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ABSTRACT

Amorphous silicon carbide (a-SiC) is a versatile material due to its interesting mechanical,
chemical and optical properties that make it a candidate for application in solar cell technology.
As a-SiC stoichiometry can be tuned over a large range, consequently is its bandgap. In this
thesis, amorphous silicon carbide thin films for solar cells application have been deposited by
means of the electron-beam physical vapour deposition (e-beam PVD) technique and have been
isochronally annealed at varying temperatures. The structural and optical properties of the films
have been investigated by Fourier transform Infrared and Raman spectroscopies, X-ray
diffraction, Scanning Electron Microscopy, Energy Dispersive X-ray Spectroscopy and UV-
VIS-NIR spectroscopy. The effect of annealing is a gradual crystallization of the amorphous
network of as-deposited silicon carbide films and consequently the microstructural and optical
properties are altered. We showed that the microstructural changes of the as-deposited films
depend on the annealing temperature. High temperature enhances the growth of Si and SiC
nanocrystals in amorphous SiC matrix. Improved stoichiometry of SiC comes with high band
gap of the material up to 2.53 eV which makes the films transparent to the visible radiation and

thus they can be applied as window layer in solar cells.
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CHAPTER 1

Introduction

1.1 Overview on Solar Energy

Energy consumption is increasing due to the growth in population and technological
advancement. The role played by the fossil fuels such as coal, oil and natural gas in meeting
the global energy demands cannot be overemphasized. However, the release of carbon oxides
in the atmosphere as a result of utilization of fossil fuels is an unacceptable consequence.
Carbon oxides and other greenhouse gases adversely influence the balance of the earth’s
temperature. The devastation caused by the altered atmospheric composition can constitute a
monumental impact on weather and climatic conditions such as increased global temperature,
sea levels and unpredictable weather patterns [1]. Provision of alternative sources of energy
can mitigate the production of greenhouse gases and consequently reduces the global warming.
Renewable energy technologies are being considered as potential alternative sources for future

global energy supply.

Solar energy is considered as the main renewable energy source, which can meet the high
energy demand worldwide. It is an abundant, clean, sustainable, and reliable energy source.
Solar energy can be usually converted to electrical or other forms of energy. The conversion
can be exploited in different ways such as photovoltaic cell and solar thermal. Photovoltaics is
the most favourable technology used to convert solar power into electricity. The Photovoltaic
cell make use a semiconductor material to convert solar light from the sun to electrical energy.
A sphere of gases consisting of hydrogen and helium are the primary constituents of the sun.
These gases, when heated at very high temperature in the core of the sun, undergo nuclear
fusion and one of the by-products is the emission of electromagnetic radiation. The emitted
radiation has wavelengths that are similar to that of black body radiation at 5250 °C as shown
in figl.1. The solar radiation received on earth is 1.5 x10'® kWh/year [2], which is ten thousand
times higher than the global energy demands. Consequently, the potential in energy supply

offered by solar radiation is huge.
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Figure 1.1: A blackbody emits different spectra according to the temperature of its surface

[3].

1.2 Photovoltaic Technology

The first generation photovoltaic cells are primarily made up of silicon wafers. The
advancement in photovoltaic technology has been hampered by high cost production of solar
cells. The relative high cost of materials for the production of first generation of photovoltaic
solar cell led to the production of second generation solar cells, which is the thin film
photovoltaic solar cells. These materials come with significant reduction in production cost,
because of required small thickness of the layers as well as the relaxation in requirements of
high purity silicon wafer. The unit of manufacturing in the thin film of glass sheet ~1 m? for
photovoltaic solar cells is therefore about 100 times higher than silicon wafers of~100 cm?
with possibility of higher energy conversion [4]. The thin film photovoltaic solar cells share
the same performance restrictions for single-junction devices, which is known as Shockley—
Queisser limit as the conventional Si devices [5]. The reduction in manufacturing cost in thin
film photovoltaic solar cells is a consequence of a reduced manufacturing costs and the use of

lower quantity of material.



Shockley and Queisser [5] suggested higher spectral conversion efficiency for the second
generation solar cell, but this does not lead to the power conversion efficiency. The efficiency
limits of thin film solar cells can be influenced by the thermal relaxation losses, due to photons
of energy higher than the band gap and transmission losses, due to the photons carrying
energies lower than the band gap. The photovoltaic cells with higher conversion efficiencies
should be expected from the third generation of photovoltaic solar cells. The transmission
losses in the second-generation solar cells are the main cause of reduced spectral conversion
efficiency and this triggered the emergence of the third generation solar cells technology. It
consists in the use of the multi-junction materials. The superimposed sub-cells in a multi-
junction stacks with semiconductor materials of different bandgap values, allows the photon
absorption in an extended range of the spectrum. Third generation photovoltaic cells provide
thus a more efficient spectral conversion and it is a step forward in overcoming the Shockley-
Queisser theoretical limit of single bandgap devices. Currently, a higher conversion efficiency

based on multi-junction solar cells achieved up to 46.0% [6 , 7].

1.3 Semiconductor Silicon Carbide Material

Silicon carbide (SiC) has received much attention in electronic devices and
microelectromechanical systems (MEMS), due to its superior properties such as a wide band
gap, high melting temperature, high elastic modulus, high fracture toughness, high hardness,
chemical inertness and good thermal conductivity [8 —11]. It can be used as a protective coating
instead of silicon, due to its toughness and excellent mechanical properties that make it
candidate for use in harsh environments [9,12]. The thermal and chemical stability of SiC is
superior compared with the other high bandgap semiconductors such as GaN and ZnSe [13]. It
is therefore, commonly used for high temperature and high power applications. It is high
bandgap ensures high transparency in most of the visible part of the spectrum and as a result,
SiC can be used as window layer [14,15]. SiC can be grown in amorphous and microcrystalline
thin films. For instance, Chen et al. [16] reported that an improvement of conversion efficiency
of the solar cell of # = 9.6% with a successful application of microcrystalline silicon carbide as

window layer with an optical bandgap of E¢®' = 2.8 eV.



Exploitation of the structural and optical properties of silicon carbide films requires a good
understanding of the correlation between these properties and the technological applications in
devices. Hydrogenated amorphous silicon carbide (a-SiC: H) has been employed as a window
layer in solar cells, because the optical gap ( Eq°" ) of a-SiC can be increased constantly by
increasing the carbon content in the films [17]. The available information on SiC has led to its
application in passivation layers, anti-reflection coating, and even replacement of transparent
conductive oxide TCO in crystalline silicon solar cells [18]. Silicon carbide can possess
different structures, each within its own optical properties. Moreover, its polytypes can be
transformed from one form to another depending on the temperature. In particular, the cubic

silicon carbide (3C-SiC) has been of great interest in solar cells technology.

A tetrahedral frame of all polytypes can be presented as a silicon atom in the centre surrounded
by carbon atoms and vice versa. The distance between covalently bonded silicon and carbon
atoms is about 1.89 A°. Meanwhile, the lattice constant which is length of sp® bonding between

Si-Si and C-C is approximately 3.08 A°as shown in fig 1.2.

1.89 A

3.08A

Figure 1.2: Tetrahedral structural of SiC [19].



1.4 Crystallographic Structure of Silicon Carbide

Silicon carbide is a stable compound of Si and C atoms that can exist in long-range ordered
structures. It can be crystallized into a large variety of polytypes. The polytypism phenomenon
occurs during the rotation of the stacking sequence of the double layer of Si-C atoms into three
characteristic icons. The coordination types are identified as A, B, C. as in fig 1.3.

Figure 1.3: Schematic diagram of the stacking sequence for the most common polytypes SiC
cubic (3C) and hexagonal (4H and 6H) [19].

The variation of these double layers along the vertical axis referred to as c-axis, identifies
polytypes of different physical and optical properties. The most common of the over 250
polytypes of SiC discovered are cubic 3C, and hexagonal 6H and 4H [20-22].

1.5 Amorphous Silicon Carbide Films

Amorphous silicon carbide (a-SiC) is well known for its applications as emitter of high-speed
bipolar transistor (TBT), solar cells, microwave power transistor, light-emitting diodes and
sensor [23]. a-SiC is a valuable material for silicon heterostructure for application in thin Si

films solar cells and it can be prepared using a variety of deposition techniques.



The atomic structure of a-SiC is similar to that of amorphous silicon (a-Si) as both have short-
range atomic order with a tetrahedral atomic coordination. However, there are differences in
the bond lengths and bond angles compared to the Si-Si form of crystalline structure
counterpart. An increased disorder in a-SiC in comparison with a-Si is noted, as a result of the

intrinsic physical disorder of the material due to the additional Si-C bond as shown in fig 1.4.

Figure 1.4: The disordered network of amorphous silicon carbide network, where white and
black big balls represent silicon and carbon atoms, respectively. The structure also contains

hydrogen atoms represented by small grey balls to form a-SiC:H [24, 25].

Amorphous silicon and silicon alloys are characterised by recombination centres also known
as gangling bonds. Hydrogen atoms introduced into the a-SiC network play a vital role into
compensating them. Thus in order to reduce the defect density, disorder structure and to prevent
recombination of charge carriers in a-SiC films, hydrogen incorporation is desired [26]. Since,
the bond C-H is stronger than Si-H bond, it is more stable against the Staeble-Wronski (SWE)
degradation. The strength of the Si-C bond arises from the difference in electronegativity
between Si and C atoms. Thus, the addition of hydrogen improves the quality of the a-SiC

properties.

Amorphous silicon carbide has been investigated as a potential industrial material, which

displays a range of structural, chemical, optical, electrical, and mechanical properties through



control of the variation of its individual elemental concentration. Since a-SiC can easily
fabricated composition of varying stoichiometry, its properties can be tuned for application in
a variety of fields. Moreover, the chemical and mechanical characteristics of a-SiC: H have
been recognized as more outstanding than those of a-Si [27].

Furthermore, crystallization of amorphous SiC can be achieved through a convenient
temperature annealing treatment, which leads to extreme changes into structural properties.
Thus, an improvement in optical transparency and electrical conductivity of a-SiCyx following
progressive alteration of the network in gradual annealing process. In addition, the change in
changing the bonding structure of a-SiC through variation in carbon content can also allow the
control of the structure and optical properties of the material. Tianru et al. [28] found that the
increase in the Si-C and C-Hp results in the increase of the bandgap of a-SiC from 1.8 eV to
3.0 eV. Thus high C concentration leads to high bandgap materials, desirable for use as window

layer for photovoltaic applications.

The chemical structure is influenced by the elemental concentration of Si and C and it can be
arranged into two types of amorphous networks, namely silicon-rich amorphous silicon carbide
(Si-rich a-SiC) or carbon-rich amorphous silicon carbide (C-rich a-SiC). Consequently, one
can obtain Si nanocrystalline or C graphitic clusters under high temperature annealing of the
amorphous SiC matrix. Si-rich amorphous SiCx films have been applied as transparent layers
in solar cells, while C rich films have been used as an active layer in electroluminescent
devices[29, 30].

The dielectric matrix of amorphous SiC is used to prepare silicon quantum dots to be used in
photovoltaic applications as absorber layer in Si based tandem solar cells, because of the
advantage of its optimized bandgap value of around 2.5 eV, lower than those of other Si related
dielectric matrices such as SiOx and SiNy, this reduced bandgap gives to SiCx a semiconductor

character and thus better electrical transport properties [31].

