaue Methode ist um Spannungen zu messen. Die gemessenen
Spannungen mittels Raman Mikroskopie und mittels einer Kraftmesszelle wichen
während der ganzen Messung bis zum Bruch der Säulen nie mehr als 3% voneinander ab.
In einem weiteren Kapitel wurde eine Methode entwickelt um mechanische Spannungen
zweidimensional in dünnen Metallfilmen zu messen. Dabei wurde eine polykristalline
Siliziumdünnschicht als Dehnmessstreifen benutzt. Der Mehrschichtenverbund bestand
aus 280 nm poly-Silizium, 30 nm Siliziumnitrid und 850 nm Aluminium. Bei einer
Temperatur von 200°C wurden in der Siliziumschicht Zugspannungen von +250 MPa bis
+450 MPa gemessen was Druckspannungen von -90 MPa bis -160 MPa in der
Aluminiumschicht entspricht.
Die Doktorarbeit präsentiert einen neuartigen Ansatz um mechanische Spannungen in
transparenten, Raman aktiven Materialen zu messen und darzustellen. In zwei
Fallbeispielen, durchgeführt in Saphir und Zinkoxid, konnten die Eigenspannungen rund
um einen Indent dreidimensional gemessen werden. Die räumliche Auflösung war dabei
besser als ein μm3. Die Messungen haben allerdings eher einen qualitativen als einen
quantitativen Charakter. Um quantitative Aussagen möglich zu machen, müssen
bestimmte Annahmen bezüglich des herrschenden Spannungszustands gemacht werden.
Neben dem Messen von Spannungen war es auch möglich, den Laser des Raman
Mikroskops zu verwenden, um Kornwachstum in einem amorphen Siliziumdünnfilm zu
generieren. Da der fokussierte Laser einen Durchmesser von minimal 300 nm hatte,
konnten kristalline Strukturen in der Grössenordnung von ungefähr einem Mikrometer
erzeugt werden. Diese Methode könnte Anwendung beim Produzieren von freistehenden,
kristallinen Strukturen und elektrischen Leiterbahnen finden.
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Materialspezifische Aspekte
Analysen durchgeführt mit Raman Mikroskopie und TEM zeigten, dass der
Bruchmechanismus von Siliziummikrosäulen hauptsächlich spröde ist. Es wurde keine
Phasentransformationen beobachtet. Nukleierung von Versetzungen als auch die
Bewegung von Versetzungen scheinen eher eine untergeordnete Rolle zu spielen. Raman
Mikroskopie ermöglichte es, Risse zu detektieren, welche durch die Siliziummikrosäulen
liefen.
Eine Lamelle wurde mittels Focused Ion Beam (FIB) aus dem Zentrum eines
Mikroindents, platziert in einem Siliziumwafer, extrahiert. Zweidimensionale Raman
Messungen, durchgeführt auf der Lamelle, zeigten dabei, dass die Breite des Silizium
Ramansignals sehr gut mit der Defektdichte rund um den Indent korreliert. Weiter wurde
ersichtlich, dass die Ga+-Ionen, welche zum Extrahieren der Lamelle verwendet werden,
in die Oberfläche implantiert werden. Die implantierten Ionen führen zu einer
Veränderung des Ramansignals. Dies verunmöglichte die Messung von Eigenspannungen
in der Lamelle.
Die Eigenspannungen, welche sich rund um Mikroindents bilden, konnten in Saphir als
auch in ZnO dreidimensional gemessen werden. Beide Studien wurden als Artikel
veröffentlicht und zeigten, dass die räumliche Anordnung von Eigenspannungen
hauptsächlich von den Mechanismen der plastischen Deformationen des jeweiligen
Materials abhängig ist und nicht von der Geometrie der verwendeten Indenterspitze. Im
Falle von ZnO konnte das biaxiale Spannungsfeld an der Kristalloberfläche berechnet
werden. Die Resultate weisen darauf hin, dass die Eigenspannungen stark anisotrop sind,
da die Verzerrungen durch die Versetzungen entlang der x-Achse viel stärker sind als
entlang der c-Achse. In beiden Materialien konnten Veränderungen der Mikrostruktur
gemessen werden. Direkt unter dem Eindruck wurde in Saphir eine Phasentransformation
beobachtet. In ZnO war es möglich, das Volumen des Gebietes mit einer hohen
Defektdichte (226 μm3) zu berechnen.
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1 Introduction

1.1

Motivation and Aim of the Thesis

Microelectronics have become an essential part of our every day lives. Progress in the
field of microelectronics is often equalized with miniaturization. The frequently quoted
Moore’s law states that the amounts of stored data per area will double every 18 month
[1]. Although he stated that his prediction should be valid only until 1980 the
developments in microelectronics are up to nowadays continuing this trend. One of the big
tasks of ongoing research is the continuing reduction of the feature size. With
miniaturization of devices stress related problems can occur which might have a negative
influence on the reliability of the system. Electromigration for example is a well known
failure mechanism in thin film conductors and microelectronics [2]. Korhonen et al.
illustrated in their work [3] that electromigration can cause high mechanical stresses in
interconnects which might trigger voids and failures. Stresses occur also during thin film
deposition, for instance, the formation of chemical vapor deposited silicon nitride films. In
this case, the occurring stresses can be adjusted by changing the deposition temperature as
well as the stoichiometry of the gases [4]. Differences in the thermal expansion coefficient
of different materials can induce thermal stresses if the temperature changes [5]. Another
example is the fatigue in micron-sized poly- and single crystalline silicon structures [6].
Mechanical stresses can not only lead to failures but they can also change the electrical
and optical properties of materials such as ZnO [7].
All these samples show how important it is to have reliable methods for measuring
mechanical stresses with a high lateral resolution. Several methods are available nowadays
but they all have their drawbacks. X-ray microdiffraction [8-10] allows measuring the
strain tensor but is based on large scale facilities and measuring time is generally limited.
Convergent beam electron diffraction with a transmission electron microscope (TEM) [11]
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has the possibility to measure stress with a lateral resolution of only a few nanometers, but
the samples have to be thinned to become electron transparent. Therefore the stress state
under investigation is usually relaxed or altered in comparison to the original stress state.
Electron induced Kossel diffraction with a scanning electron microscope is another
accurate method for measuring stresses (SEM) [12] but at the current state of the
technique lacks automation. The strain measurements by means of Electron backscatter
diffraction (EBSD) with an SEM [13] deduces underlying stress by observing the patterns
of electrons scattered back from the crystal planes. However, the pattern quality depends
critically on various factors such as the interaction volume (beam defocus, electron beam
energy and current), the sample surface condition (oxide layer, contamination with
hydrocarbons) and in some cases even the crystal orientation [14]. All of these methods
have two aspects in common; they all measure elastic strain in a crystalline material and
require the knowledge of its elastic properties to convert strain into stress. All diffraction
methods, independent of whether photons or electrons are the probe utilized, directly
provide a measure of the lattice parameter of crystalline materials. Raman spectroscopy on
the other hand, is a spectroscopy technique which yields the energies of the phonon
spectrum. In contrast to diffraction techniques which solely require crystal periodicity,
Raman spectroscopy requires a material to be polarizable, which limits the materials
choice to ceramics, polymers and semiconductors. Raman studies on metals [15] rely on
the mechanical coupling of a Raman active material to the metal and subsequent
mechanical modeling. While Raman spectroscopy has traditionally been employed for
studies of stress in microelectronic materials [16-20], strain measurements by Raman
microscopy and the conversion to mechanical stress is at present being extended to other
materials classes and applications. In these cases, phonon deformation potentials still need
to be established. Thus, let us investigate the advantages and draw-backs of this technique.
The advantages are:
•

High lateral resolution

•

Depth resolution

•

Available in laboratories at moderate cost

•

Fast and easy data acquisition
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•

High strain sensitivity

In contrast the disadvantages include:
•

Only certain classes of materials are Raman active

•

Phonon deformation potentials are only available for a small set of materials

•

Materials need to be transparent for 3D mapping

•

Complete strain tensor is difficult to access

•

Fluorescence may overshadow Raman peaks

The following table summarizes and compares the current technique for local strain
measurements which are mostly based on diffraction.

Table 1.1 Comparison of the Raman technique for stress measurement to comparable electron and X-ray
diffraction based techniques

Raman

Electron diffraction
EBSD

X-ray microdiffraction

CBED

Laue

Monochroma

Kossel

tic
Lateral

300 nm

20 nm

5 nm

500 nm

50 nm

500 nm

resolution
Depth resolution

500 nm

Ease of use

Lab based

-

-

SEM

TEM

1 µm
Synchrotron

Synchrotron

SEM

Strain resolution

10-4

10-3

10-4

10-4

10-4

10-5

Time per pixel

0.1 s

1s

1s

5s

10 s

10 s

Materials

Strain tensor

Polarizable

1-3

Single

Electron

Single

Crystalline

transparent

crystalline

2-5

2-5

5-6

Crystalline

Single
crystalline

1-2

6

components

The conversion of strain into stress by Hooke’s law is common to all methods. Complex
strain states cannot currently be accessed by Raman microscopy. This draw-back will be
overcome in the near future. With regards to lateral resolution, Raman microscopy is on
the lower side for the methods compared. Here, two possibilities are viable. First, near-

19

field optics could be employed to achieve resolutions below 100 nm. The issue with this
option is that both near-field optics and the Raman effect strongly attenuate the primary
signal and if used in conjunction leave just a few photons of signal to count. The other
option is to locally enhance the signal by Plasmon resonances, e.g. by putting metallic
nanoparticles of gold or silver in a focused beam [21-23].
The aim of this work was to measure and analyze mechanical stresses and stress related
effects such as microstructural changes on a very local level by means of confocal Raman
microscopy. Depending on the experimental set-up, one, two or three dimensional
measurements were performed with a lateral resolution in the submicrometer range.

1.2

Thesis Outline

The thesis begins with a historical review of the developments of the Raman spectroscopy
and its possible applications. In the first chapter the fundamentals of Raman microscopy
are explained including a section about the principles of strain measurements by Raman
microscopy in the case of silicon. The main part consists of five publications which are
either already published in or submitted to peer reviewed journals. Chapter 2 presents the
results of one dimensional in situ compression tests on silicon micro pillars. The outcome
shows the high accuracy of Raman spectroscopy for measuring stresses. In Chapter 3, a
method is proposed to measure stresses in thin metallic films, therefore in 2-D, by Raman
microscopy using silicon as a strain gage material. A two dimensional study comparing
the microstructural details of a cross-section extracted from an indent in silicon and the
Raman peak shape and peak width is discussed in Chapter 4. The Chapter 5 is dedicated to
3D-Raman-Spectroscopy measurements of the symmetry of residual stress fields in
plastically deformed sapphire crystals. The last chapter (Chapter 6) presents a detailed
study of the stress field and the defect structure in 3-D around an indent on a ZnO single
crystal. Finally, some general conclusions are drawn and suggestions for future work
made.
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1.3

Short Historical Review of Raman Spectroscopy

The Raman effect was discovered by the two Indian physicists C. V. Raman and K.S.
Krishnan in 1928 [24]. Independently, the same effect was observed in 1928 by Landsberg
and Mandelstam[25]. In 1930, Raman won the Noble Prize in Physics for his discovery.
The first studies using the Raman effect were performed on gases and liquids [26-28]. The
invention of the laser increased the possible applications of the Raman spectroscopy
remarkably. For a long time Raman spectroscopy was mostly applied in chemical studies
as a complementary technique to infrared spectroscopy, giving information on the
chemical composition and crystallinity of the sample. In the late 1960’s and early 1970’s
studies executed on diamond and silicon revealed the pressure dependence of the Raman
signal of semiconductors and ceramics [17, 29, 30]. Another big evolutionary step in the
history of Raman spectroscopy was the combination of the Raman set-up with light
microscopy. It enabled to measure objects with a lateral size of few micrometers [31].
Brueck et al. and Lyon et al. were in 1982 the first who used Raman microscopy to
measure stresses with a lateral resolution in the order of 1 to 5 μm [32, 33]. Since then
Raman microscopy has become a powerful tool for analyzing stresses in semiconductors
and ceramics which will be discussed in more details in the next sections. In 1990
confocal Raman microscopy was used to map living cells and in another case such a setup was used in the same year to perform 3-D measurements [34, 35]. Another effect of
Raman spectroscopy attracts a lot of attention. The Raman scattering in the vicinity of
noble metal nanoparticles is drastically enhanced [36]. This so-called surface enhanced
Raman scattering (SERS) effect even allows detecting single molecules [22]. More recent
results showed that it is possible to use the SERS effect to significantly lower the lateral
resolution down to 15 nm [37]. Raman spectroscopy has become in the last 80 years a
powerful tool to answer different question in multiple scientific fields such as biology,
chemistry, physics and material science and can be applied to macroscopic as well as
nanoscopic devices.
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1.4

Fundamentals of Raman Scattering

Raman scattering is used to obtain information about the structure and properties of
materials. It contains information about the crystal structure, the degree of crystallinity of
the sample, the temperature, the elastic strain as well as the defect density. The origin of
the Raman scattering can be understand with the quantum mechanics. The scattering
process between a photon and a phonon is described as an excitation of a phonon to a
virtual state lower in energy than a real electronic state and the immediate de-excitation.
After an extremely short period, in which the phonon is excited, it falls back either to the

Energy

ground state or to an excited state (see Figure 1.1).

→hν0

→hν0

→hν0

Rayleigh
scattering

→h(ν0+νvib)

→h(ν0−νvib)

→hν0

Stokes Raman
scattering

Anti-Stokes Raman
scattering

Figure 1.1 Vibrational energy level scheme for Rayleigh, Stokes andt Anti-Stokes scattering [Operating Manual
for CRM 200 confocal Raman microscope by WITec].

Rayleigh scattering corresponds to light scattered at the frequency of the incident
radiation. Raman scattering is shifted in frequency, and therefore energy, from the
frequency of the irradiating light. Raman scattering can be divided into stokes scattering
and anti-stokes scattering. In the case of stokes scattering the emitted light has less energy
than the incident light while in the case of anti-stokes scattering the emitted photon has
more energy than the incoming photon.

r
When a photon interacts with a phonon, the electrical Field E of the incident light induces
r
a dipole moment P in the electronic distribution in molecules or atoms:
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r rr r
P =α ⋅E .

(1.1)

rr
The proportionality factor α is the polarizability tensor which describes the response of

the crystal to the electric field. The tensor is not a static value, but is dependent on the
position of the atoms in the crystal. Calculating the Taylor expansion of α in x-direction
while setting the equilibrium position x = 0 one can write:

⎛ dα ⎞
⎟ x + ....
⎝ dx ⎠ 0
.

α ( x ) = α (0) + ⎜

(1.2)

Only linear terms are taken into account for small interatomic displacements. Looking at
the phonon in the external electrical fields, one finds:

r rr r
P =α ⋅ E =

.

(1.3)

⎤ 1 ⎡⎛ ∂α ⎞
⎤
1 ⎡⎛ ∂α ⎞
α 0 E0 cos(ω0 t ) + ⎢⎜ ⎟ x= E = cos(ω = + ω m )t ⎥ + ⎢⎜ ⎟ x= E = cos(ω = − ω m )t ⎥
2 ⎣⎝ ∂x ⎠ 0
⎦ 2 ⎣⎝ ∂x ⎠ 0
⎦
In equation (1.3) the first term represents the Rayleigh scattering, the second term the
Stokes Stokes scattering and the third term the Anti-Stokes scattering. A crystal or a
molecule is only Raman active if one of the components of the polarizability tensor
changes during vibration.
Elastic strain due to mechanical stress affect the frequencies of the Raman-active phonons
or molecular vibrations which lead to a shift of the Raman peak positions relative to the
stress free peak position [38]. As a simple metaphor one can compare the process to the
tuning of a guitar string. The tuning changes the elasitc strain and the mechanical stress in
the guitar string which leads to a change of the frequency of the vibration and therefore
would also lead to a shift of the positions of the Raman peaks. In the following section we
will explain the underlying theory of measuring the elasitc strain and show how to convert
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the results into stress. Different methods to measure mechanical stresses in materials with
a cubic crystal structure such as silicon will be presented. The stress resolution of the
method depends on the stress sensitivity of the Raman peak and the signal-to-noise ratio
of the measured signal.
Only certain types of lattice vibrations give rise to Raman scattering. The Raman tensors
show which phonons are Raman active and what kind of orientation these phonons have.
The Raman tensor can be determined from the crystal structure of the material. According
to Louden [39], silicon has three Raman tensors. In the crystal coordinate system x =
[100], y = [010] and z = [001] they are:
⎡ 0 d 0⎤
⎡0 0 d ⎤
⎡0 0 0 ⎤
⎥
⎥
⎢
⎢
Δ 1 = ⎢0 0 d ⎥, Δ 2 = ⎢ 0 0 0 ⎥, Δ 3 = ⎢⎢d 0 0⎥⎥
⎢⎣0 d 0 ⎦⎥
⎣⎢ 0 0 0⎦⎥
⎣⎢d 0 0 ⎦⎥

(1.4)

The total scattering intensity of the phonon modes (I) for a given geometry can be
determined from the Raman tensors, Δj, and the polarization vector of the incident (ei) and
scattered (es) light and is given by

I = C ∑ ei ⋅ Δ j ⋅ es

2

(1.5)

j

where C is a constant. Measuring in a back-scattering mode from a (001) surface the
incident as well as the scattered light beam are normal to the surface. In this case Δ1 and

Δ2 correspond to scattering from the transverse optical phonons (TO), polarized along the
x- or the y-axis, respectively. Δ3 correlates to scattering from the longitudinal optical
phonons (LO), polarized along the z-axis. Whether the phonon is longitudinal or
transversal depends on the surface from which scattering is observed. Measuring in a
back-scattering mode from a (100) surface, Δ1 corresponds to the LO phonon [16]. The
phonons are triply degenerated which means that they have all the same wave number of
approximately 520 cm-1.
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It follows from equation (1.5) that different modes can be measured depending on the
orientation of the surface and the polarization direction of the light. Table 1.2 shows
which of the modes can be obtained for a back-scattering experiment from a (001) surface,
(110) surface, or a (11 2 ) surface.

Table 1.2 Polarization selection rules for back-scattering from a (001), (110) or a (11 2 ) surface.

Polarization

Visible
es

Δ1

Δ2

Δ3

(100)

(100)

-

-

-

(100)

(010)

-

-

x

(1 1 0)

(1 1 0)

-

-

x

(110)

(1 1 0)

-

-

-

(1 1 0)

(001)

x

x

-

(1 1 0)

(1 1 0)

-

-

x

(001)

(001)

-

-

-

(1 1 0)

(111)

x

x

-

(1 1 0)

(1 1 0)

-

-

x

(111)

(111)

x

x

x

ei
Back-scattering from (001)

Back-scattering from (110)

Back-scattering from (11 2 )

In a back-scattering configuration for a (001) surface only the longitudinal optical phonon
mode is allowed regardless of the polarizations of the incident and the scattered light,
whereas the back-scattering configuration of a (110) as well as a (11 2 ) surface allows the
excitation of all three Raman modes [18]. In these latter two cases the longitudinal and the
transversal phonons can be measured independently from each other. Measuring from a
(111) surface all phonon modes are excited regardless of the polarization of the incident
and scattered light [40].
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1.4.1

Measuring in Conventional Backscattering Configuration

Strain caused by mechanical stress can influence the frequencies of the Raman mode [18,
38, 41, 42]. This section describes how a peak shift of silicon can be correlated to strains
and stresses, respectively. In the absence of strain, the triply degenerated phonons of
silicon lead to a peak at ω0 = 520 cm-1. Strain changes the phonon vibrations and therefore
can lift the degeneracy of the Raman frequencies due to a symmetry reduction of the
Raman tensors [18, 43]. This symmetry reduction causes splitting and shifting of the
Raman peak. Ganeasen et al. [38] showed that if strain is applied to a sample then the
frequencies of the three optical phonon modes can be calculated by finding the
eigenvalues, λj, j = 1,2,3, in the following equation
pε 11 + q (ε 22 + ε 33 ) − λ1

2rε 12

2rε 13

2rε 21
2rε 31

pε 22 + q (ε 11 + ε 33 ) − λ 2
2rε 32

pε 33

2rε 23
= 0,
+ q (ε 11 + ε 22 ) − λ3

(1.6)

where p = -1.85 ω 02 , q = -2.31 ω 02 and r = -0.71 ω 02 are the phonon deformation potentials
(PDPs), which are material constants. εij are the components of the strain tensor. The
frequency of each mode in the presence of strain ωι (j = 1, 2, 3) of the strained crystal is
related to the unstrained frequency, ω0, by the following relationship:

ω 2j = ω 02 − λ j ,

(1.7)

or for the approximation of small strains [18]:
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Δω j = ω j − ω 0 ≈

λj
2ω 0 .

(1.8)

The polarization direction of each mode is given by the eigenvectors of equation (1.6).
The relation between the strain tensor ε in equation (1.6) and the stress tensor σ is given
by Hooke’s law
⎧ ε 11 ⎫ ⎡ s11
⎪ ε ⎪ ⎢s
⎪ 22 ⎪ ⎢ 12
⎪⎪ ε 33 ⎪⎪ ⎢ s12
⎬=⎢
⎨
⎪2ε 23 ⎪ ⎢ 0
⎪ 2ε 13 ⎪ ⎢ 0
⎪ ⎢
⎪
⎪⎩ 2ε 12 ⎪⎭ ⎢⎣ 0

s12

s12

0

0

s11
s12
0
0
0

s12
s11
0
0
0

0
0
s 44
0
0

0
0
0
s 44
0

0 ⎤ ⎧σ 11 ⎫
0 ⎥⎥ ⎪⎪σ 22 ⎪⎪
0 ⎥ ⎪⎪σ 33 ⎪⎪
⎥⎨ ⎬
0 ⎥ ⎪σ 23 ⎪
0 ⎥ ⎪σ 13 ⎪
⎥⎪ ⎪
s 44 ⎥⎦ ⎪⎩σ 12 ⎪⎭

(1.9)

where s11 = 7.68*10-2 Pa-1, s12 = -2.14*10-12 Pa-1 and s44 = 12.7*10-12 Pa-1 are components
of the elastic compliance tensor. This equation allows the calculation of the developing
stresses from the measured strain. In the case of uniaxial stress along the [100] direction,
equation (1.9) leads to the following nonzero components of the strain tensor:

ε11 = s11σ11, ε22 = s12σ11, and ε33 = s12σ11. Solving (1.6) and (1.8) leads to the following
results:

Δω1 =

λ1
1
=
( ps11 + 2qs12 )σ
2ω 0 2ω 0

Δω 2 =

λ2
1
=
[ ps12 + q( s11 + s12 )]σ
2ω 0 2ω 0

Δω 3 =

λ3
1
[ ps12 + q( s11 + s12 )]σ
=
2ω 0 2ω 0

(1.10)

For small strains one can assume that the Raman tensors do not change. According to
Table 1.2 when measuring in a backscattering mode from a (001) surface only the third
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Raman mode can be measured. Therefore, only Δω3 has a nonzero value. Similar to the
uniaxial case, calculations can be performed assuming biaxial stress (σxx + σyy). Then an
increase of the Raman frequency corresponds to compressive stress while a decrease of
the Raman frequency indicates tensile stress.
The majority of substrates for silicon based microelectronic devices have a (001) surface.
As a consequence, the only measurable phonon is the longitudinal optical phonon and
information is obtainable only from one parameter, namely for the out-of-plane
component. As the stress tensor has six degrees of freedom, it is always necessary to make
assumptions about the stress state. To show the importance of a realistic assumption for
the stress tensor, three different stress states (hydrostatic, uniaxial along the x-axis,
uniaxial along the z-axis) and their influence on the Raman signal are given [44]. In all
three cases one supposes a Raman shift of 1 cm-1. In the hydrostatic case, the
corresponding values are:
0 ⎞
⎛1 / 3 0
⎜
⎟
σ = − 540⎜ 0 1 / 3 0 ⎟ MPa ,
⎜ 0
0 1 / 3 ⎟⎠
⎝

(1.11)

while if one assumes a uniaxial stress along the x-axis, the value changes to
⎛1 0 0⎞
⎟
⎜
σ = − 450⎜ 0 0 0 ⎟ MPa .
⎜ 0 0 0⎟
⎠
⎝

(1.12)

Equation (1.13) shows the case for uniaxial stress along the z-axis instead of the x-axis
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⎛0 0 0⎞
⎟
⎜
σ = − 900⎜ 0 0 0 ⎟ MPa .
⎜0 0 1⎟
⎠
⎝

(1.13)

The large differences among the values clarify an important consequence. Either the
performed measurement is made on samples where the shape of the tensor is already well
known or one has to find a way to overcome the limitation of measuring only one phonon
mode. In the following section we will explain how to measure stresses not only for the
simple case where one phonon is excited but we will also show two different ways to
overcome experimental limitations.

