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STRUCTURE AND OPTICAL PROPERTIES OF MULTI-PHASE
STRUCTURED AMORPHOUS SILICON CARBON NITRIDE THIN FILMS
DEPOSITED BY PLASMA ENHANCED CHEMICAL VAPOUR DEPOSITION

ABSTRACT

The amorphous structured silicon carbide (a-SiC) thin films have been the focus of many
studies due to its potential applications for high temperature devices operation in
complement to conventional silicon microelectronics. Incorporation of nitrogen to silicon
carbide thin films, has offered an effective route to produce hydrogenated amorphous
silicon carbon nitride (a-SiCN:H) that combines the properties of silicon carbide, silicon
nitride and carbon nitride. In current study, the variation in the structure, composition and
optical properties of multi-phase structured hydrogenated amorphous silicon carbide (a-
SiC:H) and a-SiCN:H thin films deposited by plasma-enhanced chemical vapour
deposition (PECVD) with respect to nitrogen flow-rate is the focus in the first part of this
work. Thereafter, the structure and optical properties of both multi-phase structured a-
SiC:H deposited from the discharge of silane and methane as well as a-SiCN:H thin films
deposited from the discharge of silane, methane and nitrogen with different flow-rate have
been investigated in detail by using spectroscopy techniques. With respect to this, FTIR
was used to probe the bonding structure in the film while Raman spectra of the films were
used to understand the microstructure properties of the films related to the C-C bonds.
Meanwhile, depth profiling analysis using Auger electron spectroscopy was used to probe
the elemental composition of the films. Optical transmittance and reflectance spectra were
utilized to determine the dispersion plot of refractive index of the films in the ultra-violet
to the near infrared region. The optical energy gaps of the films were determined from
the Tauc plot derived from the dispersion of absorption coefficient of the films calculated
from the optical transmission spectra of the films. Optical constants, dispersion energy

(Ep) and single oscillator energy (Ep) were determined from the dispersion of the
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refractive index plots using the Wemple-DiDomenico Model. The photoluminescence
properties of the films were investigated and the origin of photoluminescence were
accredited to the recombination within the tail states the hydrogenated amorphous carbon
(a-C:H) phase in the films structure where the tail states are formed from sp>-C clusters
in the film. The broad PL emission spectra were due to the overlapping of all the PL
emission produced by the different phases in the film structure. Finally, comparative
analysis was done on the structure and optical properties of the a-SiCN:H films after 30
days of deposition. Significant changes were observed in the chemical bonding properties
of the films and the changes were different for the films deposited with and without
nitrogen. The annealing of films at temperatures of 100 to 400 °C produced different
effects on the structure and optical properties of the a-SiC:H and a-SiCN:H films.
Decrease in the band gap energy value for the a-SiC:H film was due to evolution of
hydrogen atoms from Si-CH3z bonds and breaking of weak Si-C bonds. However, the
decrease in the band gap of the a-SiCN:H films was attributed to the decrease in C-N and

Si-C-N bonds content in the film structure.

Keywords: thin films, a-SiCN:H, PECVD.
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SIFAT STRUKTUR DAN OPTIK FILEM NIPIS PELBAGAI FASA ARMOFUS
SILIKON KARBON NITRIDA DIDEPOSITKAN DENGAN DEPOSISI VAPOR
KIMIA DIPERTINGKATKAN OLEH PLASMA

ABSTRAK
Filem nipis silicon karbida berstruktur amorfus (a-SiC) telah menjadi tumpuan kepada
banyak kajian kerana keupayaannya untuk digunakan sebagai pengoperasian peranti suhu
tinggi yang mampu menjadi pelengkap kepada mikroelektronik silikon konvensional.
Penglibatan nitrogen kepada filem nipis silikon karbida, telah menawarkan laluan yang
efektif untuk menghasilkan silikon karbon nitrida berhidrogen (a-SiCN: H) yang
menggabungkan sifat-sifat silikon karbida, silikon nitrida dan karbon nitrida. Dalam
kajian ini, variasi dalam struktur, komposisi dan sifat optik silikon karbida amorfus
berhidrogen (a-SiC:H) dan a-SiCN:H berstruktur multi-fasa yang dimendapkan dengan
kaedah pemendapan wap kimia secara peningkatan plasma (PECVD) merujuk kepada
kadar aliran nitrogen diberi tumpuan dalam bahagian pertama penyelidikan ini.
Selanjutnya, ciri-ciri struktur dan sifat optik kedua-dua filem nipis iaitu a-SiC:H
berstruktur multi-fasa yang dimendapkan daripada nyahcas silana dan metana dan a-
SiCN:H yang dimendapkan daripada nyahcas silana, metana dan nitrogen dengan kadar
aliran yang berbeza telah diselidiki secara terperinci dengan menggunakan teknik-teknik
spektroskopi. Sementara itu, analisa profil pendalaman oleh spektroskopi elektron Auger
digunakan untuk menyiasat komposisi elemen yang terdapat di dalam filem. Spektra
pemancaran dan pantulan optik digunakan untuk memperolehi plot sebaran indeks
pantulan dalam julat sinar ultra lembayung- inframerah hampir. Jurang tenaga optik filem
ditentukan dari plot Tauc yang diperolehi daripada penyebaran pekali penyerapan filem-
filem yang dikira dari spektrum penghantaran optik filem. Pemalar optik, tenaga
penyebaran (Ep) dan tenaga pengayun tunggal (Ey) ditentukan dari penyebaran plot

indeks biasan menggunakan Model Wemple-DiDomenico. Sifat kefotopendarcahayaan



(PL) filem-filem ini telah diselidiki dan asalan kefotopendarcahayaan telah diakreditasi
kepada penggabungan semula di keadaan jalur ekor fasa karbon amorfus berhidrogen (a-
C:H) di dalam struktur filem di mana keadaan ekor terbentuk daripada kelompok sp>-C
di dalam filem. Spektrum pancaran PL yang lebar adalah disebabkan oleh pertidihan
kesemua pancaran PL yang dihasilkan oleh fasa-fasa yang berbeza di dalam struktur
filem. Akhir sekali, analisis perbandingan dilakukan pada struktur dan sifat optik filem a-SiCN:H

30 hari selepas pemendapan. Perubahan besar dapat dilihat terhadap ciri-ciri ikatan kimia filem
nipis dan perubahan bagi filem nipis termendap oleh nitrogen dan tanpa nitrogen adalah berbeza.

Pemanasan filem-filem a-SiC:H dan a-SiCN:H. dalam julat suhu 100 ke 400 °C memberikan
kesan berbeza kepada struktur dan sifat optik filem-filem. Penurunan nilai jurang jalur tenaga
bagi a-SiC:H adalah disebabkan oleh pembebasan atom hidrogen daripada ikatan Si-CH3
dan kemusnahan ikatan Si-C yang lemah. Namun demikian, penurunan dalam jurang
tenaga bagi a-SiCN:H adalah disebabkan oleh penurunan kandungan ikatan C-N dan Si-

C-N di dalam struktur filem.

Kata kunci: filem nipis, a-SiCN:H, PECVD
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CHAPTER 1: INTRODUCTION

1.1 History of Research on Silicon Carbon Nitride Thin Films

Hypothesis on tetrahedral compound carbon nitride (CN) with hardness larger
than diamond was first introduced by Cohen in 1985 (Hoffmann et al., 2011). In order to
realise Cohen’s theory on this ideal material, many unfruitful efforts was attempted to
synthesize super hard C-N thin films (Cao, 2002; Chen et al., 2009; Sundaram &
Alizadeh, 2000; Tomasella et al., 2008). As a result of the difficulties encountered in
attempting to synthesize high quality CN films, research on CN was redirected to the
synthesis of silicon carbon nitride (Chen et al., 1998). Historically, silicon was
incorporated to promote the formation of CN which however lead to increase in research
interests on the ternary compound, SiCN. Since then, research on this ternary compound
has developed in breadth and depth in both phases; crystalline as well as the amorphous

phase of this material.

1.2 Importance of Silicon Carbon Nitride

The excellent optoelectronics and mechanical properties such as tunable optical
band gap, good optical transmittance, low electrical conductivity, high photosensitivity
in the UV region, high hardness, corrosion resistance, chemical inertness and excellent
stability at extremely high temperature (Ermakova et al., 2015; Ferreira et al., 2002;
Gillespie, 1994; Swain et al., 2014) have made hydrogenated amorphous silicon carbon
nitride (a-SiCN:H) thin films the focus of research by many researchers. The excellent
properties of SiC, Si3N4 and C3N4 compounds are combined in this material and makes it
a promising material for various applications such as passivation layers for crystalline
solar cell (Vetter et al., 2004), light emitting diodes (Kruangam et al., 1985), opto-

electronic devices (Swain & Dusane, 2006) and biomedical applications (Guthy et al.,



2010). High intensity photoluminescence emission at room temperature makes it feasible
to be used as a source material for field emission display application (Cheng et al., 2005).
Uniform deposition over large area at low temperature of a-SiCN;H thin films due to the
amorphous nature of the films is attractive because it makes it more cost effective for
large scale industrial production. Moreover, the amorphous films can be deposited on
flexible substrates with a variety of shapes and sizes, which ultimately makes them very
attractive for miniature flexible device or decorative parts integration.

However, the higher defects structure of a-SiCN:H due to the short range order
of the material results in poor performance in devices. Therefore, understanding on the
formation mechanism of defects structures and phase composition in as-deposited films
on any substrates is crucial in improving the performance of these devices. With respect
to this, selection of the suitable deposition method could be one of the possible routes in
manoeuvring the defect level and phase composition of this compound. Hydrogenated
amorphous silicon and carbon alloys such as a-SiCN:H and hydrogenated amorphous
silicon carbide (a-SiC:H) films can be easily grown by plasma-enhanced chemical vapour
deposition (PECVD) (Ermakova et al., 2015), hot-wire CVD (Swain et al., 2014), ion
sputtering (Wu et al., 2014) and magnetron sputtering techniques (Wang et al., 2010).
These techniques exhibit strength that allows the bonding network and composition to be
controlled in the Si-C- N-H by varying the deposition parameters during the growth

Process.

1.3 Research Problems and Motivations

Plasma enhanced chemical vapour deposition (PECVD) offers an efficient method
in the growth of Si based thin films like hydrogenated amorphous silicon carbon nitride
(a-SiCN:H) studied in this work. Furthermore, the technique is capable of depositing thin

film material at low temperature which is necessary for deposition of the films on glass



substrates. The use nitrogen (N2) mixed in silane (SiH4), methane (CH4) for the growth
of hydrogenated amorphous silicon carbon nitride (a-SiCN:H) by PECVD onto different
substrates from discharge of SiH4 and CH4 gas is challenging considering N> is not
reactive as compared to ammonia (NHg) which is the more popular gas used in growing
this material.

However, N is easier to handle, cheaper and not harmful to the environment.
The behaviour of material is fundamentally determined by the bonding structures. Swain
& Hwang (2008) has reported presence of multi-structure in the chemical network in their
deposited a-SiCN film films using HWCVD. Like most reported works, changes in the
main bonding structures with respect to their intensity are studied in relation to variation
in ammonia flow rate. In this work, the focus of the investigations is concentrated on the
presence of multi-phase structure in the film deposited at different N flow-rates by this
technique. The changes in the observed properties of the deposited films with respect to
nitrogen flow-rate will be related to the changes of multi-phase structure of the films.

