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ABSTRACT

SIZE CONTROLLED GERMANIUM NANOCRYSTALS
IN DIELECTRICS: STRUCTURAL AND OPTICAL
ANALYSIS AND STRESS EVOLUTION

Rahim Bahariqushchi
Ph.D. in Physics
Advisor: Oguz Giilseren
August 2017

Group IV semiconductor nanocrystals, namely silicon and germanium have at-
tracted much interest in the past two decades due to their broad applications
in photovoltaic, memory, optoelectronic, medical imaging and photodetection
devices. Generally, there are two major features of semiconducor nanocrystals:
First, spatial confinement of charge carriers which leads to the significant changes
in optical and electronic properties of materials as a function of size. This effect
gives the possibility to use the size and shape of the nanocrystals to tune the en-
ergy of electronic energy states. Second feature of nanocrystals, is the increased
of surface area to volume ratio of the nanocrystal with reducing size. This leads
to an enhanced role of the effects related to surface and interface of the nanocrys-
tal. Furthermore, stress on the nanocrystals can lead modification of the band
structure as well as influencing the crystallization of the nanomaterials. Recent
works show that measurement and control of the stress can open the way for
strain engineering of the electronic band structure, thereby opening the way for
new physics and applications. In this thesis, we first carry out a study on the
synthesis of germanium embedded in silicon nitride and oxide matrices. Influence
of the annealing method as well as germanium concentration on the formation of
nanocrystals is discussed. It was found that Ge concentration and annealing play
important roles in the formation of the Ge nanocrystals. With crystallographic
data obtained from high resolution transmission electron microscopy, quantitative
analysis of stress state of germanium nanocrystals have been done by analyzing
Raman peak shift of embedded nanocrystals taking into account the phonon
confinement effect. Finally, using stressors as buffer layers, superlattices of Ge
nanosheets were studied to understand the effects of the stressors on the stress
state of Ge nanocrystals. We demonstrate that it is possible to tune the stress
on the Ge nanocrystals from compressive to tensile. Finally we showed a three
dimensional Ge quantum solid that can be used in optoelectronic applications.
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OZET

DIELEKTRIK MATRISLERDE GERMANIUM
NANOKRISTALLER: YAPISAL VE OPTIK ANALIZ VE
ZOR EVRIMI

Rahim Bahariqushchi
Fizik, Doktora
Tez Danigmani: Oguz Giilseren
Agustos 2017

Grup IV yaniletken nanokristaller, yani silisyum ve germanyum, fotovoltaik,
bellek uygulamalari, optoelektronik, tibbi goriintiilleme ve ultra hassas tespit ci-
hazlar1 gibi bir ¢ok alanda ilgi ¢eken bir konu olmustur. yariiletken nanokristal-
lerin iki onemli oOzelligi vardir: kuantum hapsolma etkisinden dolayr malze-
menin boyutlar1 kiiciildiikiie optik o6zelliklerinde biiyiik degisiklikler olugur.
Bu etki nanokristallerin boyut ve sekillerini ayarlayarak elektronik enerji se-
viyelerinin kontrol edilebilmesini saglar. Ikinci ozellik ise azalan boyutla bir-
likte "uzey/hacim” oraninin artmasi ve buna bagh olarak yiizeyle alakal etki-
lerin rolunun artmasidir. Yaruletken nanokristaller superorgiiler gibi karmagik
nanoyapilarin da geligtirilmesini miimkiin kilar. Bu tezde silicon nitriir ma-
trisine gomiili germanyum nanokristallerin ”uretilmesi "uzerine bir caligma
yuriitiilmiigtiir. Tavlama yontemleri ile germanyum derisiminin nanokristallerin
olusumuna etkisi tartigilmigtir. Germanyum derisiminin ve tavlama yonteminin
nanokristal olusumunda 6nemli rol oynadigi goriilmiistur. Sonrasinda, ger-
manyum nanokristaller silicon nitriir matriste sentezlenerek kristalleri cevreleyen
matrisin etkisi incelenmigtir. Germanyumun stres durumunun nicel analizi fonon
hapsolma etkileri goz ontinde bulundurularak Raman pikinin kaymasinin incelen-
mesi ile gerceklestirilmistir. Yiiksek ¢ozunurluklu gecirimli electron mikroskopu
kullanilarak nanokristallerin ortalama boyutu belirlenmig ve fonon hapsolma
modeline uygulanarak analiz edilmistir. Daha sonra siiperérgii orneklerinde
tavlama yontemi, cevreleyen matris ve stress yaratict katman degistirilerek

nanokristallerin stress durumu ayarlanmisgtir.

Anahtar sozcikler: Germanyum nanokristalleri, Dielektrik matrisler, Kuan-
tum kustama, Fonon kusatilmasi , Fonon Raman spektroskopisi, Yiiksek ¢ 6
zuntrliikli transmisyon elektron mikroskopisi, stres miithendisligi, fotoltiminesans
spektroskopisi, stiperorgiiler.
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Chapter 1

Introduction

Semiconductor nanocrystals (NC's) have different electrical and optical proper-
ties than their bulk counterparts due to the confinement of charge carriers and
vibronic modes, the so called quantum confinement effect QCE which alters the
band structures of materials and also increasing of surface to volume ratio with
size reduction which leads to increase in surface related effects [1] [6]. Due to this
high surface to volume ratio in nanoscale regime, a larger number of atoms are
located in the surface of nanoclusters which in turn leads to completely different
thermodynamic properties compare to bulk material [6]. Quantum confinement
effect takes place when a structure becomes as small as exciton Bohr radius in
one or more dimensions [7]. In this thesis, we consider nanocrystals that can be
considered quantum dots () Ds) that are confined in all three dimensions. Strong
size-dependent properties for particle sizes below 10 nanometers have been shown
theoretically and experimentally by several studies [8]. This size-dependent be-
havior of NC's electronic structure, allows for tailoring the optical and electronic
properties of materials which in turn leads to many potential applications such
as nanocrystal solar cells [9],quantum dot (QD) photodetectors [10] light emit-
ting devices [11] and non-volatile memorial (NV M) devices [12], biological imag-
ing [13]. However, most of research on nanocrystal structures have been done on
group I — VI and I1] —V semiconductors, such as C'dSe and CdS. Despite the

importance of group IV semiconductors Si and Ge in semiconductor technology,



less attention had been paid to this group due to indirect nature of their band
structure and poor optical efficiency of these materials. However since observa-
tion of photoluminescence (PL) [14] from porous silicon in the 1990s, interests in
Group IV nanocrystals such as silicon (S7) and germanium (Ge) have increased.
Quantum confinement of carriers enables indirect bandgap semiconductors to be-
come more efficient light emitters [15]. However a main challenge still remains in
determining whether the origin of PL is defects located in matrix and nanocrystal-
matrix interface or quantum confinement effect. There is lack of agreement in
experiment reports on the origin of luminescence and in any study the origin of
luminescence should be investigated with care. Even though it is now widely
accepted that both defects located on NC-matrix interface and quantum confine-
ment of charge carriers have important roles to play in the photoluminescence
it is difficult to distinguish two luminescence mechanism. It is reported [16-19]
that photoluminescence intensity from defects located at NCs, interface strongly
depends on NCs size. For example in the work of [16] it is argued that lumi-
nescence in a Si/S102 superlattice structure originates from transitions between
defect states at surface. Origin of the defects is due to dangling bonds on the
surface of th NC's i.e large bond mismatch between NCs and embedding matrix.
There are several other reports relating the origin of PL to surface defects [17,18]
Other reports for example [20,21] relate the PL origin to quantum confinement.
Zacharias et al. [22] have argued based on measurements in a high magnetic
fields, that defects are the main source of photoluminescence from Si nanocrys-
tals. They also, show that it is possible to control the origin of photoluminescence
in a simple way: First they remove the defects by hydrogen passivation, which
leads to almost pure photoluminescence from quantum-confined states, then they
reinduced the defect states by illuminating ultraviolet radiation, making them
the main origin of the light. Charge transport behavior of Si nanocrystals em-
bedded in a silicon oxide matrix also investigated [23] taking into account three
different mechanism namely tunneling, hopping and percolation and show that
in low and high density regime, different mechanisms dominate the transport
process. Pavesi et al. [23] discussed the importance of surface chemistry in de-
veloping functional Si nanocrystals since in very small regime, surface chemistry

becomes crucial in controlling properties of nanocrystals. Zacharias et al. [24]



proposed a superlattice method for controlling size and density of nanocrystals.
These multilayer structures, control size of nanocrystals at least in growth direc-
tion by hindering Ge atoms during diffusion in annealing process, it also provides
possibility to control density of nanocrystals simultaneously, these highly packed
nanostructures have potential applications in photovoltaic and charge transport
applications. Theoretically, Ge has some advantages over Si. Ge has larger exci-
tonic Bohr radius (24.3nm) compared to that of Si (4.9nm) [25] due to its smaller
electron and hole effective masses and larger dielectric constant. Therefore, quan-
tum confinement effect can be seen even in larger Ge QDs and it would be easier
to tune electrical and optical properties of Ge by controlling the size of QDs.
In Ge with small energy difference between direct and indirect band gaps, ra-
diative recombination occurs more rapidly compared to Si. Ge also has melting
point of 938 C which is lower than that of Si (1414C), suggesting that Ge QDs
can be fabricated at lower temperatures which reduces costs of manufacturing.
Germanium nanocrystals embedded in a wide band gap matrix like S10, Siz Ny
and Al,O3 are in particular importance because of blue luminescence of Ge in
such matrices reported by several groups [26-29]. However, the origin of this
photoluminescence is not clear and has been attributed to matrixz — Ge interface
states [30], matrix defects [31], as well as quantum confinement effects [4]. Re-
cently, nanocrystalline silicon and nanocrystalline germanium quantum dot flash
memories have been incorporated in the full complementary MOS (CMOS) com-
patible technologies based on discrete isolated charge storage modules. Tiwari et
al. proposed an NC-Si memory device that can be programmed at fast speeds
(hundreds of nanoseconds) using low voltages for direct tunneling and electron
storage in NC-Si [32] King et al. also demonstrated a NC' — Ge memory device
with high programming speed and high retention time [33,34] in comparison to
conventional flash memories. Moreover, Ge absorbs light more efficiently [1] than
Si. As shown in Fig (1.1), the absorption coefficient of crystalline Ge is more
than one order of magnitude larger than Si. This is related to the smaller band
gap and the nearly-direct band-gap with respect to Si. The capability to absorb
light also in near infra red region range where bulk Si is optically blind, combined
with its high carrier mobility [35] proposed Ge as a good candidate for the fabri-

cation of infrared photodetectors, high-speed optical modulators as well as high



efficiency multi-junction solar cells [36-38]. For the above mentioned reasons, Ge
is principally more suitable than Si for light absorption. However, its usage in the
bulk form have been limited because of its high production costs. The usage of
Ge in nanostructure form can solve the scarcity problem of this element, giving
also the possibility to exploit the quantum confinement effect in these systems.
Since, Ge has an exciton Bohr radius much larger than that of Si it is potentially
possible to tune the absorption edge of Ge NCs from the infrared up to visible
range without shrinking the NCs size too much. Such a possibility, together with
the larger absorption capability and the quasi-direct bandgap, make Ge NCs very
attractive for the application in a large variety of devices, from energy-tunable
light harvesters (e.g. multi-junction solar cells and photodetectors) to efficient
optoelectronic devices. These include: optical modulators, efficient photodetec-
tors and solar cells. Due to its high absorption coefficient in the near infra red
region and the advantage of ease integration with Si, photodetectors based on
bulk Ge has been already largely utilized for light detection in the telecommuni-
cation wavelength range of 1300-1600 nm, but the cost and the device speed issues
remain. In recent years, various configurations of thin film Ge-based photode-
tectors (p-i-n, waveguide coupled or avalanche gain detector design) have been
developed and demonstrated high values of performance (0.5 - 1 A/W at 1550
nm) [38]. However, further miniaturization of the components design and opti-
mization of the performance at low or zero bias is essential to achieve high energy
efficiency and reduced costs for a large-scale electronic-photonic integration. In
this scenario, the discrete levels produced in Ge NCs by quantum confinement
can guarantee promising applications for light detection in narrow spectral infra
red and compatibility with CMOS technology as well as reduce production costs.
NC-Ge, though posing several fabrication challenges such as lower evaporation
temperature and difference in surface energy with respect to the oxide, is a per-
fect candidate as Ge can readily incorporated into mature silicon technologies. In
addition, diffusion of Ge is not significant at temperatures below 500C. As such,
the device will not be adversely affected by subsequent low temperature process-
ing steps. Last but not least, Ge nanocrystals can be more easily differentiated
from Si in a Si,0 matrix. On the other hand embedding of ge NCs in dielectric

matrices leads to large compressive or tensile stress which can alter the band gap
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Figure 1.1: Absorption coefficient for crystalline silicon and germanium. From
ref. [1].

structure of nanostructures. A significant development that shows the interest
in Ge and role of stress in its application is a demonstration of a near-infrared
germanium laser reported recently [39]. One of the critical points to obtain las-
ing with such a indirect band gap material is to decrease the energy separation
between the L and zone center valley and therefore increasing the population of
the zone center conduction band minimum and lead to efficient recombination
of carriers. It has been shown that applying tensile stress can lead to decrease
in separation of this energy. Several approaches have been proposed to obtain a
tensile strain to germanium [40-44]. The most direct strategy is to use the differ-
ence of thermal expansion coefficients between germanium and silicon that can
lead to a tensile strain for germanium nanocrystals [45]. using buffer layers with
different lattice parameters like InGaAs alloys [46] or Ge — Sn buffer layers [47]is
also a good choice as it can lead to large tensile strain. Silicon nitride layers
are particularly interesting as their deposition is fully compatible with comple-
mentary metal oxide semiconductor (CMOS) processing on a silicon substrate.
Nitride layers as stressors is broadly used in the microelectronic applications [48].
For photonics application, optical gain has been recently evidenced in germa-
nium photonic wires strained by a Si3/N4 layer indicating the potential of this
approach. Therefore it is important to study the stress state of NCs in dielectric
matrix. It is possible to tune the band gap of NCs by varying the stress of NCs.