The phase transition from amorphous into microcrystalline silicon carbide occurs when the
material is exposed to high annealing temperatures or grown under high hydrogen dilution for
instance. The preparation of good quality microcrystalline SiC at low temperature of the

substrate is still under development and of intense research interest.



1.6 Aim and Outline of this Thesis

The objective of this thesis is to study the structural and optical properties of amorphous silicon
carbide (a-SiC) of varied stoichiometry. In order to study the effect of silicon and carbon
interaction alone, a-SiCx thin films have been prepared by electron beam physical vapour
deposition technique. The films have been subjected to varied annealing temperatures in order
to yield different microstructures. Different analytical techniques have been used to

characterize the material.

Chapter 1: This chapter provides background literature on SiC material and addresses specific
areas where they find application. It gives an overview highlights on the unique properties of

SiC and presents the aim and outline of this thesis.

Chapter 2: This chapter gives an overview of the techniques commonly used for thin films
deposition; in particular, the electron-beam physical vapour deposition used for most of the
samples studied in the thesis, is discussed. It presents the experimental details used for films
deposition.

Chapter 3: This chapter contains a concise review to analytical techniques utilized in this thesis,
the analytical techniques includes FTIR, RS, XRD, SEM, EDX, and UV-VIS-NIR

spectroscopy.

Chapter 4: This chapter is dedicated to the presentation and discussion of the experimental

results. The emphasis is on structural and optical properties.

The last part of the thesis gives a summary of the results and it proposes recommendations for

future work.



CHAPTER 2

Experimental Methods

This chapter gives an overview of the most commonly deposition techniques used to grow SiC
materials. Moreover, this chapter describes the employed experimental method, named the

electron beam evaporation technique to prepare of SiCx thin films samples.

2.1 Overview of Deposition Techniques

Silicon carbide was naturally discovered in meteorites in 1824 by Jons Jacob Berzelius. Later
on, in 1891 it was produced by American inventor Edouard G Acheson using sublimation
method, while attempting to synthesis artificial diamonds. Hence, SiCx films can be processed
with sophisticated deposition techniques in both amorphous and crystalline forms [32] at low
and high temperatures. The quality and crystal size of SiC material has been limited to the
progress of the research technology. To increase interest, produce a good quality and growth

large area of SiC material, the development of the deposition techniques is required.

A variety of deposition techniques have been employed to synthesis SiCyx thin films with
different structures such as amorphous, microcrystalline and /or nanocrystalline, to determine
the desired physical properties for particular applications. These techniques include a chemical
and physical vapour deposition methods such as low pressure chemical vapour deposition
(LPCVD), plasma enhanced chemical vapour deposition (PECVD), hot wire chemical vapour
deposition (HWCVD), pulsed laser deposition (PLD), Molecular beam epitaxy (MBE),
sputtering, and electron cyclotron resonance (ECR). All these techniques have advantages and
disadvantages in preparation of SiCx films. However, chemical vapour deposition (CVD)
methods namely PECVD and HWCVD are the conventional methods. The advantage of these
mentioned techniques is to yield SiC material with low defect concentration at low substrate
temperature. Methane (CH4) and silane (SiHs) gases are routinely used as feed gas source to

synthesis SiCx films using the above techniques.



PECVD is the most commonly used method to prepare a-SiCx:H films using pure CH4 and
SiH4 gases in a hydrogen flow for mass production of thin silicon solar cells. However, this
technique is subject to some limitations, due to problem of ion bombardment, high hydrogen
content, low carbon efficiency and low efficiency of gas decomposition. Thus, a degradation

in the thin films quality with low deposition rate [33] affects the device stability.

Hot Wire Chemical Vapour Deposition (HWCVD, also known as (Catalytic- CVD) has been
successfully used for deposition of SiCx thin films at low substrate temperature below 400 °C
with high deposition rate [10] and good quality films with large area uniformity are obtained
for industrial production. Due to its simplicity, efficient cracking of the feedstock, lack of
plasma-induced damage and replacement of plasma in PECVD by hot filament. The HWCVD
offers an alternative for deposition of films with high deposition rate at low temperature of the
substrate. HWCVD is described as an ion, electron and surface charge — bombardment free
process, this results in strain-free films and the absence of powder in the deposition chamber.
The uniformity of the resulting films allows also an easy interfacing with other layers.
Moreover, a supply of high density of atomic hydrogen due to efficient decomposition of the
gas on the heated filament; high hydrogen dilution in the feed gas induces crystallization of
SiCx films.

However, the capability of the HWCVD to obtain device quality can be limited at very high
temperature of the filament as the wire will start to evaporate and contaminate the growing
film. Other techniques such as ECR, sputtering and LPCVD are less considered, due to many
disadvantages ranging from non-uniform deposition over large area, porous and void-rich
films, to high temperature of the substrate up to 900 °C [34, 35]. High temperature of the
substrate is not only power consumption intensive but it limits the use of some substrates such

as glass that start to sag and even melt in this T regime.

In large area production, the electron beam physical vapor deposition (e- beam PVD) was
demonstrated as a substitutional deposition technique to plasma enhanced chemical vapor
deposition, due to high deposition rates exceeding few micrometres per minutes [36, 37].
Furthermore, e-beam PVD requires less safety procedures. However, the e-beam technique

provides low quality materials, which is characterizes by directional, non-conformal growth

10



with rough surfaces. In contrast to PECVD, which produces an omni-directional flux of
material and therefore a nearly conformal coating on structured surfaces, e-beam PVD yields
a directional deposition of thin film. At the start of this study, e-beam was the only deposition
technique available to us. We have thus used it to grow SiC films with non-hydrogen dilution.
Adopting low deposition rates and keeping the thickness of the grown layers thin (less than

300 nm), smooth and uniform films were obtained.

2.2 Electron Beam Physical Vapour Deposition (e-beam PVD)

The electron beam deposition is a physical vapor deposition method with high growth rate.
This method was found appealing method for silicon thin film in photovoltaic applications
[38]. The e- beam PVD method has been used earlier in 1970 by G. V. Bunton [39] to prepare
silicon carbide SiCx thin films on different substrates. The electron beam evaporation as
physical vapour deposition technique is based on electrons bombardment to evaporate a target
material. The working principle of this method consists in evaporating atoms from a target
using an electron beam provided by a charged filament. The beam is focussed on the sample-
target by a magnetic field. The evaporated atoms from the target impinge on the surface of the

substrate and solidify to form a layer under low-pressure environment.

A schematic illustration of the electron beam evaporation technique is shown in fig 2.1. The
chamber comprises the electron source, the crucible and substrate sections. A shutter is fitted
to allow the operator to start, time the deposition and stop the deposition at the desired instant
while the crystal monitor will record the deposited thickness. A heater can be fitted to bring

the substrate at the desired temperature.

11
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Figure 2.1: Schematic representation of an electron beam deposition chamber and evaporation

material process [40].

2.3 SIC Thin Films Deposition

In this study, a corning glass (7059) and crystalline silicon (c-Si) <100> substrates of thickness
(375um) were utilized to prepare amorphous silicon carbide thin films. A diamond pen and
tweezer were used to cut c-Si substrates into pieces of size 2 cm x 2 cm and handle the samples,
respectively. Meanwhile, the glass plates were cut into 1 cm X 1 cm. The substrates were
cleaned ultrasonically in bath of acetone and methanol in sequence of five minutes. Crystalline
silicon substrates were thereafter dipped in a solution of 5% Hydrofluoric acid (HF) for one
minute to remove the native surface oxide. Further, the substrates were rinsed in de-ionized
water and dried. Finally, those substrates were mounted in load-lock chamber of the deposition

chamber.

12



For this study, the deposition of SiCx thin films was conducted in the material research
department at iThemba Labs, Cape Town. In the evaporation system, a high purity commercial
hot pressed SiC sheet of 99.99% is used as target material and placed on a refractory Tungsten
crucible. Prior to deposition, the e-beam PVD chamber was evacuated to a base pressure of ~
7.9 x10° mbar. The generated electron beam generated was accelerated in a high voltage,
therefore that on impact with the target source, it will impart sufficient energy to evaporate the
material. No heating was applied to the substrate, hence that the temperature of the substrate
can be assumed far too lower than the melting point of the depositing species; in such case the
evaporated atoms condense on the surface of the substrate. A typical deposition rate of 0.6 A/s
was maintained and the time of deposition was varied according to the desired thickness. The
thickness was estimated by a quartz crystal monitor. After deposition, the samples were left
under vacuum to avoid oxidation. They were thereafter removed from the chamber and

prepared for thermal annealing process in a dedicated ceramic tube.

2.4 Annealing Procedure

Annealing of samples can be used for two main purposes; induce the microstructure change
and phase transformations of the as-deposited SiCx thin films. The SiCx thin films are subjected
to annealing at high temperature to cause rearrangement of the structure of the bonds and to
enhance the recrystallization. Numerous experiments have established that annealing of the
deposited thin films causes the alteration of its physical properties and induce the formation of
the nanoclusters embedded in amorphous SiC matrix [41, 42]. Depending on the available
energy at the annealing temperature, Si and C atoms can break away from their previous
bonding and rearrange in much more favourable sites of lower energy and thus the network
crystallize in the process. For instance, Matthias [43] showed that the formation of Si and SiC
nanocrystals in amorphous SiC matrix can be induced by annealing at a threshold temperature
of 900 °C However, the crystallization of SiC nanocluster was only observed at higher

temperatures in excess.

The samples previously deposited onto c-Si were subjected to different temperatures of anneal
under vacuum, in the range between 500 °C and 1000 °C for a duration of 1 hour each time in
Ar gas atmosphere. A dedicated cleaned ceramic tube was used. The temperature was ramped
from RT to the desired temperature of annealing at a constant rate of 10 °C per minute.
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Thereafter the samples were cooled naturally overnight back to room temperature. Then,
samples on c-Si substrates were utilized for FTIR, RS, XRD, SEM, and EDX measurements.
While samples on glass substrate were used for XRD and optical characterization through UV-
VIS-NIR measurements.
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CHAPTER 3

Analytical Techniques

Accurate and comprehensive techniques are required to characterize silicon carbide thin films.
This chapter reviews the fundamentals of various analytical techniques needed for study the
structural and optical properties of SiCx thin films. Table 3.1 lists the analytical techniques used

in this study.

Table 3. 1: The analytical techniques used in this study.

Technique Study

Fourier Transform Infrared Spectroscopy (FTIR) Chemical bonding
Raman Spectroscopy (RS) Structural phase

X-ray diffraction (XRD) Crystalline phase
Scanning Electron Microscopy (SEM) Surface morphology
Energy dispersive X-ray Spectrometry (EDX) Elemental composition
Ultraviolet-Visible-Near-infrared (UV-VIS-NIR) Optical analysis
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3.1 Structural Analysis

It is important to understand the structural properties of SiCy thin films in order to optimize the
material and implement it in technological applications. Furthermore, understanding the
correlation between structural to optical properties is necessary for the photovoltaic
technology. Various conditions in the deposition process can influence a large variation in the
structural properties of the thin films. The determination of the structural properties plays an
important role in thin film photovoltaic technology. Several analytical techniques were
developed to study the structure of matter. The complementary techniques used for structure
analysis of the samples includes Fourier Transform infrared (FTIR) and Raman (RS)
spectroscopies, to provide information on the nature of the chemical bonds within SiCx thin
films and to estimate the density of the vibrational /rotational bonds. Other techniques such as
XRD, SEM/EDX are used to study the structure of crystalline solids and surface morphology
/ elemental composition, respectively.