In spite of the numerous number of published works on a-SiCN:H films grown
by PECVD, detailed investigations on some aspect of dependency of optical and PL
properties on the structural properties are still lacking. Since, the structural properties can
be modified by changing the deposition parameters parallel studies on the effects of these
parameters on the optical and PL properties make it possible to relate these properties
together. In the current work, the variation in the structural properties of the deposited
films is induced by the variation in the nitrogen flow rate during the film deposition.
Another flaw is that the optical characterization is usually done on films grown on
transparent substrates like glass and quartz while FTIR measurements are done on c-Si
substrates to determine bonding properties. Thus, assumptions are usually made that these
properties are not dependent on substrates. It is therefore important to confirm this before

relating these results together.



Also, the aspects on the degradation of films due to ageing and effects of
annealing temperature at various deposition conditions, particularly the studies on their
effects on the structural properties have yet to be understood. Some studies have been
reported on the effects of ageing and thermal annealing on the changes in the properties
of hydrogenated amorphous silicon films caused by ageing upon air exposure and
annealing (Davis, 1992; Fernandez-Ramos et al., 2003; Limmanee et al., 2008), the
potential applications of this material mentioned above makes this study important to be
investigated further. There are still questions arising on the stability of this material on
exposure to the environment with time and heat. Information on the stability of structural
and electronic properties on exposure to the environment with time is crucial in
applications of this material in devices. Annealing is expected to break-up existing
covalent bonds in the film structure resulting in transformation in the structure of films.
Thus, annealing can be used as an indicator for film stability against exposure of this

material to temperature change.

14 Research Objectives
Based on the research problems and motivations in venturing into this work

although results on similar work have been reported in many related works in the last

decade, this work is done with the following objectives outlined below.

1. To investigate the effects of nitrogen flow-rate on the optical properties and
structure of multi-phase structured amorphous silicon carbon nitride thin films
deposited by PECVD from the discharge of silane, methane and nitrogen.

2. To determine the origin of photoluminescence in the multi-phase structured
amorphous silicon carbon nitride films.

3. To compare the structure of film deposited on the crystal silicon and glass

substrates using PL emission.



4. To investigate the effects of ageing on the microstructural properties and the
structure of multi-phase structured amorphous silicon carbon nitride thin films
deposited at different nitrogen flow-rates.

5. To investigate the effects of annealing on the optical properties and the structure
of multi-phase structured amorphous silicon carbon nitride thin films deposited at

different nitrogen flow-rates.

1.5 Organization of Thesis

Following the introduction to this chapter where the origin of the material meant
to be addressed in this research and the material properties with potential applications are
highlighted, the organization of the chapters in this thesis is outlined here. Chapter 2
begins with a review on the development of silicon thin films and the inroad progress
made by other material at the expense of the silicon films. The need for silicon thin film
to evolve to face the challenge in order to move forward is highlighted. Important reported
properties of the SiCN related compounds are briefly discussed and the major results on
the properties of SICN from the previous studies are highlighted in great detail. Reviews
on some of the current techniques of preparation thin films are also presented.

In Chapter 3 the sample pre-deposition process such as substrate preparation and
the process by which the samples are deposited are described. The deposition reactor, its
configuration, operating principles, and deposition parameters are presented and
described. This includes the procedures used in measurement made on the films after
annealing. The theoretical concepts behind the major characterization tools and the
technique used to analyse the experiment data in this research are described. These
include Fourier Transform Infrared, Auger Electron Spectroscopy, UV-Vis Optical

Spectroscopy, Raman spectroscopy, and photoluminescence (PL).



In Chapter 4, the results of the experiments of the part 1 are given concurrently with
a description thereof, leading to a discussion of the role of nitrogen in the a-SiCN. The
significant findings of this research are presented thereof. Chapter 5 is an extension of the
previous chapter where the experimental results obtained from characterization done on
the aged and annealed films are presented and discussed. Finally, Chapter 6 concludes
this thesis by summarizing the main experimental results and statement of the possibilities

for future research in this field.



CHAPTER 2: BACKGROUND STUDIES AND LITERATURE REVIEW

2.1 Introduction

In this chapter, the literature review discusses the progress of the amorphous
silicon (a-Si) based thin films researches, which progressively preceded to a new phase
that comprised of binary a-SiC as well as the development of the nitrogen incorporated
a-SiC or a-SiCN. The review begins with brief factual description on the importance of
the amorphous thin films and reasons for the film need to evolve to form more complex
silicon based thin films. Also, the report on some silicon based thin films which are
similar to the current study is presented for comparing their fundamental properties and
applications. Survey based research discussions will focus on the general properties of
the films material including the structural model of the materials. Meanwhile, discussion
will also cover radio frequency plasma enhanced chemical deposition (RF-PECVD)
method used in depositing thin films in this work. In conjunction with this, chemical
vapour deposition (CVD) in general, microwave PECVD and hot wire CVD methods in
the deposition of silicon based thin films are presented for comparison. Some accounts
on the physical- and chemical-aspects of reaction in the gas phase and on the surface of

the substrate by using RF-PECVD technique are also included in the discussions.

2.2 Silicon based Thin Films Technology: Strengths and Weaknesses

The evolution of semiconductor in the 20" century is mainly relying on the silicon
that had been identified as first generation semiconductor. Silicon appears to be an
important semiconductor material due to its viability to be used as transistors, diodes and
integrated circuit. Starting in 1970’s, c-Si has brought about the realisation of very large
scale integrated scale circuits (VLSI) into electronics industries. Moreover, crystalline

Silicon (c-Si) also has been largely used in solar cells due to its high solar-to-electricity



conversion efficiencies and this technology had been adopted in real-life for more than
25 years. Sputtered by their excel performance, c-Si have continuously conquer the
semiconductor market with a current worldwide market share greater than 85 %. The
scalability have largely contributed to a price drop of 80 % since 2008, currently reaching
levels below $1 per watt has been identified to be newly developed technology. Moreover,
solar to hydrogen production with efficiency of 14.2 % with by using the tandem cell that
constructed by the combination of silicon photovoltaics and earth-abundant
electrocatalysts has also been reported (Schiittauf et al., 2016). The technology which
based on silicon heterojunction solar cells and photo-electrochemical materials (PEM)
electrolysis systems are commercially viable, easily scalable and have long lifetimes
could accelerate industrialization and deployment of cost effective solar-fuel production
systems.

About the same time, its counterpart, a-Si, was first time used in relatively
cheaper solar cell fabrication and thin film transistors that also known as field effect
transistor (FET) in liquid crystal display (LCD) (Kawamoto, 2002; Le Comber et al.,
1979). The later also has the advantages in depositing solar cells thin films onto the
surface of variety of substrates, such as glass, metal and plastic. However, Si is
approaching its performance limit due to intrinsic material properties, especially in the
applications related to high-power, high temperature, and high frequency devices (Fraga
et al., 2012). The efficiency of the a-Si research thin films solar cells is in between 10.2
and 11.4 % measured for amorphous and microcrystalline (Green ef al., 2015) and come
to an almost no significant changes since 1995. Also, in the area of power production,
amorphous silicon solar cell has lost its significance due to strong competition from
conventional crystalline silicon cells and other thin-film technologies such as cadmium
telluride (CdTe) and copper indium gallium selenide solar (CIGS) (Ullal & Von Roedern,

2007). The excessive high performance of these new compounds is ascribed to its
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capability in absorbing large quanta of solar light especially in the visible region of
incident solar spectrum that constituted ~45 % of total spectrum (Sharma et al., 2015). In
2013, it was reported the market share of all thin film technologies amounted to about 9
% of the total annual production of PV Global, while 91 % was held by crystalline silicon
(mono-Si and multi-Si). With 5 percent of the overall market, CdTe holds more than half
of the thin-film market, leaving 2 percent to each CIGS and amorphous silicon. Due to
strong competition, thin film amorphous silicon solar cell is expected to lose half of its

market share by the end of the decade.

2.3 Progress in Silicon- and Carbon-based Thin Films Alloys
2.3.1 Silicon Carbide

Upon step into 21% century, gallium arsenide and indium phosphide have been
identified to be second generation semiconductors that dominate the base of the wireless
and information development. Thereafter, the wide bandgap semiconductors including
silicon carbide (SiC) and gallium nitride (GaN) are start to conquer the sector of
semiconductor especially in electronic and optoelectronic industries. SiC is an extremely
hard and inert group IV compound semiconductor material that has a lot of attractive
features which are suitable for advanced electronic devices that does not own by Si.
Amorphous alloys of silicon and carbon including amorphous silicon carbide, also
hydrogenated compound (a-Si1xCx:H) are some of interesting variants. Introduction of
carbon atoms adds extra degrees of freedom for control of the properties of the material.
The special features for has been known since 1991 as a wide band gap semiconductor
and as a material that is well-suited for high temperature operation, high-power, and/or
high-radiation conditions in which conventional semiconductors cannot perform

adequately or reliably (Barrett et al., 1993).
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Optically, SiC films are characterized by their high-transmission at visible and
infra-red (IR) wavelength (Hamadi et al., 2005). Silicon carbide also has a good chemical-
, mechanical- and thermal properties. It demonstrates high chemical inertness and making
it more suitable for use in sensor applications where the operating environments are
chemically harsh (Noh et al., 2007). Incorporation of carbon causes optical band gap of
a-Si to become wider and by increasing concentrations of carbon in the alloy have proved
to further enlarge the electronic gap between conduction and valence bands. The band
gap of a-Si;.xCx can be adjusted between 1.7 and 2.2 eV, depending mainly on the C
concentration (Kabir ef al., 2009). Earlier, Anderson and Spear (1977) showed that the
optical gap increases from about 1.6 eV to 2.9 eV as carbon content increases to x = 0.7,
after which, the optical gap decreases with further increase in carbon content. Dutta ef al.
(1982) also observed that same trend for their reactive sputtered films except that the
maximum optical gap occurs at x = 0.4.

However, Liu et al. (1996) reported that the optical band gap does not show a
maximum in contrast to the results of those mentioned. Instead, the band gap increases
more steeply with x from x = 0.75. This is attributed to a change in structure from
tetrahedral amorphous to polymer-like amorphous brought about by the high hydrogen
content. The band gap of the films obtained by other researchers are much higher as in
(Huang et al., 2003; Tabata et al., 1997) which are fall in the range between 2.8 eV to 3.5
eV. It was widely reported that the optical properties of SiC films deposited by PECVD
are only depend on the carbon content of the SiC films and not dependent on deposition
conditions such as gas pressure and substrate temperature particularly in low carbon
content region (Ambrosone et al., 2002; Conde ef al., 1999).

With respect to this, SiC films reflect high potential to serve as good candidates
specifically for power devices application since wide band gap cause lower leakage

current. The refractive index of a-SiC:H films is found highly affected by the carbon
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content in the film. Studies on the refractive index of a-Sii.xCx:H shows index is solely
depends on the value of the x (carbon content), thus provides a convenient means to
estimate the carbon content in the film (Della et al., 1985b; Saito et al., 1985). The
refractive index of a-Si1xCx:H film decreases as the carbon content in the film increases.
Its value drops from 3.8 at about 30 atomic % of C, beyond which it saturates at about
1.8 (Della et al., 1985a), Catherine et al. (1983) reported a similar variation of refractive
index with changing concentration of carbon. Rahman & Furukawa (1984) also had
observed a decrease in refractive index from 2 down to 1.7 as x-value (carbon content in
the film) increases from 0.3 to 0.6. This has been attributed to the reduction in the Si-C
bonds and the decrease in the density of the films as the carbon content increases
(Catherine et al., 1983).