In this thesis we first review the growth mechanism of Ge NCs inside a dielectric
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matrix. We grow Ge NCs in two different matrices namely Si02 and Si3N4 .
We study structural and optical properties of Ge embedded in these matrices via
employing methods like Raman spectroscopy, High resolution transmission elec-
tron microscopy (HRT EM), photoluminescence (PL) spectroscopy. Effect of Ge
content, surrounding matrix as well as annealing method on stress state and heir
PL properties have been studied. We also prepared Ge embedded in ultrathin
films using multilayer structures to control simultaneously size and density of Ge
NCs. This method also allows for controlling stress of NCs from compressive to
tensile stress which is desirable in optoelectronic applications. Armed with these
results on the control of stress, we envision new possibilities in engineering of
three dimensional quantum solids. The organization of this thesis is as follow: In
the second chapter of the thesis, theoretical background of the work is described,
with first an overview on semiconductors. Direct and indirect band gap semicon-
ductors and emission processes in these two type of materials is reviewed with
indirect band gap semiconductors having low optical efficiency due to low prob-
ability of radiative recombination of electrons and holes between conducting and
valence band. This low recombination rate is a result of momentum conservation
rule which hinder electron transition between two points in the Brilouin zone
with different momentum. Indirect to quasi-direct transition of band structure
in nanocrystals is presented considering Heisenberg uncertainty relationship and
momentum conservation relaxation due to confinement of charge carriers. This
includes quantum confinement of excitons and confinement of phonons which
are going to be used in analyzing optical and structural properties of samples
in the following chapters. In the third chapter characterization techniques used
for analysis of the materials will be introduced briefly, this includes techniques
for compositional analysis such as Rutherford backscattering spectroscopy (RBS)
and X — ray photoelectron spectroscopy (X PS). These methods are very im-
portant as the precise determination of elemental composition is essential in final
form of nanocrystal’s size , shape and size distribution. In the fourth chapter,
stress on Ge NCs is studied, Firstly, stress on Ge NCs embedded in silicon nitride
matrix is estimated using combination of Raman spectroscopy and transmission
electron microscopy data. Raman shift of nanocrystal compared to that of bulk

crystal is related to nanocrystal size and size distribution. Total Raman shift is



assumed to be a combination of a red shift due to confinement of phonons and
a stress induced shift blue shift (for compressive stress) or red shift (for tensile
stress). by comparing experimental results of Raman shift with shift predicted by
phonon confinement models, stress on NCs is extracted. This stress is found to be
independent of size of NCs in the dielectric matrices including silcon dioxide and
silicon nitride. This stress is also estimated via relaxation of Ge NCs from matrix
via HF etching of matrix and measuring Raman shift of released Ge NCs, these
results are in agreement with those obtained via applying phonon confinement
model. In other section of chapter four, stress of Ge NCs is tuned via different
methods namely processing method, matrix and buffer layer in superlattice struc-
tures. Samples are annealed in two different approaches, i.e. conventional furnace
annealing and rapid thermal processing and results are compared. Then Ge NCs
embedded in silicon oxide matrix are synthesized and analyzed via Raman spec-
troscopy and TEM microscopy. It is found that stress of Ge NCs depends on the
surrounding matrix. Then two sets of superlattice multilayer structures are fab-
ricated: SiGeN/Si0O2 and SiGeN/Si3N4. Stoichiometric Si02 and Si3N4 are
used as thin stressors buffer layers which control size and density of NCs by lim-
iting Ge atoms from diffusion during annealing. The effect of choosing the buffer
layers on stress state of the samples is investigated and found that StO2 leads to
compressive stress while Si3/N4 buffer layer can result in tensile stress. Therefore
we managed to tune stress state of Ge NCs from compressive to tensile stress. A
correlation between stress and crystallization threshold also was observed. It is
found that while compressive stress enhances the crystallization process, tensile
stress suppresses crystallization. In chapter five, optical characterization of single
layer and multilayer samples are performed using a HeCd laser operating at 325
nm as the exciting source. Photoluminescence results are discussed an origin of
the emission is related to defects located at the interface of Ge nanocrystal and
matrix. Furthermore enhancement of photoluminescence intensity is observed in
superlattices compare to single layer samples. This enhancement is also discussed.

In chapter six, conclusions are presented and future work is proposed.



Chapter 2

Theoretical background

In this chapter the theoretical background for this thesis is presented. Description
of nanocrystals, their formation and properties are outlined. The concept of
quantum confinement of carriers (QCE) is discussed and its role in determination
of electronic and optical properties is described. Finally critical in determination

of stress, an overview on phonon confinement effect will be presented.

2.1 Semiconducting Nanocrystals: Si and Ge

We concentrate on group IV elements, as Si and Ge are very similar to each other

in many respects and Ge nanocrystals are the subject of this thesis.

2.1.1 Direct vs indirect band gap semiconductors

Si is the dominant element in semiconductor industry due to its abundance in
nature and non-toxicity properties. Furthermore its electrical conductivity can
be controlled dynamically or permanently and its oxide (Si02) is one of the best

insulators. However Si, has weak optical efficiency [2]. Weak photoluminescence



of Si is due to indirect energy band gap of silicon; that is minimum energy of
the conducting band and maximum energy of valence band do not correspond to
the same momentum. Fig. (2.1) illustrates energy band diagram of Si and GaAs

which is a direct band gap material. In a semiconductor, electrons occupy the

/

GaAs
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Figure 2.1: Energy-band diagrams for Si and GaAs. In bulk Si, conduction
electrons and valence holes occupy the band’s minima and maxima with different
momentum. Photon emission without assistance of phonon is not allowed for

silicon. (Ref [2]).

lowest energy states of the conduction band and holes occupy the highest states
of the valence band. Recombination of an electron and a hole leads to emission
of a photon, that is conduction electrons transit to the valence band and release
their energy in the form of a photon. Photons with energy equal to the bandgap
of the semiconductor are emitted. Besides energy, momentum conservation is also
required in photon emission process. However, photon momentum is negligible
compared to electron’s and hole’s momentum by a factor of 1000. In a direct
bandgap material, the electrons are in the the conduction band minima and can
recombine with holes at the valence band maxima since they are of the same
momentum at the center of the Brillouin zone and therefore radiative recombi-
nation is possible without breaking momentum conservation rule. In a indirect

bandgap material like silicon and germanium, there is large difference between
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momentum of electrons in the conduction band minima and holes in the valence
band maxima and therefore a direct recombination of electron and holes (without
phonon assist) is not possible due to momentum conservation rule. Photon emis-
sion process is possible only with assistance of another entity such as a phonon.
However this is a process with low probability and as a result, silicon is a poor
light emitter semiconductor. Eventhough in many cases, this property of Si is
a disadvantage it is a desirable property in electronic applications [2]. This is
because in Si due to indirect nature of energy diagram, radiative recombination
is slow (on the order of a few miliseconds) [2]. Minority carriers lifetimes are long
enough that they can diffuse for distances up to few hundreds of micrometers.
In a direct semiconductor on the other hand, the lifetime is on the order of a
few nanoseconds which limits diffusion of minority carriers in these materials.
However when Si nanocrystals are considered, situation becomes different. At
the nanometer scale, Heisenberg uncertainty principles plays important role, that
is due to spatial confinement of electron and holes in a nanoscale region, there is
relaxation in the momentum of carriers which increases with decreasing nanocrys-
tal’s size. It is therefore expected that probability of radiative recombination and
therefore optical efficiency increases and allows the possibility to use Si nanocrys-
tals as active photonic element [49,50]. This phenomena was first reported in
1990 by Canham [14] when he observed an efficient light emission from porous
Si under excitation with a UV source. Intensity of that photoluminescence was
comparable with direct band gap semiconductors, moreover a blue-shift of photo-
luminescence peak was observed with decreasing the size of nanocrystals. These
two points suggests that the origin of emission can be quantum confinement of

charge carriers in nanostructures.

2.1.2 Photoluminescence in Si and Ge nanocrystals

Despite the enormous number of reports on photoluminescence from Si and Ge
which confirm existence of quantum confinement in the nanocrystals, there are
considerable number of other works that are not in agreement with quantum

confinement models. That is blue shift upon size reduction predicted by the the
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confinement models is not observed in the nanocrystals. This is more challenging
in Ge nanocrystals as there is only one report [4] on Ge nanocrystals embedded
in dielectric matrices. The main reason of this disagreement is the role of surface
states in emission of light which makes observation of PL from quantum confine-
ment effect very difficult. Control of surface chemistry that is critical since it
governs the way dangling bonds are satisfied. Furthermore since the ratio of sur-
face to volume increases as the size decrease, the effect become more important in
smaller nanocrystals and smaller nanocrystals exhibit higher defect related emis-
sion. Fig.(2.2) illustrates ratio of surface to volume as a function of nanocrystal’s
size in 707,”1” and ”2”D structures. In the case of spherical silicon or germanium
nanocrystals the effect of NC’s size on surface states is as follows. From Fig.(2.2)
surface to volume ratio (STV) for spherical geometries is:
o

Where ”7d” is considered as surface thickness that is region in which the atoms

STV = 3( (2.1)

can be considered as surface atoms. We estimate this thickness to be around 1
to 3 monolayers thick and since lattice constant for Si and Ge are 5.4 A and 5.6
A respectively we can take ”d” to be 1”nm”. Therefore, for spherical Si and Ge
NCs surface to volume atom ratio (STV) can be written as:
d

T

Where "R” is radius of NC. For NCs with radius of 3.0 ,6.0 and 10.0 nm for
example, (STV) is approximately: 0.7, 0.5 and 0.3. It means that for Si or Ge

STV = ( (2.2)

NCs with radius 3nm, around 70 percent of atoms are located at the surface of
nanocrystal while for NCs with radius 10 nm only 30 percent of atoms are at the
surface. It can be concluded that surface related phenomena are more impor-
tant as the size of the nanocrystals decreases, therefore, at the nanometer scale,
besides quantum mechanical effects which arise from the Heisenberg uncertainty
principle, surface related effects should also be considered carefully as an emission

source.

In the next section we review the theory of quantum confinement effect (QCE)
in more details and discuss its effect on modifying the band gap and photolumi-

nescence of nanocrystals.
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Figure 2.2: Surface to volume ratio for 2D, 1D and 0D geometries. Here "R”
represents the thickness of slab, radius of cylinder and sphere respectively. ”d”
is the thickness of surfaces in all geometries. (Ref. [2])

2.2 Spatial confinement of charge carriers in

nanocrystals

The most interesting feature in nanotechnology is the spatial confinement of
charge carriers in one, two or three dimensions. This spatial enclosure gives
rise to shift in the energy of charge carriers compare to bulk material. The basic
principle of quantum confinement effect is shown in Fig.(2.3). When the size of
a nanocrystal is comparable with wavelength of charge carriers in the conduc-
tion band (CB) or the valence band (VB), the nanocrystal can be considered
as a potential well with finite dimensions and up to first approximation with
infinitely high potential barriers. Generally there are three classes of nanostruc-
tures: quantum dots (QD) which is a system in which charge carriers are confined
in all three dimensions and therefore there is zero degree of freedom. When the
system is confined in two dimensions it is called a quantum or nano-wire (NW).
Finally quantum well (QW) is a structure confined in one dimension. Figure (2.2)
schematically also shows these three classes of nanostructures. This classification

is base on the size of nanostructures compare to Bohr radius (ap):
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Figure 2.3: Schematic of the quantum confinement effect. Widening the band
gap of nanocrystals compared to bulk counterpart as predicted by quantum con-
finement.
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Where "m” is the effective mass of electron or hole or exciton, ”e” is the elec-
tric charge carrier and ¢ is the dielectric constant. Because of different effective
mass and dielectric constants, silicon and germanium have different Bohr radius.
Si has a Bohr radius of 4.5 nm and Ge Bohr radius is 24 nm. [25]. Bohr ra-
dius determines the approximate sizes below which quantum confinement effect
becomes significant [51]. Generally there are three regimes of confinement in
nanostructures [51]: Weak confinement is the regime in which the dimensions
of the nanostructure is much larger than bulk Bohr exciton radius and the en-
ergy is dominated by Coulomb energy. But still the exciton feels the bounds of
nanostructure. Intermediate confinement is defined as the regime in which the
dimensions of the nanostructure is much smaller than electron Bohr radius but
still larger than hole and exciton Bohr radius. Therefore only electrons are effi-
ciently confined. This is the case for the most nanostructure. Strong confinement
is defined as the regime in which the dimensions of nanostructure is much smaller
than both electron and hole’s Bohr exciton radius. In this regime both elec-
trons and holes are efficiently confined and in this regime it is generally believed
that Coulomb term is too small and therefor can be treated as a perturbation
term [51]. However some recent theoretical calculations for Si nanostructures
show that even for strong confinement regime, Coulomb interaction is the most
important in determining optical properties of nanostructures. [52]. A more use-
ful definition of strong confinement is the regime in which the band structure of
nanostructure is changed by the reducing size of nanostructures. In this thesis
our focus will be on this strong confinement regime. Here we briefly discuss the
physics behind quantum confinement: In a bulk crystal, the charge carriers can
be described as Bloch waves, propagating freely in the whole crystal’s periodic
field. When become confined inside a nanostructure, carriers can not be described
as freely propagating Bloch waves anymore as they are confined in one or more
dimensions. For nanocrystals embedded in a wide band gap material, like S1Os,
SizNy or Al,Os, quantum confinement effect occurs via use of a confinement
potential due to differences of band gap between nanocrystal and surrounding

matrix. Strength of confinement is determined via the misalignment of valence
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band (VB) and conduction band (CB) at the nanocrystal-matrix interface. Con-
finement potential function is usually considered as Gaussian, Poschl-Teller or
in the simplest form as a function representing a parabolic well. In a quantum
dot (QD), with finite dimensions. charge carriers, to a first approximation, are
confined with infinite potential barriers. Therefore Bloch waves are reflected at
the potential barriers For a charge carrier with effective mass m* confined inside
a cubic nanostructure with infinite barriers, energy level is shifted compared to
bulk crystal by the amount AFE,,;:
_ RPpiPn?
2m* D?