The next sections present the fundamentals of these techniques selected to perform the

structural characterization of SiCx samples investigated in this study.

3.2 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) spectroscopy is one of the most important analytical
techniques used for structure analysis in solid state when vibrational modes are involved. It is
a non-destructive technique that requires little or no sample preparation, that provides vital
information on molecular chemical bonding. The measurements are easy and fast to perform

but FTIR is only sensitive to asymmetric molecular bonds.

As the name suggests, FTIR spectroscopy deals with interaction of electromagnetic radiation
in the infrared region of the spectrum with matter, by displaying the absorption bands in the
incident IR spectrum. In molecular vibrational spectroscopy, a change in the electric dipole
moment must occur for the IR vibrational mode to be active. IR spectra can be used to identify

the functional groups according to their vibrational frequencies. Not only FTIR gives valuable

16



qualitative chemical analysis of bonding structure of SiCx films, but it also gives quantitative

analysis about the content of silicon carbide bonds in different modes.

3.2.1 Molecular Vibration

When an IR radiation passes through a sample, absorbs photons of IR radiation at a specific
frequency. This absorption process occurs when there is a match between the resonant
vibrational frequency of the molecule and the electric field frequency of the radiation.
Interaction of the IR radiation with the molecules causes a change in its dipole moment due to
transitions in vibrational states [44]. Like in electronic states between band to band transitions
in the electronic cloud of atoms, molecular vibrational energy states are also discrete.
Consequently, an absorption peak appears at a particular frequency which determines the
energy absorbed. The resultant characteristic IR spectrum, indicates the absorbed frequencies,
most of the time absorption bands instead, and since each vibrational mode will have its unique
energy, vibrational frequencies / bands act as molecular fingerprints.

The frequency of a vibrating molecule in the IR region of the spectrum is expressed as:

(o
V== (3.2)
It is however, customary to report FTIR data in terms of wavenumber [45]:
v 1
V =—=— 3.2
v c A (3:2)

It follows that the wavenumber is directly proportional to the energy difference between

quantized states i.e. it is directly proportional to the energy of transition:

AE = hcV (3.3)
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Where,
¥ = wavenumber
A = wavelength

¢ = speed of light

A classical treatment of the vibrating diatomic molecule can simplify the motion as one single
particle with a reduced mass p oscillating back and forth from a position of equilibrium; the

wavenumber is thus linked to the force constant k and the reduced mass p as [45, 46]:

1 [K
V= — |[— (3.4)
2nc U

This relationship is derived from Hooke’s law. The constant k is the force constant which varies
from one bond to another, and p is the reduced mass of the bonded atoms, which can be

expressed as:

my my
uw=———
my; + m,

(3.5)

Molecular vibrations of asymmetrical molecules such as Si-C or Si-O, causes a change in the
dipole moment. This change leads to the stretching and bending vibrations of the IR-active
bonds. Whereas, the vibration of symmetric molecules such as Si-Si, C-C do not change the
dipole moment, and cannot absorb infrared radiation. FTIR is not thus a good tool to analyse

symmetric molecular vibrations.

3.2.2 Modes of Vibrations

Transitions between vibrational energy states correspond to selected frequencies. These
vibrational frequencies lead to different vibrational modes caused by movement of atoms in
the molecule. Such vibrations can be in or out of plane. Stretching and bending movements
result in vibration modes of molecule that are infrared active. In a polyatomic molecule

consisting of N number of atoms, as each atom can move in three direction x, y and z, this
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implies 3N degrees of freedom. This number include however three translational motions of
the molecule along the three axes and three rotational motions of the molecule about the three
axes of rotation intersecting its centre of gravity; this reduces to 3N-6 for nonlinear molecule.
For a linear molecule, as it cannot rotate about the molecular axis, only 3N-5 normal vibrations
are retained. Fig 3.1 illustrates different vibration modes associated with a) linear molecule
CO- of two stretching modes symmetric for in-phase and asymmetric for out of phase, b)

nonlinear molecule H>O of two stretching modes and one bending.

0=C=0 om” H,0 cm™!
— — i
O—e— -1 /\ 3657
1 1 v Loy "
O 4 O Vo 4
l 1595
667 D/\
O 4 O li 4
Po-
- . A 3756
( f—— 2350
Pl
a) Linear molecule CO» b) Nonlinear molecule H,O

Figure 3.1: Normal modes of vibration for a) linear molecule (COz) and b) nonlinear
molecule (H20) [47].

3.2.3 The Content of Silicon Carbide Bonds

As mentioned above, FTIR is sensitive only to asymmetric bonds. FTIR will thus a technique
of choice to analyse SiCx and SiOx bonds that are most of the time found in the SiCx matrix. In
the wavenumber studied ~400 cm™ to ~1200 cm?, different vibrations modes are noted such
as Si-C stretching mode at 800 cm™ and Si-O stretching mode at 1100 cm™. The integrated
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intensity of the absorption band in the FTIR spectrum allows to determine the total content of
the vibrating bonds [48]:

= f a (@) dw
w (3.6)

Where a(w) is the absorption coefficient and w is the wavenumber. For non- hydrogenated
SiCx films, the integration of the band centered around 800 cm™ allows to estimate Si-C bond
concentration, while that centered around 1100 cm™! allows the estimation of Si-O bond density

following:

N=4,xI, (3.7)

Where A, represents the absorption — cross section which is 2.13 x 10'” cm? and 1.5 x 10"
m for Si-C and Si-O bands, respectively [43, 49]. The concentration of carbon in the samples

from FTIR is calculated by the following equation:

Ng;_
2 %100 % (3.8)

C,k, = ————
¢ Nsi + Nsi—c

Where Nsic is represents the bond density of SiCx which can be found by applying the formula

above and Ns; is the bond density of silicon atoms, which is equal to 5x 10%? cm™,

In order to compare the absorbance of a same mode in different films often of different
thicknesses; it is important to convert the measured transmittance to absorption coefficient
which is independent of the thickness travelled Brodsky et al. [50] proposed a relation that
links the interference free transmittance T to both the absorption coefficient « and the thickness
of the film d:
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4TZed

T=
(1+T)? — (1 —Tp)%e 2

(3.9)

Where d is the thickness of the film, To = 0.54, a theoretical value of the transmissivity of the
c-Si substrate in the absorption free region of the spectrum i.e. where its absorption coefficient

is zero.

It is important to stress the expression of T above in relation (3.9) has been derived assuming
Nsub = Nfim = 3.42, thus for a film of crystalline Si on a thick c-Si substrate. T, minimize errors,
one should measure experimentally the specific value of T, the film one wants to determine
the absorption coefficient.

The relation (3.9 ) can be solved for o in terms of the measured T. The calculated values are
generally accurate for values of wd > 0.06 [51]; otherwise a correction suggested by Maley et

al. [51] must be applied:

Apcc

- < 0. .
ATRUE 177 — 12 od ,for wd < 0.06 (3.10)

aTRUE = aBCC ,for (l)d > 006 (311)

3.2.4 Experimental Set-up

FTIR is a sensitive analytical technique to asymmetric bonding in materials. It was used to
identify the chemical bonds present in SiCx material depending on the film composition.
Fourier transform infrared (FTIR) spectroscopic investigation was done using a Perkin-Elmer

Pentagon 1000 FTIR spectrophotometer in the wavenumber’s range between 4000 cm™ and
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400 cm* with a resolution of 4 cm™. The film transmission was normalized by subtracting the

reference spectrum from that of the film on the c-Si substrate.

3.3 Raman Spectroscopy (RS)

Raman spectroscopy is a complementary technique to FTIR for molecular vibrations
characterization. It is used for investigation in the chemical structure, stress and crystallinity in
samples [52]. While in IR spectroscopy, the absorption of IR light in the sample as function of
wavenumber is measured, in Raman spectroscopy the scattered signal is measured. Both the
strong Rayleigh elastically scattered and the weak Raman inelastically scattered beams are

detected. The basic fundamentals of Raman spectroscopy are presented in the next subsection.

3.3.1 The Fundamentals of Raman Spectroscopy

The radiation intensity falling on a semi-transparent sample is reflected on the surface and other
interfaces, absorbed through the sample and the remaining intensity is transmitted. The three
phenomena are usually quantified in terms of Reflectivity (R), Absorptivity (A) and
Transmittivity (T), respectively. The absorption process is quite complex; true absorption is
realized through the absorption of photons whose energy matches the difference between the
ground and excited state’s energies of the molecule. Photons can however also scattered from
impurities, defects and other inhomogeneities that cause the variation of the refractive index in
the matrix material on a length scale smaller than the wavelength of the light [53]. This process
redirects the electromagnetic radiation from its original path and thus contribute to overall

absorptivity. The scattering cross-section varies with the wavelength as [53]:

1
os(1) ~ I (3.12)

As the Rayleigh scattering occurs when the scattering centres are very small compared to the
wavelength of the radiation, it is the strongest in intensity and inhomogeneities materials tend

to scatter more strongly shorter than longer wavelengths.
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Raman lines (molecular vibrational frequencies) appear normally in the UV-visible region and
thus the excitation (practically a monochromatic laser) will be also chosen in the UV-visible.

The electric field strength’s fluctuation with time is written:

E=Ejcos2mv,t (3.13)

where Eo and vo are the maximum field amplitude and the frequency of the laser, respectively.
Suppose a diatomic molecule is irradiated; the positively charged nuclei and the negatively
charged electron clouds are accelerated in two different directions by the electric field; this

causes the separation of the charge centres and thus an electric dipole moment p is induced:

U = aE = aEycos2mvyt (3.14)

where a is the proportionality constant called polarizability. If the molecule is vibrating with a

frequency vm, the nuclear displacement is q is written:

q = qocos2mv,,t (3.15)

where qo is the maximum vibrational amplitude. For a small amplitude of vibration, o is a

linear function of q [47]:

a=ay+ (—) qo + - (3.16)

Where apand (Z—Z) are the polarizability and the rate of change of a with respect to the change
0

of g, evaluated at the equilibrium position, respectively. The combination of the three relations
above yields [47]:
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1 /0a
U= aygEqcos2mvyt + E(E) qoEolcos{2n(vy + vy )t} + cos{2n(vy —vp)t}]  (3.17)
0

The first term represents an oscillating dipole radiating light at the exact frequency of the
radiation or Raleigh scattering while the second corresponds to Raman scattering at a frequency
(vo + vy, ) for anti-Stokes and (vy —v,,) for Stokes; in the anti-Stokes, a phonon is
annihilated i.e. the molecule was in a virtual excited state on the absorption of the laser (less
probabilistic and thus low intensity Raman signal) while in the Stokes, a phonon is created i.e.

the molecule was in the ground state on the absorption of the laser , this is more likely and thus

the Stokes will be more intense. It is clear that for the vibration to be Raman active, (Z—Z) must
0

be different of zero i.e. the rate of change of the polarizability with the vibration must be not
zero. It must be also be pointed out that the Raman spectrum measures v,, i.e. the shift
frequency from the Raleigh. It is then understood that the Raman effect is an inelastic process;
fig 3.2 contrasts the IR absorption, the Raleigh (R) scattering, the Stokes (S) and anti-Stokes
(A) Raman.

t J; $ $Vm
IR R S A

Figure 3.2: Infrared and normal Raman vibrational processes [47].