In term of the structural appearance of SiC, Willander et al. (2006) has described its
structure analogous to be exist in the form of network as in a-Si:H, in which C atoms
gives rise to chemically ordered network-terminating configuration with a prevalence of
Si-CH> and Si-CHjs bonds. Bonds of SiH, and CH, were also observed (Stapinski &
Swatowska, 2008). The structural model of amorphous and nano-crystalline SiC is not
unique. This is because of the capability of carbon to have two-fold, three-fold and four-
fold coordination adds a degree of freedom in local structure arrangement which is absent
in the other amorphous semiconductor alloys. However, there have been some suggested
models of chemical ordering in amorphous silicon carbon alloys according to what have
been obtained from various theoretical and experimental techniques. Figure 2.1 is the

schematic illustration of a-SiC:H proposed by Lee & Bent (2000).
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Figure 2.1: Schematic illustration of a-SiC:H proposed by Lee & Bent (2000) (a)
polymethylsilan structure and (b) polycarbosilane structure.
2.3.2 Silicon Nitride

Silicon nitride is a hard, dense, refractory material. Amorphous silicon nitride
(a-SiN:H) is extensively used in the microelectronic industry for a wide variety of
applications including in oxidation mask, dopant diffusion barrier, gate dielectric in field
effect and thin film transistors, coating for III-V semiconductors, interface dielectric
medium, charge storage layer in MNOS non- volatile memories and as a final passivation
layer for device packaging. Typically FTIR spectra for the alloys reveal the presence of
bands for SiH,, NH, and SiN (Della et al., 1985a). Amorphous silicon nitrogen alloys
have optical gap tunable from 1.9 up to 5 eV, depending on nitrogen content (Giorgis et
al., 1997). Increasing N-content also causes enhancement in the radiative efficiency at
room temperature by several orders of magnitude and make emission band blue shifted.
Silicon nitride alloy is therefore very appealing for light emission technology.

Due to its congruent optical properties, it has been used for wide variety of
microelectronic and optoelectronic application such as passivation layers for devise
packaging, diffusion barriers and radiative elements in light—emitting devices (Krimmel
et al., 1991; Sambandam et al., 2005; Xu et al., 2004). The refractive index of the silicon

nitride films can be matched to maximise the light transmission to the active layer of the
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crystalline solar cells. The stoichiometry of nitride films also varies widely, especially in

plasma deposition, so that refractive index can vary from about 1.8 to 2.2 and is another

useful control parameter for the film deposition.

Table 2.1: Comparison of some important physical properties and potential
application of SiC, SiN and SiCN.

SiC SiN SiCN
Remarkable Low density, high Good insulator, high High hardness, good
properties  strength, low thermal stability, creep properties,
thermal expansion, chemical inertness, thermal shock
high thermal high hardness, great resistance over a
conductivity, high transparency in spectral broad temperature
hardness, excellent range from 300 to 1200 range
thermal shock nm, good dielectric
resistance, superior properties
chemical inertness
Potential Dielectric ~ layers, Gate dielectrics, Cutting tools, high
application mi-  croelectronic antireflective  layers, temperature
and MEMS (Micro- protective barriers materials sensor for
Electro-Mechanical against water vapour pressure
Systems) and oxygen, protective measurements  in
applications, diodes, hard coats high  temperature
thin-film transistors environments

2.3.3 Amorphous Carbon

The film structures of a-C:H can be varied over wide range from polymer that
exhibit soft physical structure to that of diamond which own a very hard mechanical
strength, in which both of these structures are depending on the bonding configuration
and hydrogen content. This means the structure, electronic and mechanical properties of
carbon films are controllable by means of deposition condition and chemical composition.
Microscopically, amorphous carbon without long-range order containing carbon atoms
mostly in graphite-like sp? and diamond-like sp® hybridization states, and its physical

properties depend strongly on the sp?/sp’ ratio. There are many forms of sp>-bonded
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carbons with various degrees of graphitic ordering, ranging from microcrystalline
graphite to glassy carbon.

Potential applications for this film are promising in the area of optoelectronic
and microelectronic devices such as light emission diodes and field emission displays.
The optical band gap found by Xu et al. (2004) is reported to be increased between 2.57
eV to 3.3 eV with increasing hydrogen dilution. Only a broad band PL spectrum is found
under the different excitation energies for a sample without hydrogen dilution. With
increasing the hydrogen dilution ratio, the PL peak energy is blue shifted. Demichelis et
al. (1995) and Park et al. (2001) found that the spectra position of the PL peaks do not
exhibit any systematic shifts with increasing optical band gaps of the samples and propose

that the PL peak positions are not correlated with optical band gaps.

2.3.4 Silicon Carbon Nitride
The history SiCN film is rather accidental as compared to that of the SiC itself. After
the failure to produce the super hard CN thin films by many groups (Betranhandy et al.,
2004; Hellgren et al., 1999; Lowther, 1999), the effort was redirected on the development
of SiCN with similar qualities to the properties that possesses by CN. In the early stage
of the work in deposition of SiCN films, element Si that being introduced is aimed to
promote the incorporation of carbon in the formation of CN. In other word SiCN thin
films are unintentionally obtained products during the commencement of the work in
producing CN thin films with desired properties. Also, in the beginning, the study in SiICN
system was mainly geared to syntheses and study the effect of various deposition
condition on the properties of the films (Bendeddouche ef al., 1997; Sachdev & Scheid,
2001).
This is aimed to adequately provide detailed understanding of the new material at

the fundamental level in comparison to a very structurally closed compounds and already
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established SiC and SiN. SiC and SiN have their own super characteristics but it is
suggested that promising features of SiCN would be due to the more complicated Si, C
and N atomic chemical environments in a ternary alloy than in a mixture of pure Si3Ny-
SiC phases (Perrin et al., 1996). The area of research in ternary SiCN system is one of the
attractive fields and the knowledge of accessible phases and their microstructure in
precision is still remain lagging and rarely reported for the moment.

The change in the optical properties of a-SiCN with respect to the change of
elemental composition can be viewed in the two different perspectives. Firstly, it is
associated to the compound properties changes with respond to the change in carbon
content while the second perception is related to the change in nitrogen content. In the
first perspectives Chen et al. (2000) have found out that films that have been deposited
with increasing CH4 content indeed have higher contents of C, N and H as an effect which
can be attributed to the presence of SiC and CN bond. The increase in absorption can be
attributed to the presence of carbon. Bulou et al. (2011) discovered that SiN like
compound is dominant at whatever the CH4 rate is used to deposite SiCN films.
CHj4 addition leads to less hydrogenated and denser films. In addition, a refractive index
increases from 1.7 to 2.0 and a Tauc gap decrease from 5.2 eV to 4.8 eV is measured with
CHya rate increase. It is believed that the increase in refractive index is due to higher thin
film density whereas hydrogen bonds decrease is assumed to contribute to the band gap
narrowing.

In the second condition, Peter ef al. (2013) reported systematic changes in infrared
actives modes network bonds and optical properties of a-SiCN film following changes in
deposition conditions (nitrogen as well as other parameters). SiCxNy films deposited by
Emarkova et al. (2015) at different ammonia (proportional to concentration of nitrogen
source is presumed) concentration exhibits different transmittance behaviour. High

ammonia dilution led to a rather high transmittance of film, supporting the potential in
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using the films as highly transparent coatings in optical devises. For comparison purposes,
the refractive index of plasma-deposited silicon carbide ranges from 1.96 to 2.6 and
plasma-deposited silicon nitride from 1.8 to 2.2 (Mort & Jansen, 1986). Refractive index
plays a very important role in the search of material for transmitting light and
manipulating light path for optical applications such as antireflection coating.

Results by Kim et al. (2008) shows that the refractive index of the a-SiCN films
reduces with the increasing NH3 flow rate for which in their case is the source for
nitrogen. The deposited carbon rich films were characterised by the optical band gap in
between 0.6 to 1.5 eV but for nitrogen rich film the band gap energy value can be raised
up to 2.5 eV, which is closed to the SizN4 energy gap that was obtained. This revealed the
silicon nitride-like nature of the obtained films. The results show regulating nitrogen
versus carbon appears to cause opposite effects at least to optical refractive index and
optical gap of the SiCN films.

Chen et al. (2005) also found a sharp phase transition from the predominantly Si-
C bonded structure to the Si-N bonded structure occurs during the deposition of SiCN
thin films with and without N incorporation. It was reported by Porada ef al. (2013) the
SiCN films deposited with the addition of nitrogen have higher value for both of the
hardness and the Young’s Modulus as compared to those of the films deposited without
addition of nitrogen. It was reasoned that the significant increase in Si-N bond attributes
to the change in the films properties. Thus, the compound can be applied in cutting tools
and high temperature materials.

Reports of successful of synthesizing the films and demonstration of interesting
properties are good indicators for the future technological development of the films and
its progress in its fundamental view point. In order to illustrate the point, it has been
proven by Kaltenpoth ef al. (2002) that a-SiCN synthesis by RF CVD using organic

precursors methane, silane and ammonia/nitrogen has moisture barrier properties surpass
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the performance that have shown by reliable moisture barrier silicon nitride and silicon
carbide films. A good barrier layer should possess certain characteristics such as
exhibiting a dense surface morphology without cracks and pinholes, good adhesion to the
substrate, low stress, uniform thickness, reproducible and controllable deposition.

The structure of ternary SiCN compound is predicted to be more complex as
compared to binary SiC due to the addition of the third element in the former compound,
which cause larger number of bonding structures presence within the compound and
detailed study on the corresponding properties especially on the aforementioned chemical
bonding networks had been reported by Wydeven & Kawabe (2009) and Chen et al.
(2004). In the report by Wydeven & Kawabe (2009), various spectroscopy techniques are
used to investigate the nature of carbon- and silicon-nitride network in the as-prepared
thin films. On the other hand, Chen et al. (2004) found out that the phase transition from
SiC to SiN is in which the main reason is ascribed to higher content of nitrogen
concentration during thin film due to high tendency of Si to form bonding with N rather
than C that generally exist in environment. Their calculations using the first principle
show that bond energy can govern the relative stability of Si-N bond for the simple SiICN
clusters. The local atomic structure with Si—-N—C (or Si—N=C) bonding exhibits a
considerably lower total energy of 0.65 (0.52) eV than that with Si—~C-N (Si—C=N)
bonding, providing the explanation of the stronger affinity of Si—N bonds than Si—C bonds
in the a-SiCN thin films.

Kawamura (1965) had proposed a cubic SiCN (or c-SiCN) phase based on the
B-SiC and indicated that N atoms enter the interstitial sites surrounded by four silicon
atoms. In 1997, two crystalline SiCN compound namely cubic SiC>N4 and orthorhombic
S1,CN4 were synthesised at ambient pressure. A year later Chang et al. (1998) suggested
that SICN demonstrated similar local bonding structure to a-Si3N4 with substitution of C

atoms only for the silicon sites. Recently, Cui et al. (2013) predicted that SiCN
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compounds can exist to be relatively stable with a stoichiometry ratio of 1:1:1 at an
ambient pressure.