1.4.2

Off-axis Raman Spectroscopy

The complete stress tensor for an arbitrary crystal orientation can be determined by tilting
the incident beam away from the normal axis while polarizing the incident as well as the
scattered beam [45, 46]. This experimental set-up is called off-axis Raman spectroscopy.
One has to keep in mind that in this set-up the laser is not focused and therefore the lateral
resolution is low. So the method is suitable best for analyzing general stress states.
To detect all three Raman modes from a (001) surface of a silicon wafer, either the
incident and/or the scattered light must have electric field components in all three x, y, and
z directions to get signal from all three Raman tensors (see (1.5). As another requirement,
incident and scattered light beams have to be polarized. If the incident light deviates from
the surface normal, all three Raman modes are activated and can be measured. By
adjusting the polarizer one is able to vary the proportion of each mode to the total intensity
signal. The correct experimental set-up allows studying a selected phonon mode. Tuning
the system allows one to determine all six components of the stress tensor.
In the off- axis Raman spectroscopy it is important to define several experimental
parameters, which have to be under direct experimental control. In the here described case
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four different angles have to be known. The angle between the incident angle of the laser
and the surface normal Φ is the first important parameter. This angle allows the detection
of all three phonon mode due to the nonzero z-component. The orientation of the incident
light (α) as well as the scattered light (β) adjusted by a polarizer must be known. Finally,
the orientation of the sample (κ) with respect to the incident light is also of high
importance (see Figure 1.2). Once the tilting angle (Φ) is fixed all the other angles are
adjusted to optimize the sensitivity of the apparatus.

Figure 1.2 Simplified schematic of an experimental set-up for polarized off-axis Raman spectroscopy. α and

β denote the orientation of the polarizer of the incident light and the scattered light, respectively. Φ is the
tilting angle between the surface normal and the incident laser light. κ refers to the rotation angle of the
silicon sample.

Due to the off-axis set-up of the laser, equation (1.5) has to be adjusted. The final signal
intensity at the detector from a given phonon mode can be expressed by the following
equation:

I = C (d kH Bd k ) .

(1.14)

In this notation dk is a pseudovector. Its components are the nonzero elements of the
Raman tensor which only depend on the applied stress but not on the experimental set-up
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of the system. The superscript H denotes the complex-conjugate (Hermitian) transpose. B
is the observation matrix which describes the directions of the vibrations. It depends only
on the experimental set-up of the measuring system and on the material properties such as
refractive index, but it does not depend on applied stress. C is a constant.
It is important to point out that in equation (1.14) the shape of the spectrum not only
depends on the stress but is also a function of the experimental configuration, namely the
observation directions given by the observation matrix B. B includes all the parameters
which are under experimental control and must be calculated for every configuration
(Φ, α, β, κ). By adjusting these parameters it is possible to selectively measure different
phonon vibrations.
As an example the Raman spectra measured on a silicon wafer with a (001) surface
orientation under biaxial stress is shown in Figure 1.3 [45]. The Raman measurements
were taken parallel to the crystallographic axes. As one can see, it is possible to analyze
different phonon vibrations in different observation directions. For visualizing the
absolute shifts of the Raman peak position a spectrum from the unstressed wafer is plotted
as well. The splitting between the two transversal optical phonons in the [100] and [010]
direction and the longitudinal phonon in the [001] direction indicates biaxial stress in the
wafer.
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Figure 1.3 Raman spectra taken with observation directions along the crystallographic axes. All spectra

show a significant shift to lower wavenumbers in comparison to the unstressed spectra which indicates
tensile stress. Also a considerable splitting between the two in plane phonons ([100], [010]) and the out of
plane phonon [001] can be seen [45].

In conclusion one can say that polarized off-axis Raman spectroscopy is a characterization
method which allows the analysis of the complete stress tensor of a silicon wafer. The
largest drawback of the method is the lateral resolution. This problem can be overcome by
implementing the method for micro Raman spectroscopy.

1.4.3

Stress Tensor Analysis in Backscattering Raman Microscopy

We have seen that stress tensor analysis by means of Raman spectroscopy is generally
possible, although the presented method does not provide local information about the
stress state. To obtain local information about the stress is crucial for microelectronics as
it can be the origin of hillocks, voids, and cracks [47]. Therefore a method is required
which allows the measurement of stresses with a lateral resolution in the micrometer range
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of better. Bonera et al. presented a method to measure different components of the stress
tensor with a spatial resolution of 1 μm by Raman spectroscopic technique [44, 48].
Equation (1.4) and (1.5) show, that one obtains only information from the longitudinal
optical phonon from an (001) surface in an ideal back-scattering experiment. The two
transversal optical phonons are not excited. In this case, the electric field of the laser light
is perpendicular to the surface normal (see Figure 1.4 a)). If one uses an objective lens
with a large numerical aperture (NA) all three phonons will be excited due to the fact that
the incident laser light is no longer polarized perpendicular to the surface normal (see
Figure 1.4 b)). The polarization vector also has a component in the z-axis. The higher the
NA, then the higher the intensity from the transversal optical phonons will be.

Figure 1.4 a) Ideal backscattering configuration. The polarization (po) of the incident laser light is

perpendicular to the surface normal. Only the LO phonon is excited. b) Due to focusing the laser light the
polarization vector (po) obtains a component parallel to the surface normal. Therefore all phonon modes are
excited.

Polarizing the incident light as well as the scattered light offers the possibility to measure
all three phonon modes separately. Using the Porto notation these, three cases can be
written as:
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z ( y, y ) z

→ ω1

z ( x, x ) z

→ ω2

(1.15)

z ( y, x ⊗ y ) z → ω 3

In the Porto notation, the first symbol, z, defines the direction of the in-coming light, while
the last symbol, z , refers to the direction of scattered light. The z implies that the
scattered light is rotated 180° with reference to z. The first parameter within the
parentheses describes the polarization of the incident light while the second symbol is the
polarization direction of the scattered light. Equation (1.15) shows which experimental
set-up is required for measuring a certain phonon mode. To study ω3, which is the LO
phonon, no polarizer is needed in the scattered beam. In this case, not only the LO phonon
contributes to the total intensity but also one of the TO phonons. However, in comparison
with the intensity of the LO phonon the portion of the TO phonons is negligible.
Therefore, to get information from all three phonon vibrations one has to measure the
same region with all three different polarization states of equation (1.15). In an unstressed
area ω1, ω2 and ω3 have the same frequency. In stressed areas the three frequencies are
shifted. The total amount of the shift of every frequency depends on the actual stress state.
To calculate the stress state, one has to assume that the angles of the unit cells of the
crystal do not change and the unit cell remains orthogonal. This assumption results in all
nondiagonal values of the stress tensor to be set to zero

σ ij = 0,

i ≠ j.

(1.16)

In most cases this assumption is a simplification of the true stress state. Nevertheless, it
allows one to measure three of the six components of the stress tensor instead of one out
of six. It is convenient to split the stress tensor into a hydrostatic (σh) and a traceless (σt)
component.
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σ = σh + σt

(1.17)

Using equation (1.17) simplifies the secular matrix for the strained crystal (see equation
(1.6)) to the following three linear equations:

Δω j =

( p + 2q )( s 11 + 2 s 12 )
2ω 0

α ′ ⋅σ h ⋅α +

( p − q )( s 11 − s 12 )
2ω 0

α ′ ⋅σ t ⋅α

(1.18)

where α = x, y, and z; s11 and s12 are elements of the compliance tensor (see equation
(1.9)); p and q are phonon deformation potentials. Equation (1.18) allows determining the
stress tensor with a lateral resolution depending on the wave length of the laser and the
numerical aperture of the lens.
In conclusion, the above section presents a method to measure stress induced Raman shifts
from a silicon surface. The spatial resolution is in the submicrometer range. The method
allows to measure different phonon polarizations which belong to different directions in
space.
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2 In Situ Compression Tests on Micron Sized Silicon
Pillars by Raman Microscopy-Stress Measurements
and Deformation Analysis

This chapter presents results of in situ compression tests performed on micro-sized silicon
pillars. This novel method can be performed at high data acquisition rates and has the
advantage to give information about local compressive stresses as well as microstructural
changes occurring during the compression test. As the applied load causes well defined
uniaxial stresses, it is an ideal system to compare stresses calculated with a load cell and
stresses calculated with the data deriving from Raman microscopy. This gives a good idea
about the accuracy of Raman microscopy as a tool for measuring strains or stresses. This
work has been published as a full length article:
Wasmer, K., Wermelinger, T., Bidiville A., Spolenak, R. and Michler, J.; In Situ
Compression Tests on Micron Sized Silicon Pillars by Raman Microscopy-Stress
Measurements and Deformation Analysis, Journal of Materials Research 23 (2008) 30403047

2.1 Abstract

Mechanical properties of silicon are of high interest to the micro-electro-mechanical
systems community as it is the most frequently used structural material. Compression tests
on 8 μm diameter silicon pillars were performed under a micro-Raman setup. The uniaxial
stress in the micro-pillars was derived from a load cell mounted on a micro-indenter and
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from the Raman peak shift. Stress measurements from the load cell and from the microRaman spectrum are in excellent agreement. The average compressive failure strength
measured in the middle of the micro-pillars is 5.1 GPa. Transmission electron microscopy
investigation of compressed micro-pillars showed cracks at the pillar surface or in the
core. A correlation between crack formation and dislocation activity was observed. The
authors strongly believe that the combination of nanoindentation and micro-Raman
spectroscopy allowed detecting cracks prior to failure of the micro-pillar, which also
allowed an estimation of the in-plane stress in the vicinity of the crack tip.

2.2 Introduction

Characterization of the material properties of silicon (Si) in the micro- and submicrometer range has become of particular interest in the last couple of years. This is due
to the fact that this material is widely employed in thin film devices and Micro-ElectroMechanical Systems (MEMS), where size effects have been observed and examined by
many researchers. This is especially the case for Si in the sub-millimeter [1-3] and
micrometer [4] ranges. In these studies, mechanical properties were obtained from either
bending or tensile tests. Recently, micro-compression tests on Si micro-pillars with
diameters ranging from 1 to 50 μm were employed to characterize the material properties
and to study the size effects [5]. The available literature on micro-pillars testing focuses on
brittle rupture of Si rather than the general stress-strain (σ-ε) behavior. On the other hand,
micro-Raman spectroscopy (μRS) is often used to study and/or measure the local
mechanical stresses in silicon wafers and silicon integrated circuits [6]. The stress
resolution of Raman microscopy in the case of silicon is ~25 MPa [7]. Furthermore, it is
applied to investigate the microstructure of silicon. Indentation or scratching operations
lead to phase transformations. The type of occurring phases can be determined with
Raman microscopy due to their unequal Raman spectra [8-12]. Another microstructural
aspect which is influencing the Raman spectra is the grain size. Iqbal and Veprek showed
that below a certain threshold (~10 nm) the grain size of poly crystalline silicon can be

42

determined from the according Raman spectra [13]. This work presents for the first time
the combination of a μRS with a homemade micro-indenter in order to characterize the
stress state localized in silicon micro-pillars during testing and to investigate the main
deformation mechanisms in situ. The combination of these two techniques allows
correlation of the mechanical properties with microstructural changes within the focus of
the Raman laser during deformation.

2.3 Experiments and Materials
Samples of 10x10 mm2 were cut from a 4 inch, 525 μm thick (001)-oriented Si wafer.
Cylindrical single crystalline silicon pillars were fabricated by standard photolithography
techniques on the sample. A Heidelberg DWL200 (Heidelberg Instrument GmbH,
Heidelberg, Germany) direct laser writer was used to transfer the computer pre-defined
design (with a square array of 10 μm diameter circles) on the photo-resist (Shipley
Microposit S1800 series, Shipley Europe Ltd., Conventry, UK) coated wafer. The samples
were obtained from silicon wafers just coated by a photoresist layer. After irradiation, and
resist development, the wafers were anisotropically etched. To do this operation, a pulsed
room temperature process (so-called Bosch process [14]) was applied. This consists of a
cyclic process consisting of a few seconds of Si etching (by SF6) followed by a few
seconds sidewall protection (by C4F8), in the same plasma Alcatel 601 etcher (Alcatel
Vacuum Technology, Annecy, France). When the etching process was completed, the
residual photoresist was removed by a specific wet remover (Microposit Remover 1165,
Shipley Europe Ltd., Conventry, UK), and further cleaned by an oxygen plasma in a
Branson IPC 2000 Plasma System. The method is fully described elsewhere [5].
A typical pillar with its dimension is shown in Fig. 1. From this figure it is seen that, the
diameter of the pillar varies slightly along its length due to the photolithography
technique. Consequently, the geometry of all investigated pillars was measured by
Scanning Electron Microscopy (SEM) prior to deformation. The diameters were
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measured, at about half of the height of the micro-pillars, at the approximate location of
the laser beam of the Raman microscope (Ø 7.3 μm from Figure 2.1). The length of all
pillars was very uniform.

Figure 2.1 SEM picture of a typical micro-pillar used for the micro-compression test. The arrow indicates

the approximate position of the diameter measurement.

Their geometry and mean strength measurements (taken from [5]) are summarized in
Table 2.1.

Table 2.1Geometry of the micro-pillars and their mean strength measurement with its respective ± 2

standard deviation (95% confidence interval)

Location of diameter Sample diameter

Length

Aspect

ratio Mean

compressive

measurement

[μm]

[μm]

(length/diameter)

fracture strength [GPa]

Fracture

6.6 ± 0.06

21.3

3.3

-7.0 ± 0.3 from [5]

Middle

7.3 ± 0.06

21.3

2.9

-5.1 ± 0.4

The surfaces of the micro-pillars are not perfectly smooth as displayed in Figure 2.1,
which is inherent to the deep reactive ion etching process employed [5]. The Raman
microscope employed was a Confocal Raman Microscope CRM 200 (WITec GmbH,
Ulm) with a helium cadmium laser with a wavelength of 442 nm. All measurements were
performed in backscattering mode without any filter. A 20x objective with a numerical
aperture of 0.4 was used.
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The micro-compression experiments were performed using a homemade instrumented
micro-indentation device developed to operate inside a SEM. This apparatus, fully
described elsewhere [15], is based on a load cell (maximum load PMax of 500 mN) fixed
on a piezo-actuated positioning stage. In contrast to the description given in [15], a second
stick slip stage was added to allow full Cartesian positioning of the specimen with respect
to the indenter tip. To identify the micro-pillars, the optical microscope of the Raman
spectrometer was used. The load axis was inclined by 84º to the microscope axis. The
entire setup is shown in Figure 2.2.

Figure 2.2 Photographs showing (a) the experiments under the micro-Raman and (b) the set-up of the

compression experiment with (1) diamond tip, (2) specimen holder, (3) y-positioning stage, (4) load cell and
(5) x-positioning stage.

The compression load was applied in the [001] direction whereas the laser spotted the
pillar at 90º along the [010] direction. In such set-up, the only the in-plane phonon give
rise to the Raman signal. Therefore, only the in-plane component of the stress tensor is
measured. The corresponding shift of the Si Raman peak exhibits a stress sensitivity of
500 MPa/cm-1 [6, 16].
Compression tests were carried out using a diamond flat punch with a diameter of
approximately 10 μm. The experiments were performed under constant displacement rate.
The load on the sample, the displacement of the tip via the stack piezo and the microRaman spectra were recorded simultaneously. The engineering stress, σ, was defined
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according to σ = P/A, where P is the applied load and A the initial cross-section
determined from SEM images. The cross-sectional area A was calculated from the
diameter in the middle of the height of the sample, as illustrated in Figure 2.1, to
correspond to the micro-Raman measurements.
To investigate the microstructure and the deformation mechanisms of the micro-pillars
(phase transformations and/or crack initiation and propagation arising during the micromechanical tests), TEM lamellae of pillars after loading up to 200 mN were prepared by
Focused Ion Beam (FIB, FEI Strata 235, FEI Europe B.V., Zürich, Switzerland) and
observed with a Philips CM30 Philips LaB6 TEM (Philips Europe, Eindhoven,
Netherland) using 300 kV acceleration voltage. In order to distinguish the deformation
process at the center of the pillar and on its side, one lamella was prepared in each
location.
Forty micro-compression tests of two types were conducted. Firstly, twenty tests were
loaded in purely elastic regime and unloaded, without holding time. The first ten were
loaded up to 140 mN (σ = -3.3 GPa) whereas the maximum load for the next ten
experiments was 200 mN (σ = -4.6 GPa). Secondly, twenty tests were loaded until rupture.
For each experiment the loading and unloading rate was 1.0 mN/s and the force via the
load cell and Raman measurements were recorded every 0.2 sec.

2.4 Results

The results of the twenty tests until failure are summarized in Table 1, where the mean
compressive fracture strength in the middle of the pillar is -5.1 GPa with a standard
deviation of ± 0.4. For the same tests set, the Weibull parameters were calculated and the
Weibull modulus m equals 15.6 and the characteristic strength σ0 equals 5.3 GPa.
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Figure 2.3 (a) displays a pillar that was compressed up to -4.6 GPa and unloaded.
Inspection of this figure indicates that no crack or apparent damage is observed. The
Raman spot was added to compare the spot with the pillar sizes. The corresponding plot of
the Raman shift during the loading-unloading experiment is presented in Figure 2.3 (b).
The Raman spectrum is given only between 500 and 550 cm-1 since no other peak is of
further interest outside this range. The stresses, given in GPa, were derived from the load
cell. The shift in the Raman spectra due to the compressive stress is evident. No difference
is observed between Raman spectra obtained, at identical stresses, during the loading and
unloading sequence. This is also corroborated by the stress-displacement curve in Figure
2.3 (c). This figure compares the compressive stress derived from (a) the load cell, based
on the engineering stress, and (b) the Raman shift.

Figure 2.3 Micro-indenter and micro-Raman results of an elastic micro-pillar compression test. (a) Micro-pillars

subjected to a compressive stress of -4.6 GPa with the Raman spot. (b) Raman shift measured during loading –
unloading with a velocity of 0.7 mN/s and a maximum load of 200 mN. The spectra intensity has been adjusted to
facilitate the visual comprehension. (c) Comparison of the stress-displacement curve between both methods.

The stresses derived from both methods are in very good agreement since the discrepancy
between both methods throughout the test is less than 3%. Finally, the lack of visible
differences between the loading and unloading curves demonstrates that pillars
compressed up to a load of -4.6 GPa behave purely elastically.
In three cases of the compression tests, a shoulder on the low energy side of the silicon
Raman peak was observed as illustrated in Figure 2.4 by two examples. In Figure 2.4(a),
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the shoulder appears in the spectrum at a compressive stress of -1.87 GPa and disappears
during the measurement when -2.47 GPa were applied. The peak position of the shoulder
moves to lower wavenumbers, as indicated by the arrow, with increasing stress. The shape
of the shoulder at a stress of -2.45 GPa and the shape of the curve at a stress of -2.47 GPa
look very different although the applied stresses are almost equal. One has to keep in mind
that 2 seconds have passed between the measurements of the two curves. In contrast, the
shoulder in Figure 2.4 (b) starts to be visible at -1.17 GPa and vanishes at -2.10 GPa. The
arrow highlights that the peak position of the shoulder increases with increasing
compressive stress. In both tests, the shoulder appears and disappears during the loading
part of the test, although it moves in an opposite direction between Figure 2.4 (a) and 4(b).

Figure 2.4 Occurrence of a shoulder on the low energy side of the Raman peak in two different tests. (a)

Shoulder appears between -1.87 GPa and -2.47 GPa stress. The peak position of the shoulder moves to
slower wavenumbers. (b) Shoulder appears between -1.17 GPa and -2.10 GPa stress. The peak position of
the shoulder moves to higher wavenumbers.

Figure 2.5 and Figure 2.6 show two TEM lamellae machined with the [110]
crystallographic direction normal to the foil. The lamella in Figure 2.5 (a) was cut in the
middle of the pillar (see Figure 2.5 (b)) and shows several interesting features. The most
obvious is a large crack initiated at approximately 600 nm under the surface and
propagating to the center of the pillar to a maximal depth of 4.4 μm in the pillar. This
crack was already visible from the SEM image during the FIB preparation. It can be seen
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from the inset (c) in Figure 2.5 that additional small cracks with different orientation exist
along an array of few dislocations. As the pillars were made on a (001) wafer, their axis
belongs to a [001] direction and so the plane of the lamella is {110}. From these
geometrical considerations, it appears that the small cracks are along {111} planes, as
expected from free surface energy. As no dislocation was observed on other parts of this
lamella, it is supposed that that their nucleation was triggered by crack interaction. The
diffraction pattern (Figure 2.5 (d)) demonstrates that no permanent phase transformation
can be seen.

Figure 2.5 TEM bright field ([110] projection) images of a FIB lamella made in the middle of a pillar

subjected to a compress stress of -4.6 GPa. (a) Overview of the pillar with a crack starting approximately
800 nm under the surface and with a platinum layer at the surface. (b) Location of the FIB lamella in the
middle of the micro-pillar. (c) The inset illustrates the location of the long cracks as well as small cracks
along the few dislocations visible. (d) The diffraction pattern taken from the inset shows that no phase
transformation occurred in this region during the experiments.

The lamella cut at the edge of the pillar presented in Figure 2.6 contains only a large crack
initiated at the surface with a depth of 800 nm but is completely free from dislocations.
Similarly to Figure 2.5, the crack was observed previously from the SEM image taken
during the FIB preparation. Figure 2.6 (a) shows the edge of the pillar prepared according
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to Figure 2.6 (b) and the roughness coming from the preparation by the photolithography
technique. No dislocation is seen, even at stress-concentrating features like the edges of
the crack, corners or roughness on the pillar wall and evidence of this is shown in Figure
2.6 (d). A small (< 50 nm) amorphous layer on top of the pillar coming from the
protective platinum layer deposition [17, 18] is observed in both figures. In Figure 2.6 (c),
it is observed that the platinum layer is visible on the side of the crack but has been milled
away at the bottom of the crack. This indicates that the crack was created during the
experiment and that it was partly enlarged by the ion beam during the TEM sample
preparation.