Inelastic scattering resulting in phonons, is subdivided into optical and acoustic phonons [53];
the first represents frequencies occurring in the optical spectral region (infrared or Raman) and
the second, as the name indicates, occurs in the sonic and ultrasonic region. The dispersion

formula describing both gives a frequency function dependent on the masses of the particles in
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the crystal lattice, force constant, the distance between the masses in the unit cell and their
reduced mass. Stokes and anti-Stokes scattering must conserve both energy and momentum as

shown in fig 3.3.

Figure 3.3: The stokes and anti-stokes process of inelastic scattering [53].

The fig 3.3 illustrates the interaction process of inelastic scattering involved in the stokes and
anti-stokes scattering processes. In the process, light incident with frequency w: and wave
vector ki is scattered against a lattice vibration generating or annihilating a phonon of

frequency Q and wave vector q. The scattered photon has frequency w2 and wave vector ko.

The conservation of energy during the interaction requires that:

and the conservation of momentum gives:

ki =k, £q (3.19)

The signs + in the two equations above correspond to phonon emission (anti-stokes scattering),
while the — signs correspond to phonon absorption (scattering). Thus, the light is shifted down

in frequency during a stokes process and up in frequency in an anti-stokes event.
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The difference between infrared absorption and Raman scattering can be observed in fig 3.2.
As stated, IR absorption would involve direct excitation of the molecule from one state to
another state by a photon of exactly the energy difference between them. In contrast, Raman
scattering uses much higher energy radiation and measures the difference in energy between
two states by subtracting the energy of the scattered photon from that of the incident beam for
Stokes mode or adding this difference to that of the incident beam for anti-Stokes mode; the

last is seldom used as mentioned earlier.

Intense Raman scattering occurs from vibrations which cause a change in the polarizability of
the electron cloud around the molecule. Usually, symmetric vibrations cause the largest
changes and give the greatest scattering. This contrasts with IR absorption where the most
intense absorption is caused by a change in dipole moment due to asymmetric vibrations. As
result the two techniques are often complementary and when used together, they give a better

view of the vibrational structure of a molecule.

3.3.2 Experimental Set-Up

Raman was performed in the range 300 — 1600 cm™ using a 532 nm green laser line with an
excitation power of 1.05 mW. The Raman scattered light was recorded by a CCD detector
cooled down to -131 °C.

3.4 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a probing technique used for crystal structure analysis. It is
employed to study the crystallinity, crystal orientation of the materials and to evaluate the
crystal size and residual stresses. The technique is based on the diffraction of X-rays, a form
of electromagnetic radiation of high energies and thus short wavelengths that are in the order
of interatomic spacing for solids; for this reason, XRD is widely used for atomic interplanar

distances and crystal structures in solids.
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3.4.1 Absorption of X-rays

When X-rays interact with matter, part of the absorbed intensity is transmitted while another
part is absorbed. The decrease in intensity as the X-rays beam travels through a homogeneous

sample can be written:

- T = udx (320)

where p is the linear absorption coefficient of the substance. By integration of the equation

above is solved as:

[ = Ije™ (3.21)

Where lois intensity of incident x-ray beam and I is the remaining intensity after the beam has
travelled a thickness x in the layer. The quantity u/p is a constant of the material and called
the mass absorption coefficient, since the linear absorption coefficient p is proportional to the

density p. Then, the equation above can be written as:

[ = 1,e"Wp (3.22)

If the substance is a mixture or a chemical compound containing more than one element, its
mass absorption will be the weighted average of the mass absorption coefficient of its

constituent elements as follow:
B B B), 4 e
S = w1 (p)l + w2 (p)z + (3.23)
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where m1, oy, etc, are the weight fractions of elements 1, 2, etc, in the substance and (%)1,

(%)2, etc, their mass absorptions.

3.4.2 Diffraction Techniques Using X-Rays

Diffraction occurrence in XRD follows from the periodicity of the crystals; one thus measures
the phase relationships arising from X-rays waves that have been scattered regularly spaced
planes in the crystals. When in-phase X-ray radiation of wavelength A is incident on parallel
planes with interplanar spacing dn at an angle 0, the condition for constructive interference is

given by the well-known Bragg law as [54]:

nd = 2dsinfs (3.24)

where n represents the order of diffraction. The interplanar spacing of two adjacent plane is
linked to the lattice parameters and the Miller indices; for crystals structures that have cubic

symmetry for instance, we have [54]:

a

dpp) = —— 3.25
W A F (3.25)

The broadening of the diffraction peak 3 can be used to calculate the crystal size t using the

Scherer formula [55]:

0.914

= — 3.26
B cos 0 ( )
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For accurate estimation of the crystal size, the observed peak broadening from XRD peak must
be corrected from the instrument broadening at the relevant 20 angles. If the crystal is under

strain, a full treatment should include the strain component in the total used broadening [56]:

Be = 2 tanf (3.27)

[ is the strain broadening which is dependent of the diffraction angle and ¢ is the strain.

3.4.3 Experimental Set-Up

XRD measurements of SiCy thin films were recorded using a diffractometer with an X-ray
source of Cu Ka (A=1.5418 A) and the diffracted intensities were recorded in the range of 20
=10-70° with a step size of 0.034° on samples as- deposited on glass substrates and as- annealed

to investigate both phases and crystallinity in the films.

3.5 Scanning Electron Microscopy (SEM)

In scanning electron microscopy, a surface of a specimen is scanned by an electron beam and
the inelastically backscattered beam of electrons from the surface of the sample is imaged and
magnified. SEM provides thus information on the surface morphology of the specimen.
Magnifications in excess of 50000 times can be achieved in high resolution (HR) SEM. At the
same time the energies of the secondary scattered electrons can be collected by a separate

detector and this provides valuable information on the elemental composition of the sample.

3.5.1 Theory

Microscopy is a technique that uses a set of optics to image a small object into a magnified
image. Hence, scanning electron microscopy is an imaging system to magnify tiny objects by
using a beam of electrons instead of electromagnetic light. It is primarily used for studying the
surfaces, or near surface structure of bulk specimens. The basic principles applied for scanning

electron microscopy is the similar as those applied for light microscopy [57]. The important
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concepts in SEM to be dealt with are the resolution, magnification, depth of field, and lens

aberration.

Fig. 3.4 displays a schematic of the main components of a SEM instrument; the electron gun
consisting commonly of a thermionic tungsten filament. The electrons are accelerated in a
potential difference ranging between 1 kV and 30 kV depending on the intended resolution.
The beam passes through a set of lenses, scan coils and a narrow slit before hitting the specimen

from which secondary electrons will be generated and imaged [57].
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Figure 3.4: The main components of a scanning electron microscopy [57].

Fine beam of electrons is scanned across the specimen by scan coils while a detector counts
the number of low energy secondary electrons or inelastically scattered backscattered electrons
from each point of the surfaces. At the same time, the spot of a monitor is scanned while the
brightness of the spot is modulated by the amplified current from the detector. Consequently,
the mechanism by which magnification is defined in the SEM is simple and involves no lenses.
The raster scanned by the electron beam on the specimen is far smaller than the raster displayed
on the screen. The linear magnification is then defined as the side length of the screen (L)
divided by the side length of the raster on the specimen (I).
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3.5.2 SEM Signals

When the electrons interact with a specimen, the energy of the incident photons is dissipated
with emission of secondary electrons and backscatter of the inelastic scattered electrons. The
main principle of scanning electrons microscopy is to detect secondary electrons and
backscattered electrons through an inelastic scattering process. Fig 3.5 displayed the region
into which electrons penetrate the specimen surface is known as the interaction volume. X-ray
are not easily absorbed and hence forms the major component of the interaction volume, which
may be several micrometres in diameter. Backscattered electrons originated from a much
smaller volume compared to x-ray and therefore will give information at a much higher spatial
resolution compared to X-rays. The secondary electrons are generated by both primary and
backscattered electrons, but are emitted from a region which is comparable to the beam
diameter. As such, the secondary electrons signal in the SEM gives the highest spatial

resolution.

‘ ‘ <4— Incident beam

<«— Secondary electrons
<—— Backscattered electrons

<— X-rays

Figure 3.5: The region where the electrons scattered in the specimen into secondary,

backscattered, and X-rays electrons [57].

A variety of signals are produced from sample and observed using sensors as shown in fig 3.6,
due to penetrate the surface of sample by focused beam of electrons. Thus, the information

relates to the specimen surface can be determined with lower energy of secondary electrons.

31



Incident beam

X-rays Backscattered electrons

i Secondary electrons
Cathodoluminescence Ty

EBIC

= l Specimen current

Transmitted electrons

Figure 3.6: The signals used in the scanning electron microscope [57].

Detecting secondary electrons by use a scintillator-photomultiplier system known as the
Everhart-Thornley. The secondary electrons strike a scintillator which then emits light. Photons
are then transmitted down a light pipe into a photon-multiplier. Photon-multiplier then converts
photons into pulses of electrons which may then be amplified and used to be modulate the
intensity of the screen. While, backscattered electrons which are travelling in the appropriate

direction to hit the scintillator of the Everhart-Thornley detector.

3.5.3 Experimental Set-Up

In this study, the surface morphology and elemental composition of the films were examined
using a Zeiss Auriga field-emission gun scanning electron microscopy (FEG-SEM) operated
at 40 keV for imaging using an Everhart-Thornley secondary electron detector. EDX
measurements were done to analyze the chemical composition; for this effect, an Oxford

Instruments X-Max solid-state silicon drift detector was used to collect the spectra.
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3.6 Optical Analysis

Optical analysis consists in studying the response of matter to external electromagnetic
radiation. This response is expressed in terms of the dielectric constant (er) for non-magnetic
materials as it is the case for semiconductors. As the refractive index (n) is directly linked to
the dielectric constant, the knowledge of one of them gives a good description of the optical
response of the material under study. SiC materials are desirable for their wide band gap; it
happens also that the band gap of SiCx films can be tuned over a wide range depending on the
deposition conditions and the resultant structural properties of the material thereof. In particular
the complex refractive whose real part n and the imaginary part « (directly linked to the
absorption coefficient) can be determined from the measured transmission and reflection
spectra. As the band gap is extrapolated from the absorption coefficient, the optical analysis is
necessary characterisation tool of SiCy thin films.

Depending on the sought application for SiCx films, one will need to preserve a good passivated
amorphous tissue for enhanced absorption coefficient or then bring the deposited SiCx films to
near stoichiometric microstructure for high band gap of the material. The annealing at varied
temperatures has been a method adopted in this study to tune the stoichiometry of as deposited
films; thus the correlation of optical constants with annealing is an important step to understand
the behaviour of the material.

This section presents a short explanation of the optical spectroscopy. In addition, the section
presents an overview of the applied theory including the basics of the electromagnetic theory,

concepts of dielectric functions models and of the optical band gap.