By using method of structural optimisation based on formation enthalpy, they
proposed three novel crystals structure denoted as 7-SiCN, o-SiCN and A-SiCN as
depicted in Figure 2.2, where #- stands for tetragonal, o- stands for orthorhombic and 4-
stands for hexagonal. The networks of each structures as shown in Figure 2.2 are
constructed based on the chemical bonds that usually presence in the compounds. In 4-
SiCN and o-SiCN, three types of chemical bonds, Si-C, Si-N and C-N were formed.
Besides these bonds, C-C bonds were also found in #-SiCN. These models have lower
energies if compared to that of ¢-SiCN model as-proposed by Kawamura et al. (1965), in
which #-SiCN was found to have the lowest percentage. Shorter bond length with lower
ionic affinity is attributes so shorter C-C and C-N in #-SiCN, which makes it harder
compare to /- and 0-SiCN. The structure that proposed by Kawamura was further
reproduced in their simulation with very high energy and show that ¢-SiCN is not

mechanically stable.

Figure 2.2: Model of crystal structures for SiCN compounds at ambient pressure:
(a) #-SiCN, (b) 0-SiCN and (c) A-SiCN. Dark sphere represents carbon, blue
represents nitrogen and green represents silicon (contribution from Cui ez al., 2013).
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Recently, tribology test was used to investigate the crystal structures of the SiCN. (Xu et
al., 2010) had synthesised two crystalline solids that comprised of c¢-SiC2N4 (space
group, Pn3m) and 0-Si,CNy (space group, Aba2) by pyrolysis of polyorganosilazanes at
ambient pressure and they reported that the calculated Vickers hardness (Hv) values of
the cubic and orthorhombic for the compounds are 16.9 and 28.2 GPa, respectively. Long
chains of Si-N=C=N-Si fragments in Pn3m-structured SiC;N4 and 4ba2-structured
Si2CNjy are proposed for the compounds which limit their hardness (Green et al., 2015)
have reported that hexagonal SiCN crystals with 3540 % N-content and various extents
of Si substitution are wide band gap (3.2—3.8 eV) materials. Theoretical structure analysis
on the crystal structure of SiCN is used to predict stable or metastable structures. It was
found that the stable SiCN phase at ambient pressure was a ¢-SiCN structure (P4.nm,
denoted as -SiCN) instead of ¢-SiCN. Two potential phase transitions at 21.6 and 21.9
GPa were proposed. Two high-pressure phases, namely, an orthorhombic structure
(Pnma, denoted as 0-SiCN) and a hexagonal structure (R3m, denoted as #-SiCN) showed

interesting properties for industrial applications.

2.4  Structural and Optical Properties of SiCN
2.4.1 Composition of a-SiCN

Compositionally Si, C, N and O are typical elements found in the SiCN
compounds measured using either using AES or XPS. Since the content of N and C in the
SiCN films are major factors that determined films properties so the change of these
elements content in the films becomes the main focus of the structural studies of the
compound. As such the change in the intensity of bonding especially the bonding of Si-
N and Si-C are critical in the studies as they are related to the two elements. An obvious
increase in the bonding intensity of the two fundamental bonding in SiCN films are

observed to be attributed to an increase in flow rate or concentration of the respective
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elemental source in deposition chamber (Green et al., 2015). In case of PECVD
technique, using gasses as precursors the elemental sources for N can be either nitrogen
gas or ammonia compound where as for C is largely methane or ethane (Awad et al.,
2010). Also in the same reference it is shown that a-SiCN thin films synthesis using RF
PECVD using gas mixture allowing control on the concentration of elements for
optimisation of composition of the deposited films. It shows that the oxide contaminant
is independent of methane concentration but depend on the flow rate of the reactant gas
composition. Films deposited at higher flow rate (183 ml/min vs. 164 ml/min) has smaller
bulk O concentration (around 2.8 atomic %). It is also very clear that there is generally
no correlation between the elemental composition (ratio form) of the film and the

reactants.

2.4.2 Chemical Bonding

Basically, a mixture of Si, C and N from gas sources produce multiphase
structures for the formation of ternary SiCN compound. These structures are formed from
various chemical bonding presence in SiCN thin films prepared using various methods.
Generally the bonding presence in the films comprises of Si-C, Si-N, C-C, Si-O, C-N. N-
H (Nitriles), C=N, Si-H, C-H and weak bond of Si-Si is sometimes presence the samples.
It was observed that the presence of chemical bonding structures and the compositions
and their distribution of each element forming the SiCN films are sensitive to deposition
conditions (parameters) as well as the technique of preparation used as discussed in earlier
chapter.

Awad et al. (2010) also reported FTIR and XPS data collected from a-SiCN films
synthesised using vapour transport CVD technique. DPMS was used as a single source
for Si and C and NH3 added as the N source. Analysis on both data indicate the films have

similar presence of major chemical bonding in a-SiCN (Si-C, Si-N, C-N, C-N, C=N) films
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but varies in minor bonding (such as C=N, N-H). This to demonstrate the chemical
bonding in the amorphous matrix is more complicated than a collection of single Si-C,
Si-N or Si-H bond. Study made by Zhou et al. (2010) shows that the film structure of a-
SiCN including optical properties are obviously modified readily by controlling the
nitrogen flow. The authors studied the change of properties in term of shift of the
stretching mode for Si-H bond to higher wavenumber as the nitrogen flow ratio increases.

Saloum & Alkhaled (2011) reveal chemical bonding presence in a-SiCN films;
Si-N, Si-C, Si-O and NH, CH3, C=0, Si-H, C-H and O-H. The authors discovered that
the intensity of C-H organic bond decreases rapidly upon switching the feed gas from
argon to nitrogen. It shows the function of nitrogen in decreasing the polymerisation of
organic radicals due to high reactivity of atom nitrogen with precursors, which results in
breaking these bonds and formation of volatile compounds. N-H bond was observed to
increase, accompanied by the vanishing of Si-C bond and the rapid diminishes of C-H
intensity in the film with nitrogen as feeder gas which may be attribute to the insertion of
NH, formed in the plasma after the decomposition of nitrogen and hydrogen from their
precursors into the Si-C bonds. The effect of increasing RF power on the film structure
was also discussed. The peak integrated intensity of Si-N was found increase with
increasing RF power but the intensities of CH organic group and N-H band decrease.
Increasing the RF power causes higher density of nitrogen atom in plasma as well as
electrons becomes more energetic thus increasing collision with precursor and therefore
enhance the Si-N intensity. Unlike the Si-N bond, the intensities of C-H and N-H bands
were found to decrease with RF power increases. This is attributed to the larger breaking
up of these bonds in plasma phase at higher RF plasma power as a result of inelastic
collision with more energetic electron and active nitrogen.

Peng et al. (2009) synthesised dense, hard and very thin a-SiCN films which has

potential use for magnetic storage using MW-ECR plasma enhanced unbalanced
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magnetron sputtering. Separate target of pure graphite and crystalline silicon in nitrogen
gas (reactive gas) are used as elemental sources of the will be deposited element materials.
High purity argon was used as sputtering gas. The authors suggested that the film structure
should be considered as local Si3N4 and SiC bonds dispersed into the amorphous carbon
substrate, which form a very complicated network. The average composition of the film
is Si29C4gN23, which is nearly SiCoN.

Assisting nitrogen ion beam energy and nitrogen concentration of ion beam are
two are deposition process parameters in ion beam sputtering. When these parameters are
increased, Zhou et al. (2010) found that the bonding structures of SICN films change from
Si-C, Si-N, C=N bonds to Si-C, Si-O, Si-N, C=C, C-N, C=N bonds and showed the mixed
sp?-sp> hybridized bonds linked with Si(CH4), Si(N4) and Si(CsnNy) tetrahedral units.
The authors correlated the mechanical properties of the films to the proportion of Si-C,
Si-N, C=N and C-N bonds in the SiCN films. For instance the hardness of the thin film
is found to be linear dependent with Si-C bond density. Thus the C-rich films possesses
the higher value of mechanical properties compared to N- rich SiCN films. Interestingly
C-rich SiCN film, the C-N bond was negligible while the proportion of Si-C bond was
highest. For the N-rich SiCN films, Si bonded with C was substituted by N to form C-N
and C=N bonds and on the other hand, C bonded with Si was substituted by N to gives
Si-N bonds. Lo et al. (2001) showed that the deposited a-SiCN is without Si-C and Si-O
bonds when SiCN films are prepared from SiC/Si/C laminated target sputtering by
nitrogen ion beam. Chen et al. (2005 & 2000) also showed that the a-SiCN is absent of
Si-C when the films were deposited a temperature below 100 °C from an adenine-silicon
mixture target sputtering by Ar ion beam.

Analysis on a-SiCN thin films deposited from polymerised HMDSN by Vassallo
et al. (2006) reveals important bands associated Si-N, Si-C, Si-H, Si-O, C-H with

structures plus other organics molecules. However, when RF power increases molecules
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such as N-H, Si-CHs, C-H where found to diminish suggesting fragmentation of the
monomer that causes hydrogen extraction. This is confirmed by the appearance of CH>
group in the films. An increase in concentration of unsaturated dangling bonds in films
deposited at higher RF power is also proposed. Ivashchenko et al. (2008) compare the
main bonding in amorphous SiC and SiCN and found that only Si-N and C-N lacks in the
latter films. Also silicon cluster or Si-Si is only detected in SiC but could not be found in
SiCN. Increasing discharge power from 5 W to 30 W causes enhancement of some
chemical bonding in SiCN films. The authors reasoned that an increase in discharge
power is expected to lead to more nitrogen incorporation, and correspondingly to an
enhancement of the Si-C, Si-N and the C-N vibrations. Swain et al. (2006) and Swain &
Dusane (2007) deposited by hot filament CVD using SiH4, CH4, NH3 and H> precursors.
Increasing the H» flow rate in the precursors gas, more carbon is introduced into a-SiCN:H
in network resulting in decrease of the silicon content in the film. Detail analysis indicates
that the hydrogen atom contribute mainly to the presence of graphite like carbon network,

increasing sp” bonded cluster size.

2.4.3 Microstructure of a-SiCN

On the carbon signature, Bendeddouche et al. (1999) observed the Raman
spectrum on the SiC films exhibited a broadband peak at 1420 cm™ and on SiCN films at
1470 cm™. In SiC this carbon signature (C- C) presents as network of tetrahedral-trigonal
bonding carbon (mixed sp?-sp> hybridised bonds). C-C and C-N of sp?-carbon in the a-
SiCN material usually marked its presence as D and G bands in Raman spectra at
approximately 1350 cm™ and 1600 cm™ as pointed by Ferrari & Robertson (2000). D
peaks is a characteristic feature of disordered carbon- sp? atom in rings, while G peak
indicates that the sample contains sp? cluster, stretching of sp? in chains and rings. This

can be seen in many a-SiCN samples deposited using various technique as in Zhou et al.
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(2010) report. The bond is not FTIR active but in few cases the presence of nitrogen
causes breaking bonding symmetry and activate the bonds as in Afanasyev-Charkin &
Nastasi (2004) and Swain & Hwang (2008). Films from PECVD synthesis using
organosilicon compounds as precursor by Ermakova et al. (2015) shows two
characteristic absorption peaks in the Raman spectra, D peak is at 1340 cm™! and G peak
is at 1580 cm™.