Figure 2.6 TEM bright field ([110] projection) of the lamella made at the edge of a pillar subjected to a

compression stress of -4.6 GPa. (a) Overview of a dislocation-free pillar milled on the side of the pillar with
a crack starting at the surface. It shows as well the platinum layer at the surface and the roughness of the side
of the pillar. (b) Location of the FIB lamella at the edge of the micro-pillar. (c) The inset illustrates the
enlargement of the crack presented and that no dislocation is seen. (d) The inset shows the edge of the pillar
where no dislocation is visible.
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2.5 Discussion

In situ SEM observations of micro-compression tests revealed that the micro-pillars used
in this work break mainly by brittle fracture without buckling. Only some pillars exhibited
visible crack formation before rupture [5]. Furthermore, earlier observations showed that
pillars partly sank into the substrate during testing which is in agreement with an elastic
model of the compression behavior [19].
Compared to the results given by Moser et al. [5], the engineering stress at fracture in the
current experiment given in Table 1 is lower by 30%. This discrepancy is solely due to the
difference in diameter employed to calculate the engineering stress. Moser et al. [5] used
the pillar diameter at the location of its fracture, which is at its base (Ø 6.6 μm). In this
work, the diameter at the position of the laser spot was taken for stress calculation that is
Ø 7.3 μm based on Figure 2.1 and Figure 2.3 (a). Strain measurements derived from the
displacement of the stack piezo are influenced by the compliance of the load cell as well
as the sink-in of the pillar into the substrate [19] which has already been addressed by
Moser et al. [5]. These two disadvantages make the derivation of the strain in the pillars
from the load-displacement data difficult. Thus, effects that depend on an accurate strain
measurement will not be discussed. Moreover, one should bear in mind that different
volumes are probed by load cell measurements versus Raman microscopy. With the load
cell, the entire volume of the pillar contributes to the signal. In contrast, the Raman
microscopy measures a relatively small roughly cylindrical volume close to the surface on
the side of the pillar (Ø 2 μm) and a depth of 250 nm.
The stresses calculated from the load cell data and from the Raman method in Figure 2.3
(b) and Figure 2.3 (c) are in very good agreement as they differ by less than 3%. This
divergence is negligible considering (a) the uncertainties in the Raman measurement (the
precision of the peaks is in the order of 0.05 cm-1 wave numbers), (b) the error in the load
cell measurements of the micro-indenter, which is around 1 mN, (c) the error in phonon
shifts from the thermal expansion due to sample heating (≈ 0.025 cm-1/K [16]), (d) the
error of defocusing, which is less than ± 0.05 cm-1 in the range of -1 μm < z < 1 μm [16]
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and finally (e) the accuracy in positioning the laser exactly where the diameter was
measured for the stress calculation. Concerning the latter and assuming a positioning error
of 1 μm along the height of the pillar in Figure 2.1, the cross-section varies by 2.5 %.
Figure 2.3 (b) clearly demonstrates that the stress relaxation is reversible. This is
supported by Figure 2.3 (c) and the TEM investigations in Figure 2.5 and Figure 2.6
which demonstrate that no phase transformation but only few cracks and dislocations exist
within the compressed pillars to stresses up to -4.6 GPa. Hence, it can be concluded that
its behavior is mainly elastic with very little plastic deformation.
The shoulders on the low energy side of the Raman silicon peak shown in Figure 2.4 are
visible in only three experiments. Two examples of such behavior are displayed in Figure
2.4. It is evident from this figure that the behavior of the shoulders differs in terms of
point of appearance and duration but the band lays within 490 – 520 cm-1. Possible origins
of these bands, taking into account the shift due to the compressive stress, could be
assigned to either the formation of Si nanocrystals [20, 21], Si-IV (hexagonal diamond
structure) phases [8]-13, 24] or regions with extensive cracking [8-11, 22]. These
mechanisms have been observed to result in similar peaks as shown in Figure 2.4.
As the formation of nanocrystalline Si requires a large amount of plastic deformation and
all specimens failed in a brittle manner, this explanation can be discarded. Moreover,
phase transformation from Si-I to Si-IV can occur directly from Si-I through twin
intersections and depends on the density of twins in the shear deformed material [11, 23],
this explanation is as well neglected based on the TEM analyses in Figure 2.5 and Figure
2.6. Consequently, only regions with extensive cracking seem a possible explanation for
the shoulder observed.
Analyzing in detail the various results presented, all pillars deformed purely elastically up
to a stress of -1.17 GPa (prior to the appearance of a shoulder in the Raman spectrum).
Real-time in situ SEM test observations and the load-displacement curves showed that no
irreversible deformation or cracking occurs for pillars unloaded just before failure [5].
However, careful post-examinations showed that in some pillars longitudinal cracking
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exists. As shown from the TEM investigation, such cracks are likely to occur at the
intersection of slip bands or nucleate at surface irregularities which is consistent with the
findings of Lloyd et al. [24]. The crack tip is surrounded by a small zone of extremely
high tensile stress, which can be determined from the stress intensity factor K, according
to K = σ · π · a, where σ and a are the engineering stress and the crack length,
respectively. The theoretical tensile strength (σth) of silicon ranges between 13 and 18.5
GPa depending on the crystallographic direction, assuming a rule of thumb σth = E/10 and
making use of E001 = 130 GPa and E111 = 185 GPa [25]. This is consistent with the
literature where Hoffmann et al. [26]have measured a bending failure strength of 12 GPa
for nanowires grown on a [111] silicon substrate by the vapor−liquid−solid process with
diameters ranging from 100 to 200 nm and a length of 2 μm. Namazu et al. [4] have also
found an average bending strength of 17.5 GPa for micromachined silicon beams along
[111] direction of 6 μm length and around 250 nm in diameter. Moreover, molecular
dynamics simulations indicate even higher strengths of up to 40 GPa are possible [27]. If
such a crack propagates through the laser focus spot, the Raman signal is undoubtedly
affected. Actually, tensile stresses will shift the Raman peak to lower wavenumbers which
is in agreement with Fig. 4. By combining the Raman with the TEM observations, one
could speculate that the shoulder originates from a crack growing through the laser spot.
Stress evaluation from the difference in the peak position of the shoulder and the one for
the unstressed silicon and using the stress sensitivity as known from the literature [6, 15],
results in tensile stresses in the order of 10 to 12 GPa, which is reasonable for a highly
stressed zone around a crack tip and still lower than the theoretical tensile strength. As the
signal intensity of the shoulder is low, the peak position cannot be determined with high
accuracy. Therefore the calculation of the tensile stress is a rough estimation of the inplane component of the stress tensor. As the spot size of the laser beam was 2 μm with a
penetration depth of about 250 nm, the measured volume is bigger than the stress field
around crack tips such as the one observed in Figs 5 and 6. This leads to the following
conclusions: a) the intensity of the shoulder is small in comparison with the normal
Raman peak, b) the lateral resolution of the microscope allows only measurement of an
average tensile stress in the vicinity of the crack tip and c) cracks outside the laser focus
spot were not detected. Taking into account the diameter of the laser focus spot as well as
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the penetration depth of the laser and comparing it with the cross-sectional area of the
pillar, it is found that only 2% of the cross section area is covered by the laser. This
explains why this behavior is observed only in 5% of the measurements. The fact that the
shoulder appears only temporarily could also be explained with the laser spot size. As
soon as the crack has propagated completely through the volume probed by the laser, the
signal is no longer influenced by the crack since no stress exists at the crack surface.

2.6 Conclusions

In this contribution, a novel technique to characterize the mechanical properties of silicon
micro-pillars combining micro-Raman spectroscopy with a micro-indenter has been
presented. Tests can be performed at high data acquisition rates and also quickly after
having automated the system. The main advantage of micro-Raman spectroscopy
compared to other methods, including in situ SEM compression tests, is to not only gain
information about the local compressive stresses, which can also be accessed during the
experiment, but also locally to monitor certain microstructural details by the analysis of
peak positions and shapes such as grain size, phase transformations and stress gradients.
Verifying the type of microstructural changes by TEM analysis allows determining the
point of occurrence of the microstructural changes. The method is applicable for specimen
sizes from the millimeter to the sub-micrometer ranges. In the sub-micrometer range, the
position accuracy of the laser with the optical microscope and the laser diameter are the
only limitations.
It has been shown that the stresses derived from both the load cell and the stress-induced
Raman shift agree very well with a discrepancy of less than 3%. In three experiments, a
Raman band appeared at 490 - 520 cm-1 for compressive stresses ranging between -1.2 and
- 2.5 GPa. Based on the TEM study, it was found that the main deformation mechanism of
the pillars is brittle fracture. Dislocation nucleation and movement seems to play only a
secondary role and to be triggered by interaction with cracks. Phase transformations could
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neither be observed during (by Raman spectroscopy) nor after the deformation (by TEM).
Hence, we strongly believe that the shoulders observed are due to cracks propagating
through the laser spots. This result is corroborated by comparing the theoretical stress of
silicon (13 – 18.5 GPa) with the calculated in-plane tensile stress obtained from Raman
shift (10 – 12 GPa).
Finally, the amalgamation of micro-Raman spectroscopy with a micro-indenter makes
possible to locally detect micorstructural changes such as phase transformations and stress
gradients induced by high compressive stress to silicon micro-pillars. The results
demonstrate that the combination of both methods is an efficient technique not only to
determine material properties in the micrometer range but also to identify the onset crack
propagation as a potential solution for process control.
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2.8 Appendix

This section presents data from uniaxial tensile tests performed on Ultra high molecular
weight polyethylene (UHMWPE). These results are not directly correlated to the
compression tests on silicon pillars. But the two studies show enough similarities in terms
of method and results, that it makes sense to combine these two works. In both studies
uniaxial stresses were applied to the samples and in both cases the measurements were
performed in situ.

2.8.1 The Influence of Stress on the Peak Position of Polymers

So far we have described the influence of uniaxial stress on the peak position of silicon.
But also the Raman peaks of polymers are sensitive to applied stress and show similar
effects [28-31]. In this section the stress induced peak shift of polyethylene will be
discussed.
Ultra high molecular weight polyethylene (UHMWPE) thin films with different draw
ratios were tested. The polyethylene was pre-oriented and stretched at an elevated
temperature of 135°C to draw ratios of λ = 20, 40 and 50. A detailed description of the
process is reported elsewhere [32]. The draw ratio is defined as the ratio of the unit length
after the deformation, L to and the initial unit length, L0: λ = L/L0. The drawing leads to a
preferred orientation of the polyethylene chains. The degree of the orientation after the
stretching process has an influence on the mechanical properties such as the Young’s
modulus and the strain at breaking. For example, Young’s modulus ranges from 40, 70 to
80 GPa for λ = 20, 40 and 50. Figure 2.7 shows a section of a Raman spectrum of
polyethylene. The peak at 1057 cm-1 belongs to an asymmetric stretching C-C vibration
whereas the peak at 1123 cm-1 corresponds to a symmetric stretching C-C vibration. One
should note that the resulting peak at 1123 cm-1 is the envelope of a “narrow” band and a
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“broad” band [30]. The peak at 1291 cm-1 and the peak at 1375 cm-1 belong to a twisting
mode and a wagging mode of CH2, respectively.

Figure 2.7 Section of a Raman spectrum of polyethylene. The arrows indicate to the Raman peaks: I: νas (C-

C) asymmetric stretching mode at 1057 cm-1; II: νs (C-C) symmetric stretching mode at 1123 cm-1; III:
νt (CH2) twisting mode at 1291 cm-1 and IV: ω (CH2) wagging mode at 1375 cm-1

To see the influence of applied strain on the Raman spectra of polyethylene stress-strain
measurements were carried out using a tensile testing machine. The tensile machine was
mounted below a confocal Raman microscope (WITec, CRM 200, wavelength: 442 nm)
to measure the Raman signal in situ. The strain was applied parallel to the direction of the
drawing process.
Figure 2.8 shows the Raman shift as a function of applied strain for the polyethylene film
made with a draw ratio of 50. Three different peaks were analyzed. For the peak at 1123
cm-1, only the narrow band was analyzed as the broad band at the position did not
influence the result. From the figure, one can see that the applied strain leads to a shift to
lower wavenumbers. Up to a strain of 2% the shift seems to be linear. For higher strains,
the slopes of all three curves change. Furthermore, the three peaks show different strain
dependencies. The peak at 1291 cm-1 is only altered slightly and has strain dependence of
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0.16 cm-1/%. In comparison the peaks at 1123 cm-1 and at 1057 cm-1 exhibit a strain
dependence of 0.58 cm-1/% and 0.75 cm-1/%, respectively.
The reason for the different strain dependencies is the origin of the peaks. The peak at
1291 cm-1 belongs to a CH2 wagging mode while the peak at 1057 cm-1 corresponds to a
C-C molecule vibration, which is the backbone bond of the polyethylene. In a tensile
experiment the stress is mainly applied on the back bond of the polymer. The C-H bonds
of the polymer are like small side arms and are therefore much less affected by the stress.

Figure 2.8 Raman peak shift as a function of applied uniaxial strain for a polyethylene film with a draw

ratio of 50.

Figure 2.9 shows the peak shift for the peak at 1057 cm-1 for the draw ratios of λ = 20, 40
and 50 up to 5% strain. The peak corresponds to a C-C backbone vibration. All three
samples show the same behavior. With increasing strain the peaks are shifted to lower
wavenumbers, but the slope of the peak shift strongly depends on the draw ratio of the
film. The higher the draw ratio, the bigger is the slope of the sample. Up to a strain of
approximately 2.5% the slope is in all three samples linear. The sample with a draw ratio
of 20 shows a linear behavior up to a strain of 5%. Above a strain of 2.5%, in the samples
with a draw ratio of λ = 40 and 50 the peaks show no strain dependence. This could be
due to plastic deformation or increased relaxations of the polymer films as the
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measurement were not performed in situ. Another reason could be creep of the samples at
the clamping of the tensile machine.

Figure 2.9 Raman peak shift of the peak at 1057 cm-1 as a function of the strain for the three different draw

ratio λ = 20, 40 and 50.

Highly oriented polymers are assumed to consist of a number of anisotropic units with a
uniform stress throughout the aggregate along the orientation axis [33]. Therefore, the
macroscopic modulus can be expressed as:

sin 2 θ
1
1
=
+
,
E Ec
G

(2.1)

where E is the macroscopic Young’s modulus, Ec is the average chain modulus, G the
macroscopic shear modulus, and ‹sin2θ› is the mean value of orientation over the chain in
the units about orientation axis. Equation (2.1)indicates that the deformation in highly
orientated polymer films can be divided into a crystal stretching part (elongation of the
polymer chains) and a rotation (shear deformation of small domains containing the chain
segment). For high draw ratios the angle θ becomes small and therefore the portion of the
rotation in the equation (2.1) decreases. As a consequence, in highly orientated films
applied strain or stress will strongly affect the elongation of the C-C backbone and
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therefore lead to a peak shift of the corresponding Raman peak. Maximal peak shifts could
be obtained in polymer crystals where the chains are perfectly orientated and therefore

θ becomes zero.
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3 Measuring Stresses in Metal Thin Films by Means
of Raman Microscopy Using Silicon as a Strain
Gage Material

The second chapter showed the high accuracy of Raman spectroscopy for measuring one
dimensional mechanical stresses. Pure uniaxial stresses are ideal for characterizing the
properties of materials but are found seldom in application and devices. In this chapter we
present the measurements of stresses in two dimensions. The new approach of this work is
that stresses which were mapped in the silicon thin film by means of Raman microscopy
were used to calculate stresses in an attached metal thin film. The experimental set-up
required the crystallization of an amorphous sputtered silicon thin film in order to obtain a
sufficient silicon Raman signal. This was accomplished by using the laser of the Raman
microscope. The method of crystallization could also be applied for creating micro-sized
crystalline silicon structures. The presented results have the character of a feasibility
study. The approach used leads to reasonable and reproducible results. Nevertheless, a
more evolved experimental set-up such as a using single crystal silicon thin film instead of
a polycrystalline thin film would increase the accuracy of the data as well as the
application possibilities. The illustrated results are accepted by the Journal of Raman
spectroscopy:
Wermelinger T., Charpentier C., Yüksek M. D., Spolenak R.; Measuring stresses in metal
thin films by means of Raman microscopy using silicon as a strain gage material.
Aceppted by Journal of Raman spectroscopy
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3.1 Abstract
Mechanical stresses in microelectronics and micro-electromechanical systems (MEMS)
are usually much higher than in macroscopic counterparts. This is due to size effects in
materials properties, i.e. yield strength, on one hand, and the joining of dissimilar
materials with regards to the coefficient of thermal expansion, on the other. Furthermore
high residual stresses can originate also from the deposition process utilized. These
stresses and gradients thereof can lead to damage by fracture, creep and fatigue and thus
pose a reliability issue. Identifying the locations of highest stresses in a device is crucial
for reliability improvement. Currently, both Laue X-ray micro diffraction and convergentbeam electron diffraction are able to locally determine the stresses in metal thin films.
Here, we propose a modified method of indirect Raman microspectroscopy to measure
stresses with a lateral resolution in the submicrometer range at a laboratory scale. The
method encompasses the crystallization of an amorphous silicon layer by local laser
annealing and its subsequent usage as a strain gage. Stresses in an aluminum thin film
were determined as a function of temperature. In the addition to the average stress, the
stress distribution could also be monitored.

3.2 Introduction
The local measurement of mechanical stresses is motivated by reliability improvement as
well as fundamental research. Firstly, it is known that stresses and stress gradients in
micro-electromechanical systems (MEMS) can lead to failure by electromigration, fatigue,
creep and fracture. Recently, Kahn et al. [1] revealed that the failure mechanism of
cyclically loaded poly-Si MEMS is stress corrosion. Mechanical stresses can originate
from differences in the coefficients of thermal expansion of the different materials.
Consequently, cyclic temperature changes have been shown to lead to fatigue [2]. Other
causes of intrinsic stresses are stresses induced during thin film deposition, for example,
the formation of chemical vapor deposited silicon nitride films. In this case, the occurring
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stresses can be adjusted by changing the deposition temperature as well as the
stoichiometry of the gases [3]. Large stresses can also be induced in the substrate near
embedded structures such as trenches which can cause residual stresses or stresses can be
applied externally during operation and deployment [4-6]. The problems associated with
these stresses are various. One of the most serious issues is a stress-induced trigger of
nucleation and propagation of dislocations and the formation of voids and cracks, which
can lead to short-circuits and failure. To know why and where high stresses occur with a
high as possible lateral resolution could help improving the reliability of microelectromechanical systems.
Secondly, micro-X-ray studies have shown that stresses observed in thin metal films are
strongly non-uniform [7-9]. Interactions between neighboring grains lead to highly nonuniform stresses in an individual grain. It was found that grains with diameters much
bigger than the film thickness deform in a highly inhomogeneous way. For a better
understanding of mechanical behavior of thin metal films a method for stress
measurements with a high lateral resolution has to be available.
Several techniques are commonly used for stress measurements but none of them is
without shortcomings when applied to materials used in microelectronics. One method is
micro-X-ray diffraction with a spot size of less than one micron in diameter [10]. The
drawback of this method is that it is only available at a few sources worldwide. Another
technique to investigate thin film plasticity is convergent-beam electron diffraction [11].
The lateral resolution is very high (only a few nm) but the samples must be thinned to
electron transparency. Therefore the stress state under investigation is usually relaxed or
altered in comparison to the original stress state.
Another technique to measure stress is Raman spectroscopy. Since the first reports of
Anastassakis et al. [12], it is known that Raman peaks are sensitive to stresses. Ossikovski
et al. [13] showed that it is possible to determine all six components of the silicon strain
tensor by off-axis illumination and polarization of the incident and scattered light. Bonera
et al. [14] presented another method to measure three components of the strain tensor by
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using a micro-Raman microscope. The lateral resolution is defined by the optics and the
wavelength of the laser light, and can be in the submicrometer range [15]. Ma et al.
applied the method to measure thermal stress in metallic interconnects by measuring the
peak shift in the silicon substrate [16]. Furthermore, from the Raman spectra the
information about the microstructure such as the phase or the grain size and the
temperature is also accessible [17-20]. In transparent materials, a confocal microscope
allows the mapping of peak shifts in 3D [21].
This paper presents a method for measuring stresses in thin aluminum films using a silicon
thin film as a stress gage. Amorphous silicon was sputtered onto a silicon nitride
membrane. Laser irradiation was used to crystallize the silicon thin film. On the opposite
side of the silicon nitride film an aluminum film was sputtered. Thermal stresses were
induced as a poly-Si silicon nitride aluminum multilayer structure by heating to 200°C.

3.3 Experimental
A silicon thin film with a thickness of approximately 280 nm was prepared by DC
magnetron sputtering using a PVD Products™ sputtering device. The sputtering was
performed in an argon atmosphere at a pressure of 1.5 * 10-7 Torr and at room
temperature. The discharge power was held at 500 W. The silicon was sputtered on a
membrane optimized for TEM observation which consisted of a 500x500 µm2 large
silicon nitride (SiNx) membrane with a thickness of 30 nm. Figure 3.1 a) shows a
schematic cross section of the membrane.
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Figure 3.1 a) Schematic cross section of the 280 nm silicon thin film sputtered on a TEM sample holder

consisting of a 30 nm thick and 500x500 µm2 wide membrane. b) Laser irradiation of the silicon thin film
using a confocal Raman microscope. c) 850 nm aluminum was sputtered on the back side of the TEM
sample holder.

Defined areas of the sputtered silicon thin films were irradiated with a laser using a
confocal Raman microscope (CRM 200, WITec) (Figure 3.1 b)). The continuous He-Cdlaser had a wavelength of 442 nm and a power of about 1.6-1.8 mW. The laser had a
diameter of 300 nm which led to a maximal power density of around 5.6-6.3*105 W/cm2.
The power density of the laser was adjustable. The laser irradiations were performed at
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ambient conditions with different intensities and different scan speeds in the range of 3 to
10 µm/sec. The energy density was calculated with the scan speed and is given by: E =
p*t, whereas p is the power density and t is the time for a certain point staying within the
laser focus. This time depends only on the scan speed and the laser diameter.
After the laser irradiation, 850 nm of aluminum were sputtered on the backside of the
membrane (see Figure 3.1 c). Sputtering was performed at a pressure of 3.5*10-7 Torr at
room temperature. The applied discharge power was set at 280 W. The silicon-silicon
nitride-aluminum structured was annealed for 4 hours at 400 °C.
A FEI TEM (transmission electron microscope) CM30 working at 300 kV and a confocal
Raman microscope were used to analyze the microstructure of the silicon thin film before
and after the laser irradiation. The microstructure of the aluminum thin film was examined
by means of TEM before and after the heating treatment. The average grain sizes of the
silicon and aluminum films were evaluated using the academically developed image
analysis software “LINCE” [22].
The multilayer structure was step-wise heated up to maximal 200°C to induce mechanical
stresses due to the mismatch of the thermal expansion coefficients of silicon and
aluminum. The stresses were mapped with the confocal Raman microscope in the area
where laser irradiation was performed. To prevent the Raman laser from inducing
significant heating effects and therefore influencing the measurements, the intensity of the
laser was lowered to approximately 5% of the maximal power.
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3.4 Results

3.4.1

Silicon Thin Film

Figure 3.2 a) and b) show TEM images of the silicon thin film as-sputtered and after laser
irradiation with the He-Cd laser, respectively. In Figure 3.2 a), the grain size of the assputtered silicon is not detectable. The diffraction pattern of the area, visible as an inlay,
shows broad and continuous rings. This indicates that the sputtered silicon is amorphous.
Figure 3.2 b) shows the silicon thin film after laser irradiation with an energy density of
5*104 J/cm2. The grains have grown and exhibit an average grain size of 35 ± 17 nm. The
according diffraction pattern of the area shows brightly focused spots in addition to the
continuous rings. The spots clearly indicate the polycrystalline character of the film. The
presence of the still continuous rings indicates that the film either remains amorphous to a
small degree or some very small grains were detected. The white circle marks a region
with moiré fringes, which means that the grains do not have a columnar structure. Higher
energy densities of 1*105 J/cm2 lead to relatively large single crystals (see Figure 3.2 c)).
The diffraction pattern, taken from the area within the white circle, reveals the singlecrystalline character of grain.