3.6.1 Ultraviolet-Visible-Near Spectroscopy (UV-VIS-NIR)

The Ultraviolet-Visible-Near Infrared Spectroscopy is used widely for the study the optical
analysis of materials. The measurements of T / R spectra are very simple and non-destructive.
A compact spectrophotometer covering the range from 200 nm - 1800 nm is sufficient; modular
set-ups comprising a spectrometer, deuterium and halogen sources of light, a set of optic fibres

and necessary lenses can as well be used as in the current study.
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Although the collection of transmission and reflection data T(LA) and R(A) respectively, is
straightforward, their processing requires a good understanding of both electron interband
processes and dielectric effective medium approximation theories. For homogeneous Si based
thin films displaying enough interference patterns in the visible region, the Swanepoel method
[58]-[60] has been successful in determining the optical constants from the T()\) alone; this
thesis will not expand further on the subject. Instead for non-homogeneous thin films or
composite systems where the dielectric constants are continuously varying, dielectric effective
medium approximation is required; this thesis will expand on the existing models used in the
scout [61].

3.6.2 Light —Matter Interaction Theory

Assuming an isotropic material and neglecting non-linear optics effects, the microscopic
response of the material to the electric field is primarily determine by the polarization P [53],

which tends to align the microscopic dipoles along the field:

P = gy xE (3.28)

g0 and y are the permittivity of vacuum and the electric susceptibility of the medium
respectively. The polarisation is the additional term above that of the response to the electric

field of a dipole in vacuum; this is expressed in term of the vector displacement D:

D =g,E+P (3.29)

The total displacement of a medium can thus be expressed in terms of the relative dielectric

constant of the medium ¢ as:
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D = gy&,E (3.30)

where

&e=1+y (3.31)

Similarly, the magnetic flux density B in the presence of a magnetic material is related to the
magnetic field strength H as:

B = pourH (3.32)

where o and pr are the magnetic permeability of vacuum and the relative magnetic

permeability of the medium, respectively.

A similar expression to the link between the relative dielectric and electric susceptibility is

written between the relative permeability and the magnetic susceptibility:

pr =1+ xy (3.33)

Maxwell’s equations give a combined electric and magnetic response of a medium [53]:

( V.D=9
V.B=0
0B
VXE:_E (3.34)
V><H—'+aD
\ BEREFT

o is the free charge density and j is the current density. From the treatment of Maxwell’s

equations, it is shown that [53]:
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0%E
0%E = Holr€o€r 5o (3.35)

This expression has the same form as the wave equation, thus the phase velocity of

electromagnetic waves can be written:

1
) = HolrEoér (3.36)
It follows that:
! (3.37)
v = c .
VEriy

The solution of the partial differential equation describing the wave equation above is written:

E(z, ) =FE elltz=wl) (3.38)

Since, the refractive index is per definition the ratio:

(3.39)

S|

and that at optical frequencies pr = 1; it follows that:

n= \/e_r (3.40)

As the wavenumber K is written:
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k=— (3.41)

Using the definition of the current density;

j=o0F (3.42)

The fourth of the Maxwell’s equations listed above can be written [53]:

O 92E
V2E = Opopty =+ HotrEoEr 5 (3.43)

Substituting the expression of E in the above expression, it is easy to see that:

k? = iopotyw + oty Egerw® (3.44)

As, k is complex, n is also complex and it is written as:

ne = wl+urer (3.45)

The real part n determines the phase velocity and the imaginary part x gives the extinction

coefficient;

l=n+ik (3.46)
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The wave propagating in the z direction in a medium of complex refractive index i is thus

described by:

E(Z, t) — Eoei(wﬁz/c—wt) — Eoe—xwz/cei(wnz/c—wt) (3.47)

It is clear that for non-zero extinction coefficient, the amplitude of the wave exponentially
decays in the medium. In terms of intensity | ~ ExE*; one can relate to the absorption

coefficient o by comparing | to the well-known Beer’s law:

I(z) = Iye™% (3.48)
It follows that:
N (3.49)
c A

In the microscopic models, 7t and &, are not independent; their real and imaginary parts are

related as :

2 2
81 =n-—K
{ &, = 2nK (3.50)
For a weakly absorbing medium, we can thus simply the relations to:
n =&
€2 (3.51)
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If there is significant absorption, the real and imaginary parts extended expressions are used
[53]:

1
n=—(g + (e + &5)/H)1/?

V2
K = i(_gl + (2 + 2)1/2)1/2 (3.52)

V2

It has to be mentioned also that the reflectivity R depends on both n and « as [53].

2_(n—1)2+1c2
_(n+1)2+1c2

_|ﬁ—1

3.53
n+1 (3:53)

3.6.3 Optical Modelling of Dielectric Functions

The optical functions are important to understand the optical behaviour of any solid material.
For determining the optical functions, different computational methods were developed for
extracting these functions [62,63]. These methods allow to correlate the optical properties of
the materials to the structure of the network. Transmission and reflection spectra collected in
the region of the EM spectrum spanning from the UV to the NIR are used for simulation using

theoretical established optical functions.

The transmission spectrum is modelled as originating from a thin film deposited onto an infinite
transparent substrate. Similarly, the reflection spectrum is obtained from interference of waves
reflecting from the surface and the interface of thin film deposited onto an infinite substrate.
Fig 3.7 shows a schematic of the mechanism of how the reflection spectrum is generated from

the boundaries of a thin film over a finite substrate.
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Figure 3.7: Schematic of light reflection process from a thin layer on a thick substrate [64].

Interference phenomena arise from the discontinuity of the optical medium at both the surface
(air — thin film) and the interface with the substrate (thin film — substrate). The assumption of
infinite substrate ensures that any reflection from the bottom boundary (substrate — air) is
ignored. This simple picture assumes that the thin film is homogeneous, which is of course
always the case. In a rough approximation, for an inhomogeneity smaller than the wavelength
of the probing radiation, the retardation effects are neglected and the medium is still assumed
homogeneous. For a film displaying well defined interference patterns as in fig 3.8 the
Swanepoel method [58] is usually successful in obtaining the optical constants from the
envelopes to the extrema. The top and bottom dotted lines are the envelopes on the spectrum,
tangent to extrema of transmission spectrum with interference fringes. Whereas, the dotted
lines in the middle is shown smooth transmission spectrum in case the luck of interference

fringes due to non-uniformity in thickness.
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Figure 3.8: An example of a T spectrum displaying interference fringes; the top and bottom

dotted lines are the envelopes on the spectrum, tangent to extrema [58].

Very thin layers can result in the lack of interference fringes and non-uniformity in thickness
can result in interference fringes non-suitable for the Swanepoel method as the drawing of the
envelopes results in curves that are not smoothly continuous; in such case it is necessary to fit
well established electric functions to the experimental data at the same time implementing

constraints specific to the film under analysis.

In Scout software [61] environment, one can input different media or materials that have
specific optical constants that can be defined in the list of susceptibilities. The defined materials
can be allocated to different layers stack that constitute the geometry of the layer or multilayer
structures studied. The theoretical simulated spectrum (T or R) can thus be fitted to the

experimental data by varying the fitting parameters i.e. the input susceptibilities.

Metals for instance, are modelled very well using the classic Drude model that describes the
scattering and damping of the EM field by free charge carriers, electrons in this case. A Drude

susceptibility depending on both the plasma frequency and the frequency dependent damping,
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is thus implemented. In insulator oxides, UV electronic interband transitions related
susceptibilities are used; if they are doped, harmonic oscillators related susceptibilities, due to
absorption of impurities usually in the near-infrared are used. These oscillators describe the
vibrations of atomic nuclei (much heavier than electrons) that have their resonance frequencies

in the IR region.

In semiconductors, many electronic interband transitions in the UV may be required to describe
them properly. In particular, for heterogeneous materials, the mixing of optical constants
through the so-called effective medium concepts are often used. Maxwell Garnet [65],
Bruggeman [66], Looyenga [67] and Bergman [68] are some of the examples used in Scout

environment to study multi-phase composites materials.

3.6.4 The OJL-Interband Model

The OJL model proposed by O'Leary, Johnson, and Lim [69] is an empirical model, that
describes the optical transitions from valence to the conduction band for amorphous
semiconductor materials, upon absorption of a photon. In this mode, parabolic band edges with
tail density of states that decay exponentially, are assumed as in fig 3.9.

Density of states

A Valence band Conduction band
~exp((E-Ec)yc)
/_ ~exp(-(E-Ey)iy)
i X
E, ,E(‘ Energy

Figure 3.9: Shape of the density of states in amorphous materials near the edges of both

valence and conduction bands [61].
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The distribution of these tail states is related to the disorder of the network. The Ey and Ec

positions at the sharp edges assume a good ordered crystalline material as shown in fig 3.10.
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Figure 3.10: Schematic of density of states diagram for a crystalline and an amorphous
semiconductor, in the vicinity of the highest occupied and lowest empty states [70].

In an amorphous semiconductor the band tailing refers to the disorder of the material that is
measured by the characteristics parameters y, and y, for the conduction and valence bands,
respectively. The main fitting parameters of the OJL interband transition model are the energy
gap Eo, the tail state exponent of the valence band y and the overall strength of the transition.
The square of the strength fitting parameter, in Scout is proportional to the concentration of
impurities in oscillators due to impurities; in this case it is proportional to the density of
electrons making the transition. Fig 3.11 shows a Scout dialog window with the last three fitting
parameters in cm™ units while the first one is given in (1/cm)¥2. The decay parameter is an
added scaling parameter that gives physical meaning to the imaginary part of the dielectric

function that tends to increase to infinity for high values of energy.
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Figure 3.11: OJL fitting parameters for an amorphous semiconductor material [61].

3.6.5 Effective Dielectric Function

The optical characteristics of a heterogeneous system comprised of two or more different
materials are modelled with the use of the effective medium theory. In this method, the
inhomogeneities of the material can be modelled as a mixture different phases with different
dielectric constants. As mentioned above however, the heterogeneous system will be
considered as a homogeneous medium with a single dielectric constant if the sizes of the
embedded particles are much smaller than the wavelength of the probing radiation [61]. Among
those listed in the introduction of this section, the Bruggeman [66] is the most applied; often
called Effective Medium Approximation (EMA). It is becoming increasingly important with
an equivalent dielectric function trend to use the effect of viewing accumulated charges for

varying materials of that heterogeneous composite system.
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Figure 3.12: Composite system made of two different materials with two different dielectric
constants (right pane); the left pane models an homogeneous material with a single effective
dielectric eerr [61].

Considering a macroscopic binary composite system comprising of two materials with two
different dielectric functions as shown in fig 3.12 and volume fraction fi for the matrix and fn

for the embedded particles, it follows that:

fu +fy =1 (3.54)

Assuming that the response of the two media to the electric field is not such different, we have

effective dielectric function of the macroscopic system is:

fuéu + fuén = Eepy (3.55)

As the weightage given to the response of different dielectrics to the electric field cannot be
assumed to be the same, several mixing models have been proposed as mentioned in the
introductory part of this section; we will use in this study of the Bruggeman method that uses

the following mixing relation [66].
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E€m — Eeff Ep — Eeff
a-1 +

=0
Em T+ 2£eff &p + deff (356)

where f and & are the volume fraction and the dielectric function of the embedded particles

respectively.

3.6.6 Optical Energy Gap

The density of states and the conductivity of the amorphous material plays a key role in the
process of the interband optical absorption. In this process, the optical excitation of electrons
will be across band gap of semiconductor material. To obtain the optical band gap for the

amorphous thin film a photoconductivity is consider as follows relation [71].