In/Ig ratio for the carbon shows decreases monotonically with increasing
ammonia partial pressure, accompanied by an increase of N/Si. This means that carbon
cluster sizes decrease as the initial reactive mixture became richer in ammonia. a-SiCN;H
films deposited by hot wire chemical vapour deposition reported by Swain (2006) shows
Raman signatures for wider groups of bonds including silicon and carbon-nitrogen
network with different H, flow rate. Besides the G and D peaks appearing at 1625 cm’!
and 1350 cm™! respectively, is the signature of T peak appearing at 1150 cm™'. T peak is
related to the sp® carbon therefore It/Ig could be associated with the sp® carbon content
in the a-SiCN;H network. The I1/Ig increases at low H, flow-rate while it decreases at
higher H, flow-rate indicate increasing sp> carbon incorporation at low Ha dilution while
it decreases at higher H> flow rate. An increase in Ip/Ig monotonically with an increase in
H> dilution indicates that the hydrogen atoms contributes mainly to incorporation of

graphite- like carbon network, increasing sp? bonded carbon cluster sizes.

2.4.4 Optical Properties

Saito and Nakaaki (2001) show that by introducing a small amount of nitrogen
during SiC deposition in order to produce silicon carbon nitride, SiCN films by technique
that involves low temperatures reduces the structural disorder and the density of defects,
whereas the optical band gap remains constant for a wide range of nitrogen addition.

Ermakova et al. (2015) shows the transmittance of SiCN films increase within the visible
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spectrum with increasing ammonia dilution due to decreasing graphite phase formation.
The results are consistent with the measurement of the optical gap for the films. The films
deposited with increasing ammonia dilution are characterized by an increasing optical
band gap. Neethirajan (2012) shows the refractive index of SiCN thin films measured
using interferometer varied in the range of 2.5 to 2.2 for 200 °C substrate temperature.

The refractive index decreased with an increase in flow rate of ammonia. This
may be due to the increased nitrogen concentration in the SiCN. However, features
observed from investigation on the SiCN film (Dunn, 2011) makes it clear that the amount
of silicon present in the film plays a critical role in the determination of the optical
constants with the carbon and nitrogen concentration being less important. The film
which has the most nitrogen and least carbon of all the films, does not have the lowest
index due to the increased proportion of silicon. The film which has the lowest index as
not only does it have high nitrogen content, but also the silicon content is much lower
thin film. It highlights the sensitivity of these films to deposition conditions and
demonstrates that a finer grained approach to an analysis of compositional measurements
could be useful.

The value of refractive index decreased with increasing substrate temperature. For
fabrication of micro-mirrors and anti-reflective coatings of solar cell applications, the
refractive index of SICN can be tuned and tailored (Charles et al., 2013). From a structural
point of view, the analysis revealed that the sp? carbon character and the C=N or C=N
bonds increased with the nitrogen percentage in the gas mixture. These effects induced
an increase of the structural disorder and the amount of dangling bonds in the layer bulk.
The optical properties in terms of optical gap (E£,) and Urbach parameter (E,) were also
determined. E; was found to increase with nitrogen percentage in the sputtering mixture,

whereas E, exhibited an opposite behaviour. We also show that the refractive index and
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the extinction coefficient determined by ellipsometric spectroscopy are sensitive to the

structural modification.

2.4.5 Photoluminescence

As compared to binary silicon based thin films such as SiN and SiO», investigation
in the photoluminescence spectra of ternary SiCN is in the infant stage. As such a
realisation of working model for the PL emission for the material seems not in very short
distance but requires lot of effort and volume of emission data. Many authors (Chu et al.,
1995; Emeleus & Stewart, 1935; Tabata ef al., 2004) relate the emission to the chemical
complexes in the films, which contains Si, O, N, H and C elements. It is proposed that the
origin of the PL is attributed to the presence of multiphase structure of the a-SiCN films
such as Si-C, Si-N, C-N and Si-O. It follows that the existence of radiative recombination
centers such as between band tails in clusters of various structural groups responsible for
the mission (Swain & Dusane, 2006). Involvement of oxygen-related defects in SiO is
also possible (Wu et al., 2014).

Numbers of emission results from SiCN films prepared using HMDS and
HMDSN followed by inorganic precursors were reported. For instance, Niemann &
Bauhofer (1999) and Swain & Dusane (2006) investigated the PL properties of plasma
deposited films from organosilicone precursors where they found that the PL maximum
varies between 490 nm and 410 nm, and attributed this PL to the existence of different
chemical structures such as Si-(CH3)2, Si-(CH3); and Si- CH»-Si. Charles et al. (2013)
deposited a-Si CN thin films by a plasma enhanced chemical vapour deposition technique
using hexamethyldisilazane as a main precursor by varying discharge power. The bright
emission from the SiCN films has three peak structures at 530 nm, 600 nm and 720 nm.
The emission band of 530 nm is believed from tail to tail recombination inside the

amorphous Si-C based matrix, whereas two PL peaks in the spectra range 600 nm - 750
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nm are assigned to Si-C cluster with Si-O bonds. An increase in discharge power causes
an enhancement in surface roughness and improvement in Si-C network which results an
improvement in PL emission. PL. measurement of the crystalline SiCN compound grown
by Chen et al. (1998) centred around 3.26 eV which is identified as near band edge
emission, matched very well with material wide direct band gap of 3.8 eV. These optical
results indicate the potential of SiCN for blue-UV based emission technology.

The room temperature photoluminescence (PL) spectra of the deposited a-SiCN
thin films thin films on c-Si wafers under different plasma condition was studied. The
film with argon gas as a feeder gas with RF power 100 W has the lowest PL intensity and
the peak is centred at 495 nm. This followed by a film with nitrogen gas as a feeder gas
with RF power 100 W and peak centre at 548 nm. The highest PL intensity is for film
with RF power 200 W with the peak centre at 541 nm. It appears that the peak intensity
to be well correlated to the ratio of IR band intensity of unsaturated inorganic bond to

saturated organic.

2.5 Reviews on the Deposition Technique of Silicon and Carbon Based Thin Films

2.5.1 Chemical Vapour Deposition

The chemical vapour deposition is a growth technique based on the condensation
of a material from the vapour or gas phase. Among all the possible materials, the growth
of silicon based films still represents the most industrially important application of CVD
process. It is an important industrial process in the manufacture of thick and thin solid
films of advances and photonic material (Arya & Carlson, 2002; Rill et al., 2008). CVD
for silicon process is presently so developed that the quality of the deposited film is very
high and the entire process is also controlled very well. Depending on the conditions of

the process, amorphous, polycrystalline, or single crystalline films can be obtained.
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Even though this technique is superior to traditional thin-film deposition techniques
such as spin coating and sputtering (PVD) in many ways, there are many open questions
regarding its processes. General understanding is that, there are three physical and
chemical reactions that take place in the CVD process, these are gas phase reaction
followed by surface reaction and the final stage is the desorption and the sputtering of the
films. The material for the film formation is provided by the reactive gases (precursors),
which are transported by a carrier gas to a ‘hot’ zone of the deposition chamber. Before
a reaction can take place, the reactants must be activated in some way to a minimum of
energy necessary to induce the reaction. The most adopted is thermal activation, but
electric discharges, chemical activation and photo activation (light) can also be effective.
In a thermal activated process, the precursor gas is heated up where they are thermally

dissociated into radicals.

2.5.2 Radio Frequency Plasma Enhanced Chemical Vapour Deposition

In radio frequency plasma enhanced chemical vapour deposition (RF-PECVD), a
RF electric field is set-up and maintained through the capacitor plates and accelerates the
plasma electrons. By this way it allows electrons to increase their kinetic energy to the
value necessary for the dissociation of the (almost stationary) neutral molecules of the
reactive gases. Among the electric discharges, the more often used are microwave (i.e.
about 2450 MHz) and radio frequency or known as RF (i.e. about 20 MHz). These
discharges, which are different from thermal activation, which tend to break only the
weaker bonds, cause extensive fragmentation of molecules. In the RF range, electron
energies in the plasma have a Maxwellian distribution in the 0.1 — 20 eV range. These
energies are sufficiently high to excite molecules or break chemical bonds in collisions
between electrons and gas molecules. The high energy electrons in elastically collide with

gas molecules resulting in excitation or ionization and dissociation. Here, the CVD
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plasma therefore is a mixture of ionized and or excited gasses (radicals), electrons and

neutrals produced by a primary reaction occurs in a gas phase. Figure 2.3 shows the

summarisation of the reaction sequence in PECVD proposed by Konuma (1992). The

following are possible electron-neutral reactions that take place in their plasma:

a) Vibrational excitation: an electron collides with a neutral molecule, which is
excited from ground level to a vibrational excited level.

b) Ionization: an electron collides with a neutral species and ionizes this species. A
positive ion is formed together with an additional electron. Because more energy
is required to ionize a molecule, compared to electron excitation, the threshold

energies will be higher (starting from 10 eV).

C) Dissociation: in this reaction, a neutral molecule is divided in two (or more)
species.
d) Electron attachment: an electron collides with a neutral molecule and creates a

negative ion. The attachment reactions are mainly important in electronegative
discharges like in silane, in which negative ions play an important role. In methane
plasmas, which are electronegative plasma, negative ions are of minor importance

and hence these reactions can be ignored.

In these entire electron reactions, a variety of species (ions, radicals and excited
species) are formed, which will also participate in the plasma chemistry, leading to
neutral-neutral, ion-neutral and ion-ion reactions. Hence, the combination of all the
different electron reactions, together with the plasma chemistry, lead to a complex
plasma, in which species are produced and consumed in a variety of reactions. Methane
is common used precursor to deposit SICN or other carbide films since it is available in
high purity (Niemann & Bauhofer, 1999). Methane, which is a simple CH4 molecule, has
a simple dissociation pattern but is capable of producing a large number of ionic species,

free radicals and neutral species, mainly through electron impact, neutral - molecule and
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ion-molecule reaction. The abundance of each species depends primarily on the rate

coefficients of the reaction for the production and dissociation of the species.

An insight into the dissociation mechanism of individual precursor gas based on

the reference made on the deposition of a-Si:H and a-C:H thin films where silane and

methane are used respectively. Silane (SiHs) and methane (CH4) gases are used as

precursor gases respectively are mixed in the chamber may go different dissociation

process as they have different chemical properties. The major electron- impact reactions

in methane are listed below (Tachibana et al., 1984; Mutsukura et al., 1992) followed by

silane.

For methane gas, the reaction mechanism proceeds in such a way:

Vibrational excitation:

Tonization:

Tonization:

Dissociation:

Dissociation:

Dissociation:

e! + CHy

el + CHy

el + CHy

e! + CHy

el + CHy

e! + CHy

CHs* + ¢!

CHs +2H +2¢
CH; +H +2¢'
CH; +H +¢'
CH, +2H +¢'!
CH +H, +H

@2.1)
2.2)
(2.3)
(2.4)
(2.5)

(2.6)

Meanwhile, the mechanism of reaction for silane gas is take place as below:

Vibrational excitation:

Tonization:

Tonization:

Dissociation:

Dissociation:

Attachment:

el +
el +

el +

SiH4
SiH4
SiH4
SiH4
SiH4

SiH4

SiH4*
SiH>
SiH3"
SiH3
SiH>

SiH5

+ el
+2H +2¢!
+H +2¢!
+H + ¢!
+2H + ¢!
+H + ¢!