AE,,; (2.4)

Where n; is principle quantum number, D, is nanostrusture’s diameter, F,; is
the energy of the considered state with ¢ = z,y, 2. This shift in ground state
energy in the nanostructure is defined as quantum confinement or confinement
energy. Due to the positive shift in energy the ground state of a nanocrystal
increases, hence, overall band gap increases compared to bulk crystal. Quantum
confinement can also be understood in terms of Heisenberg uncertainty principle
where:

APAX ~ h (2.5)

Therefore increasing spatial resolution, leads to increasing uncertainty in momen-

tum of the carriers on the order of:

h
17 (2.6)
or uncertainty in energy of the order of:
h2
T (2.7)

Thus band gap engineering is possible by modifying the dimensions of the nanos-
tructurs. Band gap engineering can alternatively be done in another way. Due to
the fact that bulk germanium is an indirect gap material, in an optical absorption
or emission process, a phonon is required to maintain momentum conservation.
However in a nanocrystal, optical transition is possible without phonon assis-
tance due to relaxation of the momentum conservation rule or via the process of

Brilouin zone-folding makes the material quasi-direct [53]. Eventhough origins
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of these two processes are principally different, they lead to nearly same effects.
Relaxation of the momentum conservation rule due to Heisenberg uncertainty
principle leads to uncertainty in momentum of charge carriers in nanocrystals.
When confinement dimensions is reduced width or the uncertainty in the momen-
tum of the carriers increased. For Ge with a hole at the I' — point(K = 0) in
the valence band and electron at L — point in the minimum point of conduction
band, decreasing spatial dimensions, leads to increasing in momentum width and
therefore enhancement of coupling in the transition matrix elements between elec-
trons and holes and therefore increasing in transition probability. To summarize
due to relaxation of the momentum conservation rule, transition between valence
band and conduction band between different locations in Brilouin zone can be-
come possible without assistance of phonons and this possibility increases with
reducing dimensions of nanostructures. Breaking of momentum conservation rule
strongly depends on size and shape of nanostructures [54]. In silicon nanocrys-
tals for sizes below 2.5 nm, momentum conservation rule is strongly broken and
phonon-free transitions drastically increases. For germanium this momentum
conservation rule break happens at larger nanocrystals due to larger Bohr ra-
dius for germanium compared to Si [55]. Photoluminescence measurements show
that for small enough nanostructures, optical transitions without phonon assist
is dominant which confirms the results of [54]. For experimentally investigating
quantum confinement effect, it is therefore crucial to determine the average size
of the nanocrystals inside matrix. Direct observation is possible via high resolu-
tion transmission electron microscopy (HRTEM). An issue about this method is
the available contrast between the nanocrystal and the matrix. In the case the
contrast is poor, size uncertainty can be on the order of 1 nm [56]. There are
also indirect methods for determining nanocrystals size including X-ray diffrac-
tion (XRD) [57] and X-Ray photo electron spectroscopy (XPS) [58]. In the case
of germanium nanocrystals it is difficult to observe quantum confinement in em-
bedded nanocrystals. Despite the larger Bohr radius compared to silicon which
essentially should lead to easier observation of the effect, there are very few re-
ports [4] on optical tunability of germanium nanocrystals embedded in dielectric

matrices. Actually to our knowledge there is only one report on literature with
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photoluminescence shift in agreement with quantum confinement [4]. This dif-
ficulty in observing quantum confinement in germanium arises most likely from
ill-defined chemistry in nanocrystal-matrix composition, sub-oxide states and de-

fects. However, there are promising reports of progress in this area [59].

2.2.1 Band gap engineering of Si and Ge nanocrystals via

quantum confinement of charge carriers

In this section band gap engineering of Si and Ge nanocrystals by means of size
variation will be discussed as predicted by quantum confinement. Experimental
reports in the literature are compared with those predicted by quantum confine-
ment models. There are several models which describe the effects of quantum
confinement on band structure of Si and Ge nanocrystals. Among them pertur-
bative effective mass theory is widely used for all nanostructures that is quantum
dots (QDs), Quantum well(QW) and quantum wires (Q-wire). Effective mass
approximation (EMA) model predicts the band gap of Si and Ge as a function of
size, using QCE discussed in the previous section and after some calculations [51]
gives:

A
Eyup(D) = Eyap(bulk) + = (2.8)

where E,q,(Bulk) represents the band gap of bulk crystal and ”D” is the diam-
eter of QDs, thickness of Q-wire and QW. ”A” is a parameter that determines
confinement regime for Si and Ge in 1D, 2D and 3D. However in Ge nanocrystals
observation of QCE is more challenging due to tendency to form defects at the
nanocrystal’s surface and ill defined chemistry at the interface. For the electronic
structure of large-scale atomistic systems, Wang and Zunger have developed the
"LCBB” method which is particularly convenient for embedded NCs containing
several thousand atoms [60], Bulutay [3] have used semi empirical pseudopoten-
tials (EPM) for Si and Ge which developed specially for strained Si/Ge super-
lattices, which reproduces a large variety of measured physical data such as bulk
band structures, deformation potentials, electron-phonon matrix elements, and
heterostructure valence band offsets [61]. The resultant bulk band structures for

Si and Ge and their host wide band-gap matrices are shown in Fig.(2.4) [3] With
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the use of such a lattice-matched matrix providing the perfect termination of
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Figure 2.4: EPM band structures for bulk (a). Si and (b). Ge together with their
wide band-gap matrices (thick lines), which for the former reproduces the band
lineup of the Si/SiO2 interface. (Ref. [3])

the surface bonds of the NC core atoms leads to band gap variation with size as
represented in Fig.(2.5) In these plots, the evolution of the effective band gaps
toward their bulk values marked by dashed lines is clearly seen as the diameter
increases. To verify quantum size effect in Si and Ge NCs, the effective optical
gap have been studied with a number of theoretical [21,62-65] and experimen-
tal [4,66,67] within the last two decades. Figure (2.6) contains a compilation of
some representative results. For Si NCs, it can be observed that there is a good
agreement among the experimental and theoretical data. On the other hand,
for Ge NCs, there is a large disagreement among the experimental data reported
by several groups. First report on observation of quantum confinement was by

Takeoka et al. [4]. In that work, Ge QDs were prepared by co-sputtering followed
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Figure 2.5: The variation of NC states with respect to diameter for Si and Ge NCs.
The bulk band edges are marked with a dashed line for comparison. (Ref. [3])
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Figure 2.6: Optical gap for Si and Ge. Theoretical predictions and experimental

reports.

Si NCs shows more agreement between theoretical and experimental

results. In Ge NCs however there is not an agreement between theoretical and
experimental results. This is probably due to high ratio of surface effect located
at the surface of Ge NCs. (Ref. [3])

19



by thermal annealing. PL measurement was at room temperature and a red lumi-
nescence with blue shift with size decreasing in agreement with QC was observed.
Fig.(2.7) shows PL spectra of Takeokas experiment. However observation of this
red luminescence and blue shift was not repeated by other groups later. As can
be seen from Fig.(2.6), there is not agreement on experimental reports on PL
from Ge nanocrystals. Si nanocrystals show better agreement with predictions
of quantum confinement models, for Ge this agreement is not observed probably
due to ill-defined chemistry of Ge nanocrystals surfaces which leads to high den-
sity of surface defects, as a result emission from these defects becomes prominent
in Ge nanocrystals and makes observation of quantum confinement effect very

challenging.
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Figure 2.7: Photoluminescence from Ge QDs prepared by co-sputtering by
Takeoka et al. at 1998. This is the only report on PL emission of embedded
Ge NCs in agreement with QCE. (Ref. [4] )
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2.3 Phonon confinement in low dimensional

solids

Besides size tuning of NCs for band gap engineering, stress engineering gives an
extra degree of freedom for modifying band gap of NCs. It is well understood
that stress in NCs can change microelectric structure of materials and therefore
optical properties. For example Yuan et al. [68] show that stress tuning in Si NC
can lead to transformation in the microstructureof the naocrystals from cubic to
hexagonal which in turn lowers band gap of NC. Therefore stress analysis of NCs
play an important role in determining the NC band gap. A tool for studying
stress induced processes in nanocrystals is Raman spectroscopy. Raman study
can give stress state of nanocrystal by analyzing shift of the scattered photon due
to strained nanocrystal. Since phonons in a nanostructure are confined, Raman
spectra of nanostructures would be different from bulk crystal counterpart. This
situation is similar to confinement of charge carriers in nanocrystals which leads
to a different electronic structures with bulk crystal. Quantum confinement of
charge carriers leads freely propagating Bloch waves in infinite lattice structure to
be confined in a nanoscale region and therefore an upshift in energy states of elec-
trons and also relaxation of k-conservation rule occurs. In the same way, phonon
confinement effect, leads the freely propagating phonons to be confined in a finite
region of crystal space and results in an uncertainty in momentum of phonons.
This leads to a shifted Raman spectra for nanocrystals compared to bulk crys-
tal. Several models have been proposed to explain optical phonon confinement in
nanocrystals. Some of these methods are Gaussian Confinement Model (GCM),
Continuum theory and Microscopic Lattice Dynamical Calculations [33]. Most
commonly used model is the Gaussian Confinement Model proposed by Richter
et al [35] and generalized by Campbell and Fauchet [36]. This model is based on
the contributions of the phonons out of the center at Brilouin zone. To describe
this model, consider a spherical nanoparticle of diameter of ”D” and phonon wave
function ¥(qo, 7). This wave function must be multiplied by envelope function
W(r) which decays close to zone center, due to the existence of the phonon wave

function within the particle. Plane-like wave function can not propagate beyond
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the crystal surface. Envelope function is commonly chosen as a Gaussian function
as;
2

W(r,L) = exp(—« !

=) (2.9)

where « is related with how rapidly wave function decays. One-photon Raman
scattering weight function C(q) which is used to define the contribution of the
phonons away from zone edge and which is simply Fourier transform of the en-

velope function is:
1 .
Clan) = g | ¥ esp(—iaor) (2.10)

Using these functions, first order Raman Spectrum is obtained by integration as:

B . 1C(q,1)I?
Hont) = | g 24y

where w(q) is phonon dispersion relationship and g is the natural line width of

the optical phonon for bulk materials. Figure(2.8) represents phonon dispersion
graph for optical and acoustical phonons in first Brilouin zone. For a nanocrystal
with dimension ”L”, Heisenberg uncertainty can be written as Eq.(2.5) in which
"P” represent the momentum of phonons. For a nanocrystal with length ”L”,
Heisenberg uncertainty gives an uncertainty to momentum which is on the order
of hL. Therefore momentum conservation rule is broken in nanostructures and
phonons with q#0 involve in Raman scattering process. The smaller the dimen-
sions of NCs the higher the uncertainty in momentum of phonons. it is obvious
from Fig.(2.8) that phonons with ¢ = 0 have maximum frequency and phonons
with q#0 have lower frequency. Therefore phonon scattering in nanocrystals oc-
curs with lower frequency shift compared to bulk crystal. That is for freestanding
nanocrystals there would be a red shift in the Raman spectra compared to bulk
crystals. Also since a variety of phonons with varied values of q#0 involved in
Raman scattering, there would be a broadening of Raman spectra compared to
bulk crystal. However in experimental Raman spectra of Ge NCs embedded in
matrices there is generally a blue shift compared to bulk crystal. This is gener-
ally due to strong compressive stress exerted by the surrounding matrix on the
nanocrystal. Since compressive stress leads phonons to oscillate faster and there-

fore with higher frequency and tensile stress leads phonons to oscillate with lower
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Figure 2.8: Principle of phonon confinement effect in nanocrystals. Heisenberg
uncertainty principle leads to a relaxation of q=0 for phonon momentum and
phonons with nonzero momentum can involve in Raman scattering, this phonons
have lower frequency and therefore a red shift in Raman peak is predicted via
phonon confinement. (Ref. [5])

frequency. As a result, compressive stress leads to a blue shift and tensile stress
results in a red shift when compared with free standing nanocrystals. Therefore
in an experimental Raman spectra of NCs, the observed Raman shift compared
to bulk crystal is combination of shifts due to phonon confinement effect which is
always redshifted in the case of longitudinal optical phonons and stress induced
shift which is blue shifted for compressive stress and red shifted for tensile stress.
Since shift due to phonon confinement effect is size dependent, by measuring
nanocrystals via methods like HRTEM and applying phonon confinement effects
it is possible to extract stress state of nanocrystals. This stress is important in
optical properties of nanocrystals. Paillard et al. [69] have used phonon confine-
ment model for measuring stress of Ge nacocrystals embedded in silicon oxide
matrix. They considered Raman peak shift as a combination of stress induced
and phonon confinement induced shift. Having obtained size of nanocrystals from
TEM micrographs, they extract stress state of nanocrystals by applying phonon
confinement model. In experimental discussion part of this work we discuss this
approach in more details as we will show there, stress depends on the surrounding

matrix, processing approach and stressor caps.
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Chapter 3

Experimental

In this chapter, details of synthesis of Ge NCs as well as analyzing techniques
used for the project is discussed. First, the processes used in the films growth and
post growth annealing are presented. This, includes Plasma Enhanced Chemical
Vapor Deposition (PECVD), Conventional furnace annealing (CFA) and rapid
thermal processing (RTP). Various techniques used for structural and optical
characterization of nanocrystals are presented. These are: Rutherford backscat-
tering Spectroscopy (RBS), X-Ray Photo electron spectroscopy (XPS), for com-
positional analysis of materials and Raman spectroscopy which is used to exam-
ine crystallinity and stress state of the nanocrystals and photoluminescence (PL)

spectroscopy for optical characterization of the NCs.

3.1 Sample preparation

Samples are grown on silicon and quartz substrates. p-type, two sided polished
silicon wafers are used. The wafers are of [1 0 0 | orientation with resistivity of
10-20 ohm-cm. Contamination of samples were removed by standard acetone-
isopropanol- water cleaning to ensure high quality of thin film growing. The

native oxide which usually are left on substrate was removed by immersing the
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wafers in a diluted hydrofluoric acid for a duration of around 10 to 20 seconds.
Then the samples are immersed in distilled water before the wafers are blown dry

with nitrogen.

3.2 Thin film deposition of Ge rich dielectrics

There are many methods for the deposition of thin films.E-beam and thermal
evaporation,d.c and magnetron sputtering are among the most common methods.
Plasma Enhanced Chemical Vapor Deposition (PECVD) method is a widely used
technique in fabrication of semiconductor devices [70]. It is very common in

deposition of oxides and nitrides. Fig (3-1) shows schematic of a PECVD system.

Gas mixture

Flow controller

RF Antenna

Vacuum
Plasma

Substrate

Figure 3.1: Schematic of a PECVD system used for to growth the samples.

In a PECVD system, an RF field is applied to a low-pressure gas and generates
a plasma; RF field gives enough kinetic energy to electrons inside the reactor to

collide with molecules of process gases. Reactant gases dissociate and ionize
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and high energy ions and radicals are adsorbed to the substrate surface and due
to high kinetic energy, are able to migrate easily along the substrate surface.
Therefore in film growth via PECVD, films are conformal. Finally processing
species like ions and electrons, rearranged and react with other adsorbed species
on the substrate and film is grown [71]. Typically PECVD is a low temperature
processing method (generally below 400C), This is due to the fact that reactant
gases gain enough energy from RF-induced plasma and therefore have energy for
diffusion on the substrate surface and the required reactions for deposition. An
issue about PECVD process is the various parameters involved in film growing
including substrate temperature, RF power, gas pressure, gases flow rates. It is
important to have reliable control over all these parameters. Especially controlling
temperature is very important. PECVD method has some advantages over other
methods like co-sputtering including good adhesion to substrate, good coverage of
substrate and low temperature processing. in this work we used an Oxford Plasma
(model PLASMALab 8510C) system. In this system, RF generator can produce
an RF with frequency of 13.56 MHz and maximum power of 300 Watt.The reactor
is equipped with 6 gas lines including N H34, N20, GeH4, StH4 diluted in He,
StH4 diluted in N2, NH3 and CO2. SiH4 and N20 gases are used for deposition
of Si02 while SiH4 and N H3 are used for growing Si3N4 films. GeH4 gives Ge
to the Si02 and Si3N4 matrices.