2me? A% QO

@ =z f{f<E>—f(E+hw)}N(E> IP (@)I? N(E + hw) dE (3.57)

N(E) and N(E + hw) are the density of states for valence and conduction bands, when the
electron makes a transition from one band to another in the absorption process. ( is the size of
volume element containing one electron. f(E) is Fermi-Dirac distribution and P (w) is the
constant momentum matrix element for absorption. The optical absorption strength of solid
materials can be expressed as a logarithmic fraction the absorbed photons per cm™. Thus, the
absorption coefficient (a) is proportional to the product of the densities of occupied and
unoccupied states ,which is linked by the photon energy (Aw). Hence, the Fermi - Dirac
distribution can be a good approximation at T = 0 for the interband transition and the

photoconductivity equation simplifies as:

o(w) = m—ﬂ f N(E) |P (@)]? N(E + hw) dE (3.58)

2w
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The equation above may be rewritten in terms of a (w) as follows:

2me? h?2 Q
m?w gy n(w) ¢

a(w) = N(E) |P (w)|? N(E + hw) dE (3.59)

Hence, the absorption coefficient related to the conductivity is given by the following

relation:

(3.60)

As, the density of states of the valence and conduction bands are expressed by the following

equations [70]:

N =N (E_Eb)q E> E
- c EC_Eb ’for —_ by

N =N B = B E<E -
— [ <
U(Ea—Ev) » forE< Eq

Where Ea and Ey, are energies of electrons in localized states in the mobility edges of the valence
and conduction bands, respectively. p and q are represented the distribution of the density of
states for both valence and conduction bands, respectively. If equations 3.61 and 3.60
substituting into equation 3.59 and integrating over all transitions, then the solution of the

absorption coefficient can be satisfied:
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2me? h*Q  T(p+1)I(q+1) Ny N
m2w gy n(w) ¢ F(p+q+2) (Eq—Ey)P (Eq—Ep)?

a(w) =

(1P(@)?)(ho —E, )™ (3.62)

The momentum transition matrix element P(w) for absorption is also averaged over the

range of energies and assumed to be independent of w such as:

(@ (@)n(w)h @)] /1494 = B, (ho — E,) (3.63)

where Byis a constant and E,is the optical band gap. This relation describes Tauc band gap
[72] by assuming that the density of states distribution is taken to be parabolic shape in the
both valence and conduction band, where is (p = q = %). If the density of states distribution is
taken to be linear shape, the equation above is called cubic or Bezemer gap [73], where the
extrapolation [a (w)n(w)h (w)]1/3 versus f (w) to a (w)1/3 =0. The plot of

[a (w)n(w)h (w)]l/z versus hw to a (w) = 0 and the extrapolation with x-axis is determined

the Tauc edge for absorption level a (w) = 103 cm™.
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CHAPTER 4

Results and Discussion

This chapter presents the results of the samples studied; it is divided into two main sections: in
section 4.1, we focus on the microstructural properties as obtained from FTIR, RS, XRD and
SEM/EDX; the chemical bonding, crystallinity, surface morphology as well as the elemental
composition properties of the films are probed. In section 2, we present the results on optical
characterization; the refractive index, the absorption coefficient as well as the optical bandgap

are determined.

4.1 Structural Properties

Films of varied thicknesses were deposited by e-beam PVD from a commercial high purity hot
pressed SiC sheet of 99.99%. The deposition pressure and deposition rate were kept unchanged
at ~ 7. 9 x10® mbar and 0.6 A/s respectively, during the preparation of all the samples. The
details of the samples studied are summarized in table 4.1. Thereafter, in order to induce
crystallinity and improve the stoichiometry in the films, the samples were exposed to
isochronal thermal annealing under vacuum at a fixed period of one hour in Ar gas atmosphere.

Three temperatures of annealing were adopted: 500 °C, 700 °C and 1000 °C.

49



Table 4.1: A summary of the deposition and annealing conditions of the samples used in this

study.
Sample | Thickness | Thickness | Si[EDX] | C[EDX] | O[EDX] Annealing
name de-beam dx-sem (at.%0) (at.%0) (at.%0) Temperature

(°C)

S1 42 82.10 11.09 6.81 as-deposited

S2 700

Ss 1000

Sa 85 207 58.62 39.32 2.05 as-deposited

Ss 500

Se 700

S7 1000

Ss 130 184 70.48 26.98 2.54 as-deposited

Se 500

S10 700

Su 1000
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4.1.1 Determination of the Thickness

For structural analysis especially when quantitative data are needed, the thickness of the layer
is a required input value. In the optical spectroscopy processing, optical thickness may be
simulated although an initial guess-value is required. Reliable thickness determination is thus
important in thin films characterization. In e-beam PVD, the initial estimation of the thickness
is given by the crystal thickness monitor; the values obtained for our samples as-deposited are
presented in table 4.1. lon beam techniques like Rutherford Backscattering Spectrometry
(RBS) are used reliably to stimulate the thickness [74]; in optical techniques, the thickness is
easily estimated from interference fringes if the refractive index of the material is known. The
optical modelling results will be presented in section 4.2. Another reliable way of measuring
directly the thickness is through microscopy techniques if the cross section is available; sharp
interfaces and good integrity of the surface of the layer is needed in this case. In this thesis,
cross-section SEM were done on the samples. The micrographs of S4 and Sg samples, as taken

from different areas, are shown in fig 4.1.
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Figure 4.1: X-SEM images of samples S4 (a, b) and Sg(c, d) from two different areas.

The measured values of the thickness are indicted in table 4.1. The measured height-values are
indicated on the respective images and they are listed in table 4.1. Comparing to the thickness
recorded by the crystal monitor during deposition, it is clear that de-neam values are
systematically smaller than the dx.sem ones obtained from microscopy. We can conclude that
the crystal monitor tends to underestimate the thickness of the layer although errors can arise
also in the measurements by X-SEM; when the layer is of the same nature as the thickness
(here SiC on Si), the interface is not abrupt nor sharp and uncertainties can result. The probing
beam is not normal to the specimen in X-SEM, this can be a source of overestimation. Finally,

the quality of the cut specimen is of utmost importance for reliable results.
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4.1.2 Effect of the Thickness on the Microstructure

4.1.2.1 Effect of the thickness on the microstructure by EDX analysis

Energy Dispersive X-ray Spectrometry (EDX) in SEM was utilized for analysis of chemical
composition and elemental quantification in the deposited samples. Fig 4.2 shows a typical
EDX spectrum of S4 as- deposited. The main peaks present in the spectra are from Si, C, and O
elements. The oxygen peak may due to surface oxidation before the deposition, residual oxygen
in the deposition chamber and / or post-oxidation as the samples were analysed in the SEM

days after the deposition. The carbon content was estimated to 39.32 at.%.

A summary of the elemental content of the studied films is given in table 4.1. We can conclude
from the data that the films are Si rich. It has to be mentioned here that the Si content is
overestimated as the substrate contributes also to the Si signal.

] 6

cpsfel
1

1

v

Figure 4.2: EDX spectrum of S4 as —deposited.
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4.1.2.2 Effect of the thickness on the microstructure by FTIR spectroscopy

Figure 4.3 presents FTIR transmission spectra of samples S1, Ss and Sg as- deposited. The three

samples are deposited on Si substrate of different thicknesses as indicated in table 4.1.
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Figure 4.3: FTIR spectra of as-deposited samples S1, Saand Sg.

We observe in the samples two absorption bands, one broad one centred around 754 cm™ and
another narrow centred 1100 cm'L; the first is ascribed to Si-C stretching mode while the second
is due to Si-O-Si stretching [75, 76]. The observations allow to discuss the thickness effect on
the growth of SiCy films; the observations on the FTIR spectrum of S; suggests that the seed
layer at the interface with the substrate is mainly a Si oxide layer without any sign of carbon
bonding; the features observed on the spectrum of S4 implies that the inclusion of the C atoms
in the growing layer, results in the bonding mainly to Si atoms but the film remains amorphous
as suggested by the broadness of the Si-C related band. The IR beam however still picks up the
SiOx seed layer as suggested by the ~1100 cm™ peak that remains generally unchanged. Finally,
the features observed on the thickest Sg implies the following; the sustained increase in

intensity of the Si-C related band suggests that more Si and C atoms form bonds, the shift of
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the oxidation peak to just below 1000 cm™ wavenumber suggests that oxygen atoms are not
only bonded to Si atoms but also to C atoms. SiCxO1.x bonds are thus responsible to the broad
band centred just below 1000 cm™. The broadness of both observed bands on the Sg spectrum
suggests that the film remains amorphous. We can conclude that the seed layer is dominated
by oxidation, further increase in the thickness of the growing layer is dominated by C inclusion
that results in Si-C bonding; the amorphous nature of the films implies the appearance of a
number of dangling bonds that are passivated by oxygen atoms as the film grows thicker; this
explains the shift of the 1100 cm™ Si oxidation related peak to just below 1000 cm™ SiC

oxidation related band.

For quantification of the density of these vibrational bonds, the FTIR transmission spectrum
must be converted to an absorption spectrum. The Brodsky et al. [50] method discussed earlier
was used. The observed experimental vibrational bands have been deconvoluted into different
peaks corresponding to expected theoretical vibrational modes. We have thus constrained the
centres of the deconvoluted peaks to only narrow spectral regions. Accordingly, in our
deconvolution process we have fixed the peaks around 740-770 cm, 780-810 cm™ 940-1020
cm?, and 1050-1100 cm™L.

Each active bond in FTIR has an associated vibration strength factor; they are found in the
literature if they have been experimentally established. Those associated with Si-C at 800 cm”
Land Si-O at 1100 cm™ have been reported to be A si.c = 2.13 x 10'° cm2[43] and Asi-o = 1.5
x 10'° cm[49], respectively. These strengths values combined with the integrated intensities
of the respective deconvolution peaks at different wavenumbers allow to compute the bond
density. The obtained data are presented in table 4.2. Whereas, other techniques such as Raman,

XRD and SEM were not sensitive to the variation on the thickness of the film as-deposited.
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Table 4. 2: Data obtained from deconvolution of FTIR spectra as- deposited of S4 and Ss.

Sample Nsi-o [x10%2cm™] | Nsi-c[x10%cm™] Si-C [at.%%0]
Name
Sy 0.004 1.563 3.031
Ss 0.121 2.233 4.275

4.1.3 Effect of the Annealing Temperature on the Microstructure

Annealing of silicon-rich amorphous silicon carbide Si rich a-SiCx thin films has recently
received great attention for application in third generation Si based photovoltaic devices [77].
The induced nanocrystals embedded in Si rich a-SiCx matrix through annealing process tune
the optical bandgap of the material to higher values, making it a good candidate for window

layer application in silicon multi-junction solar cells [78].

The study of SiC nanocrystals embedded in Si rich a-SiCx matrix is motivated by the successful
application in devices of a variety of other materials where Si nanocrystals (SiNCs) are
embedded in dielectric matrices e.g. in silicon oxide (SiOx) [79] and in silicon-nitride (SiNx)
[80]. Compared to these dielectric matrices, the beneficial characteristic of a-SiC matrix is due
to its lower bandgap of ~ 2.5 eV which gives it a semiconductor character and thus better
electrical transport properties [31]. However, a full understanding of the evolution of the
microstructural and related changes in optical properties of amorphous Si rich a-SiCx upon
thermal annealing has not yet been reached [42, 81].
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4.1.3.1 Effect of the annealing temperature on the microstructure by FTIR

spectroscopy
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Figure 4.4: FTIR spectra of amorphous Si rich a-SiCx thin films as- deposited and annealed at
700 °C and 1000 °C for one hour.