2.7)
(2.8)
(2.9)

(2.10)

(2.11)

(2.12)

These are primary reactions where collisions between electrons and gas molecules

elastically occur in the deposition chamber (Figure 2.3). The results of the primary

reactions are the radicals and ions responsible for the deposition of the film. Mort &
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Jansen (1986) proposed silane gas is decomposed into reactive neutral radicals (eg. SiH,
SiH», SiHs, SizHe, H, Ha, etc.) and into positively charged ions (e.g. HY, SiH', SiH,",
SiH3"). The neutral radicals diffuse with thermal velocity to all surrounding walls
including the substrate whereas the positive ions are accelerated in the space sheaths in
front of the electrodes leading to a bombardment of the electrodes and the substrate with

positive ions.

Figure 2.3: Reaction sequence in PECVD. Adapted from M. Konuma, Film
Deposition by Plasma Techniques, Springer-Verlag, New York (1992).

The principal ionic and radical species in a methane plasma are CHs" and CH3,
respectively (Green et al., 2015). The CH; and CH radicals are more active than CHs.
They quickly undergo radical-molecule reactions which make their number densities
lower than that of CH3 radicals (Chen et al., 1998). Hoffmann et al. (2011) made series
of works employing various experimental techniques to thoroughly studied the basics
physicochemical mechanisms in methane plasma responsible for the deposition of

amorphous hydrogenated carbon (a-C:H) films.

The dissociation of precursors produces primary radicals CHs, CH>, CH and C
and the secondary plasma reactions produces unsaturated hydrocarbon radicals, in
particular C;H and CoHs which also have important role in deposition due to their high

sticking coefficients. It is shown that H atoms and ions can largely enhance the adsorption
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probability of a given radical through the production of chemisorption sites, especially
dangling bonds, on otherwise hydrogen terminated surface. This effect is especially
marked in the case of CHj3, whose sticking coefficient can increase from 10 to 102
Instead of this enhancement, the sticking coefficient remains low, and consequently
methyl radicals reach relatively large concentrations in the gas phase but do not usually
play an important role in film growth. The very details of the process are beyond our

research interest and therefore will not be discussed here.

Unlike physical deposition technique, plasma- enhanced CVD utilizes plasma to
enhance chemical reaction rate which relies only on the chemical reaction between ions
in the plasma. The technique allows deposition at lower temperatures, which is often
critical in the manufacture of semiconductors. The lower temperatures also allow for the
deposition of organic coatings, such as plasma polymers, that have been used for
nanoparticle surface functionalization. The characteristics of the (plasma) or discharge
gas are influenced by several parameters, such as frequency of the RF-electric field,

electric power supplied, distance between the two plates and pressure of the gas mixture.

The surface reaction is the other important physical and chemical phenomena
involved in the deposition process based on the CVD technology. An important CVD
process is the mass transport of gaseous species to the growing surface in a field with
non-isothermal flow, the adsorption of the reactants and their diffusion on a solid surface,
the surface reactions and surface migration to attachment sites (kinks and ledges) of the
growing films, and finally the mass transport of gaseous reaction into the gas volume. In
other word, some radicals produced in the gas phase reaction are adsorbed by the
substrate, diffuse on the substrate surface and finally bond with other radicals or re-
evaporate. The condensation from the gas phase can be described by an impinging rate

(Van Sark, 2002):
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R=_ P (2.13)
2nMky T,

where p is the gas pressure, M is the molecular weight of the radicals, kg is the
Boltzmann’s constant and 7y is the source temperature. The process of re-evaporation of
the radicals from the surface can be described by a desorption rate with its rate constant
given (Somorjai & Li, 2010) by equation:

v o eFqkpT (2.14)
where T is the surface temperature and Ey is the activation energy for the desorption
process, which depends from the atomic details of the particular process, i.e. from the
type of radicals involved and from the specific substrate characteristics. Since in
thermodynamic equilibrium all processes proceed in two opposite directions at equal
rates, at equilibrium conditions there should be compensation between condensation and
re-evaporation of the radicals and there would not be a net growth of the film. From this
consideration it is clear that the growth of a film must be a non-equilibrium kinetic
process.

The advantages of using PECVD, among others are:

a) Thin films can be grown over large areas of substrate
b) Low operation temperature
c) Lower chances of cracking deposited layer

d) Good step coverage

e) Due to low T it keeps wafers at low temperatures enhances properties of layers
being deposited
f) Less temperature dependent

The disadvantages of using PECVD are:
a) Not pure film (often lots of H incorporated into film)

b) Plasma damage
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2.5.3 Microwave PECVD

In the ECR-PECVD technique, the plasma is formed in a separated chamber, called
excitation chamber, where a carrier gas (usually argon) is dissociated or ionized by the
microwave absorption, then the plasma is transferred to another chamber, called
deposition chamber, by diffusion or acceleration by an electric field. The reactive gases
are introduced in the deposition chamber and are dissociated by the plasma electrons,
giving rise to the production of the radicals and the film growth. The advantage of this
separation between the chamber in which the plasma is created and the one in which the
deposition takes place is to avoid a bombardment of the substrate by the plasma ions.
Moreover, a DC or RF bias voltage or a magnetic field can be imposed on the substrate
in order to control the energy of the ions bombarding the surface, without interfering with
the plasma generation.

The limitations related to electromagnetic waves used in RF- PECVD system have
led to the development of a new generation of low-pressure, high-density plasma sources.
Microwave is electromagnetic waves having the frequency range from 300 MHz to 300
GHz. The traditional microwave frequency range is from 1 GHz to 300 GHz. In most
microwaves CVD systems, a microwave generator of frequency 24.5 GHz is used. An
additionally common feature of these sources is the coupling of the microwave power to
the plasma across a dielectric window, rather than direct connection through an electrode
in the plasma. A resonant electromagnetic field is created by microwave generator
(antennae). If an electromagnetic radiation of resonance frequency irradiates the plasma,
it is resonantly absorbed by the electrons, giving rise to a very efficient energy transfer
from the radiation to the plasma: this is called the resonance condition. This non
capacitive power transfer is the key to achieve low voltages across all plasma sheaths at
electrode and wall surface. When operating in the Giga-Hertz (GHz) range, the ions can

be, because of their mass inertia, considered as resting. The electrons absorb energy
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through electromagnetic waves which lead, in subsequent collisions with the reactive

gases, to heating, ionisation and excitation processes. Another plus point in the system is

that the plasma in the microwaves system is detached from the reactor surface hence no

impurities from reactor construction materials enters the films bulk during deposition.

Some advantages employing the technique:

a)

b)

d)

2.5.4

Reduction in radiation damage compared with RF-PECVD. This is because the
microwave discharge results in lower acceleration potential between plasma and
the substrate.

It fits for the plasma etching in electronic device processing and possibility of high
resolution etching. This is because plasma is more selective between selective
between photoresist and the underlying material. It causes lower intensity of
radiation damage in reactive ion etching and gives highly anisotropic etching.
Microwave plasma is stable, reproducibility, energy efficient, available and
inexpensive magnetrons and potential scaling to large size.

Microwave plasma are used in surface treatment so chemical modification and
improve surface bonding are possible

Higher electron energy and degree of ionization; higher ion and radical densities.

Lower contamination, due to the absence of electrodes.

Hot wire CVD

Another alternative method of depositing SiCN thin film using plasma phase is

hot—wire chemical vapour deposition (HWCVD) based on a catalytic decomposition of

silane or silane hydrogen mixture at a resistively heated filament. This method is

sometimes also denoted as catalytic chemical vapour deposition (Cat-CVD). Hot-wire

CVD was first introduced by Wiesmann et al. (1979) in 1979 when he succeeded to

deposit a-Si:H by thermal decomposition of silane from a hot tungsten or carbon foil

35



heated to about 1600 °C. Unfortunately due to very low gas pressure (1.33 x 10 to 1.33
x 10 * mbar), he achieved too low deposition rate (0.6-8.7 A/sec) and films with low
quality due to poor vacuum used.

The process itself and the nature of the produced species on the surface filament
were not understood at that stage. Later, Matsumura & Thara (1988) obtained high quality
hydro-fluorinated a-Si and hydrogenated amorphous silicon by thermal and catalytic
reactions between deposition-gas and a heated tungsten catalyser. He named it ‘catalytic—
CVD’ method. A deposition rate larger than 20 A/sec was achieved and more importantly,
he reported that the magnitude of the SWE of the films produced seemed smaller than
that of the glow discharge a-SiH produced films. Hot—wire chemical vapour deposition
becomes popular technique for depositing thin film after Hoffmann et a/. (2011) had
shown that the method can be further improved the deposition process and produce
superior material performance at the device quality with reduced hydrogen content.

Since then the method has been studied and used mostly at experimental scale
worldwide to deposit thin films. The hot filament (at temperature above 1500 °C)
catalytically excited or cracked the reactant gas into radicals or ions. These radicals
diffuse inside the chamber, react among themselves or deposited onto the substrate placed
few cm away from the filament and heated to an elevated temperature of 150 °C to 450
°C. Since the filament is in the vacuum the heat produced does not directly affect the
process of deposition onto the substrate and this chiefly contribute to the stability of the
deposited films. Feenstra et al. (1999) has confirmed the nature of radicals as exothermic
gas phase reaction in the HWCVD. Some of the advantages of HWCVD technique
including:

a) High deposition rate: For deposition of Si-based thin films high deposition rates
> 10 A/s can be achieved without the deteriorating their device quality

(Matsumura et al., 2004).
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b) Ion-free plasma which makes HWCVD a “gentle” process (Mahan, 2003;
Matsumura, et al., 2004).

c) Easily scalable deposition system.

2.6  Ageing (Ageing effects on Si and Carbon based Compound)

References on the ageing of nitrogen incorporated silicon carbide films and are
limited in term of availability and hard to find, an indication the topic is not very widely
researched. However some important factual information for silicon and other films
species which is in the same families to the materials under studies are obtained.
References on films ageing usually will be followed by discussion on the annealing with
one of the purpose is to remove the affects brought by the ageing process. Poitevin et al.
(1982) reported the a-Si:H thin films deposited by DC reactive sputtering in argon-
hydrogen mixture shows the substrate bias influences the film aging effect. The effect
was measured by the evolution of oxygen content in the film which was measured by the
FTIR and RBS after a month air exposure. The results indicated the film deposited at
higher voltage biased are more stable (therefore less O/Si) at room temperature. He
interpreted the results in term of densification of the growing films with the higher bias
voltage due to ion bombardment.

The consequence is that it has better resistance to oxidation induced ageing effect
and increases the refractive index. Tarrach et al. (2008) reported the effect of thermal
ageing on the structural and dielectric properties of the amorphous silicon oxide thin film
(S102) composite. The results show that the thermal ageing leads to a structural change,
affects particularly the molecular mobility and increases the dielectric losses. The study
of the dielectric properties showed a space charge relaxation in the studied material. They

also have demonstrated that the heat treatment leads to an improvement in the dielectric
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properties of the SiOx/SnO material, indeed, the electric conductivity decreases in aged
samples with ageing time.

It was reported by many writers that the films ageing affect physical properties of
the silicon and microcrystalline silicon films. Majority of the researches seem to focus
their attention on the electrical properties of the films as can be seen on few researchers
group (Goodman, 1982; Giines et al., 2010; Smirnov et al., 2004). They observed and
studied how the films ageing affect films conductivity and the effect of annealing on the
same properties. All writers reported significant change on the films conductivity under
studied induced by adsorbed water and oxygen and found that annealing will remove the

moisture and the adsorbed surrounding component.