3.2.1 Conventional urnace annealing (CFA) for the for-
mation of Ge NCs.

Furnace annealing is widely used in synthesis of embedded nanocrystals. This
method provides required energy for diffusion and formation of germanium
nanocrystals. This step in the whole process of crystallization is very impor-
tant as controlling parameters of annealing like ambient gas, gases flow rate,
temperature and annealing duration can affect the crystallization process. Its
advantage over rapid thermal processing (RTP) is the possibility for annealing
in larger duration which allows to study the time dependent processes. Fig(3.2)

shows schematically a CFA system. Samples are loaded onto a quartz carrier

26



Heating coils

OO0 00 OO0 0O

— L

Sample Carrier

[00 00 00 00|

Figure 3.2: Conventional furnace annealing system used for Ge NCs formation.

resting in the quartz furnace tube at the loading port. The loading port is closed
and the quartz tube is purged with pure N2 or Ar. Then the quartz carrier is
moved inside to the central part of the furnace where the temperature is uniform
and stable. The temperature can rise up to 1400 C in our system. External zone
of the furnace is designed such that to protect furnace from losing out the energy
and therefore central part of furnace has a uniform temperature [72]. Samples
are loaded and unloaded inside furnace very slowly to avoid the effect of the large
thermal gradient across the wafers. this minimize any thermal shock or thermal

stress which can affect quality of nanocrystals.

3.3 Rapid Thermal Processing (RTP) for the
formation of Ge NCs.

Rapid Thermal Processing (RTP) is an alternative to furnace annealing in syn-
thesis of ge NCs, having some advantages over it. RTP is cleaner than furnace

annealing, because RTP chamber has cold chamber walls and therefore does not

27



introduce contamination or impurities. In furnace system, due to hot chamber
wall, the system tends to have contaminations from walls. Second advantage of
RTP over furnace annealing is that the short processing time in RTP is compati-
ble with IC device fabrication process which needs lowest diffusion of dopants in
the films. Fig.(3.3) illustrates schematic of a RTP system. RTP reaction chamber
is typically made of a quartz cover with incoherent light sources, located at the
top and bottom of the chamber. These halogen lamps serve as heat sources for
the synthesis of Ge nanocrystals in the matrix. The samples are located on a
wafer holder and a pyrometer directly below it measures the substrate tempera-
ture and sends the data to an integrated closed-loop temperature control system,

which controls the process temperature.

Hologen
Lamps

=

Thermocouple

- Pyrometer

Figure 3.3: Schematic of a RTP system

3.4 Compositional analysis :Rutherford backscat-

tering spectroscopy (RBS)

Rutherford Backscattering Spectroscopy (RBS) is a widely used method for near
surface layer analysis of solids. This method originated from classical nuclear
physics experiments in the first half of the twentieth century. In 1960s it was de-

veloped for those days growing semiconductor field. A beam of collimated He+
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at an energy ranges between 0.5-4 MeV is made incident normally on a target
and the energy of backscattered particles is recorded with a solid state detector.
Due to the very large free space between atoms in RBS process, most of the He+
ions are trapped into the target and do not scattered.Therefore very few percent
on incident ions are scattered [73,74] The basic process is represented in Fig.(3.4)

A collimated beam of known ions with mass "m” collide to target particles with

Elastically scattered
incidence ions
Epu=f(M,. t)

Lightions
Energy = 1- 3 MeV

Figure 3.4: Schematic of a RBS process.Elastically scattered ions gives
information on composition of target material.

mass "M” and scattered with different energy at scattering angle of ”0”, energy of
"E”. Scattering angle is detected and using momentum and energy conversation
laws, mass of the target particles obtained. Also since the probability of scatter-
ing of ions in any certain angle is known through Rutherford cross section, it is
possible to obtain quantitative information on targeted particles. RBS provides
possibility to quantitatively determine composition of materials on depth profile
of elements. RBS method is also a nondestructive tool (unlike XPS and SIMS)
and reference sample is not required. It has also a good depth resolution on the
order of a few nanometers and very high sensitivity for heavy elements on the
order of parts per million (ppm). Figure(3.5) shows schematically a typical RBS
system. A RBS system consist of a particle accelerator that delivers ions in the
Mev range. In the system represented at Fig.(3.5) the machine provides negative
ions, then the ions are accelerated toward positive potentials and are transported
in a vacuum system at high voltage terminal, there are electrons and the particle
charge became positive. Then the particles are repelled by high positive voltage

and their energy increases further. Then the beam is analyzed and sent to the
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target chamber. The detector is normally mounted in a backscattered angle from
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Detector Spectra
Sample
Scattering
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Figure 3.5: Schematic of a RBS system

the incident beam. When the incident particles collide the target matrix, some of
them experience Rutherford scattering and deflect from their path and backscat-
tered into the detector. In this work RBS measurement were done by Professor
Salvatore Mirabella at Catania University-Italy. Measurement were carried out
with a 3.5 MeV HVEE Singletron accelerator, using a 2.0 MeV He+ beam in ran-
dom configuration and with a backscattered angle of 165. RBS spectra have been
simulated using SIMNRA software [75] to determine the Si, Ge, and N content

and the stoichiometry of each film.
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3.5 Compositional analysis: X-ray Photo elec-

tron spectroscopy(XPS)

X-ray photoelectron spectroscopy (XPS) is a strong and very sensitive technique
in analyzing elemental composition and chemical state of materials. It is a surface
spectroscopy method which collects information from a depth of around 3 to 10
nm from the surface. XPS is based on photoelectron effect. Fig.(3.6) represents
the principle of an XPS experiment. Target sample is irradiated by X-ray beam,
then energy of beam is transfered to the material’s electrons. kinetic energy of
ejected electrons is measured. this energy depends on characteristic binding en-
ergy of irradiated material. each element has a characteristic binding energy for
its core electrons. The binding energy also depends on the chemical environment
of the element, that is the chemical bonding with neighboring atoms,therefore
measuring the energy of ejected electrons gives information about the chemical
elements and its bonding with other elements [76] Kinetic energy of photoelec-

trons is determined by:

Where Ej, is kinetic energy of photoelectrons,hv is energy of X-ray radiation, Eg
is electron binding energy and ¢ is the spectrometer work function. XPS measur-
ments of this work is done by Professor Emre Gur and Ahmet Emre Kasapoglu

in Ataturk University.

3.6 Structural analysis: Raman spectroscopy

Raman spectroscopy is a widely used method in analysis of semiconductor layers,
heterostructures and interfaces [77]. It is a nondestructive method for analyzing
of regions around some nanometers below the surface as well as deeper parts up to
micrometers that is a buried interface. Invention of laser in 1960 and also devel-
opment of very sensitive detector systems in 1980’s made Raman spectroscopy a

very useful tool. Raman spectroscopy can give a great value of information about

31



+«— Electron energy

| | analyzer [datactor]

‘F/—f’ Ultra high vacuum chamber

sarnple

L |
FPumping system

Figure 3.6: Schematic of a XPS system.
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material. This information is extracted from phonon density of state of materi-
als and include amorphous or crystallinity of material via analyzing of phonon
line shape, quality of crystal via Raman spectra width, content of material via
signal intensity, stress state of nanocrystals via blue or red shift compared to
bulk crystal. Raman spectroscopy is inelastic scattering of light, that is a process
in which energy of incident photon is transferred to the sample and result in a
scattered photon with different energy [78]. The amount of this energy corre-
sponds to the eigenenergies of elementary excitations such as phonons, plasmons,
polaritons, coupled plasma-phonon mode, single electron or hole. In a Raman
process, eigenfrequencies of the elementary excitons is determined via analysis of
Raman peak shift in scattered light, since shift in the frequency of the incident

light corresponds to that eigenfrequencies. Energy conservation yields:

where "w;” is scattered light frequency, "w;” is incident light frequency, "w;”
is frequency of the elementary excitations. ” — 7 sign stand for ”Stokes” pro-
cess in which an elementary exciton is generated and ” + 7 sign corresponds
o "anti-Stokes” process where an elementary exciton is annihilated. Fig.(3.7)

shows diagram of Rayleigh, Stoke and Anti-Stoke scattering. In this work we

Virtual
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Figure 3.7: Schematic of a Raman scattering process.

have used a 514.5nm of Ar ion laser as exciton source, a double monochromator

and CCD camera cooled with liquid nitrogen. Fig3.8 shows schematic of Raman
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spectroscopy set up. First order phonon Raman scattering in solids typically
observes TO and LO modes of the solid close to the the gamma point on the
phonon dispersion curves of the solid, Fig.(3.9). Observation of acoustic phonons
are typically done with Brillouin scattering. Due to inversion symmetry of crystal

Ge, LO and TO phonons are degenerate in bulk Ge. Bulk crystalline germanium

Data
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Figure 3.8: Experimental set up for Raman spectroscopy
has a characteristic Raman peak at around 300.7cm-1 [69].

However due to factors like stress and phonon confinement there would be a
red or blue shift compared to bulk germanium. In his work this shift is analyzed
to get stress state of Ge nanocrystals embedded in different dielectircs. Fig.(3.10)
shows a typical Raman spectra of samples containing Ge nanocrystals from two
samples containing Ge nanocrystals. Both samples show a shift compared to bulk
germanium. Different shift and line shapes of two samples provide information
about nanocrystals embedded in two samples including NCs average size and size

distribution, stress state etc.
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Figure 3.9: Phonon dispersion of silicon and germanium from first-
principle calculations. From [79]
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Figure 3.10: Typical Raman spectra for two samples containing Ge
nanocrystals with different size distribution. Different Raman shift of
two samples give information about nanocrystals average size, stress
state, etc.

3.7 Structural analysis:High resolution trans-

mission electron microscopy (TEM)

Transmission electron microscopy (TEM) technique is the most direct approach
for the observation of nanostructures. In the current work, this method is em-
ployed to investigate the formation of the nanocrystals and to get information
about their size and size distribution. Figure(3.11) shows The schematic setup of
a TEM system. In a TEM system, electrons are accelerated by the same method
as that in the scanning electron microscope (SEM), but they pass through the
specimen. The specimen must be very thin and flat (around 0.1 micron or less).
Similar to a slide projector, more electrons can pass through the less dense re-
gions, and fewer electrons pass through the regions that are denser. The diffracted
electron beams are brought to focus in the back focal plane of the objective lens,
which is the plane of the diffraction pattern. When the microscope is operated in

the diffraction mode, the diffraction lens is focused on the back focal plane and
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Figure 3.11: Schematic setup of a TEM system [80]
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the subsequent lenses project a magnified diffraction pattern on the fluorescent
screen allowing the user to observe the diffraction pattern. The objective lens
also produces an inverted image of the specimen in the first image plane. If the
diffraction lens is focused on this plane, the microscope is in the imaging mode
and produces magnified image on the florescent screen for observation The TEM
technique has great advantages. It can image individual atoms and their rela-
tive positions, and also gives compositional information over an area of interest.
There are, however, drawbacks to this technique as well. Prior to the imaging,
tedious sample preparation steps from polishing, dimpling and ion milling have to
be conducted, because the sample has to be very flat and thin for observation, as
mentioned above. Furthermore, TEM is a destructive characterization technique
as the sample would be destroyed after sample preparation and imaging. In TEM,
the bright field and the dark field imaging methods are generally used. In bright
field imaging, the objective aperture is placed such that only the center electron
beam can pass through and the diffracted beam is screened off. As such, only the
center beam forms the image and the background of the image is bright, as shown

in Figure 3.12 (a). However in dark field imaging, the objective aperture is placed

Specimen [

Lens

Objective
aperture

Image

(a) Bright field (b) Dark field (c) multiple beam
inerference

Figure 3.12: Different imaging techniques used in TEM.(a) Bright field
(b) Dark field and (c) multiple beam interference imaging [80]

such that the center beam is blocked off. Thus only the diffracted beam forms
the image, as shown in Figure 3.12 (b). In addition, in high-resolution transmis-

sion electron microscopy (HRTEM), multiple beam interference imaging is used,
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as shown in Figure(3.12) (c) [80]. In the analysis of TEM images, two types of
contrast must be considered, which are illustrated in Figure.(3.13) The first type
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Figure 3.13: Different contrast modes used in a TEM. (a) Scattering
mass contrast image. (b) Scattering thickness contrast image and (c)
Lattice fringe image due to phase contrast [80]

is termed as the scattering contrast. This is the result of mass difference or thick-
ness difference in the sample. With different materials, the absorption may be
different due to the difference in densities. This leads to the formation of a mass
contrast image. Then in thicker regions, fewer electrons would be transmitted,
therefore resulting in a thickness contrast image. The second type of contrast
is termed as the phase contrast. This is formed by interference of two or more
electron beams. In this sense, fringe patterns would be produced if crystalline
materials were imaged. The TEM images, in this work, were obtained using a
TECNAI 30 field emission transmission electron microscope operating at 300
kV. Samples were prepared by first hand-grinding the samples down to about 30
m thick, followed by focused ion beam in order to achieve a thickness of0.1um at

the region that was to be imaged.
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Chapter 4

Stress measurement and stress
evolution: Ge nanocrystals

embedded in dielectrics

This chapter is based on publications “Correlation of TEM data with confined
phonons to determine strain and size of Ge nanocrystals in embedded SizNy
matrix. Superlattices and Microstructures. ”Bahariqushchi, R., Gundogdu, S.,
Aydinli, A. (2017). and “Stress evolution of germanium nanocrystals embedded in

dielectric matrices " Rahim Bahariqushchi, Atilla Aydinli, et al. under submission.