To investigate the microstructural evolution of the films upon annealing as well as the
formation of silicon and silicon carbide nanocrystals (NCs) in the amorphous silicon carbide
matriX, the deposited samples have been subjected to isochronal annealing process at 700 °C
and 1000 °C for one hour. FTIR spectroscopy was used to examine the evolution of the
vibrational modes in the spectra of as-deposited and annealed films as well as the determination
of the bond densities of (Si-C and Si-O) and carbon concentration. The experimental data were
collected in transmission modes but for quantitative analysis, absorption spectra are required;
the method of Brodsky, Cardona and Cuomo (BCC) [50] was adopted to convert the
transmission into absorption spectra. Fig 4.4 shows the IR absorption bands of as-deposited
(black curve) sample S4 and as well as of those annealed at 700 °C (red curve) sample S¢ and
1000 °C (blue curve) sample S7. We observe broad peaks in the spectral region from 600 cm™
to 1100 cm™due to SiCx, SiCOx and SiOx related vibration modes. They have been de-
convoluted into four components cantered at 760 cm™, 800 cm™, 960 cm™ and 1070 cm™
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ascribed to Si-C stretching [75], Si-C stretching [43], SiCOx (LO) [82], and Si-O stretching
(TO) [76] modes, respectively.

In order to do a comparative study on the evolution of these modes with annealing, we have
adopted the same boundaries around these centred - frequencies in a consistent manner for all
studied samples. The de-convoluted spectra are shown in fig 4.5 [ for the (a) as-deposited, (b)
annealed at 700 °C and (c) annealed at 1000 °C sample].
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Figure 4.5: The de-convoluted FTIR spectra of sample S4 (a) as-deposited, (b) annealed at 700
°C and (c) annealed at 1000 °C.
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The spectrum of as-deposited film has shown two major components only; SiC stretching mode
centred at a low wavenumber of 756 cm™ and SiC-Ox centred around 970 cm™; the 800 cm*
SiC was absent while the SiO stretching mode centered around 1050 cm™ was negligible. On
the spectrum of the sample annealed at 700 °C, in addition the above modes detected in the as-
deposited sample, we noticed the emergence of a small SiC peak centred around 810 cm™ and
the SiO stretching mode intensified while its centre was shifting to higher wavenumbers. The
spectrum of sample annealed at 1000 °C was characterized with two clearly distinct bands,
narrow SiC and SiO stretching modes. The deconvolution of the SiC band revealed that the
800 cm™* mode dominated over the lower wavenumber 760 cm™ mode. The oxidation peak, on
the other hand became more prominent and at the same time, its centre blue- shifted even

further.

To quantify the bonds concentration of SiCx and Si-Oy in the films, we have integrated the area
under the respective components and the bond density was estimated using the following

relation:

a(w)

Nsi-x = Ast—xj dw X=¢C0 (4.1)

where a(w) is the absorption coefficient for Si-X bond. Asix is the oscillating strength of the
bond Si-C at 800 cm™ and the Si-O bond at 1100 cm™ reported to be Asic = 2.13 x 10%° cm
[43] and Asi.o=1.5 x 10 cm™ [49]. The data of the calculated bond densities are summarized
in table 4.3.
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Table 4.3: The bond densities and carbon concertation obtained from Si-O and Si-C bonds.

Sample ID Nsi-o at 1100 Nsi-c at 760 Nsi-c at 800 Si-C [at. %0]
cm? cm? cm? atoms under
[1x10%t cm=] | [1x10%! cm?] [1x10%t cm¥] 760 - 800cm™™
band
Ssas-deposited | 0.004 1.563 0.000 3.031
Seat 700 °C 0.280 0.638 0.546 2.313
S7at 1000 °C 0.416 0.590 0.605 2.334

The data in fig 4.5 and in table 4.3 can explain the transformation and the rearrangement of the

network: the gradual decrease in intensity of the SiC-Ox at ~960 cm™ while those of the SiC

band at 800 cm™ and of the SiO at 1100 cm™ were increasing suggests that the reorganization

of the network consisted in the breaking of the SiC-Ox bonds and Si / C atoms were bonding

in @ much more stoichiometric manner; this is supported by the concomitant decrease in

intensity of the lower energy band of the SiC stretching mode at ~ 760 °C, normally associated

with disorder. This agrees with the gradual dominance of the 800 cm™ SiC mode over the 760

cm® as can be seen in the evolution of their ratio in table 4.3. The narrowing of the 800 cm™

band is also interpreted as a sign of better chemical order and improved crystallinity. The

evolution of the band due to SiO rocking mode [83] in fig 4.4 shows that this peak is linked to

crystallinity.
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4.1.3.2 Effect of annealing temperature on the microstructure by Raman
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Figure 4.6: Raman spectra of amorphous Si rich a-SiCx thin films as- deposited and as-
annealed at 700 °C &1000 °C for a) a low wavenumber b) a high wavenumber.
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Raman spectroscopy was used as a complementary technique for structural analysis to FTIR
especially in identifying the symmetric bonds, which are not active in FTIR. Fig 4.6 shows
Raman spectra of amorphous Si-rich SiC thin films as deposited and annealed at (700 °C and
1000 °C) for two spectral regions, the low wavenumber from 470 cm™ to 1050 cm™ as seen in
fig.4.6 (a) and the high wavenumber from 1250 cm™ to 1650 cm™ as seen in fig.4.6 (b). The
low wavenumber region shows a narrow Lorentzian band centred around 523 cm attributed
to Si-Si transverse optic (TO) phonon mode in crystalline phase [84]; it is mainly due to the c-
Si substrate. A weak band, whose intensity is increasing with the temperature, is observed in
the region between 970 cm “and 1050 cm™; it is assigned to crystalline Si-C longitudinal optic
(LO) phonon mode [85]. The higher wavenumber region shows that the Raman spectra are
sensitive to the annealing temperature. In the spectrum of as-deposited sample, we observe a
broad peak centred around 1400 cm; it can be assigned to isolated disordered (D band) C-C
bonds; the graphitic component (G band) around 1600 cm™ is not resolved. The annealing at
700 °C makes the G band to grow in one small broad hump while the D band completely
disappears; this is a sign of the improvement of order in the lattice. The spectrum of the 1000
°C annealed film was characterized of the two distinct clear bands; one centred at around 1580
cm™ assigned to sp? bonds in the form of C-C clusters and another one with the centre
wavenumber around 1340 cm™ attributed to defects introduced by oxidation. Interestingly, the
appearance of this D- oxidation band in the sample annealed at 1000 °C coincide with the
appearance in the same sample of FTIR Si-O rocking mode mas observed just below 500 cm™
in fig 4.4. This suggests that this rocking vibrating mode is due SiCxOy bonds [86].
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4.1.3.3 Effect of annealing temperature on the microstructure by XRD

SiC (100)
E Si (111) SiC (11 12)
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Figure 4 .7: XRD patterns of amorphous Si rich a-SiCx thin films as- deposited and annealed
at 700 °C &1000 °C.

The crystallinity phases were investigated using XRD measurements. Fig 4.7 shows X-ray
diffraction patterns of amorphous Si rich a-SiCx thin film of sample S4 as deposited and sample
Se and S7 annealed at (700 °C and 1000 °C), respectively. The spectrum of as—deposited film
was taken from film deposited on corning glass substrate and its displays a broad peak centered
at around at 20 = 28.5%. This peak has been assigned to Si (111) and its broadness is indicative
of an amorphous structure. At the annealing temperature of 700 °C, three diffraction peaks at
20 =54.7°, 20 = 56.4°, and 20 = 61.8° were observed; the peaks at 54.7° and 61.8° have been
matched to (107) hexagonal SiC and (1 1 12) Rhombohedral SiC, respectively. Whereas, the
other peak at 20 = 56.4° was assigned to (311) crystalline Si. In addition to the 20 peaks at
54.7°, 56.4° and 61.8° observed in the 700 °C annealed sample, the diffraction pattern of the
sample annealed at 1000 °C an intense peak centred at 20 = 33.11° and a small peak at 47.8°,

they have been assigned to (100) 4H-SiC and (220) Si phases, respectively. A summary of the
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assignment of all the peaks observed in the annealed samples is shown in table 4.4 as processed
from [87].

Table 4.4: XRD data of the identified peaks.

020 khl d- Space Lattice Phase | Pattern Annealing
spacing | group | Parameter Number | Temperature
(A) (A) (°C)
54.85 | (107) 1.673 | P63mc | a:3.0730 SiC 00-002- 700
b:3.0730 1464
€:15.0800
56.48 | (311) 1.629 Si 00-002- 700
0561
61.83 | (1112) | 1.499 R3m a:3.0730 SiC 00-002- 700
b:3.0730 1042
€:82.9400
33.11 | (100) 2.705 | P63mc a:3.0810 SiC 00-029- 1000
b:3.0810 1127
€:10.0610
47.85 | (220) 1.901 S 00-001- 1000
0791
54.68 | (107) 1.678 | P63mc a:3.0817 SIC 01-074- 1000
b:3.0817 1302
c:15.1183
55.51 | (1040) | 1.655 R3m a:3.0730 SiC 00-002- 1000
b:3.0730 1042
:82.9400
56.45 | (311) 1.63 Si 00-002- 1000
0561
61.81 | (1112) | 1.499 R3m a:3.0730 SiC 00-002- 1000
b:3.0730 1042
:82.9400
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4.2 Optical Properties

The optical properties i.e. refractive index (n), absorption coefficient («) and energy gap (Eg)
will be determined in this section using optical models based on Scout software. The building
of an optical model in Scout consists of four different steps i.e. four objects are needed:

Materials, Layer stacks, Simulated Spectra and Fit parameters.

Materials, that are basically a definition of the susceptibility of the medium can be imported
from the database if the optical constants are known, otherwise they are set from scratch; for a
successful model, most of the time a material can be characterized by a superposition of many

susceptibilities.

Layer stacks are thereafter composed as a geometrical representation of the sample optically
studied; the beam is always assumed to come from a half-space made of vacuum. Materials are

assigned to the individual layers.

That is these layer stacks that generate the simulated spectrum that will ultimately be fitted to
the experimentally obtained spectrum by varying the fitting parameters. The quality of the fit
is validated by a small value of the deviation value returned by the software. In ideal case, the
deviation value should be zero but at the same time the model should be constructed in such a

way that the obtained optical constants make physics sense [61].

4.2.1 The Modelling of the Substrate

For the glass substrate, two dielectric function models were needed:

e The top half-space vacuum that assumes a constant real refractive of a unity (n = 1)

and the extinction coefficient of zero.

e The second material was a superposition of four susceptibilities: a constant refractive
index in the IR of around 1.54 typical of glass, interband (IB) transition in the UV and
two different oscillators. While the IB transition in the UV ensures that there is
dispersion towards high energy, the other oscillators take into account of the necessary

absorption, the energy gap, the disorder and some damping. Fig 4.8 shows the modelled
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glass substrate where the average deviation was minimized to 0.0000771. The

crystalline Si substrate was taken from the database and it was adjusted for its thickness.
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Figure 4.8: Modelling of the glass substrate used in our experiment. (The blue curve represents
the simulated spectrum and the red represents the experimental spectrum).