Figure 3.2 a) TEM image of the silicon thin film as sputtered by the magnetron sputtering tool. The inlay

shows the diffraction pattern of the image. The broad rings belong to amorphous silicon. b) TEM image of
the silicon thin film after laser irradiation with an energy density of 5*104 J/cm2. Grains are visible. The
white circle points out a moiré fringe, and therefore a non-columnar structure. The diffraction pattern shows
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bright spots belonging to the polycrystalline material. c) TEM image of the silicon thin film after laser
irradiation with an energy density of 1*105 J/cm2. The white circle marks the area where a diffraction pattern
was taken. This regions is clearly single crystalline.

The transition from the amorphous region to the crystalline region is well defined. Figure
3.3 shows two images of laser irradiated areas taken with TEM and optical microscopy.
The TEM image (Figure 3.3 a)) illustrates that the grain growth can be performed very
selectively in specific areas. The polycrystalline line has a diameter of 1.5 µm. The optical
microscope image (Figure 3.3 b)) shows in addition to the amorphous area and the
irradiated line also a third area which is surrounding the polycrystalline area. The black
line refers to the location where a Raman line scan was performed.

Figure 3.3 a) TEM image of a 1.5 µm wide polycrystalline line surrounded by amorphous silicon. b) Optical

microscope image of a similar structure with the location of a Raman line scan indicated in black.

Figure 3.4 a) shows the results of the Raman scan performed across the laser irradiated
area. Plotted is the peak position as a function of the measured distance along the scan
line. In the as-sputtered region the silicon Raman peak is from approximately 450 to 458
cm-1. Near the irradiated area the peak position is strongly increasing. Approaching the
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irradiated area, the peak position shifts upwards to 518 cm-1 within a 1.5 µm span. Once
within the irradiated area, the peak position is very uniform. In Figure 3.4 b) two Raman
spectra from the line scan are extracted (as indicated in Figure 3.3). Spectrum I) was
measured in the laser irradiated area. It exhibits a crystalline spectrum. Spectrum II) was
collected on the as-sputtered area. Instead of a sharp peak only a broad peak at
approximately 458 cm-1 is visible. Such a spectrum corresponds to amorphous silicon.

Figure 3.4 Results of the Raman line scan as it can be seen in Figure 3.3 b). a) The peak position of the

silicon Raman peak as a function of the distance along the scan line. b) A comparison of a spectrum taken
from the middle of the irradiated area, I), and a spectrum taken from the as-sputtered part of the silicon thin
film, II).

Adjusting the density of scanned lines per area as well as the scan speed it was possible to
produce homogeneous, micrometer-sized areas consisting of poly-Si in the otherwise
amorphous membrane. Figure 3.5 shows the optical microscope image of an irradiationproduced5x10 µm2 polycrystalline area. This region was used to map the peak shift during
the heating experiments.
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Figure 3.5 Optical microscope image of a 5x10 µm2 irradiated area. The area was used to measure the peak

shift during the heating experiments up to 200°C.

3.4.2

Aluminum Thin Film

Figure 3.6 shows TEM images of the aluminum thin film as-sputtered and after annealing
for 4 hours at 400°C. The annealing caused grain growth. While the sputtered film had an
average grain size of 94 ± 20 nm, the grain size increased during the annealing to 226 ± 67
nm. Nevertheless, the grain size remains small in comparison to the film thickness of 850
nm. Although no moiré fringes are visible, the differences in contrast within certain grains
could indicate that the grain structure is non-columnar.
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Figure 3.6 a) TEM image of the as-sputtered aluminum thin film. b) TEM image of the aluminum thin film

after annealing for 4 hours at 400°C.

3.5 Discussion

3.5.1

Grain Growth in Silicon Thin Films

The TEM images in Figure 3.3 as well as the Raman experiments (see Figure 3.4) exhibit
that laser irradiation leads to significant grain growth. Many studies of laser induced grain
growth in silicon thin films on bulk substrates showed that the energy density is on the
order of 0.5 J/cm2 [23-27]. Choi et al. [28, 29] used a bridge structure which was very
similar to the experimental set-up presented in this paper (see Figure 3.1a)) to induce grain
growth in a 40 nm thick silicon film. In their case, the energy density was in the range of
0.17-0.3 J/cm2. Surprisingly, in our experiments we found an energy threshold for grain
growth of 500 J/cm2. Thus let us consider in detail, how energy densities were determined.
The energy density for grain growth was calculated using the scan speed and the power
density of the laser. The calculated energy density values for our experiments are rough
estimations because the diameter of the focused laser, which influences the power density,
changes during the experiment when the sample moves out of focus. The energy densities
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used in the presented experiments were at least three orders of magnitude higher than the
values stated in literature. The main difference between the set-ups found in literature and
our set-up was the wavelength of the laser. Here a continuous laser with a wavelength of
442 nm was used, while in literature the lasers were used in a pulsed mode with
wavelengths in the UV range, varying from 193 nm to 351 nm. The optical absorption
coefficient of silicon drastically increases in the UV range and is up to two magnitudes
higher than at a wavelength of 442 nm [30]. Another major difference is the spot size of
the laser. This work’s continuous laser had a diameter of 300 nm. Therefore only a small
spot was heated and the sample had to be scanned to produce crystalline areas. A small
diameter allows for selective grain growth only in specific areas and produces structures
with a diameter in the micrometer range (see Figure 3.3 a)).

3.5.2

Grain Size

The average grain size of the silicon film in the irradiated area is 35 ± 17 nm, which falls
below the lateral resolution of the microscope. Thus, several grains are always within the
laser spot and give response to the measured signal. It is not possible to measure
differences in the stress state of single silicon grains of this size.
The annealing led to an increase in the average size of the aluminum grains. The grain size
changed from 94 ± 20 nm in the as-sputtered state to 226 ± 67 nm after the heat treatment.
Having aluminum grains with sizes significantly larger than the lateral resolution the
silicon thin film could be useful as a strain gage to map stresses of individual grains.
However, in both cases the grain size stayed below the diameter of the laser spot. Still, it
is possible to analyze the general stress state.

3.5.3

Stress Measurement
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Figure 3.7 illustrates the Raman peak position of the poly-Si area (indicated in Figure 3.5)
for room temperature, 70°C, 140°C and 200°C. The changing scale bars of the figures
demonstrate that increasing temperatures lead to general shifts of the peak position to
lower wavenumbers. In all mappings the poly-Si region was surrounded by amorphous
silicon exhibiting a peak position of 460 to 470 cm-1. Therefore, this region appears black
in all figures. The peak shift consists of two different components. Firstly, the peak
position depends directly on the temperature of the sample [20, 31, 32]. Secondly, the
mismatch of the thermal expansion coefficients of silicon and aluminum induces thermal
stresses into the multilayer structure. These stresses lead to shifts of the Raman peak
position.
In the four scans of Figure 3.7 the range of the scale bar is 1.5 cm-1. In contrast to the scan
performed at room temperature the scans at elevated temperatures show a similar pattern
in terms of regions with slightly higher or lower wavenumbers. The “room temperature”
map has a less pronounced pattern than the mappings performed at higher temperatures.
The temperature is homogeneous over the whole sample and therefore should lead only to
a homogenous shift to lower wavenumbers. Small changes of the aluminum-silicon-film
thickness-ratio could lead to inhomogeneous stresses in the multilayer structure.
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Figure 3.7 Raman maps of the poly-Si area in the as-sputtered state (see Figure 3.5) at room temperature,

70°C, 140°C and 200°C. The silicon Raman peak decreases with increasing temperature due to thermal
stresses and temperature.

To be able to measure the appearing stresses, the thermal and the stress related effects
have to be separated. The approach used was to average all the spectra from the irradiated
area.
Figure 3.8 a) illustrates the absolute peak shift of the averaged spectra of a silicon wafer,
two poly-Si thin film areas produced by means of laser irradiation as well as the
theoretical peak shift of silicon [20] as a function of the temperature. All the samples were
step-wise heated up to 200°C. Moreover, “polycrystalline area_1” was cooled down
afterwards to room temperature again. The temperature dependence of the poly-Si areas
was highly similar to the one of single crystalline silicon and the theoretical calculated
one. The maximal difference between the polycrystalline samples and the silicon wafer
was 0.2 cm-1.
Figure 3.8 b) shows the absolute averaged peak shift of always the same poly-Si area of
the multilayer structure (see Figure 3.7) as a function of temperature in comparison with
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the peak shift of a silicon wafer. The first experiments were performed in the as-sputtered
state of the. After an annealing. “aft. anneal. cycle1” was step-wise heated up to 200°C
while in a second measurement (indicated as “aft. anneal. cycle2”) also during the cooling
maps were acquired. The silicon Raman peaks from the multilayer structures exhibited
significantly stronger peak shifts than the silicon wafer. “aft. anneal. cycle1” displayed
with a shift of 5.5 cm-1 at 200°C the largest temperature dependency. The two other
measurements show a similar behavior and are shifted at 200°C by 4.4 to 4.6 cm-1 while
the Si-wafer is only shifted by 3.8 cm-1. The slope of “aft. anneal. cycle2” showed the
same behavior during the heating-up and the cooling-down. No hysteresis was visible.
Figure 3.8 a) showed that the temperature dependence of poly-Si was very similar to the
one of the silicon wafer. Therefore, the additional peak shift the poly-Si on the multilayer
structure had to be due to thermal stress origin from the mismatch of the thermal
expansion coefficient of the different layers.

Figure 3.8 Absolute peak shift of the averaged areas with increasing temperature. a) Results of a silicon

wafer, two laser irradiated poly-Si areas and the theoretical peak shift of silicon [20]. b) The temperature
dependence of the same poly-Si area on the multilayer structure before annealing and two times after the
annealing. The measurements were compared to the results from the Si-wafer.

The error bars in Figure 3.8 a) and b) derive form the standard deviations of the peak
positions of the averaged areas. The Si-wafer was single crystalline and had in comparison
with all measurements performed on poly-Si a much lower standard deviation (see Figure
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3.9). But all samples showed an increased standard deviation with increasing temperature.
The increases of the standard deviation in “before annealing” and “after anneal. cycle2”
were in the order of 0.1 to 0.16 cm-1. The standard deviation of the Si-wafer and “after
anneal. cycle1” only increased 0.025 cm-1. The stronger increase of the deviation of the
multilayer structures could indicate that the stress distribution at elevated temperatures
was laterally not homogenous. “polycrystalline area_2” showed a much higher standard
deviation of 0.35 to 0.7 cm-1. It is assumed that the large standard deviation was caused by
very inhomogeneous grain growth.

Figure 3.9 Standard deviation as a function of the temperature of a Si-wafer, the multilayer structure

(“before annealing”, “aft. anneal. cycle1” and aft. anneal. cycle2”) and a poly-Si area. Higher temperatures
led to an increased standard deviation. The multilayer structure showed stronger temperature dependence
than a Si-wafer. The scattering of the poly-Si area was drastically higher due to an inhomogeneous grain
growth.

At 200°C, the difference between the shifts of the Si-wafer and “aft. anneal. cycle1” was
1.66 cm-1. In the two other measurement the difference was between 0.7 and 0.9 cm-1. To
calculate mechanical stresses from these differences, the crystal orientation of the grains is
important as it influences the stress dependency of the peak shift [33]. It is known [34-37]
that laser irradiated poly-Si thin films demonstrate a strong (111)-orientation. The
structure of the samples allowed reducing the stress tensor to a biaxial isotropic stress
which has the following simple form:
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0 ⎟⎠

( 3.1)

Broblik [38] calculated the stress dependency of the peak shift for isotropic biaxial
stresses of (111)-oriented silicon (see Table 1 in ref. [38]). As the Raman measurements
were performed in a backscattering mode the silicon Raman signal consisted of a singlet
and a doublet mode [33]. Both modes have the same peak position in the stress-free state,
but they do not show the same stress dependency. The resolution of the spectrometer used
was too low to distinguish the two different peaks. Therefore, the from the peak shifts
calculated stresses were the mean values of the singlet and the doublet. Different values
exist for the phonon deformation potential as it is determined from experiments. Figure
3.10 shows the stresses in the multilayer structure calculated by using the phonon
deformation potential of Chandrasekhar et al. [39]. For comparison, in one case the
phonon deformation potential of Anastassakis et al. [33] was used (“aft. anneal. cycle1
ana”).

Figure 3.10 Stresses in the a) silicon layer and in the b) aluminum layer calculated from the peak shifts of

the poly-Si area of the multilayer structure at different temperatures using the phonon deformation potential
of Chandrasekhar et al. [39] and in case of “aft. anneal. cycle1 ana” Anastassakis et al. [33] . The curve
“calculated” corresponds to the theoretical thermal stress in the silicon and the aluminum layer, respectively.
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The stresses measured by means of Raman microscopy were compared to theoretical
calculated values considering the different thermal expansion coefficients of the different
materials. The multilayer structure has to fulfill the following assumption:

∑f

i

= 0 = ∑ σ i ⋅ d i , with f i = ε i ⋅ Ei ⋅ d i ,

( 3.2)

whereas fi is the applied force/length of a layer, σi is the stress and di is the thickness of the
i-th layer. The stress is defined by the strain εi and the Young’s modulus Ei. The strain of a
certain layer (e.g. silicon) is given from the difference between the thermal expansion of a
freestanding silicon film and the thermal expansion of the silicon in the multilayer
structure where its expansion is restricted by the other layers. This equation is valid if the
whole multilayer structure is in the tensile stress regime and the radius of curvature is
negligible. The validity of the assumptions is supported by literature [40-43] as well as by
the finding that neither in optical microscope images nor in SEM images a significant
curvature of the crystalline area was detected. The strain εi is defined as:

εi =

l i − l multilayer
li

.

( 3.3)

lmultilayer is the thermal expansion of the multilayer structure. li is the thermal expansion of
a freestanding layer and is given by:

li = l 0 (1 + ΔTα i ) .

( 3.4)

In the equation l0 is the starting length, ΔT the temperature difference and αi the thermal
expansion coefficient. These equations allowed calculating the stress of every single layer
of the multilayer structure.
The thermal expansion coefficient of poly-Si is 2.9*10-6 /K [44]. The thermal expansion
of aluminum between 25°C and 200°C is in approximately 23 to 27*10-6 /K [45]. For
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simplicity the silicon nitride layer was added to the layer of poly-Si as the thermal
expansion coefficient of silicon nitride [46] as well as the Young’s modulus of both
materials are comparable [47]. For the calculation the multilayer structure was reduced to
a binary system consisting of 850 nm aluminum and 310 nm poly-Si.
Figure 3.10 indicates that with the exception of “aft. anneal. cycle1” the calculated stress
and the measured stresses agree well with each other. Using the phonon deformation
potential of Chandrasekhar led to slightly higher stress values in comparison with the one
of Anastassaskis. The difference between “aft. anneal. cycle1” and “aft. anneal. cycle1
ana” at 200°C was 55 MPa which corresponds to a discrepancy of 7%. Taking into
account the standard deviation of the peak position the differences are small. Therefore, in
the following sections only the values of Chandrasekhar will be used.
The stress in the silicon layer was in the tensile state. To fulfill the requirements of ( 3.2
the aluminum layer had to be in the compressive state. The maximal stresses in the poly-Si
film were at 200°C for “before annealing” and “aft. anneal. cycle2” approximately 250
MPa to 440 MPa. Deduced from the maximal stresses in the poly-Si film the maximal
compressive stresses in the aluminum in the two measurements were about -90 MPa to 160 MPa. This amount of compressive stress could have induced plastic deformation [48,
49]. Plastic deformation would lead to a hysteresis during a heating up-cooling-down
cycle such as was performed in “aft. anneal. cycle2”. “aft. anneal. cycle2” did not exhibit
such a behavior and no hysteresis was visible. Therefore, one can conclude that the
aluminum film was always in the elastic regime.
Measurement “aft. anneal. cycle1” showed high tensile stresses of about 610 MPa to 660
MPa in the silicon film which correspond in the aluminum film to compressive stresses of
-220 to -240 MPa. According to literature [48, 49], these stress values would have been
above the yield strength of aluminum thin films. Plastic deformation would directly lead
to a decrease of the slope. “aft. anneal. cycle1” did not show such a behavior. A plausible
explanation could be that the laser intensity during the measurements was not stable.
Figure 3.11 demonstrates the strong dependence of the peak position of poly-Si thin films
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from the intensity of the laser as the laser can strongly heat up a sample. Up to a
normalized intensity of 0.7 (corresponds to 1.1-1.3 mW) the curves show a linear behavior
with a slope ranging from -3.65 to 4.25 cm-1 per 0.1 Δ-intensity. Between a normalized
intensity of 0.7 and the maximal intensity (1.6-1.8 mW) the curves differ strongly in terms
of the peak position and behavior. But in all curves the slope decreases strongly.

Figure 3.11 Peak position of a poly-Si thin film as a function of the normalized intensity of the Raman laser

which had a maximal power of 1.6-1.8 mW.

To minimize heating effects caused by the laser, the intensity in all measurements was
kept at about 5% of the maximal intensity. “aft. anneal. cycle1” is at 200° shifted by 0.6-1
cm-1 more than ”before annealing” and “aft. anneal. cycle2”. In the linear region of the
curves such a shift is caused by a change of the laser intensity of 1.5 to 2.7%. As the
intensity was adjusted manually such a deviation seems to be highly plausible.
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3.6 Conclusions
A multilayer structure consisting of 850 nm Al, 30 nm amorphous SiN and 280 nm
amorphous silicon was produced. Grain growth was induced by means of laser irradiation
in particular areas of the amorphous silicon film. The produced Si- grains had an average
diameter of 35 ± 17 nm and were sufficiently large to obtain a crystalline Raman signal.
The small diameter of the laser allowed grain growth in highly specific areas and
producing crystalline structures with a size in the micrometer range. As the crystalline
silicon has other material properties than the amorphous silicon such as etching rates or
electrical conductivity this could be a useful tool to produce freestanding structures or
electrical conductors.
The multilayer structure was several times heated up to 200°C. The peak shift of the
silicon Raman signal was mapped always in the same 5x10 µm2 large crystalline region.
The peak shift is shifted to lower wavenumbers due to a thermal and a stress induced
component. Appearing inhomogeneous peak shifts are addressed to laterally
inhomogeneous stresses. Nevertheless, such inhomogeneties are only visible to a small
extent (0.18-0.23 cm-1).
From the difference between the purely thermally induced peak shift of a silicon wafer
and the measured peak shift of the multilayer structure the thermal stresses in the different
layers were calculated. “before annealing” and “aft. anneal. cycle2” exhibited in the
silicon layer a maximal thermal stresses of 250 to 450 MPa and are in good agreement
with the theoretical calculated stress of 350 MPa. “aft. anneal. cycle1” showed tensile
stresses up to 660 MPa. “before annealing” and “aft. anneal. cycle2” exhibited maximal
compressive stresses of -90 to -160 MPa. These values are in the elastic range., In “aft.
anneal. cycle1” most probably a slightly increased laser intensity caused local heating of
the sample and therefore influenced the accuracy of the measurement. We have to point
out that in the present study only thermal stresses were measured. Preexisting stresses due
to the sputtering, laser irradiation or thermal treatments were not analyzed.
In summary the main points of this paper are:
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•

The local crystallization of amorphous Si thin films to potentially be used for
micropatterning.

•

The establishment of a method of using Raman microscopy to indirectly
measuring stresses in thin metal films, which are non Raman active materials. This
constitutes the first step toward local stress determination in such films, where the
resolution of the Raman method could be enhanced by tip enhanced Raman
spectroscopy.
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4 Correlating Raman Peak Shifts with Phase
Transformation and Defect Densities: a
Comprehensive TEM and Raman Study on Silicon

So far, the chapter showed that Raman microscopy is an accurate tool to measure stresses
in one and two dimensional cases. In these rather simple cases the stress tensor is clearly
defined and it is possible to correlate Raman peak shifts with occurring stresses. This
chapter concentrates on microstructural changes which can be mapped by Raman
microscopy. In this particular experiment a focused ion beam (FIB) was used to extract a
silicon lamella from the center of an indent. A part of the Ga+ ions which were used for
cutting the lamella are implanted into the silicon lamella and alter the silicon Raman
signal. Therefore, the chapter deals also with the question how the sample preparation
directly influences the results. The here presented work is accepted as a full length article:
Wermelinger T., Spolenak R.; Correlating Raman peak shifts with phase transformation
and defect densities: a comprehensive TEM and Raman study on silicon, Journal of
Raman spectroscopy 40 (2009)

4.1 Abstract
Silicon is the most often used material in micro electro mechanical systems (MEMS).
Detailed understanding of its mechanical properties as well as the microstructure is crucial
for the reliability of MEMS devices. In this paper, we investigate the microstructure
changes upon indentation of single crystalline (100) oriented silicon by transmission
electron microscopy (TEM) and Raman microscopy. TEM cross sections were prepared
by focused ion beam (FIB) at the location of the indent. Raman microscopy and TEM
revealed the occurrence of phase transformations and residual stresses upon deformation.
93

Raman microscopy was also used directly on the cross-sectional TEM lamella and thus
microstructural details could be correlated to peak shape and peak position. The results
show, however, that due to the implanted Ga+ ions in the lamella the silicon Raman peak
is shifted significantly to lower wavenumbers. This hinders a quantitative analysis of
residual stresses in the lamella. Furthermore, Raman microscopy also possesses the ability
to map deformation structures with a lateral resolution in the submicron range.