4.1 Introduction

Since observation of visible photoluminescence [14,25] and also charge storage
properties [32,81] in silicon and germanium nanocrystals embedded in dielectric
matrices such as Si0O, and Al;O3, a lot of interest have been paid to this research
area. Several methods such as ion beam synthesis, co-sputtering and PECVD
have been used to synthesize silicon and germanium nanocrystals in these dielec-

tric matrices. In this work we employed PECVD method as it has been shown in
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a work [82] that, PECVD synthesized samples have advantages over co-sputtered
ones due to sharper interface with surrounding matrix which in turn can lead to
easier observation of quantum confinement effect in nanocrystals. Also due to
very few experimental reports on germanium nanocrystals embedded in silicon
nitride matrix we focus our work on this non-oxidized matrix. In this chap-
ter, first a systematic study on the influence of germanium content as well as
annealing conditions on the growth of nanocrystals in silicon nitride matrix is
carried out for samples containing different amount of germanium. The amount
of Ge were determined to be 4, 9, 15 and 24 percent via RBS technique. Raman
spectroscopy as well as HRTEM technique is carried out to examine crystallinity
phase. Nanocrystals average size is obtained via TEM micrographs. Raman
peak shift analysis is done to obtain stress state of nanocrystals. Raman shift
of nanocrystals is result of a redshift compared to bulk germanium which is due
to confinement of phonons in nanocrystals and a shift due to stress exerted by
surrounding matrix which can be blue or red shift. In the case of compressive
stress, this shift is a blue shift and for tensile stress a red shift occurs. to distin-
guish PCM induced shift from stress induced one,average size of nanocrystals is
required which have been obtained from TEM micrographs. Our analysis shows
nanocrystals with sizes between 3.8 to 7.0 nm experience almost the same value
of stress. The stress is also measured via relaxation of Ge NCs from supporting
matrix and comparing Raman spectra of embedded and free standing nanocrys-
tals. Stress estimated with this method is in good agreement with the result
obtained via applying a new phonon confinement model developed by [5]. After
a detailed study on stress state of the nanocrystals in the silicon nitride ma-
trix, we investigated tuning of stress state of Ge nanocrystals by some methods.
First, role of annealing method on stress state of the nanocrystals is studied, then
role of surrounding matrix is investigated by synthesis and stress analysis of Ge
nanocrystals in Si0; and GesN, matrices. Finally in this chapter, synthesis of
superlattice structures containing Ge nanocrystals has been discussed. Ultrathin
films consisting of Ge NCs embedded in Silicon nitride matrix with thickness
between 3.0 to 9.0 nm and SiOy or SizN, buffer layers have been fabricated.
S109 and SigN, buffer layers have been used as barrier for Ge atoms diffusion

during annealing. This method allows for controlling over size and density of
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nanocrystals simultaneously. Role of Si0, and Si3N, buffer layers have been
examined and observed that Si0, result in compressive stress while Si /Ny leads
to tensile stress. Therefore we have managed to tune stress state of nanocrystals

from compressive to tensile.

4.2 Synthesis and stress measurement of Ge

nanocrystals

Ge:SiNy thin films with thicknesses around 200nm are deposited using PECVD
approach (Model PLASMA lab 8510c) on quartz and silicon substrates. The
amount of germanium in as-grown films is probably the most important step in
the whole process of crystallization. Therefore we fabricated films with different
elemental composition to investigate the role of germanium content on crystal-
lization. Processing gases for growing Ge:SiNy are StH, diluted in Ny, N H3 and
GeH, diluted in He gas. To obtain films with different amount of Ge, flow rate
of GeH, are varied while taking flows of other gases constant. Recipes are rep-
resented in Table(4.1) Ge content found to be between 4 to 24 percent via RBS
measurements. Ge content are determined using RBS technique. Fig.(4.1) shows
RBS spectra for four series of samples. Arrows indicate the signals due to Si, Ge
and N in the Ge:SiNy film (starting respectively at around 1600, 1150 and 630
keV of He+ backscattered energy for the used configuration). All samples exhibit
a homogeneous depth distribution of Ge atoms and the spectra have been fitted
through SIMNRA software simulation [83], Fig.(1.b), in order to estimate the
atomic content of Si, Ge and N in the film. Table(4.1) summarizes the ratios of
Ge/Si and Ge/N evaluated by RBS analysis for Ge:SiNy films. The Ge content in
Ge:SiNy films increases with the GeH4 flux, from 4 to about 24 percent. Ge dose
were found to be 45, 95, 190 and 275 x1015at/cm2, respectively. As expected Ge

content increased by increasing GeH, flow rate.

After growing of films, all sets of samples were annealed in a conventional fur-

nace in N2 ambient from 700C to 1000 C for 30 min or longer times to form Ge
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Figure 4.1: RBS spectra of four as grown samples containing different amount of
germanium. Backscattered signal due to Ge is obvious with Si and N displaying
significant shoulders. The inset image represents the schematic of experimental
setup.b SIMNRA simulation of the RBS spectra to determine the composition.

Table 4.1: Sample description and properties of Ge:SiNy thin films with various
concentration of Ge. Atomic doses are determined in terms of atoms/cm?.

Sample ID  GeH4Scem  Ge Dose  Ge/Si/Nratio Ge percentage

SiN : Ge20 20 15 1/7.5/9.5 4
SiN : Gedb 45 95 1/3.5/5 9
SiN : Ge90 90 190 1/1.5/2.5 15
SiN : Gel50 150 275 1/1/15 24
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NCs. Ge NCs of some samples were measured using high resolution transmission
electron microscopy (HRTEM) technique. Raman spectroscopy was done for all
samples using Ar ion laser at 514.5nm and a high resolution double monochroma-
tor with CCD detection to study the degree of Ge crystallization as well as the
position and lineshape of the Raman phonon line as a function of size. Fig.(4.2a)
shows Raman spectra of samples containing different amount of Ge atoms. The
amount of Ge atoms in the silicon nitride matrix is critical in the formation of
Ge nanocrystals. To investigate this effect, samples named as A, B, C and D
which contain 4, 9, 15 and 24 percent of Ge atoms respectively are annealed at
900C for 30 minutes inside furnace. Under these annealing conditions, concentra-
tion threshold of Ge content for crystallization is found to be around 15 percent.
Even at this Ge value, Raman spectra shows a broad band which is indication of
non uniform NCs distribution and also low degree of crystallization that is still a
considerable amount of amorphous Ge exist in the film, moreover relatively low
intensity of Raman signal is due to smaller nanocrystals in the sample. Sam-
ples with 24 percent of Ge atoms, however, shows a narrow and intense peak
illustrating larger nanocrystals with uniform size distribution and high degree of
crystallization. We focus our work on the samples with 24 percent Ge for further
study. The most direct approach to structural analysis of such samples is the use
of high resolution transmission electron microscopy (HRTEM) that provides vi-
sual as well as analytical data such as size distribution, crystallinity, orientation,
defects and interplanar distances on individual nanocrystals. High resolution
transmission electron microscopy (HRTEM) micrographs and corresponding se-
lected area electron diffraction patterns (SAD) of single Ge:SiNy with thickness
of around 200 nm before and after annealing with conventional furnace annealing
(CFA) method are shown in Fig.(4.3) The sample was annealed at 900C for 30
min. It can easily be seen that Ge nanocrystals with well-defined spherical are
formed. The nanocrystals also exhibited clear lattice fringes. Smaller NCs are ob-
tained for samples annealed for shorter times. Generally,the desirable sizes might
be obtained by controlling the annealing duration, i.e. for a larger nanocrystal,
the annealing duration could be increased. The sizes of NCs were determined
from TEM micrographs. To get information on stress state of the nanocrystals

Raman spectroscopy is done.
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Figure 4.2: (a) Raman spectra for samples containing different amount of Ge
atoms varied from 4 to 24 percent in Silicon nitride matrix. All samples are
annealed at 900C for 30 minutes. (b). HRTEM micrograph for the sample with
24 percent of Ge. Crystallographic planes as well as associated line defects are
well resolved.

Figure (4.4) Shows Raman spectra for samples with 24 percentage of Ge an-
nealed under different conditions which show a blue shift as average naocrystal
increase. Fig.(5a) and (5b) show HRTEM micrograph as well as Raman spectra
of samples with 24 percent of Ge annealed at 900C for 30 min and 5 min respec-
tively. Crystal planes are well formed in the samples. Sample (a) annealed for
longer duration shows larger nanocrystals as well as more blue shift compared
to sample (b) with smaller nanocrystals. This is due to stronger confinement of
phonons in smaller nanocrystals which leads to more red shift compared to larger
nanocrystals. Raman peak of nanocrystals are expected to show redshift com-
pared to bulk crystal due to confinement of optical phonons in nanostructures [84]
which leads to relaxation of momentum conservation rule and leads phonons with
nonzero momentum to involve in Raman scattering. This redshift, exist always
for free standing nanocrystals where other effects like stress are missing. When
dealing with nanocrystals embedded in a matrix,however, there is a pressure on

nanocrystals exerted from the matrix, which leads to a stress on nanocrystals
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Figure 4.3: Typical HRTEM micrographs and SAD patterns of 200 nm thick
single layer SiN:Ge sample a) before and b) after annealing at 900C for 30 min
in a conventional furnace. No sign of crystallization is seen in the micrograph
of as grown samples.Transformation from amorphous phase to nanocrystalline is
obvious.
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Figure 4.4: (a) Size dependent Raman shift. Stress induced shift can be calculated
from the difference between these experimental data and phonon confinement
induced shift predicted by equation(4.6).
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which can be compressive or tensile and therefore modifies the frequency of vi-
brations. Compressive stress makes the phonons to oscillate faster and therefore
a blueshift in Raman peak frequency would present [85], tensile stress on the
other hand makes a red shift in Raman peak [85]. As a result, Raman spectra
of embedded nanocrystals can be blue or red shifted which is a combination of
stress induced shift and phonon confinement induced shift. Equation(4.1) is a

simple representation of this total shift:
AC‘L)Tot = AC“-)PC’M + A(JJStress (41)

To measure the stress state of nanocrystals, one should distinguish the stress in-
duced shift and phonon confinement induced shift. Here, Raman spectra of all
samples show blueshift with respect to bulk Ge. Larger NCs also show larger
blueshift. Total Raman shift with respect to bulk Ge can be understood in terms
of combination of redshift due to phonon confinement effect and blueshift caused
by compressive stress exerted by the dense silicon nitride matrix as represented in
equation(4.1). Previously strain measurement on Ge NCs embedded in Si02 ma-
trix have been done by Paillard et al. [69]Using Raman spectroscopy and HRTEM
micrographs. They observed strong compressive stress induced by surrounding
matrix. For calculating strain, they measured Raman shift for NCs with sizes be-
tween 11.0 — 14.5 nm, phonon confinement induced shift is negligible and all the
observed Raman shift can be attributed to strain induced shift. They observed
size-independent strain for NCs with sizes below 14.5 nm. They applied this
constant strain induced shift to all samples for analyzing Raman spectra. They
also suggest as the origin of this strain to be due to liquid-solid phase transition
of Ge during cooling. Strain on large Ge NCs embedded in SiO2 and Si3N4 also
is measured in [59]. In that work, a complementary metal oxide-semiconductor-
compatible process (CMOS) with SiO2 and Si3N4 layers and produce Ge NCs
with sizes between 23-110 nm. In this size regime, the phonon confinement effects
are negligible and all of the observed Raman shift can be attributed to stress ef-
fect. Their analysis show a size dependent tensile stress of 0.5 — 1 percent and
compressive stress of 0.7 — 4.5 percent for Ge NCs embedded within SiO2 and
Si3N4, respectively. This stress is inversely size dependent in NCs [59,69]. How-

ever, for sizes below a critical value, it can be assumed to be constant [59, 69].

48



Phonon confinement effect (PCE) is also inversely size dependent [69]. Assum-
ing constant blue shift for all samples and inversely size dependent PCE, a total
blue shift is predicted which was found to be in good agreement with average
size of NCs obtained from TEM results. In conventional PCM, the phonon wave

function has the form [5]:

W(r) = Ag exp(—75) exp(—iqr) (4.2)

where ”q” is the phonon wave vector, ”L” is diameter of NCs and « is a dimen-

sionless parameter indicating degree of confinement of phonons to the center of
NCs. The relation between Raman peak shift and NC size provides the possibility
of determining NC size via Raman spectroscopy. However, there are problems
using Eq(4.2) for analyzing the size of NCs: Phonon wave function suggested
by Eq.(4.2) is ambiguous and "a” value is arbitrary. Based on works by [84]
and [86] the parameters were determined as : o = 872 or o = 9.67. These values
are frequently used by groups as default values, during the use of Eq.(4.2) in Ra-
man analysis of NCs. However, as can be seen from Eq.(4.2), "L” is part of the
combination («/L2) in PCM and as a result NC size value inherently depends on
the value of ”"a”. Therefore, using PCM for "«”. Independent determination of
NC size is not possible. The relationship between Raman peak shift and NC size
is obtained taking into account the discreteness of NCs lattice vibrations [5]. In
NCs much smaller than the phonon mean free path, phonons experience several
reflection and scattering on NCs surfaces during phonon life time. This leads to
standing waves for vibrational eigenmodes of NCs instead of traveling waves. A
simple model of N atoms in one dimension is proposed to take into account the
discretness of NCs vibration. Eigenmodes of this simple system is simply given
by:

ws = 2(=—sin(—) (4.3)

where qs=ns/aN , S=1,2,....N-1 The maximum wave vector of this system with
infinite length is ¢ = w/a. However, for finite sizes, the maximum possible wave
vector will be smaller than infinite case and it will differ from reciprocal wave

vector m/a by:
Ag = (4.4)




where "L” is the dimension of NCs. For small NCs this change is considerable.

By generalizing this relation to three dimensions and Taylor expansion of w with

)

respect to ”q” and using this simple dispersion relation for optical phonon mode:

w(q) = A+ Bcos(qa) (4.5)
We get:
3n%a’B

where ”a” is the lattice constant, "L.” is NC diameter and "B” is a parameter
which is calculated for germanium to be 18.6 cm™!.B is calculated by compar-
ing the Ge NCs sizes obtained from methods like XRD, TEM. Eq.(4.6) gives a
relationship between the displacement of Raman peak position and the size of
nanocrystals for crystals with a cubic lattice (diamond, silicon, germanium). The
proposed model does not include any adjustable parameters, unlike the conven-
tionally used phonon confinement model (PCM) and can be employed for esti-
mation of NCs sizes. Figure(4.5) shows HRTEM micrograph and Raman spectra

of samples annealed at 900C for 30 and 5 minutes.