4.2.2 Modelling of SiC interference free thin films

As mentioned in the background theory part, many researchers [58] and our group [59] have
used the Swanepoel method to obtain the optical properties from films that display defined
interference fringes using the interferometric relation. For films without interference though, it
can be challenging to deduce the optical constant from measured transmission and reflection
spectra. Fig 4.9 shows a successful modelling of a film of 146.8 nm thickness that displays no
interference fringes. It has been deposited by the HWCVD process on glass substrate. In it is
optical modelling, we have thus used the glass substrate as modelled in fig 4. 8 on top of the
substrate, we have added in the layer stacks a thin film to which we have assigned a dielectric
function built from scratch to describe a SiC film. It is “Film Material” was constructed as a
superposition an interband transition function (an OJL framework that allows a mathematical
model to be used to describe the density of states (DOS) of the amorphous phase), a harmonic

oscillator (that allows some dispersion and at the same time caters for impurities absorption)
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and a dielectric background that basically its refractive index at low energy in the infrared. A

good convergence of the model allows the simulated spectrum to merge with the experimental

one by minimizing the deviation value.
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Figure 4.9: Interference free transmittance of a-SiC film 146.8 nm thick, deposited on Corning

glass substrate by HWCVD; the red curve is the experimental and the blue one is the simulated.

(Deviation value = 0.0000041).

One-layer stack (thin film) was considered on top of a thick substrate layer. The “Film

Material” dielectric assigned to thin film was a superposition of three different dielectric

functions:

e A constant refractive index in the IR

e A harmonic oscillator in the UV

e An OJL KKR dielectric
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4.2.3 The Effect of Scattering Losses due to a Rough Interface

Fig 4.10 illustrates how the scattering losses due to interface roughness can affect the quality
of the simulation if they are not corrected for. The subsequent fig 4.11 shows the improved
simulation when such correction has been implemented. The procedure of it is implementation
is to define a function which determines a frequency-dependent correction since the roughness
scattering affects differently the radiation of different frequencies. Scattering losses are well

known to be more pronounced for small wavelengths than for large ones.

YAV
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0.2 /

/
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Figure 4.10: A thick SiC film of ~1250 nm modelled with the same material dielectric as in
the previous example. The effect of the roughness that brings scattering losses but affecting
differently the spectral range is showing. (The blue curve represents the simulated spectrum

and the red represents the experimental spectrum). (Deviation value = 0.0006231).
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Figure 4.11: Same sample where a rough interface between the top half-space (vacuum) and
the film was introduced in the layer stacks. (Deviation = 0.0001501).

4.2.4 Modelling of SiC Layers and Extraction of Optical Constants

The optical properties of SiC layers are sensitive to both the deposition conditions and the
annealing process that has been used to obtain films of different stoichiometries. It is thus
important to correlate the structural changes to the optical properties of the material.

A systematic modelling of e-beam PVD as deposited sample and the ones annealed have been
done. Fig 4.12 displays the modelled film (Ss) as deposited. In this case, the layer stacks
between two half spaces made of vacuum, a thick Si (100) substrate was assumed, as the
substrate was c-Si; to account for any remaining native oxide, a thin SiOx was added at the
interface with the substrate; it was followed by the main SiC layer; towards the surface, a thin
porous SiC followed by a rough interface were postulated. Given the heterogeneous nature of
e-beam deposited films, both the main and the porous SiC layers of the stack were assumed to
be described better by an effective medium approximation (EMA) susceptibilities; as discussed
above, a matrix and embedded particle media, each characterized by it is own dielectric
function, coexist. As in the above example, the main SiC layer is described by a “Film
Material” made of a superposition of different susceptibilities: an interband transition, a

harmonic oscillator, an OJL dielectric function embedded in the so-called Kramers-Kronig
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relation (KKR) that allow the computation of the wavelength dependent real and imaginary
refractive indices from one another and finally a background constant refractive index, constant
in the long wavelength and set consistently with the SiC material. The EMA functions will
allow then to embed expected “particles” such as polycrystalline Si and or SiOx that can be
imported directly from the database directory. To improve the flexibility and repeatability of
the model to new data, we have adopted a concentration gradient to the “Film Material”
assigned to the main SiC layer in the stacks. As an EMA (of Bruggeman type) was the dielectric
function of this main layer, a “concentration gradient layer” assumes that the percentage of the
“particle” embedded in the matrix varies along the thickness. This innovative idea made the
model robust so that it can model all data of the same type. In order to make the model realist
that makes physics sense, the refractive index (no) of the material was constrained between 2
and 3 proper to SiC materials of varied stoichiometry and the thickness below the realist value
of 300 nm, expected to the very thin films grown. There is a good agreement between the

simulated and experimental spectra in most part of the visible range.
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Figure 4.12: Simulated and measured reflectance spectrum of amorphous Si rich a-SiCx thin
films as- deposited on c si-substrate, (The blue curve represents the simulated spectrum and

the red represents the experimental spectrum). (Deviation = 0.0000545).
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The thickness of the film (as read from the simulation of the main SiC layer) was estimated to
be 146.3 nm. The same constructed model above was applied to the annealed films and the

simulated and experimental spectra are depicted in fig 4.13.
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Figure 4.13: A typical modelled of an annealed films amorphous Si rich a-SiCx thin films at
a) 700 °C and b) 1000 °C, (The blue curve represents the simulated spectrum and the red
represents the experimental spectrum). (Deviations = 0.0000713 and 0.0000457, respectively).
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All the optical parameters such as refractive index (n), absorption coefficient () and energy
gap (Eg) have been extracted from the reflection spectra as modelled for films as deposited and
as annealed at 700 °C and 1000 °C using Scout software. The obtained results are displayed in
table 4.5.

Table 4.5: Optical constants extracted from Scout model for thin films as-deposited and
annealed at 700 °C and 1000 °C.

Sample (ID) Thickness Refractive index | Absorption | Tauc Energy
(nm) in the long Coefficient | Gap (eV)

wavelength at1.3eVv
measured at 900 | (cm™?)
nm

S4 146.4 2.3 1.0 x 10* 1.8

Se 126.6 2.2 4.7 x 10° 2.3

Sy 87.4 21 3.2 x 10° 2.5

4.2.5 Influence of the Annealing Temperature on the Refractive Index

The reported values of the refractive index of the bulk layer a-SiCx (the main SiC layer) in table
4.5 are values of the refractive index at ~1.3 eV (900 nm) i.e. in the long wavelength;
conveniently we have read the values at a photon wavelength of 900 nm. Illustrative graphs of
the variation of refractive index with the wavelength as well as the obtained trend with the
annealing temperature are shown in fig 4.14 for sample Ss, Se, and S7. From the long to the
shorter wavelength, a non-linear increasing trend is observed in all the three curves, this is the
normal dispersion; a sharp decrease trend is noted towards the UV; this is the onset of
absorption. This is better understood when one plots the real and imaginary parts of the
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complex refractive index on the same figure. Fig. 4.15 displays the real (top black curve) and
imaginary (bottom red curves) parts of the complex refractive index of sample S7. On can see
clearly (in the short wavelength) that the downward curvature on the real part corresponds to
the upward curvature on the imaginary part. Since the imaginary part is closely related to the
extinction coefficient, the rise from zero means onset of absorption. The onset of absorption
blue-shifts thus with the increase of the annealing temperature. In the normal dispersion region
on fig, 4.14, one can see also that the refractive curve moves to lower values as the temperature
of annealing is increasing; this can be understood in terms of the density of the material; As
the network crystallizes, the grain boundary regions increase in number and the network
becomes porous and prone to oxidation. The amorphous tissue of as-deposited sample is thus
more compact and denser and the density of the material decreases with annealing. The
decrease in the density can be closely related to the porosity and increase in oxygen content;

this is in agreement with our FTIR results in fig. 4.5 and table 4.3.

n -as deposited film
2.1 = -700°c annealed -
= 1 -1000°C annealed

Real part of the refractive index

600 900
A (nm)

Figure 4.14: Variation of the real part refractive index (n) with annealing temperature for
amorphous Si rich a-SiCx thin films.
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Figure. 4.15: Real and imaginary parts of the complex refractive index of sample S7 annealed
at 1000 °C.

4.2.6 Influence of the Annealing Temperature on the Absorption

Coefficient

Fig. 4.16 displays the absorption coefficient (o)) curves of the samples Ss4, Se and S7, as-
deposited and annealed at 700 °C and 1000 °C, respectively. The first notable fact is that the
compact amorphous film as-deposited has higher values of the absorption coefficient; they
decrease as the temperature of annealing is increasing; this is due to the porous structure
discussed above. The second notable observation is that the onset of absorption shifts to higher
photon energy as the temperature of annealing is increased. This is in agreement with the
behaviour of the refractive index discussed above. We may predict from this blue-shift that the

bandgap increases with the temperature of annealing and thus crystallization.
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Figure 4.16: Absorption coefficient (o) versus photon energy of as-deposited sample as well

as of those annealed.

4.2.7 Influence of the Annealing Temperature on the Optical Energy Gap

The empirical formula of Tauc introduced in chapter 3 has been used to determine the energy

gap (Eg) by assuming a parabolic shape for the band edges. We have plotted (ahv)z versus hv
and determined Eg at the cut-off with the energy axis, where « = 0. Fig 4.17 shows the Tauc

plots for samples of the thin film as- deposited and annealed at 700 °C and 1000 °C, from (a)
to (c), respectively.
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Figure 4.17: Typical Tauc plots of the studied samples: (a) as-deposited S4, (b) annealed at
700 °C Se and (C) annealed at 1000 °C Sy.

Eg values of 1.84 eV; 2.31eV and 2.53 eV were extrapolated for S4, Se and S7, respectively [88,
89]. As anticipated, following the discussion above, the annealed sample at 1000 °C, with much
more improved stoichiometry has higher band gap energy and thus it is transparent a larger
spectral range. Fig.4.18 graphically displays the trend of Eq Vs Tannealing; in Other words, this is

the change in E4 value (or transparency) with respect to the change in the microstructure.
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Figure 4.18 Optical band gap versus the annealing temperature

The important influence of the annealing temperature on the microstructure of the deposited
thin films and the content of Si-C bonds has been discussed in the first part of this chapter.
Since, the optical band gap is related to the structural change of the material, the annealing
temperature will affect the values of the optical band gap as shown in fig 4.18.
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CONCLUSION AND FUTURE WORK

This thesis has studied the deposition, structural and optical characterization of non-
hydrogenated amorphous silicon carbide thin film (a-SiC). Isochronal annealing process was

used to induce stoichiometric changes in the films.

FTIR was found to be an instrumental technique to analyse the structural changes. A
rearrangement of the microstructure through molecular vibrational spectroscopy was noted.
The vibrational bands were assigned to the molecular bonds while the narrowing of the SiC

related band was linked to the improved order.

Raman spectroscopy in the long wavenumber range linked the D-band to the amorphous nature
of as-deposited film, while the G-band appeared with annealing. The residual D-band in the
1000 °C annealed film was linked to SiCOx rocking vibrational mode.

XRD was confirmed the amorphous structure of the as-deposited films while the appearing SiC

polytypes with annealing were systematically indexed.

The last part of the thesis focused on the optical characterization of the films. We were able to
build a robust optical model for SiC materials that take into account the in-homogeneities in
the film through the so-called effective medium approximation (EMA) and concentration
gradient by introducing a dedicated concentration gradient function in our model that was built

from scratch.
In future work, the expertise acquired in modelling multi-stack layers will be very important in

analysing tandem and multi-junction solar cells. Our optical model is however versatile enough

to study multi-structures for other applications.
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