4.2 Introduction
The mechanical and electrical properties of silicon (Si) are of high interest as it is the most
industrially important semiconducting material. Due to the development of Micro ElectroMechanical Systems (MEMS) the mechanical properties as well as the microstructure of
silicon became a focus of research. As the dimensions of the devices are in the micro- and
submicrometer range, new methods for testing the properties of silicon at this scale had to
be established.
One of these methods is micro- and nanoindentation which is often used to investigate the
mechanical deformation behavior as well as occurrence of pressure-induced phase
transformation in silicon [1-5].Another approach for testing the mechanical properties in
small dimensions was presented by B. Moser et al.[6] They performed micro-compression
tests on pillars with a diameter ranging from 1 to 50 µm. Combining micro-compression
tests on silicon pillars with Raman microscopy allowed the detection of cracks prior to
failure[7]. Compression tests of silicon nanoparticles in TEM enabled to observe elastic
and plastic deformation in situ [8]. Indentation is a very accurate method to obtain several
characteristic material properties such as Young’s modulus and hardness. Mechanical
properties, however, need to be correlated to microstructure to allow an interpretation of
deformation mechanisms. In this work the interpretation will be accomplished by Raman
microscopy and TEM analysis of cross sections as prepared by FIB.
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Over the last 15 years focused ion beam (FIB) has become one of the most effective
methods used in preparation of transmission electron microscopy (TEM) samples. This
method largely increased the possibilities for detailed examinations of the microstructure
of materials as it enables the visualization of the microstructure. One great advantage is its
high positioning accuracy of the ion beam for the preparation of cross-sectional samples.
It is well known that the preparation of such cross-sectional samples leads to implantation
of ions into the sample surface. The implanted ions cause severe damage in the surface of
the sample down to a depth of 10-30 nm [9-14]. Tamura et al. found that above a critical
dose of implanted Ga+ ions by means of FIB in silicon (of about 8 to 10*1013 ions/cm2) an
amorphous layer silicon is formed at the surface [15]. Bourgoin et al.[16] could show the
amorphous layer formation in silicon by ion implantation for the case of argon ions.
Recently, FIB cut micropillars have become a popular model system for size effects in
mechanical properties [17-20]. There are still discussions about the influence of the
implanted ions on the sample itself as it could be the cause for residual stresses. This may
alter the features observed by TEM or also possibly alter the deformation behavior of
nanostructures, which have been prepared by FIB. Bei et al. [21] found that implanted Ga+
ions due to FIB-milling can introduces damages which are needed for dislocation
nucleation during deformation.
Raman microscopy has proven to be an accurate method for analyzing certain
microstructural aspects such as grain size, phase transformations and residual stresses in
silicon [1, 22-24]. The big advantage of Raman microscopy is the possibility of measuring
and mapping elastic strain fields as well as microstructural changes with a lateral
resolution in the submicrometer range. Recent developments enable the determination of
the stress tensor [25, 26]. Moreover, confocal Raman spectroscopy can be performed to
map 3 dimensional stresses in transparent materials such as sapphire [27]. As such it is a
non-destructive complementary technique to TEM.
The combination of FIB as a method for sample preparation and Raman microscopy for
mapping has the potential to give new insights in the microstructure of deformed material.
In this work phase transformations and residual stresses around a micro indent were
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studied. A cross-sectional lamella from the center of the indent was studied by TEM as
well as Raman microscopy.

4.3 Experimental
A (001) oriented silicon wafer was plastically deformed by means of Vickers
microindention. The maximal applied force was 0.2 N with a loading and unloading rate
of 0.05 N/s. The radius of the indenter varied from 0.16 µm to 1.1 µm depending on the
direction. The resulting indent with an approximate diameter of 2.5 µm and a depth of
0.26 µm (see Figure 4.1) was scanned by means of atomic force microscope (AFM)
(CRAFM 200, WITec GmbH, Germany). The line indicates the position where a lamella
was extracted by FIB for further examinations with a TEM. The circle marks a pile-up at
the border of the indent.

Figure 4.1 AFM image of the Vickers indent placed on the (001) oriented silicon wafer. The indent had a

diameter of around 2.5 µm. The line indicates the position of the TEM-lamella extracted from FIB. The
circle marks a pile-up of silicon at the border of the indent.

A confocal Raman microscope (CRM 200, WITec GmbH, Germany) was used to map the
indent and the surrounding area to detect occurring residual stresses and phase
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transformations. The microscope was equipped with a blue laser with a wavelength λ of
442 nm. The measurement was performed in a backscattering mode with a 100x objective
which had a numerical aperture (NA) of 0.9. The resulting lateral resolution of the system
was 300 nm.
As silicon being a highly Raman active material it was possible to perform Raman
mappings on the TEM-lamella which was cut out from the indent. The lamella was 12 x
13 µm2 wide and about 200 nm thick.
Seven 10 x 10 µm2 big areas and one 5 x 5 µm2 of a (001) oriented Si wafer were
irradiated with Ga+ ions by means of FIB to analyze the influence of the implanted ions on
the silicon Raman peak. For five of the 10 x 10 µm2 big areas the energy was kept
constant at 30 keV while the current was set to the following different values: 10, 40, 80,
150 and 300 pA. The one 5 x 5 µm2 big area was also irradiated with 30 keV but with a
current of 1 pA. This led to ion fluences between 1.3*1014 and 9.4*1015 Ga+/cm2. Two
further areas were irradiated with 80 pA with a energy of 2 keV and 5 keV, respectively.
In all cases the irradiation duration was 5 seconds. The irradiated areas were analyzed by
Raman microscopy with different laser powers of 7.6 mW, 14 mW and 20 mW.
Further, a (001) oriented silicon wafer was irradiated with helium ions to produce defects
in the silicon bulk material. The irradiation was performed with a fluence of 5 * 1016
ions/cm2 and an energy of 2 MeV. The irradiation direction was inclined by 8° to the
surface normal to avoid channeling which would strongly increase the penetration depth
of the ions [28]. After the irradiation, the silicon wafer was cracked through the center of
the irradiated area to be scanned linearly along the (001) direction of the crack (see Figure
4.2) by the confocal Raman microscope.
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Figure 4.2 a) Irradiation of a silicon wafer with He+ ions with a fluence of 5*1016 ions/cm2 and energy of 2

MeV. b) Cracking of the wafer through the irradiated area. c) Line scans parallel to the (001) direction on
the cracked surface.

The program SRIM (Stopping and Range of Ions in Matter) allows simulating the
behavior of ions [29]such as collisions events as well as the possible penetration depth of
the ions and was utilized to simulate the interaction of helium ions with silicon.

4.4 Results
Figure 4.3 a) shows the result of the Raman map around the Vickers indent. From the
Raman map four different areas in the indent and its vicinity can be distinguished. The
labels “a” to “d” in Figure 4.3 a) mark the regions where a characteristic spectrum of each
area was extracted which can be seen in Figure 4.3 b). Spectrum “a” belongs to unstressed
pristine Si-I peak and can be found 3-4 µm away from the indent. The peak position of the
unstressed pristine silicon is at 519.6 to 519.8 cm-1. Around the indent the Si-peak is
shifted to higher wavenumbers (see spectrum “b”) which refers to an area of compressive
stresses. Spectrum “c” was taken from the pile-up at the border of the indent (see Figure
4.1). The Si-peak appears at 507 cm-1 which indicates a phase transformation from the
cubic Si-I to the hexagonal Si-IV [2, 22].Direct phase transformation from Si-I to Si-IV is
known to require a high level of shear deformation[1, 30]. This phase only occurred at the
pile-up at the border of the indent, therefore, in an area where the material was exposed to
high shear deformation. In the center of the indent (see spectrum “d”) the Raman signal
shows amorphous silicon which has a Raman peak position at around 475 cm-1. In
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comparison with the Raman signal of the crystalline silicon (spectrum “a”) the amorphous
silicon has a very high peak width. The results agree with the findings of Kailer et al. [1]
that directly below the indent a fast load release leads to a phase transformation from Si-I
to amorphous silicon.

Figure 4.3 a) Mapping of the shift of the silicon Raman peak around the indent. 4 different zones, marked

by labels, are visible. b) Characteristic Raman spectra of each zone; a) pristine Si-I, b) spectrum of Si-I in a
compressive state, c) Si-IV belonging to the region of the pile-up, d) Amorphous silicon belonging to the
center of the indent.

A FIB lamella from the center of the indent (see Figure 1) was extracted to visualize and
analyze the deformed microstructure below the indent by means of TEM. Figure 4.4
shows a TEM image of the indent. The dark band “a” along the sample is a platinum layer
which is needed for cutting out the lamella. Arrow “b” points to the center of the indent.
Just below the indent, marked by arrow “c”, is a zone which shows no contrast. This zone
has a maximal diameter of around 0.6 µm. The inlay in Figure 4.4 shows a diffraction
pattern taken from area “c”. The diffraction pattern shows only wide diffused rings which
correspond to amorphous silicon. Therefore, the TEM image is consistent with the Raman
mapping. The amorphous area, surrounded by a heavily disturbed zone roughly 1 µm in
diameter as shown by arrow “d”, has a high density of dislocations. One can assume that
in this zone the compressive stress was not high enough to convert it to amorphous silicon.
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Figure 4.4 TEM image of the FIB lamella extracted from the center of the indent. a) platinum layer. b)

center of the indent. c) area of amorphous silicon. d) area with high density of dislocation. The inlay shows a
diffraction pattern from the amorphous area (area c)) beneath the indent.

The high Raman activity of silicon allows mapping of very thin films and layers such as a
FIB lamella. Figure 4.5 shows the Raman maps around the indent. The arrows in both
figures mark the center of the indent. The black region on the left side of the mappings
denotes to the border of the lamella. Figure 4.5 a) shows the shift of the peak position of
the silicon peak. From the scale bar of the mapping, which ranges between 499 cm-1 and
515 cm-1, it is visible that the Raman peak is strongly shifted to lower wavenumbers in
comparison with the pristine silicon peak which is at 520 cm-1. The highest peak shifts
were found at the center of the indent. The area of these large shifts has a diameter of 0.7
µm and is related to the occurrence of the amorphous silicon phase. The surrounding
region of the indent has a uniform peak shift to lower wavenumbers in comparison to the
normal silicon. Figure 4.5 b) shows the peak width (full width at half maximum) of the
silicon peak. In the vicinity of the indent the peak width is significantly larger than in the
regions further away, where the peak width is homogeneous. The area with the broad
peaks (see Figure 4.3 b)) is significantly larger than the area with the amorphous silicon.
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Figure 4.5 Raman map of the FIB lamella around the indent (see Figure 4.4). The arrow marks the center of

the indent. a) Map of the shift of the silicon Raman peak. b) Map of the peak width of the silicon Raman
peak.

FIB equipped with a Ga+ ion beam, was used to cut out the lamella. To simulate the
damage caused by ion implantation within the lamella during the sample preparation a
silicon wafer was irradiated with different doses of Ga+ ions. Figure 4.6 a) shows spectra
measured from the areas irradiated with an energy of 30 keV. With increasing fluence of
ions the crystalline silicon peak decreases while an amorphous silicon peak appears. At
the highest fluence of 9.4*1015 ions/cm2 the crystalline peak is almost completely
vanished. The inlay shows the crystalline to amorphous peak-ratio as a function of the
irradiation dose. Above a fluence of 3.1*1014 ions/cm2 the amorphous peak is dominating
the Raman spectrum. In Figure 4.6 b) the spectra of the areas with a fluence of 2.5*1015
ions/cm2 irradiated with 2, 5 and 30 keV are visible. Only the sample irradiated with 30
keV has an observable amorphous Raman peak. The two other samples seem to be totally
crystalline.
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Figure 4.6 a) silicon Raman spectra for different fluences irradiated with an energy of 30 keV. The inlay

shows the ratio between the crystalline peak and the amorphous peak. At the highest irradiation dose almost
only amorphous silicon is detected. b) shows the same fluence of 2.5*1015 Ga+ ions/cm2 but varying energy
of 2 keV, 5 keV and 30 keV. Only the sample irradiated with an energy of 30 keV has an amorphous silicon
Raman peak.

In the areas with the lowest fluence of 1.3*1014 Ga+ ions/cm2 the Raman spectrum was
measured as a function of time and Raman laser power. Figure 4.7 shows the result of the
measurements. With increasing laser power the Raman peaks of the reference
measurements on the non-irradiated spot as well as on the irradiated measurements are
shifted to lower wavenumbers. The shift between the reference measurement performed
with 20 mW and the reference measurement performed with 7.6 mW is in the order of 0.5
cm-1. At the beginning of the measurements of the irradiated samples the peak position
was not stable. Moreover, they did not show a consistent behavior. After 300 seconds the
peak positions of the irradiated samples seemed to become stable. The measurements on
the irradiated spots were always below to their corresponding reference measurement. The
shift between the irradiated sample and the corresponding reference measurement was in
the stable region (above 300 seconds) in the order of 0.3-0.45 cm-1.
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Figure 4.7 Time scans measured on the area irradiated with 1.3*1014 Ga+ ions/cm2 and on non-irradiated,

reference spots. The measurements were performed at 7.6 mW, 14 mW and 20 mW power of the Raman
laser.

Another approach to see the influence of irradiated ions on the Raman spectrum was to
implant He+ ions in to a silicon wafer. Raman line scans with a length of 30 µm were
performed on the cracked surface of the wafer in an area where the wafer was irradiated
with the He+ ions (see Figure 4.2). Figure 4.8 shows the peak position as a function of the
depth, starting form the edge of the surface.

Figure 4.8 Line scan along the cross-section of the irradiated area of the silicon wafer (see Figure 4.2). All

performed scans show a maximal peak shift at a depth of 8 µm.
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All four scans exhibit a consistent behavior. On the surface the peak position is at 519.5
cm-1 and decreases by 0.5 cm-1 to a depth of about 1 µm. With increasing depth the peak
position increases before decreasing again. At a depth of around 8 µm the line scans show
the maximal peak shift to 518 cm-1. Between 8-10 µm the peak position increases strongly
to around 519.2 cm-1. In the region between 10 and 30 µm the peak position is slowly
increasing to 519.5 cm-1.

4.5 Discussion
The main focus of this work is to correlate microstructural details as observed by TEM to
changes in the Raman spectrum. The occurrence of an amorphous phase can thus be
directly correlated to a strong peak shift and peak broadening. A high defect structure, on
the other hand, can be correlated to the observation of peak broadening alone. On the
other, the absolute value of peak shifts on a TEM lamella cut by FIB is more complex as
both elastic strain as well as a change in defect density as caused by ion implantation can
contribute to a Raman peak shift.
Figure 4.5 a) shows that a general peak shift to lower wavenumbers can be observed. Such
a peak shift could be indicated by residual tensile stresses in the lamella. The implantation
of Si+ ions into a silicon wafer with an energy of 1.5 MeV and a doses ranging from
1*1011 to 1*1015 Si+ ions/cm2 lead to compressive residual stresses up to 120 MPa in the
surface layer [31]. If the shift were solely caused by internal stresses it would correspond
to tensile stresses ranging from 2.5 to 10 GPa [32]. Tensile stresses in this range would
most likely lead to fracture of the lamella. Residual stresses are thus considered to be of
secondary importance with regards to Raman peak shifts. Figure 4.5 b) presents the
increased peak width of the Raman signal around the indent. One part of the area with the
increased peak width can be explained with the presence of amorphous silicon as it
exhibits a broad peak (see Figure 4.3 b)). The area of increased peak width in the
membrane is larger than the area of the amorphous silicon. Therefore, also other effects
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than the phase transformation to amorphous silicon, lead to an increase in peak width of
the Raman signal.
Figure 4.9 shows the superposition of the TEM image of the FIB lamella (see Figure 4.4)
and the Raman map of the peak width around the indent (see Figure 4.5 b). To increase the
visibility, the level of transparency of the TEM image in the sequence of images changes
from high to low. The sequence of images clearly shows that the distribution of the
dislocations fits very well with the Raman peak width. From literature it is known that
disorder of silicon leads to a change of peak position as well as peak shape [33, 34]. The
area with a high density of dislocations beneath the indent leads to a peak broadening
while the peak position is not changed significantly. One can conclude that analyzing the
peak width makes it possible to qualitatively map the dislocation density in silicon while
the peak shift is superimposed by other effects.

Figure 4.9 Superposition of the map of the peak width (see Figure 4.5 b)) and the TEM image of the indent

(see Figure 4.4). For better visibility, in the sequence of images the transparency level of the TEM image
ranges form high transparency (a)) to low transparency (d)).
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Another explanation for a systematic peak shift could be caused by laser heating of the
lamella during the Raman measurement, because of the high power density of the laser
spot. The Raman peak position is temperature dependant and heating up a sample leads to
a shift of the signal to lower wavenumbers [35]. The results of the measurements with
different laser power (see Figure 4.7) indicates that the silicon peak is shifted to lower
wavenumber with increasing laser power. This is due to a heating of the sample with the
laser. This is clear evidence that sample heating can be an issue for such kind of
experiments. Figure 4.10 a) shows the shift of the silicon peak of the whole FIB lamella.
The shift of the silicon peak is, beside the region of the indent, marked by the white circle,
and a small strip on the right side of the lamella, fairly uniform and ranges between 512
cm-1 and 514 cm-1. Figure 4.10 b) presents the intensity of the silicon peak for the same
measurement. The intensity mapping of the lamella exhibits significant variations with
certain areas exhibiting signal intensity 10 times higher than in other areas. One reason for
this behavior is the non uniform thickness of the lamella. The lamella has a “frame” which
is thicker than the inner part. This frame is originating from the preparation process and is
1 to 2 µm wide. In Figure 4.10 b) the outlines of the frame are visible due to the increased
signal from this region. Another reason for differences in the signal intensity is the
problem of focusing on the lamella. The better the laser is focused on the sample the
higher is the measured signal intensity. The laser is not always perfectly focused on the
sample during the scan because the sample is tilted due to the attachment to a sample
holder. This leads to differences in the signal intensity within the lamella. This behavior
can be observed in the inner part of the lamella (see Figure 4.10 b)) where on the upper
side the intensity signal is low in comparison with the signal in the lower left corner. High
signal intensity corresponds also to a high energy density which is brought into the
sample. If the signal intensity changes drastically, as it does in this case, while the peak
position of the signal is not shifted, one can conclude that even a high laser energy density
does not lead to local shifts induced by local heating effects. Nevertheless, one has to
point out that a general small peak shift to lower wavenumbers due to a homogeneous
heating of the sample cannot be entirely excluded.
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Figure 4.10 a) mapping of the whole FIB lamella of the Raman silicon peak position. b) mapping of the

intensity of the Raman silicon peak. The white circle denotes the region of the indent (see Figure 4.4).

Similar to the findings in literature[15], the irradiation of Ga+ ions leads to an
amorphization of the surface. From the experiments performed with an energy of 30 keV
(see Figure 4.6 a)) one can conclude that the fluence for a total transformation from
crystalline to amorphous silicon is in the range of 9.4*1015 Ga+ ions/cm2. But already at a
much smaller fluence of 1.3*1014 Ga+ ions/cm2 a partial amorphization of the material is
detectable. This is in contrast to performed experiments with 2 and 5 keV (see Figure 4.6
a)). At an energy of 30 keV and a fluence of 2.5*1015 Ga+ ions/cm2 a large amorphous
peak is visible. Whereas the same fluence in the case of the 2- and 5 keV-experiments
does not lead to any significant amorphization of the material.
Richter, Wang and Ley described the Raman spectrum of microcrystalline silicon films
[34]. They showed that the peak position as well as the peak shape depends on the
crystallite size. Below a certain grain size the peak is shifted to lower wavenumbers. This
behavior can be explained by the phonon confinement model (PCM). It assumes that
phonons are not infinite as in the single crystalline case but restricted by grain boundaries.
The restriction causes a relaxation of the phonon wave vector. The smaller the crystallite
size the higher is the peak shift. According to the literature a crystallite size of 3 nm
corresponds to a Raman peak at 512 cm-1 [24]. Ion implantation leads to disturbed cluster
as well as undamaged crystalline regions. Similar to the case of microcrystalline silicon
below a certain size of undamaged crystals the Raman peak is shifted to lower
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wavenumbers. Figure 4.7 shows such a behavior. In the stable region above 300 seconds
the peak position of the irradiated samples is shifted 0.3 to 0.45 cm-1 to lower
wavenumbers regardless of the used laser power. The behavior of the irradiated samples
at the beginning of the time scans is not fully understood and needs further examinations.
To verify that the implanted ions do lead to a shift of the Raman peak, another model
system was looked for. The aim was to have a system where peak shifts were detectable
but did not show strong amorphization of the substrate material. He+ ions as well as the
high irradiation energy of 2 MeV was chosen to create defects not at the surface but within
the bulk material. Although it is known that high fluences lead to helium bubbles in the
substrate[36]. To detect the influence of the implanted He+ ions Raman depth scans were
performed. These kinds of measurements are not possible to perform with Ga+ ions.
Figure 4.8 shows the Raman peak shift as a function of the depth in a He+ ion irradiated
area. To prove that the shift is caused by ion bombardment a SRIM calculation was
performed (see Figure 4.11). The irradiation creates two different kinds of disorder in the
silicon bulk material. The penetrating ions cause defects in the crystal due to collisions
events with the atoms of the crystal. Figure 4.11 a) shows the number of occurring
collisions events as a function of the penetration depth. The number of collisions directly
correlates to the number of defects. The figure shows that the maximum of defects is at a
depth of around 7 µm. The other kind of disorder is the stopping of the penetrating ions
(see Figure 4.11 b). The SRIM simulation predicts that great majority of atoms stop in a
depth between 6 and 8 µm. The peak shift of the Raman line scans correspond to the
results of the SRIM simulation. The maximum of defects and implanted ions, where the
undamaged crystalline regions are the smallest, are at the same depth as the maximum of
the peak shift in the Raman scans. This clearly shows that implanted ions effect the peak
position of the Raman signal.
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Figure 4.11 SRIM simulation[29] for the irradiation of He+ ions with an energy of 2 MeV into silicon. a)

numbers of defects caused by the irradiation with a maximum at a depth of around 7 µm. b) stopping range
of the He+ ions in the silicon. Most of the ions stop between 6-8 µm within the silicon.

According to Rubanov and Munroe the implanted dose of Ga+ ions, using a beam voltage
of 30 keV and a beam current of 150 pA (see table 1 and equation 3) [9], is 4.2*1016
ions/cm2. SRIM simulation showed that the penetration depth of the Ga+ ions is not
exceeding 30 nm and causes ~400 vacancies/ion, using an incident angle of 85°. In the
case of the implanted He+ ions a fluence of 5*1016 ions/cm2 was used. According to SRIM
simulation every He+ ion caused 200 vacancies. The fluence as well as the vacancies/ions
in both cases of ion implantation is comparable. This shows that the implanted Ga+ ions
into the lamella has to affect the Raman signal. The stopping range of the Ga+ ions is
between 0 nm and 30 nm whereas the stopping range of the He+ ions is between 6 and 8
µm. As a consequence the defect density per volume is in the case of the Ga+ ions higher.
This could be the reason for the higher Raman peak shifts of the TEM lamella in
comparison with the measurements performed on the He+ ion implanted sample.
The SRIM simulation and the Raman line scans clearly showed the influence of implanted
ions on the Raman signal. During the preparation process by means of FIB Ga+ ions are
implanted into the surface of the lamella. The vertical dark strip which indicates a higher
peak shift in Figure 4.10 a) corresponds to an area where the dose of implanted ions is
known to be higher due to sample preparation. Residual stresses as well as heating effects
can be neglected as the main reason for the general peak shift to lower wavenumbers.
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Therefore, the main portion of the peak shift in the FIB lamella is induced by the
implanted Ga+ ions.