Average Ge NC size is determined using TEM micrographs and determined
to be 6.5 nm for the sample annealed for 30 min. and 4.0 nm for the sample
annealed for 5 min. Raman peak shift for sample (a) and (b) are 306.9 em ™1 and
304.8 em™1 respectively. These values show 6.2 em™1 and 4.1 ¢m™1 blueshift
with respect to bulk Ge peak which is at 300.7 em™1 [87].These shifts are com-
binations of stress induced and phonon confinement induced shifts. In order to
analyze the size of the NCs from Raman spectra, we need to distinguish the
shifts caused by phonon confinement and stress. To deduce the shift induced by
phonon confinement, we used equation(4.6) . For the determination of NC size,
we use the values obtained from HRTEM micrographs. For sample (a) with NCs
diameter of 6.5 nm, from eq.4.6, we obtain, Apcyr = —1.8 em™1 where we used
a=5.66A for Ge lattice constant, L=6.5nm for NC size and B=18.6 ¢m~1. Thus,
stress induced shift can easily be calculated using Awsirain = Awrer — Awpey =
6.2 + 1.8 = 8.0 cm~1. The same approach, for sample(b) with NCs size 4.0
nm, phonon confinement model gives: Awpcyr = —4.1 em™1 and stress induced

shift is calculated to be, Awsrain = Awrer — Awpeyr = 4.1+ 4.1 = 8.2cm — 1.
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Figure 4.5: HRTEM and Raman spectra for samples annealed at 900C for a)
30min and b) 5 min. Sample annealed for longer time shows larger NCs.
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Fig.(4.5) shows stress state of Ge NCs with different sizes embedded in silicon

nitride matrix. We also measured stress of Ge NCs by obtaining free standing
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Figure 4.6: Strain in Ge Nanocrystals vs average NC’s size. In this size
regime stress is independent of NC’s size.

nanoparticles. In this scenario a diluted HF is used for selective chemical etch-
ing of matrix and obtaining stress free Ge nanocrystals almost untouched. It
was reported by Sharp et al. [88|that Ge NCs inside an oxide matrix remains
almost same even after a long treatment with HF. HF also etches away silicon
nitride matrix specially due to the fact that some amount of oxygen exist in ma-
trix. After etching the surrounding matrix, Raman spectroscopy is done for free
standing nanocrystals, the spectra shows a red shift compare to bulk germanium
which can be considered to as shift induced totally by phonon confinement effect,
Therefore comparing spectra of embedded and free standing nanocrystals we can
obtain stress induced shift. As it can be seen from figure, these two approach
provide same stress for nanocrystals and can be reliable. These results show
that almost the same amount of stress induced shift exists for NCs with different
sizes. Conversely, assuming the same stress induced shift one can unambiguously
determine NC size from PCM using Raman spectroscopy. This results are in
agreement with results of [59,69] where, using CMOS lithographic processes to

create nano-cylindrical pillars to size limit the multi-layer, sequential deposited
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Figure 4.7: Raman spectra of free standing Ge NCs. matrix is etched
away via HF etching.

SiGe films, proposed that in small Ge NC regime, stress induced shift can be
considered constant for different sizes of Ge NCs embedded in SiOy or Si3N4.
By considering this constant value for stress induced shift (around 8.0 em™! for
our samples) and Eq.(4.6), it is possible to get NCs size from Raman spectra.
We have done this for all samples and results are in good agreement with results
obtained from HRTEM graphs. The sizes of samples annealed under different
conditions are shown in Fig.(4.4) where sizes are determined via HRTEM, Stress

state are shown in Fig.(4.6).

4.3 Stress evolution of Ge nanocrystals embed-

ded in dielectric matrices

In the previous section of this chapter it was shown that fabrication of NCs in
silicon nitride matrix result in big compressive stress. It was shown that mag-

nitude of the stress is independent of size for the regime of our nanocrystals
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(2.8-7.0nm). Origin of the stress was related to mismatch between Ge nanocrys-
tal atoms and surrounding matrix. Furthermore due to volumetric difference
between Ge nanocrystal an matrix. stress is generally compressive in nature. In
a theoretical study Liu et al. [89] have shown that the distribution of stress has
important role determining the physical and thermodynamic properties of NCs.
Moreover it is shown [68] that stress induced band gap tuning in Si NCs which
in turn leads to different optical properties of NCs. Wada et al. [45] also show
band gap tuning of Ge films via tensile strain which result in a high performance
photodetectors. Therefore it is potentially useful to tune stress state of Ge NCs
embedded in dielectric matrices in the way that one can potentially tune the
band gap of the NCs. In this part we study three different methods for tuning
stress: First role of embedding matrix will be investigated by studying of stress
state in three different matrices namely silicon nitride, silicon oxide, then effect
of annealing method will be discussed by comparing stress of samples annealed
using RTP and conventional furnace methods. Finally stress state will be studied
in multilayer superlattice structures and effect of buffer layer on stress state of

these structures will be discussed.

4.3.1 Formation and stress analysis of Ge NCs in silicon

oxide matrix

In this section we study formation and stress state of Ge nanocrystals in sili-
con oxide matrix. Currently silicon oxide matrix is the most common host for
germanium nanocrystals due to its compatibility and potential applications in
optoelectronics, and memory devices. In a Ge:SiOx system, the direct decompo-

sition of GeO2 is the simplest reaction for the reduction of GeO2 to Ge:
GGOQ — Ge + 02 (47)

Due to the limited solid solubility of Ge in Si0Oy, Ge atoms in the silicon oxide
matrix can precipitate and form nanocrystals by annealing. Formation of the
nanocrystal can be separated into five steps: (I) GeO2 reduction leads to the

formation of elemental Ge atoms (II) Diffusion of liberated germanium atoms

o4



in the silicon oxide matrix (III) nucleation due to Ge — Ge collisions causes the
formation of stable Ge nuclei. (IV) growth of Ge nanocrystals through the as-
similation of diffusing Ge atoms. (V) Coarsening of the nanocrystalsin such that
small nanocrystals shrink and large nanocrystals grow in size due to the Ostwald
ripening. Fig.(4.8) represent HRTEM micrograph of Ge NCs in silicon oxide

matrix annealed at conventional furnace at 900C for 30 minutes. We observe

5 nn
—

Figure 4.8: HRTEM micrographs and associated selected area diffrac-
tion pattern for Ge:SiOx annealed at 900C for 30 minutes. The
hexagonal shape nanocrystals are well-formed, showing facets that are
bounded by crystal planes. This implies that it is possible to obtain
the equilibrium interface energy minimizing configuration at 900C for
NCs in silicon oxide.

well-formed hexagonal and spherical shape nanocrystals, with hexagonal shaped
ones showing facets of the nanocrystals that are bounded by crystal planes. This
implies that it is possible to obtain nanocrystals where the equilibrium interface
energy is a minimum at 900C for Ge NCs in the silicon oxide matrix. Growing
nanocrystals in parallel to crystal planes might reduce pressure on nanocrystal
and therefore lowering compressive stress. Fig.(4.9) shows Raman spectra of the
Ge:SiOx samples. It is observed that crystallization starts at relatively lower tem-
perature (825 C) for Ge NCs in silicon oxide matrix compared to ones embedded
in silicon nitride which threshold crystallization is at 850C. This is suggested to be
due to higher diffusivity of Ge atoms in silicon oxide matrix which leads to earlier
crystallization. Stress analysis is done taking into account phonon confinement
induced shift and stress induced shift. The same analysis as NCs embedded in
silicon nitride shows a smaller compressive stress for NCs in silicon oxide matrix.

Our stress analysis show compressive stress for the NCs to be 1.2 + 0.2 em™1.
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Figure 4.9: Raman spectra of Ge:SiOx films.

Fig.(4.10) compares stress state of Ge NCs embedded in silicon nitride and silcon

oxide matrices.

Stress of NCs have different values in silicon oxide and silicon nitride matrices
which is in the compressive stress form. Ge nanocrystals in silicon oxide ma-
trix represent smaller compressive stress compared to those embedded in silicon
nitride matrix. This could be due to different lattice constant in silicon oxide
and silicon nitride matrices which leads to different state of mismatch between
nanocrystals and surrounding matrix and therefore stress state. Nanocrystals in
silicon oxide matrix also are formed at relatively lower annealing temperature
which in turn leads to less thermal stress. Also due to more diffusivity of Ge
nanocrystals in silicon oxide matrix and easier formation of nanocrystals in term
of energy considerations, nanocrystals form in equilibrium state with planes par-
allel to crystal facets which in turn leads to decreasing of pressure on nanocrystal.
However, for NCs in any matrix this stress is independent of NCs size in the range
studied. This is in agreement with works of [90] who reported same stress value
for small NCs. They argued that below a size, pressure is saturated and therefore

a constant stress value exist for small enough particles.
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Figure 4.10: Stress induced shift for Ge NCs embedded in silicon oxide
and silicon nitride matrices. Nanocrystals embedded in nitride matrix
experience larger compressive stress when compared to oxide matrix.
Stress of the nanocrystals is independent of nanocrystal’s size at this
very small regime.

4.3.2 Role of annealing method

To investigate the effects of rapid temperature rise in these samples we also used
rapid thermal processing for crystallization of Ge in N2 ambient. Fig.(4.11) shows
HRTEM images of sample RTP annealed at 900C for 90 sec. As it can be seen
from TEM micrographs, conventional furnace annealed sample displays relatively
larger NCs compared to RTP annealed ones at the same annealing temperature.
This is due to much longer annealing duration of furnace annealing which assists
the diffusion of Ge atoms and therefore the growth of the nanocrystals. Raman
spectra of the RTP annealed samples are shown in Figure(4.12) In all samples,

blue shift of the Raman peak relative to bulk Ge is observed

indicating presence of compressive stress. Relatively smaller blue shifts be-
tween samples reflect small variation in size with annealing temperature. Strong
compressive stress observed in RTP annealed samples are similar to furnace an-
nealed samples. We found the stress induced shift for RTP samples to be around
8.7cm — 1 which is slightly larger than CFA samples. This might be due to faster

process of solidification in RTP samples. A few reports[3, 4] have discussed that

o7



Figure 4.11: HRTEM micrograph (a) and electron diffraction (SAD) pattern
of RTP annealed sample, b). Smaller NCs are formed during RTP annealing
compared to samples annealed in a conventional furnace.

J +1000C
\ 1050C
-

Raman intensity (a.u)

Rarren shift (cm')

Figure 4.12: Raman spectra of Ge:SiNy samples annealed at different tempera-
tures with RTP for 60 sec. In all samples, blue shift of the Raman peak com-
pared to bulk Ge is observed indicating presence of compressive stress. Relatively
smaller blue shifts between samples reflect small variation in size with annealing
temperature.
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conventional furnace annealing leads to higher activation energy for nucleation
and therefore slower crystallization process, as compared to RTP . This, assist
the Ge nanocrystals to form facets so as to minimize the interfacial energy. In
the process of faceting, it is energetically favorable for the nanocrystals to grow
along planes that exerted the least pressure on the matrix as it enables them to

minimize their strain energy and thus minimize stress for the nanocrystals.

4.3.3 Stress tuning in superlattices

We also synthesized Ge NCs in superlattice samples. Here ultrathin Ge:SiNy films
are separated with stoichiometric Si02 or Si3N4 thin films. This closely spaced Ge
NC structure would be potentially advantageous for third generation solar cells
as this structure could improve electrical conductivity while confining the NCs
growth. This approach also allows for controlling simultaneously size and density
of NCs. Here, we fabricated two different sets of superlattices: Ge:SiNy/SiO2 and
Ge:SiNy/Si3N4 and use HRTEM and Raman study to investigate the stress state
in samples. In Fig.(4.13), we show HRTEM micrographs of multilayers consisting
of ultrathin Ge:SiNy films and stoichiometric SiO2 buffer layers which are used as
buffers for Ge diffusion and controlling the size of NCs. The thickness of Ge:SiNy
and SiO2 buffer layers are the same in a given sample. However, thickness of
Ge:SiNy layer is varied between 3.0 to 9.0 nm from sample to sample. The
undulations in the Ge containing layer shows that there is some Ge diffusion into
the buffer layers, as Ge diffuses in plane during crystallization. It is noteworthy
that the undulation amplitude increases in the Ge containing layers away from the
substrate. In the extreme case, we may expect that undulations lead to spherical
droplets in the form of worry beads in order to minimize the total energy of
formation. Fig 9b. indicates that annealing at 900 C leads to Ge diffusion to
form a mixture of amorphous and nanocrystal clusters. We would expect that at
longer anneal durations or higher temperatures all material would be crystalline

in the form of undulated nanosheets.
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Figure 4.13: TEM micrograph of multilayer samples consisting of Ge:SiN film
and SiO2 buffer layers. TEM micrographs of multilayer Ge:SiNy samples with
Si02 buffer layers. The thickness of Ge:SiNy and SiO2 buffer layers are the same
in a given sample. However, thickness of Ge:SiNy layer is varied between 3.0 to
9.0 nm from sample to sample. The undulations in the Ge containing layer shows
that there is some Ge diffusion into the buffer layers, as Ge diffuses in plane
during crystallization.
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Table 4.2: Stress induced frequency shift (strain) and correlation between stress
and crystallization threshold for Ge : SiNy/SiOy multilayer superlattices

Sample ID  Averagesize(nm) Raman shift Strain Crystallization threshold

ML3 3.0 24 94 775C
ML6 6.0 2.7 4.9 800C
ML9 8.5 1.0 2.1 850C

Figure(4.14), shows Raman spectrum of multilayer Ge:SiNy:SiO2 samples an-
nealed at different temperatures. Compressive stress is observed for all samples.
Stress induced Raman shift is calculated taking into account a simple phonon
confinement model [31]. Table.2 summarizes the correlation between stress, size

and crystallization threshold for Ge:SiNy/SiO2 samples.

As it can be seen smaller nanocrystals experience larger compressive stress.
Temperature threshold for crystallization for samples with thicknesses 3, 6 and
9 nm are 775C, 800C and 850C, respectively. This can be discussed in terms
of different values of stress for different samples. As we see there is a rather
strong correlation between crystallization threshold and compressive stress in
these multilayer samples. We observe that the more compressive stress there is,
the lower is the temperature threshold for crystallization. The spectra for 3.0 nm
thick Ge:SiNy layers are detailed and illustrative. Annealing at 775 C, a shoulder
starts to develop at around 300 ¢m — 1. At higher temperatures this shoulder
develops into a full fledged peak and shifts towards the red.

For sample with 3.0 nm Ge:SiNy, stress induced Raman shift is 9.4 em — 1 with
the corresponding crystallization temperature threshold being 775C. For samples
with Ge nanocrystal sizes of 6.0 nm and 8.4nm, stress induced Raman shift is
4.9 em — 1 and 2.1 em — 1 respectively. We note that in contrast with single
layer samples, stress on nanocrystals is size dependent in multilayer samples with
larger stress for smaller nanocrystals. Notice that in multilayer samples, the
environment of the nanocrstal is more complicated where they are partially sur-
rounded by silicon nitride and also by buffer layers and therefore stress relation on

nanocrystals can be complex. Further work is needed to study the details of stress
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Figure 4.14: Raman scattering of multilayer samples. Crystallization threshold
depends on stress state of NCs in samples. compressive stress supports the crys-
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accumulation in these type so samples. For these samples, crystallization tem-
perature threshold is between 800 C and 850 C. This is in agreement with work
in [34]. In that work, it was shown that application of an external mechanical
compressive stress during annealing for copper-induced growth of polycrystalline
Ge leads to enhancement of crystallization. We also fabricated multilayers with
near stoichiometric Si3N4 as buffer layer. It has been reported that the annealed
PECVD SiN films exhibit considerable tensile strain. This tensile strain increases
with annealing temperature from 750 C and saturates at a value of 1.2 GPa at
around 1100 C.1618 This is suggested to be linked to the release of hydrogen and
reformation of Si-N bond network after the annealing. SiN is commonly used as a
barrier material to prevent interdiffusion of metal and semiconductor. Therefore,
it is reasonable to expect that, in the sample with the SiN cap, the relatively
higher Ge supersaturation would lead to a reduction of barrier to nucleation and
hence more nanocrystal formation. Figure(4.15) illustrates TEM micrographs of
multilayer samples with Si3N4 buffer layers. Figure(4.16) illustrates TEM micro-
graphs of multilayer samples with Si3N4 buffer layers annealed at 900C for 30
minutes. Crystallization starts at layer next to the substrate NCs is observed for
other layers in sample annealed at 900 C. This is suggested due to existence of
higher nucleation energy at layers closer to substrate. Consequently, Ge nanocrys-
tals can nucleate and form earlier and faster. Figure 4.17 shows HRTEM of the
sample after annealing at 1000C for 30 minutes. At this temperature NCs are
formed in all layers due to higher activation energy at this temperature. More-
over size of NCs are larger compared to sample annealed at 900C. This is in good
agreement with the Raman spectra shown in Figure (4.18) where, we, agnain,
used Eq.(4.6) for PCE induced Raman shift:

In figure (4.18), Raman spectra of multilayer samples consisting Si3N4 ultra-
thin films as buffer layers. Sample annealed at 900 C shows no Raman peak which
is in agreement with results obtained via HRTEM micrographs. Threshold for
crystallization for these multilayer structures is around 950C. Moreover despite
single layer samples and multilayer samples with SiO2 as buffer there is a large
red shift in Raman peak which is because of tensile strain presents in the samples.