2.7  Post Annealing
Since the a-SiCN films in this work is developed using low temperature RF-
PECVD technique, annealing is necessary to acquire information on the effect of high
temperature environment on the films properties and their stability. The investigation
especially of the structural modification induced by heat treatment can help to understand
their structure and improve their properties. There are numbers of process may occur to
the films in the new environment causes them to change their behaviours. Although
structure, optoelectronic and mechanical properties of a-SiCN have been reported,
information on their annealing and effect to films property has been rather limited.
Fernandez-Ramos et al. (2003) studied structural modifications of silicon-doped
carbon nitride (Si-CN) films during post-deposition annealing. The films have Si content
measured below 10 atomic %. The results shows, the thermal behaviour during annealing
of Si-CN films is similar to those reported of pure CN films. They concluded that the
temperature limits for practical use of Si-CN film in air and vacuum atmosphere are 300

°C and 700 °C respectively. Above these temperature, the films are unstable and
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decompose, releasing nitrogenated species, mainly N». In air environment, the instability
is featured by the reduction of C=N bonds and the ratio of N/C during the annealing. Aoi
et al. (2001), Fernandez-Ramos ef al. (2003) and Hellgren et al. (2001) reported pure CN
films partial graphitation accompanied by nitrogen loss at temperature larger than 500 °C
and become pronounced at temperature above 800 °C.

General view of the effect on the annealing of SiCN is seen on the works Wang
et al. (2007). In this work SiCN films prepared by C+ ion implantations into a-SiN:H
were annealed at three high temperature 800 °C, 1000 °C and 1200 °C and the
photoluminescence spectra from films at different annealing temperature were studied.
The spectra indeed show systematic shift in peak and intensity indicating change in the
composition of emission sources attributed to the change in bonding structures. Si-C, Si-
N, Si-O and SiCN bonds are believed to be sources of the emission but it does not clearly
discuss in specific the breaking or formation of new bonds upon annealing.

Peng et al. (2011) study the effect of annealing on the bonding structure of the
a-SiCN thin films at three different temperatures. Their effort is to relate the resulting
crystallinity and changes in the bonding to the PL properties of the films. In term of
chemical bonding, the intensity of Si-O and Si-C were evidently increased with increasing
temperature (as-deposited to 600 °C and then 800 °C) in the films for annealed films and
found that the Si-C bond decreases with further increase (1100 °C) in temperature. It was
observed that the decrease coincides with the decrease in the intensity of Si-H bond upon
annealing at its early stage and proposed that the decomposition of the Si-H bond is
propitious as Si is needed for the formation of new Si-C bond. However the discussion
stop short in discussing the breaking-up of any particular bonds which provide C for the
formation of the said Si-C bonds. With further increase of annealing temperature the Si-

C bond/crystal also broke down.
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CHAPTER 3: METHODOLOGY

3.1 Introduction

Thin films of nitrogen incorporated amorphous-silicon carbide (a-SiC) were
deposited at room temperature using home- built deposition chamber using RF-PECVD
technique. The same films then underwent series of temperature annealing up to 400 °C
in the furnace. The pre-annealed and post-annealed films were characterised for their
compositions, structural, optical and photoluminescence (PL) properties. The
composition was measured by AES spectroscopy, the structures was studied by FTIR and
Raman spectroscopy, the optical properties were measured from transmittance and
reflectance obtained by means of UV-VIS and luminescence properties was done by PL
spectroscopy.

The details of the deposition system used, procedures on annealing and the
descriptions on the instrument used for characterisations are presented. Also, the details
on the deposition process including the pumping system, gas delivery system, handling
the silane gas and safety concerns, sample preparation and the technique used in data
analysis for each measurement are reported. Before moving in the details of
characterizations, | first present a brief over view of the RF-PECVD processed used in

the present research work.

3.2 PECVD Deposition System

The home-made PECVD system used in the research work comprises of four main
components which are deposition chamber, gas delivery system, RF generator and
pumping system. The chamber is an air tight stainless steel cylinder of about 30 cm in
radius and height of 60 cm. A schematic diagram of the deposition chamber is shown in

Figure 3.1. The set-up inside the chamber comprises of stainless wire mesh which was
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used as electrode for RF voltage and was separated by some distance from the substrate

holder.

Figure 3.1: A simplified schematic diagram of a cross section of RF-PECVD
deposition chamber used in the experiment.

Close to this is the an electrical terminal which connects the chamber to the RF
generator and impedance matching that set the alternating voltage required for the plasma
production. Observation on the plasma production is made through a view port. The
orange to reddish glow of plasma is seen to form in the region between the mesh wire and
substrate holder located at the bottom of the deposition chamber. A thermocouple unit
placed between the holder stainless pieces measures the changes in substrate temperature.
Excess gas is pumped out from the chamber through the outlet holder underneath. The
actual photograph of the built-in deposition unit with the attached diffusion pump system

is shown in Figure 3.2. The gas mixture enters the chamber from the gas delivery lines
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through gas inlet/intake terminal and releases the gas mixtures through the gas shower

head which is located at the top and centrally positioned inside the chamber.

Figure 3.2: Deposition system with cooling coils that used in the experiment: Top
part is the deposition chamber and bottom part is pumping system.

Figure 3.3 illustrate the channelling and mixing of nitrogen, silane and methane
gas used as precursors in the experiment before they enter the deposition chamber. The
gases used in this work are silane, SiH4 (99.9995 %), purified methane, CH4 (99.999 %),

purified nitrogen gas, PN (99.999 %) and industrial nitrogen, N (99.9 %). The SiH4 and
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CH4 while pure nitrogen are respectively used as the source gas for Si, C and N atoms for
nitrogen incorporated SiC thin films deposition. An industrial nitrogen gas is re-used for
purging the deposition system, which includes the gas line, reaction chamber and
roughing after every deposition. All these gases are distributed from the gas cylinders
inside the gas room to the reaction chamber. The gases are carried through %4 stainless

steel tubing using Swagelok connectors and valves to a gas distribution panel.

Figure 3.3: Schematic diagram for gas delivery system for PECVD deposition of a-
SiNC films.

The radio frequency (RF) matching box is to provide RF electric fields to the gas
mixtures between the two plates of a capacitor which causes what is called as capacitive
discharges (also called glow discharges). RF electric field is lighted and maintained
through the plates and accelerates the plasma electrons allowing them to increase their
energy to the value necessary for the dissociation of the neutral molecules of the reactive
gases. The characteristics of the discharge are influenced by several parameters, such as

frequency of the RF-electric field, electric power supplied, distance between the two
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plates, pressure of the gas mixture, relative concentration of the different chemical
species. The RF-frequency used was 13.56 MHz which is typical value of frequency for
the deposition of Si-based amorphous semiconductors. The RF function is to control the
plasma discharge, especially on the ionic bombardment on the cathode, which promotes
the emission of secondary electrons. The power supplied by the RF generation is 80 W

in the range typically needed to dissociate the reactive gases between the two plates.

Figure 3.4: Rotary pumps and diffusion pump system.

The pumping system is needed to ensure the clean condition for film deposition.
The PECVD chamber is serviced by two types of pumps. The pumping system consists
of a built-in diffusion pump (high pressure pump) and a mechanical rotary vane pump
(model Edward E2M28) as shown in Figure 3.4 is used in sequence. To evacuate the
deposition chamber from atmosphere down to approximately 6.0 x107* mbar the rotary

vane pump is used. Below this pressure this mechanical vane pump serves as a backing
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pump for a built-in diffusion pump capable of reaching pressure as low as of
approximately 2 x 10 mbar is used. The cooling system for the diffusion pump is
circulated by chiller to enhance pumping efficiency of the diffusion pump.

The temperature of the chiller is fixed at 22 °C. The pressure in the chamber for
low and high level vacuum is measured using Pirani (Leybold vacuum gauge with model
TTRI1) and Penning (Leybold vacuum gauge with model PTR 225) gauge respectively.
All pumps are purged by nitrogen to protect some of their most sensitive parts and to
avoid possible accumulation of toxic or explosive components when reactive gases are

used.

3.2.1 Thin Film Deposition Procedures

The deposition begins with the substrate preparation. Glass and silicon (Si wafers
of (100) orientation) substrates were used for the deposition of a-SiCN films, depending
on the type of characterization to be performed. For optical and UV transmission
measurements the films were deposited on glass. Glasses of microscope slide were used
as substrate. These glasses are of high transparency (about 90 %) in the required range
for optical studies. Figure 3.5 shows the transmittance from 190 nm — 2500 nm for an
uncoated glass substrate. Note that 7 = 0 for the glass substrate is in the deep UV,

indicating absorption in this range of the spectrum.
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Figure 3.5: Transmission spectra of glasses used as substrates.

The silicon substrates used were diced into 2 cm x 2 cm squares from 4” diameter
wafers. The silicon wafer used is of P/Boron, 400- 500 um thickness, test grade and
orientation of 100. Before introduce the Si substrates in the deposition chamber, the native
oxide and surface contaminants layer had to be removed by cleaning the substrate through
wet etching process. For this reason they were immersed in a diluted solution of hydrogen
peroxide and ammonium hydroxide (15 % each) and later with hydrofluoric acid (HF) at
10 % for 2 min. After the extraction of the substrates from the HF bath, the residual
solution was removed from the surface by blowing it with nitrogen gas. The substrates
were then mounted on a holder as shown in Figure 3.6. The substrates were then
introduced in the chamber, which was immediately evacuated to remove the air from the

chamber and avoid any possibility of oxidation of the surface.
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Figure 3.6: Glass substrates mounted onto the substrate holder. The two pieces of
glass substrate are substituted by 2 silicon substrates during the actual deposition.

Contrary to silicon substrates, glass substrates preparation were of much easier,
first they were diced into 2 cm x 2 cm from microscope slide. The glass substrates were
cleaned by washing them in a solution of water and soap. The glass were ultrasonically
cleaned in five minutes rinsed with acetone, ethanol and finally in ultrapure water, and
dried with compressed nitrogen.

Precursor gasses used in deposition of films were silane, methane and nitrogen
and their flow rate were independently controlled. To control the nitrogen content in the
films the nitrogen gas flow rate was varied from 0 to 50 sccm while the silane and methane
flow rate were kept constant at 1 and 20 sccm, respectively. Other deposition conditions
were: substrate temperature was 300 K, total gas pressure was 0.80 mbar, RF power was
80 W, distance between RF electrodes was 8 cm and deposition time was between 1 to 3

hours.
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3.3 Film Thickness Measurement

The deposited films thickness was measured by profiler (model: KLA- Tencor P-
6) shown in the Figure 3.7. The measurement was made by scanning the substrate at the
edge of the films towards the centre of the films. The profiler measures the height of step
encountered which is the film thickness from the base of the film to the film surface. This

procedure is repeated few times for difference film orientations to obtain the film average

thickness.

Figure 3.7: KLA-Tencor P-6 surface profiler system that used for thickness
measurement.