4.6 Conclusions
A Vickers indent was placed normal to the (001) plane of silicon. Residual stresses and
phase transformations were studied around the indent by means of Raman microscopy. In
the center of the indent amorphous silicon was found while a pile-up at the border of the
indent could be assigned to a phase transformation from the cubic Si-I to hexagonal Si-IV.
The surrounding area of the indent is dominated by compressive stresses.
A cross-sectional lamella from the indent was extracted by FIB. The deformed
microstructure was analyzed with TEM. As silicon is very Raman active it was possible to
do Raman mapping on the lamella. One result of the mapping is that the silicon peak is
generally shifted strongly to lower wavenumbers. Internal stresses could lead to shifts but
the contribution only plays a minor role in this case. Heating leads to a uniform shift to
lower wavenumbers but no local heating effects could be observed. Ga+ ions were
implanted with different fluences and energies. In combination with He+ ion implantation
in silicon and SRIM simulations they showed that defects and implanted ions effect the
Raman peak position of silicon. It is known that during the sample preparation of the
lamella Ga+ ions are implanted into the surface. These implanted ions are causing a peak
shift. Moreover, areas in the lamella which are supposed to have a higher concentration of
implanted ions showed larger peak shifts.
Due to the large peak shift induced by the implanted ions it was not possible to analyze
residual stresses in the lamella. Nevertheless, the peak width distribution was in very good
agreement with the dislocation distribution near the indent. Our results show that Raman
microscopy is able to qualitatively map the distribution of the dislocation density.
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4.8 Appendix

4.8.1

Synchrotron X-Ray Laue Microdiffraction on He+-ion Implanted Silicon

Beside the Raman measurements also synchrotron X-ray Laue microdiffraction
experiments were performed. These experiments allowed analyzing the mechanical
stresses induced by the implanted ions. A big advantage of the method is that it is able to
measure in ideal cases all six components of the strain tensor with a lateral resolution in
the micrometer range. Direct measurement of mechanical stresses by means of Raman
microscopy was not possible in this case since the implanted ions not only cause stresses
but also lead to a phonon confinement. Until now, it was not possible to separate the two
effects from each other.
The microdiffraction experiments were conducted at the MicroXAS (X05LA) beam line at
the Swiss Light Source (SLS) providing micron-focused X-rays from an undulator
insertion device (photon beam energy of 2.4 GeV at a beam current of 400 mA) in the
energy range between 5-18 keV. The pre-optics and KB mirrors [37] were optimized to
achieve a beam spot size of 1.1x1.4 micron (horizontal x vertical). The Laue diffraction
patterns were collected using the Pilatus 6M photon counting area detector (developed at
the SLS) which is based on the CMOS hybrid pixel technology operating in single–photon
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counting mode [38, 39]. X-rays are directly transformed into electric charge in the silicon
sensor. The signals are amplified and processed in the CMOS readout chips. This
technology allows collecting noise free data with a maximum dynamic range of 20 bit at
speeds ranging from 10-300 Hz. In comparison, area detectors based on charge coupled
devices (CCDs) or imaging plates have a restricted dynamic range of <17 bit with a
relatively high intrinsic background and long readout times. Pilatus detectors feature an
adjustable lower energy threshold which allows for energy discrimination which is
important for experiments where most of the desired information is within weak
diffraction intensities.
Using a fixed diffraction geometry (2θ=90°) the sample was translated relative to the
incoming beam to collect Laue diffraction frames at different sample positions to scan
over the He-Ion implanted region covering a depth of 8-10µm. A total of 441 Laue
diffraction frames were collected corresponding to a scanned area of 20x20 µm through
the depth of the He-Ion implanted region. The Laue diffraction patterns have been indexed
using the software package XMAS [40]. The software allows to index overlapping Laue
patterns originating from different grains within the illuminated diffraction volume.
Figure 4.12 shows the indexed Laue diffraction frame originating from the silicon sample
at room temperature. The absolute peak positions show the crystallographic orientation of
the Silicon while the deviation of the peak positions relative to that of the unstrained Laue
pattern determine the deviatoric strain tensor [40].
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Figure 4.12 Indexed Laue microdiffraction pattern of silicon at a depth of approximately 5 µm.

Figure 4.13 illustrates the results of the 20x20 µm large stress mapping by means of
synchrotron X-ray Laue microdiffraction. The maps of Figure 4.13 a) and b) present the
shear stress component Szy and Sxy, respectively. The bottom of the maps corresponds to
the border of the sample. While the shear stress (see Figure 4.13 a)) is in the whole
mapping in the tensile regime, the stress component Sxy is in the compressive state. Both
shear stress components show the maximal absolute stress values in an approximately 4-6
µm wide band parallel to the x-axis. The band starts to appear circa 6 to 8 µm away from
the border of the sample. With increasing distance from these bands the stresses are
slowly decreasing. The maximal stresses are in the case of Szy in the order of 60 MPa
while the shear stress component Sxy shows maximal stresses of around -40 MPa.
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Figure 4.13 20x20 µm large mapping of two shear stress components calculated from the Laue microdiffraction

pattern. a) map of the Szy shear stress component. b) map of the Sxy shear stress component. The bottom of the
maps corresponds to the border of the sample.

This band of maximal shear stresses corresponds very well with the region where the
maximal silicon Raman peak shift was observed (see Figure 4.8) and the maximal density
of defects and implanted He+-ions ( see Figure 4.11). Therefore, one can conclude that the
measured shear stresses appear due the implanted He+-ions. As already mentioned, it was
not possible to measure the residual stresses by means of Raman microscopy as the
implanted He+-ions cause a phonon confinement which also influences the Raman peak
position. In principle, the phonon confinement leads not only to a shift of the Raman peak
but also to an increase of the asymmetry of the peak. If it is possible to calculate the
expected Raman peak shift by analyzing the asymmetry of the Raman peak, then it would
be possible to separate the component of the peak shift caused by residual stresses and the
component of the peak shift due to phonon confinement.
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4.8.2

Si2+-ion Implantation in Silicon

This section contains additional experiments and results regarding the influence of
implanted ions on the Raman spectrum of silicon. Pieces of a silicon wafer were irradiated
with Si2+-ions at three different fluences of 1.5*1015, 2.0*1016 and 3.5*1016 Si2+/cm2. The
ions were implanted with an energy of 4 MeV. Si2+-ions (self ions) were chosen to avoid
any alloying effects which could have an influence on the Raman spectrum. The
irradiation direction was inclined by 8° to the surface normal to avoid channeling. After
the irradiation, the silicon wafer was cracked through the center of the irradiated area. The
cracked surface was mapped by the confocal Raman microscope (see Figure 4.2). After an
annealing for 1 hour at 700°C and at a pressure of 10-6 mbar, the samples where mapped
again by means of Raman microscopy to see whether the defects are able to recover or
not.
Figure 4.14 illustrates the result of the maps of the cracked Si-wafer. The map in Figure
4.14 a) is a non-irradiated Si-wafer which was used as a reference measurement. Such a
measurement was necessary as the cracking of the wafers might induce phase
transformations or residual stresses which would both influence the Raman measurements.
The maps b), c) and d) in Figure 4.14 are the irradiated samples with a fluence of 1.5*1015,
2.0*1016 and 3.5*1016 Si2+/cm2, respectively. “A” corresponds in all maps to the area
where the Raman signal is not shifted with respect to the pristine Si Raman signal. “B”
marks the region where the peak position is shifted to lower wavenumbers. “C” marks the
border of the sample. All the irradiated samples show directly at the border an
approximately 4 μm wide zone where the peak position is shifted to lower wavenumbers.
Such a region is not visible in the non-irradiated Si sample. The maps show that with
increasing dose of implanted ions the peak shift increases. The map of the non-irradiated
sample in Figure 4.14 a) showed that cracking neither causes residual stresses nor phase
transformations to a larger extent. In map b) the region “B” is shifted 0.5 cm-1 with respect
to the normal peak position. In map c) the shift is in the order of 0.5 – 0.8 cm-1. In the map
d) the area “B” can be divided further into two different zones. In the first region, which is
directly at the border of the cracked wafer, the silicon Raman peak is shifted 0.5 – 1.0 cm115

1

. In the second region, 2-4 μm away from the border of the Si-wafer, the peak position is

shifted down to 470 cm-1. The spectra which have a peak position at around 470 cm-1
clearly belong to amorphous silicon (see Figure 4.6) while spectra having peak shifts up to
1.0 cm-1 origin from crystalline silicon. As in the case for He+-ion implantation, the
behavior can be explained by the phonon confinement model (PCM). It assumes that
phonons are not infinite anymore as in a single crystal but constrained by grain
boundaries. The restriction causes a relaxation of the phonon wave vector. An increasing
peak shift corresponds to a decreasing grain size.
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Figure 4.14 Raman maps of the cracked surface of a) a non-irradiated Si-wafer, b) the Si-wafer irradiated

with a fluence of 1.5*1015 Si2+/cm2, c) irradiated with a fluence of 2.0*1016 Si2+/cm2 and d) with fluence of
3.5*1016 Si2+/cm2. “A” corresponds in all maps to the area where the Raman peak is not shifted. “B”
belongs to the area where the Si-peak is shifted to lower wavenumbers. “C” marks the border of the
samples.

Like in the experiments of the He+-ion implantation (see Figure 4.11), a SRIM calculation
was performed. The implanted ions cause defects in the crystal as they collide with the
crystal atoms. Figure 4.15 a) illustrates the calculated amount of collisions events at a
certain depth. The number of collisions directly correlates to the number of defects. The
maximum of collisions is at a depth of 2-3 μm. Figure 4.15 b) illustrates another sort of
disorder which is the stopping of the penetrating ions. The SRIM simulation predicts that
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great majority of atoms stop in a depth of 2.5 to 3 µm. The Raman maps show a strong
correlation between the Raman peak shift and the SRIM simulation. The maximum of
defects and implanted ions, therefore the area where the undamaged crystalline regions are
the smallest, are at the same depth as the maximum of the peak shift in the Raman scans.
The region of the amorphous silicon in Figure 4.14 d) appears at the depth where most of
the defects are caused and where the ions stop within the material. As in the case for He+ion implantation, the behavior can be explained by the phonon confinement model (PCM).
It assumes that phonons are not infinite anymore as in a single crystal but constrained by
grain boundaries. The restriction causes a relaxation of the phonon wave vector. An
increasing peak shift corresponds to a decreasing grain size.

Figure 4.15 SRIM simulation[29] for the irradiation of Si2+ ions with an energy of 4 MeV into silicon. a) numbers

of defects caused by the irradiation with a maximum at a depth of around 2 to 3 µm. b) stopping range of the Si2+
ions in the silicon. Most of the ions stop between 2.5 - 3 µm within the silicon.

The irradiated samples were annealed for 1 h at a temperature of 700°C in vacuum. The
results are presented in Figure 4.16. The maps a), b) and c) correspond to the samples
irradiated with a fluence of 1.5*1015, 2.0*1016 and 3.5*1016 Si2+/cm2, respectively. The
symbol “A” belongs to the area where no peak shift was observed. “B” highlights spots
and areas where a significant peak shift was measured while “C” marks the border of the
silicon samples. The results show that the bands of lowered wavenumbers which were
caused by the implantation of Si2+-ions disappeared after the annealing completely. Even
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the band of amorphous silicon which occurred at the highest fluence dissolved (compare
Figure 4.14 d) and Figure 4.16 c)). The reason is a re-crystallization of the silicon during
the annealing process. The spots marked by label “B” are most probably artifacts of the
cracking as similar patterns also appear in the non-irradiated sample (Figure 4.14 a)).

Figure 4.16 Raman maps of the cracked Si-surface after the annealing for 1h at 700°C of a) the Si-wafer

irradiated with a fluence of 1.5*1015 Si2+/cm2, b) irradiated with a fluence of 2.0*1016 Si2+/cm2 and c)
irradiated with fluence of 3.5*1016 Si2+/cm2. “A” marks the zone of non-shifted Raman peaks. “B” highlights
spots where the peak is shifted significantly. “C” shows the border of the silicon samples.

The experiments show that defects caused by the implantation of ions affect the Raman
signal. The resulting Raman shift is not due to any kind of alloying effects. The heating of
the samples leads to a recovery and to a re-crystallization of the disturbed areas. Further
experiments could investigate to what degree the amorphous areas re-crystallize and how
the microstructure looks like.
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5 3-D Raman Spectroscopy Measurements of the
Symmetry of Residual Stress Fields in Plastically
Deformed Sapphire Crystals

This chapter illustrates how confocal Raman microscopy can be used for analyzing stress
fields in three dimensions with a spatial resolution in the submicrometer range. For this
study sapphire was chosen as it is transparent as well as Raman active. The results show
very nicely how the residual 3-D stress fields around a micro indent correlates to the
deformation mechanism of the material rather than to the geometry of the indent itself. A
drawback of the method is that the number of components of the stress tensor which are
accessible depends directly on the material. As 3-D stress states are normally very
complicated the results show a more qualitatively overview. For quantitative results one
has to assume simplified stress states. This work is published in a full length article:
Wermelinger T, Borgia C., Solenthaler C., Spolenak R; 3-D Raman spectroscopy
measurements of the symmetry of residual stress fields in plastically deformed sapphire
crystals, Acta Materialia 55 (2007) 4657-4665

5.1 Abstract
Methods for measuring stresses in three dimensions have recently received high attention.
Specifically the stress fields around indents in metals were studied by 3D X-ray stress
microscopy. In this paper we investigate the 3D residual stress field around a microindent
using confocal Raman microscopy with a lateral resolution of 300 nm and a depth
resolution of 600 nm. The model system investigated was single crystalline sapphire,
which was indented normal to its basal c(0001) plane. A cross section of the indent was
studied by TEM to visualize defect structures. The major result is that in sapphire the
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geometry of the indenter has no direct influence on the symmetry of the resulting residual
stress field. Residual stresses directly depend on the crystal symmetry of the crystal and
the defect structures within. Confocal Raman microscopy is a powerful method for
analyzing 3D stress fields and the corresponding defect structures by peak width analysis
with a resolution in the submicron range.

5.2 Introduction
Novel applications in the microelectronics industry have renewed the interest in sapphire
as a substrate [1]. Various sapphire based devices such as fast neutron filters and high
pressure magnetic resonance cells have been developed. Specifically its high strength and
heat resistance of sapphire attracts a lot of attention. Therefore a deep understanding of the
mechanical properties is required.
In this context the deformation of sapphire has been extensively studied by several groups
[1-12]. As a result, the deformation and fracture mechanisms of the sapphire crystal are
well known. In contrast, magnitude and distribution of residual internal stresses after
plastic deformation, i.e. the properties of residual stress fields, still remain unclear. Since
these stresses may cause failure, hence affect lifetime of devices, it is obviously important
to measure and to visualize them, ideally in three dimensions (3D). At the moment, only
few methods are known to perform 3D measurements with a resolution in the micron
range.
Currently only X-ray micro beam diffraction is an experimental option to measure the
strain tensor with submicron resolution [13-15] in three dimension. The 3D distribution of
the local crystalline phase, texture and the elastic strain tensor can be measured with a
resolution below 1 µm. These instruments combine ultra intense synchrotron X-ray
sources and advanced X-ray optics to probe crystalline materials. Only a few synchrotron
sources are available world wide, and until now only a few of these experiments have
been performed therefore other methods on the laboratory scale need to be established.
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This paper demonstrates that another accurate method for the 3D measurements of stresses
is micro Raman spectroscopy. The method is based on the well known effect that the
Raman signal (phonon energies) may be affected by internal stresses. Therefore, in a
Raman spectrum of deformed material, peak positions are shifted away from the peak
positions obtained from the stress free material. Hence, quantifying this shift allows
determining sign and magnitude of internal stress. As already proven in many studies for
the 2D case [16-20], Raman microscopy was successfully applied for analyzing stresses in
silicon devices and other Raman active materials such as polymers, semiconductors and
ceramics. In transparent Raman active materials this method could also be used for the 3D
case if a confocal microscope is used that provides precise positioning of the focus spot.
Such measurements at a micro indent in a sapphire single crystal are reported and
discussed below.

5.2.1

Raman Effect of Sapphire

Sapphire has a rombohedral crystal structure belonging to the D3d6 space group with two
molecular Al2O3 groups per unit cell [21, 22]. This leads to seven Raman-active phonon
modes: 2A1g + 5Eg. According to Louden [23] the Raman tensors of the active optical
vibrations of sapphire are:

A1 g

a
= 0
0

0
a
0

0
c
0 , Eg = − c
b
−d

−c
c
d

−d
d
o

( 5.1)

The Raman frequencies (relative wave numbers)of stress free sapphire are 417 and 646
cm-1 for the A1g modes and 380, 432, 451, 578 and 751 cm-1 for the Eg modes [21]. It is
well known, that the phonon frequencies are shifted due to applied pressure [24, 25].
Watson et al. applied uniaxial pressure up to 1 GPa on macroscopic sapphire pillars and
measured the corresponding peak shifts [22]. The results of these experiments are listed in
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Table 5.1. The same experiment but with sapphire fibers with a diameter in the
micrometer range, showed slightly different results [26]. Here, the shifts were found to be
about 1.8 cm-1/GPa and 1.1 cm-1/GPa for the peaks at 417 cm-1 and 380 cm-1, respectively.
Gallas et al.[25] used a diamond anvil high pressure cell (DAC) for the calibration of the
Raman effect in sapphire. They received similar results for the peak at 380 cm-1, however
for the peak at a relative wavelength of 417 cm-1 they found a pressure dependence of 2.2
cm-1/GPa. Shin et al. reported the uniaxial stress on the Raman frequencies in sapphire
[27].

Table 5.1 Pressure dependence of Raman frequencies in sapphire.

Frequency (cm-1)

Peak shift (cm-1/GPa)
Shin et al [27].

Watson et

Gallas et al.[25]

Jia and Yen [26]

al.[22]

5.2.2

380

2.3 ± 0.2

1.37 ± 0.06

1.10 ± 0.10

1.10

417

1.7 ± 0.1

2.11 ± 0.06

2.20 ± 0.07

1.80

432

1.8 ± 0.1

2.95 ± 0.08

-

1.16

451

1.0 ± 0.2

1.66 ± 0.10

-

-

578

2.7 ± 0.3

2.77 ± 0.12

-

0.55

646

5.0 ± 0.4

-

-

0.00

751

2.5 ± 0.3

4.80 ± 0.20

-

1.70

Experimental

A sapphire single crystal (size 10x10x1 mm) was plastically deformed by micro
indentation. The indent was placed on the basal (0001) plane with a Vickers micro
indenter at room temperature. A maximal indentation force of 0.4 N at ambient pressure
was applied under constant load rate of 0.05 N/sec. The radius of the indenter tip varied
from one direction to the other from 0.16 µm to 1.1 µm. The shape of the indent was
mapped with an atomic force microscope (AFM) (CRAFM 200, WITec GmbH,
Germany).
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The residual stress field around the indent was measured with a confocal Raman
microscope (CRM 200, WITec GmbH, Germany) equipped with a Helium-Cadmium laser
with a wavelength of 442 nm. The microscope was operated in the backscattering mode
with a 100x objective and 0.9 numerical apperture. According the Rayleigh equation:

d = 1.22 ⋅

λ Laser
2 ⋅ NA

,

( 5.2)

the lateral resolution of the microscope of 300 nm while the depth resolution is on the
order of 600 nm. As the microscope is confocal only information from the focus spot is
collected. The confocality of the microscope combined with the possibility of an exact
positioning of the focus spot in x-,y- and z-directions allows measuring stress fields in 3
dimensional.
Starting from the surface of the sapphire crystal, a stack of planar Raman scans parallel to
the basal (0001) plane was recorded. Measurements were made always at the same x- and
y-coordinates but changing the z-coordinate. The interplanar distance between two Raman
scans was 0.4 µm. Totally 19 scans were taken down to 7.6 µm below the surface of the
crystal. Each planar scan was 12x12 µm wide and consisted of 48x48 spectra. As the
Raman signal of sapphire was weak compared to signals form silicon an integration time
of 5 sec per spectrum was chosen to obtain a sufficiently large signal to noise ratio.
In order to obtain some direct information on the deformation structure, a cross section
trough the indent was examined by means of transmission electron microscopy (TEM).
For the purpose a TEM-lamella was cut perpendicular to the (0001) basal plane through
the center of the indent (see Figure 5.2) with a FEI Nano Lab 600 Focused Ion Beam
machine (FIB). The TEM-lamella was about 2.5x15 µm wide and 100 nm to 150 nm thin;
it was examined with a FEI Tecnai G2 F20X-Twin TEM operating at 200 kV.
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5.3 Results
Figure 5.1 shows the Raman effect in sapphire for two different crystal orientation
regarding the polarization of the incoming laser light. The black spectrum (rectangular
symbols) was taken with an incident laser beam polarized perpendicular to the c(0001)
axis. In this orientation six major lines appear at wavenumbers of 378, 417, 428, 447, 575
and 748 cm-1. The gray spectrum (triangular symbols) was taken with an incident laser
beam polarized parallel to the c(0001) axis and shows three prominent lines at 379, 417,
645 cm-1 and a faint one at 748 cm-1. All these results are in agreement with the literature
[21] results. The peak at 378 cm-1 gets bigger in comparison to the other peaks with
increasing numerical aperture of the objective. This leads to the conclusion that this
vibration has a bigger in plane component than the other phonons due to the fact that a
parallel laser beam only interacts with out of plane phonons.

Figure 5.1 Raman spectra of sapphire single crystal. The black spectrum (rectangular symbols) was taken

with an incident laser light polarized perpendicular to the c(0001) axis. The gray spectrum (triangular
symbols) was taken with an incident laser light polarized parallel to the c(0001) axis. The spectra were taken
with a 100x objective with an numerical aperture of 0.9.
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Figure 5.2 a) shows the topography of the Vickers microindent on the sapphire single
crystal on the basal c(0001) plane mapped with an AFM. The Vickers indent has a
diameter of about 4.5 to 5 µm. No pile-ups are visible at the edges of the indent. Although
there are some slightly asymmetric features such as the tip radius, it is very obvious that
the plastically deformed area shows the four-fold symmetry of the indenter tip. A crosssection through the middle of the indent shows that the indent has a depth on the order of
0.5 µm.

Figure 5.2 a) shows the AFM image of the Vickers Microindent in the basal (0001) plane of the sapphire

single crystal. The indent has a diameter of about 4.5 to 5 µm and shows clearly a four fold symmetry. b) is
a crossection through the middle of the indent which has a depth of approximately 0.5 µm.

All measured peaks show shifts due to residual stresses. Figure 5.3 shows the peak shift of
four different peaks 0.4 µm below the surface of the sample. While a shift to higher
wavenumbers stands for compressive stresses a shift to lower wavenumbers represents
tensile stresses. The stress maps b)-d) show the stress distribution in the out-of-plane
direction. While the stress map a) consists of mixture between in-plane and put-of-plane
stresses. Although all the peaks show the same stress pattern: a three-fold symmetry; the
clarity of the pattern strongly depends on the signal to noise ratio of the peaks occurring at
different wave patterns.
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Figure 5.3 12x12 µm stress maps around the indent at 0.4 µm below the surface for the peaks at a) 378 cm-1,

b) 417 cm-1, c) 575 cm-1 and d) 748 cm-1 wavenumbers. In the maps b)-d) bright colors correspond to
compressive stresses while dark colors correspond to tensile stresses in the out-of-plane direction. Map a)
shows a stress map which contains a in-plane as well as a out-of-plane component.

From Figure 5.3 it is obvious that the peak at the wavenumber at 417 cm-1 has the best
signal to noise ratio and therefore gives the images with the lowest scattering. Figure 5.4
shows the peak shift around the indent starting from the surface of the crystal down to 3.6
µm below the surface of the sample. Bright colors correspond to compressive stresses

while dark colors correspond to tensile stresses in the out-of-plane direction. On the
surface one can vaguely discern the four-fold symmetry of the indent, but as soon as one
focuses into the crystal this symmetry is vanishing and a three-fold symmetry is
appearing. The measurements were made down to 7.6 µm but the three-fold symmetry is
only visible down to 3.2 µm. As a result one obtains a stack of stress maps of the same
lateral position but with changing z-coordinate.
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Figure 5.4 Shift of the peak at 417 cm-1 wavenumbers around the indent. High wavenumbers correspond to

compressive stress while low wavenumbers correspond to tensile stress. The interplane distance is 0.4 µm.