Table 4.3 summarizes correlation between crystallization temperature threshold
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Figure 4.15: TEM micrograph of superlattices consist of Ge:SiNy thin films and
Si3N4 buffer layers.
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E— 40 nm = 3 nm
Figure 4.16: Cross sectional TEM micrograph of Ge:SiNy/Si3N4 multilayers an-
nealed at 900 C for 30 min. The dark lines correspond to Ge:SiNy layers and
the white bands to Si3N4 buffer layers. NCs are formed only in layer next to
substrate.

A0 nm 5 0m

Figure 4.17: Cross sectional TEM micrograph of Ge:SiNy/Si3N4 multilayers an-
nealed at 1000 C for 30 min. NCs are formed in all layers with larger sizes
compare to sample annealed at 900C
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Table 4.3: Stress induced frequency shift (strain) and correlation between stress
and crystallization threshold for Ge : SiNy/Si3 N, multilayer superlattices

Sample ID  Averagesize(nm) Raman shift Strain Crystallization threshold

MLA 4.4 -4.7 -1.2 950C
ML6 6.3 -16.2 -14.4 950C

and tensile strain.

The samples are labeled as M L4 and M L6 with the numbers showing approx-
imate size of nanocrystals which are around 4 and 6 nm respectively. Sample
ML4 is annealed at 950 C for 30 min while M L6 annealed at 1050 C for 60 min-
utes, which leads to formation of larger nanocrystals. Both samples represents
considerable red shift . Sample M L4 shows a tensile strain of -1.2 ¢m — 1, while
increasing annealing time and temperature leads to more red shift reaching to a
tensile strain of -14.4 ¢m — 1 for sample ML6 annealed at 1050 C for 60 minutes.
This corresponds to a tensile stress of 3.8 GPa obtained from equation (4.7). [59]:

w(p) = (300.6 4 0.5) + (3.85 £ 0.05)p — (3.9 & 0.6) * 10 2p? (4.8)

Where "p” is the pressure exerted on the Ge NCs by the surrounding matrix.
At temperature as high as 1050C, Ge become molten and its diffusivity increases
drastically, therefore larger nanocrystals are formed. Note also that when an-
nealed at 1050C, the viscosity of the silicon oxide decreases and this will also
assist in the stress relief for the nanocrystals. This can lead to the reduction
of intrinsic compressive stress presents in nanocrystals or in other words more
redshift in Raman peak. Figure(4.19) shows correlation between crystallization
threshold temperature and stress on germanium nanocrystals for multilayer sam-
ples. For sample experiencing largest compressive stress, crystallization starts
at around 775C, however for sample with tensile stress this temperature is 1000
C. This is in agreement with works of several groups who reported relation be-
tween stress and crystallization [91] and [34,39 ,40]. As tensile strain increases,
the strain energy at the Ge nanocrystal surface increase, and the Ge — Ge bonds
become more stretched at the surface of the Ge nancrystal. When the strain en-
ergy eventually becomes comparable to the bond energy of the Ge atoms, the Ge

atoms will preferentially detach from the surface of the nanocrystal, which slows
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Figure 4.18: Raman spectra of superlattices consist of Ge:SiNy and Si3N4 buffer
layers. Tensile stress and late annealing is seen for the samples.
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Figure 4.19: Correlation between stress satae and crystallization threshold. Com-
pressive stress supports crystallization while tensile stress suppresses crystalliza-
tion.

the growth of the nanocrystals . As a result for tensile strained samples more
temperature is required to provide high kinetic energy for Ge atoms to involve in
crystallization process. Crystallization at lower temperature is a desirable prop-
erty in technological applications. lowering the crystallization temperature by
controlling stress can be a good method. Kimura et.al [92] investigated the effect
of stress on a-Si and observed suppression of crystallization by applying tensile
strain. A compressive stress-assisted, Cu induced lateral-crystallization technique
for the preparation of polycrystalline Ge at temperatures as low as 1500 C is also
[34] reported. Huang et al [36] also reported positive effect of compressive stress
on crystallization of a-Si. However some reports show tensile strain assists the
crystallization. Recently, the effects of external mechanical stress on the crys-
tallization of amorphous silicon have been reported by Hashemi et al.[42]. It

was shown that tensile stress applied to silicon films during annealing enhanced
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the crystallization properties of silicon, while an applied compressive stress sup-
presses the crystallization process. However our results shows the enhancement
of crystallization by using compressive stress and reduced crystallization in ten-
sile strained samples. Kimura [92] used a model to discuss the effect of stress on
crystallization of a-Si. Based on this model the driving energy of crystallization
is difference of Helmholtz energy between c-Si and a-Si under stress. According
to this analysis when the stress does not relax the driving energy decreases which
leads to reduction in crystallization and therefore crystallization starts at higher
temperatures. The effect of compressive and tensile strain on crystallization needs

to be further investigated.

In this chapter fabrication of germanium nanocrystals in a dielectric matrix
leads to a residual stress which is usually in the form of compressive stress. In
the present work, we aim to change the stress state of the nanocrystals from the
intrinsic compressive state to tensile stress by changing the annealing conditions,
the dielectric matrix material or the buffer as a stressor. We fabricated germa-
nium nanocrystals in silicon oxide and silicon nitride matrices via PECVD method
and post annealing in N2 ambient. Crystallization were observed via TEM and
Raman spectroscopy. Raman shift of nanocrystal compared to bulk material
is mainly due to stress exerted on nanocrystals and confinement of phonons in
nanostructure. We distinguished these two compartments by applying a phonon
confinement model to obtain the stress state of the nanocrystals. We found that
constant value of stress exist for nanocrystals in each dielectric matrix. How-
ever the nanocrystals experience different amount of stress in any matrix, that
is changing the matrix does not tune the stress state from compressive to tensile
stress but the value of compressive stress. We also examined effect of annealing
method on stress state of the samples and found small change in stress amount
of nanocrystals. Finally we synthesized germanium nanocrystals in superlattice
multilayer structures. Two sets of multilayers are fabricated, first set consist of
SiGeN ultrathin films sandwiched between stoichiometric SiO2 thin layers, in the
second set SiO2 are replaced by stoichiometric Si3N4 thin films. For the first set
of multilayers with Si02 barriers, Ge nanocrystals experience compressive stress

which is size dependent with larger stress for smaller nanocrystals. For second set
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of nanocrystals with Si3N4 barriers, tensile stress exist, therefore, we are able to
tune stress state of nanocrystals from compressive to tensile via stressor barriers.
This is very important as the stress state of Ge is intimately connected to the
band gap of the material. We also observed dependence of crystallization thresh-
old temperature with stress state of samples, our results show that compressive
stress leads to earlier crystallization while tensile stress suppresses crystallization.
These results are consistent with the claims of some studies [34-43] which claim
the compressive stress and lattice shrinkage, as the driver for the reduction of

crystallization temperature.
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Chapter 5

Photoluminescence of Ge
nanocrystals in single layer and

superlattice samples

This chapter is based on publication “Ge nanocrystals embedded in ultrathin
Si3N4 multilayers with SiO2 barriers ”Rahim Bahariqushchi, Sinan Gundogdu,
Atilla Aydinli Superlattices and microstructures 2017.

5.1 Introduction

Since observation of visible photoluminescence in Ge nanocrystals in silicon oxide
matrix by Maeda in 1991 [25] there have been an intense study on optical prop-
erties of Ge nanocrystals in dielectrics. Despite several reports on observation
of emission from Ge nanocrystals in different dielectric matrices there is lack of
agreement of experimental results with those predicted by quantum confinement
models which predict blue shift with decreasing nanocrystal’s size. According to
our knowledge there is only one report [4] on embedded Ge nanocrystal’s emission

in agreement with quantum confinement models. Other reports show a emission
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peaks independent of nanocrystals size which suggest that the observed pho-
toluminescence have other origin than confinement of charge carriers in nanos-
tructures. In this chapter we perform an optical study via photoluminescence
spectroscopy using a HeCd laser operating at 325nm at room temperature. Our
study is focused on Ge nanocrystals embedded in silicon nitride matrix with dif-
ferent Ge concentration. For studying of single layer samples, 6 set of samples are
prepared all with thickness around 200 nanometers and Ge concentration varied
between 4 to 40 percent. Effect of annealing temperature and Ge concentration
on photoluminescence spectra is discussed.Then we turn on photoluminescence
of multilayer samples namely Ge nanocrystals embedded in silicon nitride ma-
trix separated by SiO2 buffer layers. Samples consist of 8 Ge:SiN/SiO2 bilayers.
thickness of GeSiN films varied between 3.0 to 40.0 nm and therefore size of NCs
is controlled at least in growth direction. SiO2 which perform as buffer layer is
around 25nm for all samples. PL measurements show size dependent intensity
of nanocrystals with higher intensity for smaller nanocrystals. this suggests that
origin of this emission is defects located at the surface of nanocrystals. Also there
is an enhancement of photoluminescence of multilayer samples compare to single
layer samples with same effective thickness. Origin of this enhancement is also

discussed.

5.2 Single layer samples

Ge:SiN films with thickness around 200 nm are grown on Si substrate. Ge con-
centration are estimated to be 4, 9, 15, 24,30 and 40 percent by RBS method as
discussed in previous sections and are named as A, B, C, D, E, F, G respectively.
The samples are processed by conventional furnace annealing in temperatures
from 500 C up to 1100 C. The Structural analysis of these samples are performed
in the previous sections. Figure(5.1) illustrate TEM micrograph as well as se-
lected area diffrcation (SAD) of an as-prepared sample. Thickness of the film
is around 200nm. Amorphous structure of sample is obviousfrom both TEM
and SAD patterns. Fig.(5.2) shows photoluminescence of these 5 sets of sam-

ples annealed at different temperatures. Fig(5.3) represents PL intensity vs Ge
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Figure 5.1: (a).HRTEM micrograph of an as prepared Ge:SiN film with thickness
around 200nm. Film is in amorphous state.(b). Selected area diffraction (SAD)
of the sample confirms amorphous state of the sample
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Figure 5.2: PL spectra of single layer samples containing 4 to 35 percent of Ge.
Emission starts at the threshold temperatures for crystallization confirming that
origin of emission is related to nanocrystals. All Samples show emission at a
constant wavelength with no peak shift suggesting that origin of PL can not be
ascribed to QCE. Intensity of PL depend strongly on temperature (and therefore
size of NCs) with higher intensities for samples with smaller NCs suggesting the
origin of emission to be defect states at the surface of NCs.
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concentration for five samples. Highest PL intensity for any sample is taken to
have a comparative study on effect of Ge concentration on PL intensity. Fig(5.4)

shows PL intensity for any samples vs annealing temperature. Now we discuss
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Figure 5.3: PL intensity vs germanium content. Intensity enhances with increas-
ing germanium content from 4 to 24 percent. further increasing of germanium to
35 percent result in a decrease in PL intensity. Maximum intensity is observed
for samples containing 24 percent of germanium

the origin of this visible emission from films. All samples show a peak position
at around 2.4 ev with no blue shift with decreasing size of nanocrystals. How-
ever there is a correlation between crystallization and luminescence. Intensity of
luminescence is also strongly size-dependent with higher intensities for smaller
nanocrystals which can be seen from Figers(5.2),( 5.3) and (5.4). For amorphous
films there is no emission, luminescence for samples containing 24 and 35 percent
Ge starts at 800C which corresponds to crystallization threshold for these two
samples. For sample with 15 percent of Ge ,however, emission starts at 900C
where crystallization occurs at higher temperature due to lower Ge content. For
samples containing 4 and 9 percent of Ge, very weak emission is seen at temper-
atures around 1000C where crystallization starts. Moreover there is a decrease
in intensity of PL after annealing above threshold temperatures which leads to