Image processing tools such as ImageG give the chance to calculate from the stack of 2
dimensional maps the 3 dimensional images. Figure 5.5 shows the 3D stress field around
the Vickers indent calculated from the stack of images in Figure 5.4. In this case out-ofplane stresses are shown. As every color represents a certain stress image processing
makes it possible to calculate the volume of several stress components. In principal also
the volume of phase transformed regions could be determined. However, in this case the
volume of this particular area was found to be too small for quantification.
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Figure 5.5 a) The calculated 3D stress field (20x20x2 µm) around the micro indent. Dark colors refer to

tensile stresses wheras bright colors correspond to compressive stresses. b) The tensile stresses above a
certain threshold are transparent. Only areas with neutral or compressive stresses are visible in this volume
(12x12x4 µm).

As a further result of the stacking of images one can extract single line depth scans. On the
graph in Figure 5.6 a) three line scans in z-direction at different position are shown. The
peak position of the peak at 417 cm-1 is show as a function of the depth. One scan was
taken far away form the indent (Figure 5.1 arrow I). The other two scans were taken in the
indented area, one of them in a region were tensile stresses were dominating (Figure 5.1
arrow II) and the other in an area with compressive stress (Figure 5.1 arrow III). The
position was determined by fitting the intensity to a Gaussian function. Therefore the error
bars are representative of to the standard deviation of the fitted curve. At a depth of about
2 µm the differences of the peak position between the three lines nearly vanish. Down to 4
µm the curve in the tensile region seems to be slightly below the other two curves. The
line scan taken far away from the indent shows a small shift to lower wavenumbers with
increasing depth.
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Figure 5.6 a) Peak position of three different line scans in z-direction. Taken in the unstressed part of the

sample (see Figure 5.3 arrow I), in the middle of the indent where tensile stresses are dominating (Figure 5.3
arrow II) and in the middle of the indent where compressive stresses are prominent (Figure 5.3 arrow III). b)
shows the exact same scans but the peak width instead of the position.

Figure 5.6 b) shows the same line scans as Figure 5.6 a) but in this case the peak width at
417 cm-1 is plotted as a function of the z-position. As before the major differences are
visible down to a depth of about 2 µm. Interestingly, although the absolute value of the
peak shift for the tensile and the compressive stress are comparable there are significant
differences in peak width. As the peak width is not only influenced by the stress but also
by the defect density, it could be assumed that in regions with compressive stress exhibit
higher defect densities.
At the sidewalls of the sapphire indent the Raman spectrum is changing strongly (see
Figure 5.7). The peaks are broadening and the peaks positions are shifted to higher
wavenumbers. For example the peak at 748 cm-1 is shifted to 773 cm-1. This behavior is
very local under the sidewalls of indent and disappears in a depth of about 1.0 µm below
the surface of the sample.
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Figure 5.7 Raman spectra taken parallel to the c(0001) axis. The gray spectrum (triangles) is taken from the

unstressed part of the crystal. The black spectrum (squares) is taken form the middle of the indent.

With a FIB a thin cross section through the indent was cut out. The orientation of the slice
can be seen in Figure 5.2. In Figure 5.8 the TEM image of the sapphire cross section can
be seen. The arrow a) points to the middle of the indent, b) shows a large deformation
zone with twinning and slipping and c) marks a crack parallel to a basal slip system. The
basal slip pushes material away to the sides of the indent [11]. Which slip system
dominates in any region is related to the complex stress distribution around the indent.
Directly under the indent twinning systems are dominating. Just below the surface the
distance between single basal slip systems is small, the further away from the surface the
bigger the distance between two basal slip systems. e) points to a thin layer of dislocations
on the surface. It is known that polishing a sapphire induces such a thin defect layer [2].
Further there are two thin Pt-layers on the top of the sample (see arrow d)) which originate
from sample preparation. Both layers were deposited to mechanically stabilize and protect
the TEM lamella during the cut-out process. The first, brighter platinum layer which is
directly in contact with the sapphire was deposited with an electron beam in order not to
disturb the sapphire. The upper layer was deposited with an ion beam; therefore it is
denser and appears darker. At the sidewalls of the indent a bright area which is marked by
an ellipse f) is visible. The deformation bands which are visible in the whole deformed
area do not run through this zone.
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Figure 5.8 TEM image of the FIB-slice which was cut out through the indent. a) Center of the indent. b)

Twinning and slipping zone. c) Crack which is parallel to the basal (0001) plane. d) A platinum layer which
is needed for the sample preparation. e) Thin layer of dislocations origination from polishing. f) Highly
deformed area with a possible portion of phase transformation.

5.4 Discussion

5.4.1

Mechanical Aspects of Indenting Sapphire

It is interesting to notice that the geometry of the indent has no direct influence on the
symmetry of the resulting residual stress field. The residual stresses show a clear threefold symmetry instead of the expected four-fold symmetry. The reasons for this behavior
are the mechanisms of plastic deformation. To understand the appearance as well as the
formation of residual stresses one has to understand the behavior of the plastic
deformation. Several works investigated the deformation mechanism of sapphire single
crystal at room temperature [3-7, 9, 10]. Nowak et al. used a spherical micro indenter for
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analyzing the plastic deformation. They set up a model which estimates the probability T γ
of activating the γ−th slip or twinning system as a function of the shear stress value τ γ
acting on the slip or twinning plane and the constraint factor Λ γ denoting the orientation
of the indented crystal surface, while being inversely proportional to the critical shear
stress τ CRγ [1, 5]:

Tγ =

τγ
Λ
τ CRγ γ .

( 5.3)

In hexagonal structures such as sapphire, the c/a axis ratio defines the possible slip and
twinning systems. In the case of sapphire which has a c/a axis ratio of 2.73 the following
deformation systems are possible:

Table 5.2. Possible twinning and slip systems of sapphire crystal [5].

Symbol

Twinning or slip system

1

< 0111 >K1{0112}

2

< 11 00 >K1(0001)

3

< 2 11 0 >{ 0 11 2 }

4

< 2 11 0 >(0001)

5

< 10 1 0 >{ 1 2 1 0 }

Description
Rhombohedral

−

−

−−

−−

twinning

−

−

−

−

−

−

−−

−

0.111

Basal twinning

0.148

Rombohedral slip

3

Basal slip

17

Prismatic slip

1.2

Pyramidal slip

18

−−

−

Critical shear stress (GPa)

< 10 1 0 >{ 1101 }
6

< 10 1 0 >{ 1 012 }
< 10 1 0 >{ 11 23 }

Nowak et al. calculated the probability for activating a certain slip or twining system as a
function of the angle under a spherical indent [1, 5]. We assume that a spherical indent
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with an opening angle of 130° (180° – 2*ψ, with ψ = 25°) is comparable to the opening
angle of a Vickers indent = 136°, which yields the following results. Figure 5.9 shows the
possibility for activating a slip system for a spherical indentation on the c(0001) plane of
sapphire for a force of 0.218 N. The angle ψ has a big influence on the deformation
behavior and is one of the reasons for the appearance of a three-fold symmetry of the
residual stresses. According to this calculations a flat punch indent for example would
activate different deformation systems and most likely result in a six-fold symmetry in the
residual stress field.

Figure 5.9 Probability for activating a slip or twinning system for all directions µ around the spherical

indent [2]. The straight lines highlight the possible deformation systems in this particular case. Numbers 1-3
correspond to symbols in Table 5.2.

As the deformation state under the indent is very complex, it is not possible to say which
deformation system is dominating but there seems to be some kind of cell structure.
Despite the calculations performed for all slip and twinning systems in sapphire in the
chosen experimental set-up the rhombohedreal twinning (1 in Figure 5.9) and the
rhombohedral slip system (3 in Figure 5.9) are the dominating deformation systems. If one
highlights in Figure 5.9 only these two systems, one sees immediately that the
deformation shows a three fold symmetry. Due to this three fold symmetry of the
deformation mechanism also residual stresses show the same behavior.
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The strong changes of the Raman spectra observed directly below the indent could be due
to a phase transformation. Colomban and Havel found similar peak shifts in their work
[28]. They stated that, in molecular approximation, the 417 cm-1 band originates form an
Al-O stretching mode of the AlO4 tetrahedron. Therefore the shift of this peak to higher
wavenumbers indicates a compressed structure. As already explained, this behavior is
detectable down to 1.0 µm. If one looks at the TEM image then there is bright zone
directly under the indent, where the contrast of the material is different to the other
deformed area. It is to point out, that this zone is only visible on one side of the indent.
This zone has a depth of about 0.5 µm. The focus spot has in z-direction a diameter of
about 0.6 µm. If one compares the cut out direction of the lamella and the stress
distribution, one sees that the asymmetry of the deformation structures is also visible in
the stress maps. Thus it seems to be possible to measure a small signal of the phase
transformed area even if the microscope is focused 1 µm below the surface, which
corresponds to the findings of the measurement.

5.4.2

3-D Raman Microscopy

Tthe lateral resolution of the microscope is restricted by the wavelength of the laser and
the numerical aperture. Even in the case for deep blue lasers and oil immersion objectives
which have the highest numerical aperture the lateral resolution is in the order of 150 to
200 nm. In comparison with a 3D X-ray crystal microscope [13], which has also a
resolution in the submicrometer range, the lateral resolution of an optimized confocal
Raman microscope is slightly better. Other advantages of the confocal Raman microscope
are the simple sample preparation, the fast measuring method as well as the accessibility.
Another feature is the direct measurement of several components of the stress tensor. As
the different peaks belong to different phonon vibrations of the crystal it is possible to
relate different peaks to certain directions of the crystal. Therefore it is possible to assign
different peak shifts to different directions. But also here, some restrictions have to be
taken into account. Every crystal class has different Raman active phonon vibrations thus
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it is not possible to say in general how many components of the stress tensor are
accessible. Silicon for example exhibits a single Raman peak which belongs to triply
degenerated optical phonons [29]. By examining the polarization and the direction of the
scattered light, one can obtain all components of the stress tensor [30]. For sapphire
analyzed in the described experimental set-up it is possible to measure an out-of-plane
component from the peaks at 417 cm-1, 578 cm-1 and 751 cm-1 and a mixed out-of-plane
and in-plane component from the peak at 380 cm-1. Therefore only the out-of-plane
component could be measured directly.
As not all components of the stress tensor could be measured it was crucial that certain
assumption about the stress state have to be made to calculate stresses. While the surface
was expected to be stress free, below the surface of the center of the indent the stress can
be assumed to be hydrostatic. The following figure (Figure 5.10) shows the calculated
stresses in the center of the indent at different depth levels based on the results of Watson

et al. [22]. This calculation was chosen due to the fact that all three peaks, which show
out-of-plane stresses, show similar stress values, as they should.

Figure 5.10 Stresses in the middle of the indent at certain depths.

At the surface of the sapphire the assumption of hydrostatic pressure is not valid. As
expected the out-of-plane stress, which can be estimated from the peakshift of the peaks at

141

417 cm-1, 578 cm-1 and 751 cm-1, is almost zero. In contrast, the peak at a wavenumber of
380 cm-1 which has also an in-plane component exhibits a big compressive stress of about
-1.7 GPa. Below the surface, where the pressure can be assumed hydrostatic as a rough
approximation, the out-of-plane stress seems to be in the tensile regime. The peak at 380
cm-1 shows no significant shift which means that the tensile stress of the out-of-plane
component is compensated by the in-plane stress.
Of course only transparent and Raman active materials are suitable for 3D stress
measurements. These are ceramics, diamond and most polymers. In the case of ceramics
single crystal samples are preferred due to the fact that a polycrystalline sample leads to
peak broadening and makes an accurate determination of the peak position more difficult.
Totally amorphous samples are still Raman active but have in general such broad peaks
that an exact determination of the peak position becomes impossible.

5.5 Summary and Conclusions
The residual stress distribution around an indent in sapphire was analyzed with a confocal
Raman microscope. Interestingly, the residual stress field is not directly influenced by the
geometry of the indent. Although the indent had four fold symmetry the residual stress
field showed three fold symmetry. This result can be explained with the plastic
deformation mechanisms of sapphire. Sapphire has a hexagonal crystal structure and
shows therefore an anisotropic deformation. The possibility for activating a certain slip or
twinning system is orientation dependent. The dominating slip and twinning system show
clear three fold symmetry. This symmetry leads to a three fold symmetry of the residual
stresses. Moreover, hints for a phase transformation at the sidewalls of the indent were
found although the exact structure of this new phase remains unclear.
We have shown that confocal Raman microscopy is a valuable tool for analyzing 3D
stress fields with a spatial resolution in the submicron range. Depending on the Raman
tensors it is possible to have access to several components of the stress tensor. In the case
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of sapphire only an out-of-plane component was measurable due to the fact that the
experimental set-up only allowed to analyze out of plane phonons or phonons which had
an out-of-plane as well as an in plane component. This method can be used for all Raman
active, transparent materials.
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6 Symmetry of Residual Stress Fields of ZnO Below an
Indent Measured by 3-D Raman Spectroscopy
The chapter presents a similar study like in the previous section. Again, the 3-D residual
stress field was analyzed around a micro indent. The here presented measurements were
performed on a zinc oxide single crystal. This particular material was chosen as two
independent components of the stress tensor could be measured by means of Raman
microscopy. This allowed quantifying the biaxial stresses at the surface of the crystal.
Additionally the results confirm that residual stresses are mainly influenced by the
deformation mechanism of the material and not by the geometry of the indent. The article
will be submitted as a full length article to the Journal of Applied Physics: Wermelinger
T., Spolenak R.; Symmetry of residual stress fields of ZnO below an indent measured by 3-

D Raman spectroscopy

6.1 Abstract
ZnO is a wide gap semiconductor with interesting properties for applications in
nanoelectronics as well as nanophotonics and can be used for ultraviolet nanolasers. The
optical and electrical properties of ZnO are strongly influenced by residual stresses,
defects as well as microstructural changes. This work presents a detailed study of the
residual stresses and the microstructure in 3-D around a Vickers microindent placed on the
prism plane of a ZnO single crystal. The biaxial stress field on the surface of the indent
was measured using a confocal Raman microscope. The deformed microstructure around
the indent was examined by 3-D Raman and catodolumniscence measurements. Further, a
cross-section extracted from the center of the indent was studied by transmission electron
microscopy. The results show that the symmetry of the residual stress field on the surface
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depends not on the geometry of the indent but on the deformation mechanism of the
crystal. The 3-D Raman measurements allow calculating the volume of high-dislocation
density in the vicinity of the indent.

6.2 Introduction
Zinc oxide is a semiconductor with a wurtzite-like crystal structure and a band gap of 3.4
eV. The material attracts attentions for various applications such as piezoelectric
transducers, varistors and transparent conducting thin films and is a very promising
material for applications in nanoelectronics and nanophotonics [1-4]. Transparent zinc
oxide nanowire transistors and thin film transistors are interesting due

to the

uncomplicated way of synthesis of nanostructures and the possibility for optoelectronic
integration [5]. Huang et al. showed how zinc oxide nanowires can act as ultraviolet
nanolasers with a wavelength of 385 nm [6]. Another promising application of zinc oxide
is in solar cells [7]. Successive and reliable applications require the profound knowledge
of mechanical properties such as the mechanical deformation behavior.
The mechanical properties were first studied by conventional Vickers hardness testing
mostly performed in polycrystalline samples [8, 9]. In more recent time, nanoindentation
revealed to be a powerful tool for study the mechanical properties of single crystalline
ZnO [10-12]. One result of these measurements was that the major deformation
mechanism caused by indents on the basal plane is slip in the pyramidal as well as the
basal planes. Almost all studies concentrated on the mechanical properties of the c-axis.
Therefore, little is known about the mechanical properties of the a-axis. Further, the
magnitude and the distribution of residual stresses after plastic deformation as well as the
distributions of defect in the vicinity of an indent are unknown. Both, residual stresses and
the microstructure play an important role for applications as they directly change the
optical and electrical properties of ZnO [13, 14]
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Raman microscopy is known to be an accurate non-destructive method for analyzing
different aspects of the microstructure such as grain size, phase transformation and
residual stresses [15-18]. Moreover, a qualitative analysis of the defect density is possible
[19]. A big advantage of confocal Raman microscopy is the opportunity to map
transparent, Raman active samples in three dimensions with a lateral resolution in the
submicrometer range [20].
In this work, confocal Raman microscopy was used to map the residual stresses as well as
the defect density in 3-D in the vicinity of an indent placed on the a-axis of a ZnO single
crystal. The method is based on the fact that the exact peak positions are directly
depending on applied mechanical stress [21-25] and that the ZnO Raman signal alters with
at high defect densities [26-28]. The results were compared to cathodolumniscence (CL)
and electron backscatter diffraction (EBSD) measurements. Additionally, a cross-sectional
lamella from the center of the indent was studied by means of Transmission electron
microscopy (TEM).
ZnO has a wurtzite symmetry with a C6V symmetry. From group theory one can predict an

A1 branch, a doubly degenerated E1 branch and two doubly degenerated E2 branches
which are Raman-active as well as two B branches which are inactive [29]. The Raman
tensors of the active optical vibrations are:
⎛0 0
⎛0 0 c⎞
⎛ a 0 0⎞
⎜
⎜
⎟
⎜
⎟
A1 ( z ) = ⎜ 0 a 0 ⎟, E1 (− x) = ⎜ 0 0 0 ⎟, E1 ( y ) = ⎜ 0 0
⎜0 d
⎜ c 0 0⎟
⎜ 0 0 b⎟
⎝
⎝
⎠
⎝
⎠
⎛ e 0 0⎞
⎛0 e 0⎞
⎜
⎟
⎜
⎟
E 2 = ⎜ e 0 0 ⎟, E 2 = ⎜ 0 − e 0 ⎟
⎜0 0 0⎟
⎜ 0 0 0⎟
⎝
⎠
⎝
⎠

0⎞
⎟
d⎟
0 ⎟⎠

(6.1)

For the A1 and the E1 modes the coordinate in the parenthesis designates the direction of
the phonon polarization. That is, an A1 phonon which is polarized parallel to the c-axis and
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leads to a peak at 381 cm-1 and 574 cm-1. The E1 phonons are polarized in the xy-plane
and cause peaks at 407 cm-1 and 583 cm-1 respectively while the E2 vibrations are at 101
cm-1 and 438 cm-1.

6.3 Experimental
Which phonon vibration gives response to the Raman specturm depends on the direction
and the polarization of the incident laser beam. Figure 6.1 a) illustrates three different
experimental set-ups used for acquiring Raman spectra from a zinc oxide single crystal.
One spectrum was measured with an incident laser beam parallel to the c-axis of the
crystal. The laser was polarized perpendicular to the c-axis (arrow 1 in Figure 6.1 a). Two
spectra were measured on a prism plane. The laser beam was polarized either
perpendicular (arrow 2 in Figure 6.1 a) or parallel (arrow 3 in Figure 6.1 a) to the c-axis.
The measurements of the single spectra were performed with a 10x-objective to minimize
components of the polarization which are not polarized as designated.

Figure 6.1. a) Schematic of the experimental set-up. Spectrum 1 was measured on the basal plane with a

laser polarized perpendicular to the c-axis. The spectra measured on the prism plane were measured either
with a polarization perpendicular (spectrum 2) or parallel (spectrum 3) to the c-axis. b) Raman spectra detected
from the basal plane and prism plane. Peak I (at 330 cm-1) and peak VII (at 1149 cm-1) belong to multiphonon processes.
peak II (at 378 cm-1) and VI (at 574 cm-1) correspond to A1-modes and are polarized parallel to the c-axis. The peaks at
409 cm-1 and 583 cm-1 correspond to the E1-mode and are as well as the E2-mode peak at 438 cm-1 polarized parallel to
the c-axis
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The zinc oxide single crystal was indented with a Vickers microindenter. The indent was
placed on a prism plane of the crystal at ambient conditions. The indent was performed
with load of 0.1 N and with a tip having a radius varying from 0.16 µm to 1.1 µm. The
area of the indent was scanned using an atomic force microscope (AFM) (CRAFM 200,
WITec GmbH, Germany).
The stress field in the vicinity of indent was mapped with a confocal Raman microscope
(CRM 200, WITec GmbH, Germany). The confocality of the microscope collects only
scattered light from the focus spot and allows obtaining in transparent samples data from
different depth levels. The microscope worked in a backscattering mode and was equipped
with a helium-cadmium laser having a wavelength of 442 nm. All measurements were
performed with a laser polarized perpendicular to the c-axis and a 50x-objective
(numerical aperture 0.9). This leads to a lateral and depth resolution of about 0.6 µm and
1.2 µm, respectively. Starting from the surface down to a depth of 13.5 µm a stack of 2-D
maps with an interplanar distance of 1.5 µm was measured. The 2-D maps had a size of
18x18 µm and consisted of 27x27 spectra. The image processing program “Image J” [30]
was used to calculate 3-D structures from the stack of 2-D maps. Further, two depth scans
through the center of the indent were performed having a size of 60x18 µm and consisting
of 90x27 spectra. One depth scan was measured parallel to the x-axis while the other
depth scan was executed along the z-axis.
Additionally, the indent was examined by means of CL and EBSD performed on a FEI
Quanta 200 FEG™.
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6.4 Results
The spectra illustrated in Figure 6.1 b) derive from different crystallographic orientations
of the ZnO crystal (see Figure 6.1 a). Spectrum 1 was measured on the basal plane. The
prominent peak at 438 cm-1 corresponds to an E2-mode which is polarized perpendicular
to the c-axis. The peaks I = 330 cm-1 and VII = 1149 cm-1 are due to multiphonon
processes. Spectrum 2 was aquired at the prism plane with a laser polarized perpendicular
to the c-axis. Peaks appear at I = 330 cm-1, II = 378 cm-1, III = 409 cm-1, V = 583 cm-1,
and VII = 1149 cm-1. Peak II belongs to a phonon vibration of an A1 mode and is polarized
parallel to the c-axis. The Raman peaks III and at V correspond to E1 phonon vibrations
polarized perpendicular to the c-axis [31]. Spectrum 3 was taken at the prism plane with
the laser polarized parallel to the c-axis and exhibits 6 different peaks at I = 330 cm-1, II =
378 cm-1, III = 409 cm-1, IV = 438 cm-1, VI = 574 cm-1 and at VII = 1149 cm-1. Peak VI
corresponds to an A1 phonon vibration polarized perpendicular to the c-axis.
Figure 6.2 shows the AFM map of the indent. The indent had a diameter of approximately
7 µm and a depth of about 1.3 µm. The fourfold symmetry originated from the shape of
the Vickers microindenter. The scan displays a pile-up with a height of about 0.45 µm in
the upper most corner of the indent.

Figure 6.2. AFM scan of the Vickers microindent on the prism plane of the zinc oxide crystal. The indent has a
diameter of approximately 7 µm and a depth of about 1.3 µm. The fourfold symmetry of the Vickers indent is clearly
visible.
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Figure 6.3 represents the shift of the peaks at a) 330 cm-1, b) 378 cm-1, c) 409 cm-1 and d)
438 cm-1 in the vicinity of the indent at a depth of 1.5 µm. All maps show a similar
behavior, a twofold symmetry. The position of all Raman peaks is increased in a 3-6 µm
wide band along the x-axis through the center of the indent. This band of increased Raman
peak positions is surrounded by two much less pronounced bands where the peak position
is decreased. The different signal-to-noise ratio of the different peaks influenced the
clarity of the pattern. The peak at 330 cm-1 (Figure 6.3 a) corresponds to a multiphonon
process with no polarization direction. The peak at 378 cm-1 (Figure 6.3 b) is polarized
parallel to the c-axis. The peaks at 409 cm-1 (Figure 6.3 c) and 438 cm-1 (Figure 6.3 d) are
polarized perpendicular to the c-axis of the crystal.