Ostwald ripening and larger NCs. So it is obvious from spectra of all samples
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Figure 5.4: PL intensity vs annealing temperature for samples containing 4 to
35 percent germanium. Maximum emission intensity for all samples, is around
800C where crystallization starts. At higher temperatures and therefore larger
nanocrystals, intensity decreases suggesting origin of emission to be defects lo-
cated at the surface of nanocrystals
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that smaller nanocrystals emit higher intensities. Despite all works [31,66,93-95]
on Ge NCs in different matrices and different NC preparation methods, there
is no agreement on the origin of PL in Ge NCs. Up to our knowledge the re-
port by Takeoka [4] is the only PL observation of embedded Ge in consistent
with QCE. Theses inconsistencies arise from ill-defined surface chemistry and
complex-defective interfaces between Ge NCs and the surrounding matrix [4].
These surface related effects makes the observation of QCE more challenging in
Ge NCs compare to Si NCs. Generally the PL from films containing Ge NCs
is attributed to three effects: First, it can originate from quantum confinement
of electrons and holes inside NCs. This inevitably leads to the expectation that
a size dependent shift of the luminescence wavelength [25,31,95,96] should be
observed. This is not the case for our samples. Since the PL spectra shows no
peak shift with NCs size in our samples, this possibility is ruled out. Second,
photoluminescence may also be observed in samples with matrix defects [59,97]
which are created during film growth or diffusion of Ge during annealing. This is
not also the case for our samples. We do not observe PL in as-grown samples, so
that defect originated during sample growth, does not seem to be a possibility.
Also, the defects due to diffusion of Ge during annealing is expected to be present
in all samples including samples with lower Ge contents. However these samples
also show no PL. We, therefore, conclude that matrix defects is not considered
to be the origin of PL in our samples. The third possibility is PL due to states
related to the interface of NC-dielectric matrix. Besides QCE, decreasing the size
of NCs, cause a notable increase of surface to volume ratio of Ge NCs, which in
turn, increases surface related effects. We believe this is the most likely origin of
PL in our samples. This is supported by the fact that PL intensity is correlated
with crystallization of Ge and with the size of Ge NCs. Raman and PL data
for samples with 15,24 and 35 percent of Ge show that PL emission threshold is
associated with beginning of crystallization of Ge. PL emission is observed when
crystallization becomes apparent in the Raman spectra. Even though there is no
peak shift as the NCs size changes, there is a strong dependence of PL intensity
on NCs size. This can be due to larger number of surface effects at smaller Ge
NCs since they have larger surface to volume ratio. Fig 5.5 illustrates HRTEM

micrograph of three samples with different Ge NC size and corresponding PL
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spectra. Sample(a) with smallest NCs has highest intensity, sample(c) with very
large NCs shows no emission, this also confirm s the origin of PL is defects lo-
cated at the surface of nanocrystals. This is in agreement with results of Maeda

et al. [25] and Barbagiovanni [30] who observed strong visible PL originating from

interface states
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Figure 5.5: HRTEM micrograph of sample with 24 percent of Ge annealed at
(2).850C (b).900C and (¢)1000C. In fig(a) small NCs are distributed throughout
the film. in Sample (b) larger NCs are formed and in sample(c) very large NCs
exist. PL spectra for these three samples shows size dependent intensity with
higher intensity for smaller nanocrystals suggesting that origin of luminescence
is defects located at the surface of nanocrystals

5.3 Multilayer Samples

In this section, we study optical properties of Ge NCs embedded in thin Si3N4
layers with SiO2 barriers in Ge:SiN/SiO2 multilayer structures using photolumi-
nescence (PL) spectroscopy. Multilayer structures have several advantages over
single layer samples, where Ge content in as-grown samples is central in the de-

termination of nanocrystal sizes. Typically, NC size is controlled by annealing
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temperature and duration or the content of the relevant material in the dielectric
matrix [22] when annealed at fixed temperatures. In single layers, size of small
Ge NCs are limited by the amount of Ge in SiN which leads to low density of
nanocrystals that reduces photoluminescence efficiency. Multilayer approach can
overcome this problem by controlling the size of NCs by confining them in thin
layers and by increasing the number of Ge containing layers. Here, we sepa-
rate adjacent layers of Ge containing nitride layers with dielectric barriers such
as Si02 which is expected to prevent Ge cross diffusion during annealing and
therefore, can lead to small NCs with high concentration. This allows the con-
trolling of the size and density of NCs, simultaneously. Moreover this approach,
provides the local control of NCs and NC-NC distance in the growth direction.
The structure of samples with different Ge:SiNy thickness were observed using
high resolution transmission electron microscopy (HRTEM) after annealing them
up to 900 C for 30 minutes. Fig.(5.6) shows overall TEM micrographs for all
three samples with differing thicknesses of Ge:SiN layer annealed at 850-900 C.
Samples with 3, 6 and 9 nm thick Ge : SiN layers show similar behaviors, albeit
some differences, Fig.5.6 a, b and c, respectively. The periodicity of the SiO2
barrier is the same in all samples and we clearly see the clustering and crystal-
lization of Ge in the Ge:SiN layers in all three samples. It is also clear that while
there is no diffusion of Ge atoms from layer to layer, lateral diffusion of Ge in
the Ge:SiN plane is accompanied in thicker Ge:SiN layers with vertical growth
of the nanocrystals leading to ellipsoidal shapes in an effort to minimize the sur-
face free energy which is minimum for spheres[23]. Lateral diffusion of Ge and
subsequent ellipsoidal growth leads to bead like formations modulating the NC
sizes. We note that the sizes of the Ge NCs along the growth direction are larger
as the thickness of SiGeN layer increases. This would lead to variations in the
effective band gap of the NCs as well as creating bottlenecks in carrier trans-
port. On the other hand, it may present opportunities to create controlled three
dimensional growth of nano-Ge lattices. It is clear from the TEM micrographs
that the driving force for the ultimate spherical shape is large enough that some
diffusion into SiO2 barriers takes place. The extend of the diffusion increases
with the thickness of the Ge containing SiGeN layer due to available Ge atoms.

Thinner layers do not contain enough Ge atoms to support the drive to spherical
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Figure 5.6: TEM micrographs of samples with Ge:SiNy thicknesses and annealing
temperatures of samples with a) 3 nm (900 C), b) 6 nm (850 C) and ¢) 9 nm (900
C). The barriers are Si02 with thickness of 25 nm.
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shapes. As the amount of Ge in SiGeN layers increase, while not observed here,
vertical diffusion accompanying the lateral crystallization may be expected to in-
crease, reaching to a point that Ge NC layers touch each other. Close up TEM
micrographs are shown in Fig.5.7 starting with a) sample ML3 (multilayer with
nominal 3 nm SiGeN ) Sample with the thinnest Ge:SiNy layer. The SiO2 barrier

EA

Figure 5.7: Cross-section TEM and typical FFT micrograph of multilayer sam-
ples: (a),(b),(c) HRTEM graphs of samples with 3, 6 and 9 nm of SiGeN layers,
respectively.(d) FFT micrograph of sample (¢) The graphs show good crystalinity
as well as control over size by multilayer approach.

thickness of 25 nm is observed along with the diffused Ge in layers between the
barriers. The in-plane diffusion of Ge atoms leads to thicknening of the Ge layer
and buckling of the Ge NCs where some parts of the Ge NCs is thicker with
periodicity of around 25 nm. We note that, Ge diffusion perpendicular to the
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Ge NCs is limited by the lateral in plane diffusion of Ge atoms such that the
size of NCs is expected to be restricted by the thickness of Ge:SiNy films [96].
In single bulk-like layers, NCs are typically spherical in shape [98]since minimum
surface to volume ratio for spherical geometry leads to minimization of interface
energy for spherical NCs. Spherical NCs are, therefore, expected. However, these
HRTEM micrographs show confinement of Ge along the growth direction and
in plane growth of small Ge NCs in thin Ge:SiNy layers and lateral growth of
elongated Ge NCs for thicker samples. As shown in these images, in all samples,
our Ge:SiNy layers have wavy shape with smoother interfaces at layers closer to
substrate. This behavior is reported in several works [99-101]. Theoretical calcu-
lations also have been done [102] and predicted flatter and sharper interfaces at
layers closer to substrate. In [99] also much smoother interfaces are observed in
the as-grown samples compared to annealed samples. This has been attributed
to interlayer diffusion of Ge confirmed by RBS study of Ge content. However,
in our case, the as-grown samples show the same wavy structure as annealed
samples. It seems that the effect of Ge diffusion during annealing plays a limited
role in the formation of the wavy structure. We have not observed a Ge diffusion
channel between Ge rich layers under the conditions of our experiments. Our as-
grown samples are similar to samples in [101] where the origin of wavy structure
in as-grown samples is attributed to insufficient energy of arriving atoms to make
atomic rearrangement upon surface adsorption. The arriving atoms stick where
they land. The exact shape of the interface depends on deposition conditions.
Then the small intrinsic waviness in initial layers of a multilayer system leads to
a large cumulative waviness towards top of the system. We also suggest this is
the possible responsible mechanism of waviness in our samples. Fig.(5.8) shows
size distribution for these three samples with different thicknesses. The NC size
is referred to here is the NC diameter in the growth direction which is controlled
via Ge:SiN thickness. Fig.(5.9) shows the photoluminescence spectra of samples
ML3, ML6 and ML9. at room temperature.

The photoluminescence peak position does not show observable shift with an-
nealing temperature. However, we observe a size-dependent photoluminescence

intensity. We note that, the highest photoluminescence intensity of NCs of 3.1
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Figure 5.8: Size distributon for multilayer structures with different thicknesses
and related Gaussian fit. It is clear that size of NCs is mostly determined by
the thickness of the SiGeN layer thickness. The size distribution is narrow in all

three samples.
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nm decreases as the NC size increases to 6.4 nm finally decreasing to zero when
the quantum size is 9.0 nm. We observed a size dependent PL intensity at 2.3
and 3.1eV. The samples with NCs below or equal to 6 nm show visible PL. We
observed the enhancement of the PL intensity with reduction of the NCs size.
The reduction of NC size is accompanied with increasing surface to volume ratio
and therefore increasing surface related states. The origin of PL is suggested to

be due to recombination through states at the NC/matrix interface.

5.4 Conclusions

In this chapter we performed an optical study on Ge nanocrystals in silicon ni-
tride matrix in single layer and multilayer samples. HeCd laser operating at 325
nm is used as exciting source. First single layers with thickness around 200nm
and Ge content from 4 to 35 percent are studied. Our study shows a constant
peak position at 2.4ev for all samples suggesting that origin of emission can not
be quantum confinement effect. Emission also is related to crystallization of sam-
ples and starts at crystallization threshold for any concerned sample. moreover,
Intensity of emission depends on concentration of Ge in as prepared samples, a
fairly value of Ge is needed for efficient light emission from NCs. Our analysis
also shows higher emission intensity for samples containing smaller NCs which
we believe is due to higher defects at surface of smaller NCs, we attributed this
emission to surface states of NCs. In the second part of this chapter, multilayer
samples are studied using same HeCd laser, size controlled NCs with narrower size
distribution were studied and PL emission at the same position as single layers
observed , these samples also show stronger emission for smaller NCs suggesting
same origin of PL as single layer samples. Finally we observed an enhancement of
emission for multilayer sample compared to that of single layer samples with the
same thickness. This might be due to higher Ge density of NCs in multi layers,
in multilayer samples SiO2 layer which perform as buffer layer, block the out
diffusion of Ge during annealing and therefore an increased concentration of Ge
in multilayer samples is expected. This effect can be responsible for enhancement

of PL in multilayer samples compare to single layer samples.
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Chapter 6

Conclusions and future work

In this chapter, we review a summary of the work. Main scope of the thesis is to
investigate formation of Ge nanocrystals embedded in dielectric matrices, their
structural and optical properties. In the first part, we focused on fabrication of
Ge NCs in dielectric matrices. Ge NCs are synthesized in two different matri-
ces namely silicon oxide and silicon nitride. Formation of NCs were confirmed
by Raman spectroscopy and high resolution transmission electron microscopy.
Raman spectroscopy and HRTEM micrographs are used for extraction of stress
state of the nanocrystals. Raman spectra of NCs is different from bulk crystals.
First difference is broader spectra of NCs compare to that of bulk Ge, this can
give information about size distribution of NCs within matrix. Second difference
of Raman spectra of NCs compare to bulk Ge is a blue or red shift of Raman
peak of NCs compare to bulk Ge, There are two main physical reason behind this
shift: First origin of this shift is confinement of phonons inside the Ge NCs, due
to spatial enclosure of phonons, relaxation of phonon’s momentum conservation
rule takes place which is due to Heisenberg uncertainty principle. As a result,
phonons with nonzero momentum (that is phonons out of center of first Brilouin
zone) can involve in Raman scattering, frequency of these phonons are lower than
those centered at first Brilouin zone, therefore Raman spectra of these phonons
will represent a red shift compare to bulk crystal. Furthermore a broadening of

Raman spectra is expected due to a distribution of phonons with varied values of
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momentum in Raman scattering process. There is also another reason for Raman
shift, compressive or tensile stress affect the vibrational frequency in NCs, theo-
retical models predict that compressive stress increases the vibrational frequency
and therefore leads to a blueshift in Raman spectra, tensile stress on the other
hand results in a red shift in Raman peak. Therefore observed Raman shift in
NCs is a combination of PCE induced red shift and stress induced shift which
can be red or blue. Since PCE shift can be calculated knowing the size of NCs, it
is possible to extract stress induced shift by obtaining average size of NCs from
TEM micrographs. In this work we estimated stress state of NCs in different
dielectric matrices by measuring Raman shift of NCs and extracting the PCE
induced shift. Our study show a compressive stress for ge NCs embedded in all
three matrices. Value of this stress is different in three matrices, however it turns
out that for any given matrix the amount of stress is independent of NC’s size.
We also measured the stress of NCs by obtaining free standing NCs by a careful
HF etching of matrix and getting only free standing NCs, these NCs are free of
stress and therefore observed Raman spectra is only due to phonon confinement
effect, comparing Raman shift of free standing and embedded NCs gives the stress
state of NCs. We compared the stress state obtained by two methods and good
agreement observed in the results. After investigating role of matrix on stress
state of nanocrystals, we studied on the role of annealing method on stress state
of NCs. Two processing methods namely conventional furnace annealing (CFA)
and rapid thermal processing (RTP) are compared. RTP samples show smaller
NCs compare to CFA samples still same stress for the samples observed, therefore
stress of NCs is independent of annealing approach which suggest that origin of
stress to be largely due to mismatch of NCs and matrix and thermal stress is
negligible. After estimating and tuning of stress state of nanocrystals in single
layer films we focused on fabrication and stress analysis of NCs in multilayer
samples. Two sets of multilayers are studied, first set consist of Ge:SiNy/SiO2
bilayers. Second set has Ge:SiNy/Si3N4 bilayer structures. Number of bilayers
were 8 or 16. Synthesis of NCs in these samples were performed via conventional
furnace annealing and Raman and TEM micrographs are used for stress analysis,
our study show possibility of tuning stress state of samples from compressive to

tensile stress with changing buffer layer of samples. Stress state of nanocrystals
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can adjust the microstructure of the nanocrystals which in turn leads to change
in the band gap of material, therefore controlling stress in NCs can be important
in band structure engineering of nanocrystals, in the first part of the thesis we
show possibility of tuning stress state of nanocrystals from compressive to tensile
stress, three different methods are used for performing that namely matrix, pro-
cessing approach and using buffer layer as stressor in multilayer samples. In the
next part of this work we focused on optical properties of Ge NCs embedded in
silicon nitride matrix. Optical study was performed using HeCd laser operating
at 325 nm as exiting source. Role of Ge content on luminescence efficiency of
Ge NCs is investigated and it was observed that a fairly high concentration of
Ge atoms in as prepared samples is required for efficient emission, several sets
of single layer and multilayer samples are studied, our analysis show size inde-
pendent peak for samples which suggest that origin of PL can not be attributed
to quantum confinement effect, however samples exhibit a size dependent PL in-
tensity with higher intensity for smaller nanocrystals which suggest that origin
of luminescence should be defects located at the surface of nanocrystals. An en-
hancement of PL in multilayer samples compare to single layers also observed
and attributed to lack of out diffusion of Ge atoms in multilayer samples which

leads to increasing density on NCs.
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