Figure 6.3. 2-D-peak position maps of the peaks at: a) 330 cm-1, b) 378 cm-1, c) 409 cm-1 and d) 438 cm-1

around the indent at a depth of 1.5 µm. All maps show the same pattern which has a twofold symmetry.

Figure 6.3 demonstrated the twofold symmetry pattern of the peak positions. The mapped
area was too small to see the full extent of this pattern. Therefore, two depth scans through
the center of the indent were performed along the x-axis and along the z-axis (Figure 6.4),
respectively. In both maps the shift of the peak at 378 cm-1 is illustrated. The pattern of the
peak position strongly differs between the two scan directions. Along the x-axis (Figure
6.4 a) different bands where the peak position is increased are visible even in a distance of
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30 µm from the center of the indent. The lines in Figure 6.4 a) correspond to the direction
of the bands with increased peak position. The following angles between the surface (s)
and the direction of the stress band were measured: s-I = 23°, s-II = 55°, s-III = 119°, s-IV
= 150° and s-V = 172°. The scan along the c-axis (Figure 6.4 b) shows directly below the
indent down to a depth of 18 µm an increased peak position. Two small bands of
decreased peak position surround the zone of the increased peak position. In both maps a
maximal increase of 2 cm-1 was found in the center of the indent.

Figure 6.4. depth scans a) parallel to the x-axis or b) parallel to the c-axis. The figures show the shift of the

peak at 378 cm-1. The lines in a) correspond to the direction of the bands of increased peak position.

Directly below the indent a new peak at 583 cm-1 in the Raman spectrum was observed.
Also the intensity of the peak at 438 cm-1 was slightly increased. The Raman spectra in
Figure 6.5 derive from a pristine region of the ZnO crystal (gray triangles) from the center
of the indent (black squares), respectively. Both spectra were extracted from a 2-D map
(see Figure 6.3). Beside the two increased peaks no differences in terms of peak intensity
as well as peak width were observed.
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In Figure 6.5 the intensity of the peak at 583 cm-1 is presented from the surface down to
13.5 µm. With increasing depth the intensity of the peak decreases. Down to a depth of 4.5
µm the intensity distribution of the peak highly corresponds to the symmetry of the indent.
In the area between 6 µm and 13.5 µm the intensity is slightly increased but no pattern is
visible.

Figure 6.5. The black spectrum (squares) was measured in the center of the indent (see Figure 6.3 arrow I).

The gray spectrum originates from a pristine area of the mapping (see Figure 6.3 arrow II). Intensity of the
peak at around 583 cm-1 (marked in the spectra) in the vicinity of the indent. Starting from the surface, the
scans were performed down to a depth of 13.5 µm with an interplanar distance of 1.5 µm.
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From the stack of 2-D images 3-D images were calculated. This allowed visualizing the
intensity distribution of the peak at 583 cm-1 in all directions (see Figure 6.6). As every
color represents certain intensity the volume of the region where the peak appeared could
be calculated. With a threshold set to 20% of the maximal intensity the volume calculated
was 226 µm3.

Figure 6.6. Intensity images from the peak at around 583 cm-1. a) A cross section through the center of the

indent along the z-axis. b) A cross section through the center of the indent parallel to the x-axis.

6.5 Discussion
Under hydrostatic conditions a peak shift directly correlates to the applied stress. Shifts to
higher wavenumbers correspond to compressive stresses while a decreased peak position
indicates tensile stress. Directly below the center of the indent, the residual stress is
assumed to be hydrostatic. Manjon, Syassen and Lauck [23] measured a hydrostatic stress
dependence of 4.33 cm-1GPa-1 for the peak at 378 cm-1 and 5.2 cm-1GPa-1 for the peak at
409 cm-1. 3 µm directly below the center of the indent the peak at 378 cm-1 was increased
by 1 cm-1 while the peak at 409 cm-1 was increased by 1.3 cm-1. Using the peak shifts, the
calculated stress was approximately -230 MPa to -250 MPa. The peaks at 378 cm-1 and
409 cm-1 are polarized perpendicular to each other. Therefore, two components of the
stress tensor could be measured independently. The similarity of the stress values shows
that the assumption of hydrostatic stress is reasonable.
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In more complex stress states the direct correlation between peak shift and stress state is
not valid. As the peaks at 378 cm-1 and 409 cm-1 originate from two different crystal
orientation, two independent components of the stress tensor can be calculated. For
accurate results one has to know the relation between strain, stress and Raman peak shifts,
therefore the so-called phonon deformation potentials has to be calculated. In the region of
the hydrostatic pressure one can calculate the strain tensor using the assumption that εxx =

εyy and the following equations which derive from Hooke’s law:

σ xx = (C11 + C12 ) ⋅ ε xx + C13 ⋅ ε cc ,

(6.2)

σ cc = 2 ⋅ C13 ⋅ ε xx + C33 ⋅ ε cc ,

where σxx = σcc = -250 MPa and Cij are stiffness constants with the following values: C11 =
195.4 GPa, C12 = 111.2 GPa, C13 = 92.5 GPa and C33 = 199.8 GPa [32]. The relation
between the Raman peak shift and the strain tensor for ZnO is given by the following
equations [33]:

Δω A1 = a A1 ⋅ (ε xx + ε yy ) + b A1 ⋅ ε cc ,

[

]

[

]

Δω E1 = a E1 ⋅ (ε xx + ε yy ) + bE1 ⋅ ε cc + c E1 ⋅ (ε xx − ε yy ) 2 + 4 ⋅ ε xy2

Δω E 2 = a E 2 ⋅ (ε xx + ε yy ) + bE 2 ⋅ ε cc + c E 2 ⋅ (ε xx − ε yy ) 2 + 4 ⋅ ε xy2

1/ 2

,

1/ 2

(6.3)

.

Δωi is the peak shift and ai, bi and ci are the phonon deformation potentials of the peaks at
i = A1 (378 cm-1), E1 (409 cm-1) and E2 (438 cm-1). In the case of hydrostatic pressure the
term

[(ε

xx

− ε yy ) 2 + 4 ⋅ ε xy2

]

1/ 2

vanishes. Gruber et al.[22] calculated the phonon

deformation potential for the E2-mode at 438 cm-1 and obtained: aE2 = (-690 ± 110) cm-1
and bE2 = (-940 ± 260) cm-1. Using these phonon deformation potentials, the strains
calculated with equation (6.2) and the relations between the phonon deformation
potentials and the strains given by Davydov et al.[34]
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ε xx

Δω A1 Δω Ei
Δω A1 Δω Ei
−
−
b A1
bEi
a A1
a Ei
=
, and ε cc =
,
a A1 a Ei
b A1 bEi
−
−
2⋅(
)
b A1 bEi
a A1 a Ei

(6.4)

where i = 1,2 one can calculate the phonon deformation potentials for all the peaks. For
the peak at A1-mode at 378 cm-1 we obtained aA1 = -584 cm-1 and bA1 = -796 cm-1. The
phonon deformation potential of the E1-peak at 409 cm-1 are aE1 = -568 cm-1 and bE1 = -

[

1675 cm-1. The term (ε xx − ε yy ) 2 + 4 ⋅ ε xy2

]

1/ 2

describes the splitting of the degenerated E1-

and E2-modes. Significant splitting leads to a broadening of the peak width. Such a
behavior was not observed in any measurement. Therefore, the phonon deformation
potential c (see equation (6.3)) is very small and can be neglected.
On the surface the stress state can be assumed as biaxial with the out-of-plane stress
component σyy = 0. Further, the main deformation systems are parallel to the c-axis
consequently one can assume that the principle stress axes of the stress tensor correspond
to the c- and x-axis, respectively. Therefore, the phonon deformation potentials and
equation (6.2) allows calculating σxx and σcc at the surface of the crystal.

Figure 6.7. a) the σxx- and the b) σcc-component of a biaxial stresses field around the indent at the surface of

the crystal.
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Despite the fourfold symmetry of the Vickers indent the stress field at the surface (see
Figure 6.7) shows a clear twofold symmetry. The σxx-component illustrated in Figure 6.7
a) shows a band of compressive stresses parallel to the x-axis and through the center of the
indent. The compressive stresses are up to -1200 MPa. Along the region of compressive
stress two bands of tensile stresses with values up to 800 MPa are detected. The σcccomponent shown in Figure 6.7 b) shows a much less pronounced pattern. The residual
stresses in the direction of the c-axis are much lower than in direction of the x-axis. But
also here the same twofold symmetry is visible. In the center of the indent compressive
stresses of about -400 MPa were calculated. To correlate these results with the ZnOmicrostructure around the indent SEM and CL measurements were performed. The SEM
image of the indent (Figure 6.8 a)) shows a crack parallel to the basal plane. The CL
image in Figure 6.8 b) reveals two interesting facts. Firstly, the induced defects and
dislocations, which appear as black, show a twofold symmetry. Dislocations extend
mainly parallel to the basal plane. Secondly, the perturbed zone is much larger then the
indent itself and the induced defects propagate up to 15-20 µm into the material. Both
findings are in agreement with literature [35, 36]. The results of the CL measurement
show that the residual stress field of the indentation is not determined by the shape of the
indent but by the mechanism of plastic deformation. The CL image also gives an
explanation why the amount of residual stresses differs so strongly between the c- and the

x-axis. The majority of the dislocations prolong along the x-axis. Every dislocation causes
a distortion which is much larger parallel to the x-axis then parallel to the c-axis.
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Figure 6.8. a) SEM image of the indent. The arrow highlights a crack parallel to the basal plane. b) CL

image of the same indent. The defects and dislocations appear as black. c) EBSD image of the rotation of the
out-of-plane orientation of the crystal around the indent. The local crystal orientation is rotated maximally
14° in comparison to the pristine ZnO crystal orientation.

The CL image explains the two fold symmetry of the residual stresses but it can not
explain the pattern of the depth-scan along the x-axis (Figure 6.4 a)). Indentation studies
performed on the basal plane of ZnO [12, 37-39] demonstrated that defects created by
loading propagate in well-defined directions. First slip systems along the [1 2 10], [2 1 1 0]
and [11 2 0] directions are activated and extend deep into the bulk material. With
increasing load, features which are offset by ~ 30° appear along the [ 1 010], [0 1 10] and
[1 1 00] directions. This leads to a rosette structure with a hexagonal symmetry. All the
deformation systems are parallel to the basal plane. A schematic illustration of the
structure is presented in Figure 6.9. In Figure 6.4 a) the angle between band II and band III
as well as the angle between band III and V is approximately 60° while the angle between
I-II and between III-IV is in the order of 30°. The CL image and the 2-D Raman scans
showed the correlation between defect structures and residual stresses. Thus, we assume
that the bands measured in Figure 6.4 a) correspond to defect structures either along a
[1 2 10] or along a [1 1 00] direction. The depth scan along the c-axis (Figure 6.4 b))
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supports our assumption. The peak is increased only directly below the indent and no
other bands are visible which would correspond to deformation directions not parallel to
the basal plane.

Figure 6.9. Schematic illustration of preferred directions for the propagation of dislocation caused by

indentation on a ZnO basal plane [12, 35, 37].

Two explanations are possible for the increased peak intensity at 583 cm-1 which is shown
in Figure 6.5. First, the indentation could have induced a local rotation of the crystal
orientation. Secondly, oxygen vacancies as well as an excess of Zn at particular lattice
sites or at interstitial positions can lead to increased peak intensity [26]. The orientation of
the crystal around the indent was mapped by means of EBSD. The result illustrated in
Figure 6.8 c) shows that the local out-of-plane orientation was rotated maximally 14° with
respect to the pristine crystal orientation. The largest crystal rotations were observed at the
pile-up and the borders of the indent while the crystal orientation of the indent was highly
comparable to the pristine orientation. Regarding the intensity of the peak at 583 cm-1, the
rotation of the crystal orientation may play a role at the border of the indent but in the
center of the indent the EBSD measurement shows that rotation can be excluded as the
main cause for the increased intensity of the peak. Therefore, the increased intensity can
be correlated to defect density.
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Comparing Figure 6.5 and Figure 6.8 b) shows that only the center of the indent and
therefore the region with the highest defect density causes an increase of the peak at 583
cm-1.

6.6 Conclusion
The prism plane of a ZnO single crystal was indented with a Vickers microindenter. The
indented was examined by confocal Raman microscopy, CL and EBSD and TEM. As
ZnO is transparent it was possible to measure Raman maps in 3-D. The Raman
measurements showed that the hydrostatic residual pressure 3 µm below the center of the
indent are -230 to -250 MPa. The biaxial stress field on the surface of the indent showed a
twofold symmetry. This can be explained by the deformation mechanism of ZnO.
Dislocations prolongate mainly along the basal plane. σxx showed values between -1200
and 800 MPa while σcc showed stresses between -400 and 200 MPa. The distortion caused
by the dislocations is much stronger along the x-axis then along the c-axis and is the
reason for the big differences between the values of σxx and σcc. Raman depth-scans along
the x- and the c-axis showed different behavior. The authors believe that the bands of
increased peak position which can be seen in the depth-scan along the x-axis correspond
to certain crystal orientations. In the center of the indent and directly below the center the
Raman peak at 583 cm-1 was significantly increased. The increased intensity corresponds
to oxygen vacancies and/or Zn interstitials. As the Raman maps were performed in 3-D it
was possible to calculate the volume of the increased peak intensity which corresponds to
the volume of high dislocation density and was 226 µm3.
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7 Conclusion and Outlook

7.1 Conclusion

The aim of the work was to analyze mechanical stresses as well as microstructural
changes of different materials in small dimensions by means of Raman microscopy. The
results of the mainly experimental work are presented in 5 chapters. The particular
chapters are dedicated to different aspects of stresses and microstructural changes
analyzed in one-, two- and three dimensions. From the results it is possible to draw some
general conclusions which can be divided into two main sections. The first section
concentrates on the method Raman microscopy itself while the second section focuses
mainly on mechanical stresses and relating materials aspects.

7.1.1

Raman Microscopy

Raman microscopy has proven to be an accurate method for measuring strain and stresses.
In uniaxial compressive experiments performed on silicon micro-pillars the stresses
derived from Raman microscopy and a load cell show were in very good agreement since
the discrepancy between both methods throughout the test up to a load of about 5.1 GPa is
less than 3%. In a highly Raman active material such as silicon the method has a strain
resolution of 10-4 which allows to detect stresses as small as ~20 MPa.
Two-dimensional stress mappings of silicon thin films proved that the method is also able
to measure stresses indirectly in metal thin films. Thermal stresses were applied by
heating up the silicon-silicon nitride-aluminum multilayer structure up to 200°C. The
temperature-induced stresses were measured by means of Raman microscopy and
compared to theoretical considerations. At 200°C with both methods in the aluminum thin
film compressive stresses of about -100 to -150 MPa were calculated. This approach still
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has a lot of potential for improvements. For example, replacing the polycrystalline silicon
thin film with a single-crystal silicon film would increase the accuracy of the method. It
would also allow analyzing inhomogeneous stresses in thin films.
Due to the confocality of the Raman microscope it was feasible to map stresses in three
dimensions. The key requirement is to have transparent and Raman active samples. As the
spatial resolution decreases with increasing penetration depth into the material the method
is limited to some tens of micrometers. The number of independent components of the
strain or stress tensor which are available by Raman microscopy depends on the material.
3-D stress states are in general of complicated nature. If only one or two components are
measurable directly, one has to assume certain stress states to be able to quantify the
stresses. Nevertheless, the measurements give a detailed qualitative impression about the
appearance of stresses.
Besides performing Raman measurements the laser was used for inducing grain growth in
amorphous silicon thin films. The produced grains in chapter 3 had an average diameter of
35 ± 17 nm. Other experiments showed that it was possible to produce grains with a
diameter of up to 1 μm. While laser induced grain growth is well known for large scale
applications, the small diameter of the laser allows selective grain growth in highly
specific areas and producing crystalline structures with a size in the micrometer range.
Since the crystalline silicon possesses material properties different than that of the
amorphous silicon such as anisotropic etching rates for its crystal planes or electrical
conductivity this could be a useful tool to produce freestanding structures or electrical
conductors.

7.1.2

Materials Aspects

The micro silicon pillars had an average compressive failure strength measured in the
middle of the micro-pillars of -5.1 GPa. In all the performed measurements the stressstrain-correlation of the pillars was linear. In a small number of measurements a shoulder
on the low energy side of the silicon Raman peak was detected. Based on a TEM study, it
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was found that the main deformation mechanism of the pillars is brittle fracture.
Dislocation nucleation and movement seems to play only a secondary role and to be
triggered by interaction with cracks. Phase transformations could neither be observed
during (by Raman spectroscopy) nor after the deformation (by TEM). Further, phase
transformations require a high strain rate which was not given in the performed
experiments. Hence, we strongly believe that the shoulders observed are due to cracks
propagating through the laser spots.
One advantage of Raman microscopy is that it additionally contains information about the
microstructure of the probed materials. This is shown in several chapters of the thesis but
especially in chapter 4. A TEM lamella was extracted from the center of an indent placed
on a silicon wafer. As silicon is highly Raman active it was possible to map the lamella by
means of Raman microscopy. The results illustrate how the peak width highly correlates
with the defect density while the peak position is mainly altered by implanted Ga+-ions
which were needed for cutting out the lamella by means of FIB. The shifted Raman peak
can be explained by the phonon confinement model (PCM). The implanted ions cause
damage in the single crystalline silicon. Therefore, one assumes that phonons are not
infinite as in the single crystalline case anymore but restricted by grain boundaries. The
restriction causes a relaxation of the phonon wave vector. The smaller the crystallite size
the higher is the peak shift. This shows how the preparation of samples can influence the
results.
The 3-D studies of sapphire and of ZnO illustrated very clearly that the residual stress
fields is primarily influenced by the plastic deformation mechanism and not by the
geometry of the indent. In both cases a Vickers indent was used to plastically deform the
basal plane of a sapphire single crystal and the prism plane of a zinc oxide single crystal.
Instead of the fourfold of the symmetry of Vickers indent the residual stress fields around
the indent showed a threefold symmetry in the case of sapphire and a twofold symmetry in
the case of zinc oxide, respectively. In ZnO the indent was placed on the prism plane to be
able to detect Raman signal from two phonon vibrations which are perpendicular to each
other. This allows quantifying biaxial stress on the surface of the crystal. In ZnO the
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dislocations prolong mainly along the basal plane which leads to the already mentioned
twofold symmetry of the residual stresses. σxx showed values between -1200 and +800
MPa while σcc showed stresses between -400 and +200 MPa. The distortion caused by the
dislocations is much stronger along the x-axis then along the c-axis and is the reason for
the big differences between the values of σxx and σcc.
In both 3-D studies changes of the microstructure could be observed. In the case of
sapphire, the Raman signal from directly below the indent is significantly altered. This
most probably a result of a stress induced phase transformation. In ZnO no phase
transformation is visible. Nevertheless, directly below the indent the intensity of the peak
at 583 cm-1 is strongly increasing. The increased intensity possibly corresponds to oxygen
vacancies and/or Zn interstitials. As the Raman maps were performed in 3-D it was
possible to calculate the volume of the increased peak intensity which corresponds to the
volume of high dislocation density and was 226 µm3. The theoretical limit is the volume
of one single voxel which has a volume of approximately 1 µm3.

7.2 Outlook
The results of this work showed that Raman microscopy is an appropriate method for
examining different stress and microstructural related questions. One of the major tasks of
future developments for all applications of Raman microscopy is to increase the spatial
resolution. One potential way is the use of UV lasers. This approach has the disadvantage
that the increased energy of the incoming light also increases problems regarding
fluorescence. Other approaches are combining either scanning near-field optical
microscopy (SNOM)-technology or surface enhanced Raman scattering (SERS)technology with Raman microscopy. Both approaches have the potential to significantly
increase the lateral resolution. Some preliminary studies, using the SERS-effect for
enhancing the spatial resolution, were accomplished in the scope of this thesis. The results
of the studies were somehow frustrating. Different materials such as gold, silver and
platinum as well as different grain sizes were under examination. The measured SERS
effect was very weak if it was detectable at all. Reasons are the (for SERS)
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disadvantageous backscattering set-up of the microscope as well as a not ideal particle
size. Special arrangements of nanoparticles might increase the SERS-effect. Although the
results were not very promising up to now, SERS is a too powerful method to be
neglected. For further studies it would be of greatest interest to cooperate with groups
which have much more experiences in the fields of SERS concerning simulations and
experimental work.
As already mentioned in the conclusion, it is possible with silicon-silicon nitride-metal
multilayer structures to measure stresses in the metal thin film by means of Raman
spectroscopy. In the presented case study a poly-silicon thin film was used. Replacing the
poly-crystalline film with a single-crystal film would increase the lateral resolution as well
as the accuracy of the method. The experimental set-up is mainly suitable for measuring
residual, thermal stresses and stresses applied by means of bulge-tests. Due to the fast data
acquisition and the good lateral resolution of the Raman microscope it would be possible
to perform more general studies in terms of different metals, film thicknesses and grain
sizes. Another material which has the potential to be used as a strain gage is mica. The
advantage of that material is the flatness of the surface and that it is single crystalline. As
it is transparent it would be possible to focus directly on the mica-metal interface.
One of the main conclusions of the thesis is that 3-D residual stresses in the vicinity of a
micro-indent are mainly influenced by the deformation mechanism of the material rather
than by the geometrical shape of the indent. A very interesting experiment would be to see
how the stress field behaves during in situ micro-indentation. Another fascinating aspect
could be how the residual stress field appears for larger indents or indents with special
geometry (high length/width-ratio etc.). For quantifying stresses exactly one has to know
the phonon deformation potentials of the materials. These values are only known for few
materials and often the values stated in different publications show large deviations.
Therefore it would be of great interest to define the phonon deformation potentials for
different materials using XRD, Raman and other methods.
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We showed that the peak positions of polymers also depend on the applied stresses.
Moreover, we could illustrate how the peak shift is depending on the orientation of the
polymerchains. The great advantage of polymers the large amount of strain which can be
applied. The measurements were disturbed by slip between the polymer samples and the
clamps of the tensile machine. Further investigations have to find a sample set-up which
minimizes the problem of slip.
Due to the high power and the very small focus spot of the laser it is possible to heat up
samples to a very high temperature. On one side, this can be a potential problem for
experiments with polymer as the laser might destroy the sample. On the other side, the
high energy density can be used for induce grain growth in amorphous silicon thin films.
Some rough estimation showed that the silicon thin films are locally heated up to more
than 1200°C. The method could be used to produce crystalline structures with a size in the
micrometer range. As the crystalline silicon has other material properties than the
amorphous silicon such as etching rates or electrical conductivity this could be a useful
tool to produce freestanding structures or electrical conductors. The method is not only
limited to silicon thin films but might be also applied to other Raman active materials.
One could also think of locally heating metals indirect using an experimental set-up such
as used in chapter 3. For example sputtering a steel thin film with a martensitic crystal
structure could be locally heated up above the austenitic temperature. One might obtains a
non-magnetic thin film which features defined areas of austenitic magnetic structures.
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