3.4 Annealing Technique

Annealing of films were carried out in the furnace (Model: Protherm Furnace)
shown in Figure 3.8 by placing them in two ceramic boats inside the quartz tube. The
films underwent series of annealing in a furnace in helium (He) environment with a flow
rate of 0.5 ml/s, each for 30 minutes at temperature 100 °C, 200 °C, 300 °C, 400 °C and
500 °C. For each annealing temperature the films were characterised for their structural,
optical and photoluminescence properties. For comparison the as-deposited film was also

measured for its properties. The FTIR absorption spectra of the films are recorded on
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Perkin Elmer (IR) Spectrometer in the range 400 to 3000 cm™’. The transmittance and
reflectance measurement of the film samples deposited on glass were made using Jasco
V570 UV-Vis-NIR spectrometer in the range of 300 nm to 1000 nm. The films thickness
was measured using a surface profiler. Raman scattering and PL spectra were recorded at
room temperature using excitation at wavelength of 325 nm using Renishaw, model inVia
Raman Microscope. All spectrum peak fragmentation was performed by commercial

computer software.

Figure 3.8: Protherm Furnace used to annealed nitrogen incorporated SiC films up
to 500 °C.

3.5 Safety Concern

The safe handling of gases employed in CVD systems is a concern of great
importance. These gas and silane in particular is one of the main precursor that used in
the deposition works and extensively used in the semiconductor industry, which normally
controlled by an electronic system (Figure 3.9). All those precursor are relatively toxic,
flammable, pyrophoric, or corrosive, and frequently possess a combination of these

attributes, they present particular hazards to humans. It is stable but pyrophoric, so it
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ignites when contact with air. If it accumulates in a stagnant airspace, however, the

resulting mixture may explode upon ignition.

Figure 3.9: Silane Gas Control System.

Possible untoward incidents from the use of silane gas are released and detonation
of gas cabinet, release and detonation of duct, release and fire, explosion of cylinder,
reaction of solid by-products, pressure relief devices leak and aluminium cylinder rupture.
Moreover, indication of minor leaking of silane gas are consisted of repulsive odour,
popping sound, solid (Si07) formation and fire continuous flames or puffs. Additionally,
when there is sign of medium or large leaking, immediate ignition, delayed ignition and
ignition at abrupt shutoff may take place.

Reference from published literature shows that it undergoes spontaneous
combustion in air, without the need for external ignition (Emeleus & Stewart, 1935). For
this reason, silane gas cylinders are stored in isolation outside the working space in
concrete storage. Guild lines and safe working procedures must be strictly followed. The

safety problems are magnified in low-pressure processing where concentrated gases are
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used. For example, in the deposition of a-SiCN in our work were pure silane used during
PECVD is about 3 % - 9 % (based on the flow rate) employed in atmospheric PECVD
processing at pressure of 0.8 mbar. Even for a small incident which caused by silane leaks,
the consequence will adversely affect the ongoing works causes delays as the damaged

parts need to be replaced.

3.6 Characterisation and Analytical Techniques

3.6.1 Auger Electron Spectroscopy Measurement

Figure 3.10 shows the JEOL JAMP-9500F field emission Auger microscope used
for films elemental composition measurements. The equipment capable of scan the films

and profile the element composition with the film depth.

Figure 3.10: JEOL JAMP-9500F field emission auger microscope used for elemental
composition analysis.

In quantitative AES analysis it is assumed that the composition of the sample in

the near surface region is homogeneous. Quantitative analysis involving the use of
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elemental sensitivity factors is less accurate but is highly useful. The atomic concentration

(C) of an element x in a sample is given by:

Iy /Sx (3.1)

C, = :
(/g )

where I, is the intensity of the Auger signal from the unknown specimen and S; is the
relative sensitivity of pure element i. Sy has the value of 0.121, 0.238, 0.122 and 0.365
for the carbon, silicon, nitrogen and oxygen, respectively (Chang, 1975). The summation
is for the corresponding ratios for all other elements present in the sample.

Figure 3.11 shows the typical depth profile spectra of a-SiCN films deposited in
this work using the RF-PECVD technique. The film surface and film-substrate could be
seen clearly and identified. The sudden increase in the concentration of Si almost to the
fullest marks the film- silicon substrate boundary. The film thickness could also be
recognized and can be used to cross check the readings from the thickness profiler. The
studies on the Auger depth profile spectra are focused on:

(1) The variation of elements concentration with the depth. The concentration of
each element (measured at the most stable deposition) in the films deposited at
difference nitrogen flow rate are plotted.

(i1) The concentration of element at the surface especially for the assessment on the
surface oxidation.

(iii))  Relative concentration of element especially in comparison with concentration

of silicon along the depth of film
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Figure 3.11: Typical auger depth profile of the deposited a-SiCN films.

3.6.2 Fourier Transform Infrared Spectroscopy

The infrared (IR) absorption spectra of the films for structure analysis are recorded
on Perkin Elmer (IR) Spectrometer (Figure 3.12) in the range 400 to 3000 cm™!. A spectral
deconvolution fitting process is used to extract the components of the FTIR spectral bands
of the prepared a-SiCN flms. The deconvoluted FTIR spectrum for a deposited sample is
shown in Figure 3.13. The actual deconvoluted FTIR spectrum of the films for the whole
range of wavelength can be seen on Appendix 3. The deconvolution is involves
normalizing the area under the Gaussian curve fitted for each element to its peak value.
The peak values of the of the deconvoluted curves match the presence of vibration mode
of certain bond structure at certain wavenumber in the deposited film. The ratio of the
area under the peak gives the integrated intensity of the bond structures found in the films.
The integrated intensity measures the bond density which is then plotted with the variation

in nitrogen flow rate and analyse.
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Figure 3.12: Perkin Elmer System 2000 FTIR used for chemical bonding
investigation.
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Figure 3.13: Deconvoluted FTIR spectrum of the deposited film in absorption mode.

3.6.3 Raman Spectroscopy

Raman system (Renishaw inVia) equipped with Argon source at 514 nm.is used
for analysis of structural properties of the samples (Figure 3.14). In general, the as-
obtained spectrum will be deconvoluted by using Origin software 8). Raman spectrum
can give valuable information about the organization of carbon phases in the film matrix.
Its function is to complement the FTIR in providing characteristic data whenever FTIR

could not provide such as the presence of carbon clustering. This is so because even
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though FTIR and Raman are both form of vibrational spectroscopy but the bond
vibrations can be active either in FTIR or Raman or active in both and occasionally active

in neither.

Figure 3.14: Renishaw inVia Raman Microscope used to study the bonding
configuration in the nitrogen incorporated SiC films.

Figure 3.15: Typical smoothed out and deconvoluted Raman spectrum (data from
the experiment) showing D and G bands and their respective peaks.
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The Raman spectra are dominated by the sp® sites. Thus, the clustering and
disorder of the sp® phase is the main factor affecting peak positions, width, and intensity.
In principle, the sp? clustering can vary independently of the sp® content. The Raman
spectrum Ferrari (Ferrari & Robertson, 2000) is considered to depend on:-

(1) clustering of the sp? phase within the matrix of sp’
(i1))  bond disorder; change in length and angle between bonds
(iii)  presence of sp? rings or chains; carbon cluster

(iv)  the sp?/sp’ ratio.

The main features in the Raman spectra of carbons are the so-called G and D
peaks. The range of range of D ~ 1300-1400 cm™ and the range of G ~ 1500-1600 cm™.
The assignment of the D and G peaks is straightforward in the “molecular” picture of
carbon materials, associated with the “disordered” and “ordered” sp? carbon networks.
These bands are present in all poly-aromatic hydrocarbons (Swain, 2006). The presence
of D peak is due to the breathing modes of sp? atoms in rings. It signifies the characteristic
feature of disorder carbon which is due to the defects induced on the sp? hybridized
hexagonal sheet of carbon. In other words it only becomes active in presence of disorder
in the aromatic rings that is D band is forbidden for a perfect graphite crystal. The G peak
is due to the bond stretching of all pairs of sp? atoms (sp? hybridisation) in both rings and
chains. The presence of G peak indicates that the sample contain sp>-carbon cluster, which
provides graphitic signature of carbon. Generally, the D and G peaks can vary in intensity,
position and width, depending on the sample structure. An overlap D and G bands
indicates a strong disordered state of carbon and no D and G peaks indicates the absence
of graphites grain. On the other hand, if the spectra show a clear separation of the two

bands an increase in in the structural order is revealed. If the peak represent C-C present
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in Raman spectra but it does not split up into the D (1350 cm) and G (1580 cm) graphite
bands, and hence shows, that the carbon is amorphous, without graphite crystals.

The ratio of the intensity of D band to the intensity of the G band of the
deconvoluted Raman spectrum gives the Ip/ Ig. The increase in Ip/Ig could be associated
with the growth of the size of sp>- bonded clusters (Schwan et al., 1996). A decrease in
the ratio means that carbon cluster size decreases. In amorphous carbons, Ip/Ig is a
measure of the size of the sp? phase organized in rings. If Ip/I is negligible, then the sp?
phase is mainly organized in chains, or, even if rings are present, the bonds are not fully
delocalized on the rings. However, the “solid-state” approach to the interpretation of these
bands has undergone a debate, which lasted several decades, with some aspects yet to be
clarified.

Raman spectroscopy tends to be more sensitive to the molecular framework and
it is widely used in complement to the infrared spectroscopy since latter technique is more
sensitive to the functional group attached to the framework. Useful Raman fingerprint in
this work generally consisted of C=C stretch that show peaks in 1680 - 1630 cm™'. Within
this region, the Raman spectrum is always strong and obvious while for IR signal, the
intensity is highly variable. The band may be intense or it may not be seen. Moreover, C-
CHs that generally attributed to the symmetric deformation at the wavenumber of 1378 +
5 cm™! also detectable by using Raman spectroscopy. If the methyl is on a saturated carbon
(such as C-CH3), the Raman band is extremely weak and is usually cannot be seen. While
if the methyl is on an unsaturated carbon (such as aromatic CH3, =C-CH3 or =C-CH3) at

the wavenumber of 1378 cm’!, the peak is weak but still detectable in Raman.

3.6.4 UV-Vis Spectroscopy

All optical properties in this work depend on the measurement of transmittance,

T and reflectance, R of the deposited films using the Jasco V-750 UV-Vis-NIR
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spectrophotometer as shown in Figure 3.16. Measurement is performed on a thin film
(Figure 3.17) of refractive index, n with a uniform thickness, t on non-absorbing glass

substrate.

Figure 3.16: UV-Vis-NIR spectrophotometer (Jasco V-750) used for optical
characterization.

Figure 3.17: Multiple of light transmission and reflection through and by the thin
film deposited on a glass substrate upon near normal light incidence of intensity, /
at wavelength /4 causes formation of fringes.
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3.6.5 Optical Constants Calculation

The n and k spectra of a thin film cannot be measured directly, but must be
determined indirectly from measurable quantities that depend on them. Typically,
spectroscopic reflectance, R(4) and transmittance, 7(4) which is only applicable when the
substrate is transparent are used to calculate the optical constants for thin films. Optical
transmittance, 7(4) and reflectance, R(4) of the prepared films were measured in the
wavelength range from 190 nm to 2500 nm. Figure 3.18 depicts the spectra distribution

of T(4) and R(7) for SiCN as a representative example of those under studies.

Figure 3.18: Plot of transmission and reflectance versus wavelength for the a-SiC N
thin films.

In this figure, the oscillating part of the curve is due to interference effect of the
multiple reflections in the film transparent region while the interference- free part or the
curve tail is due to the film optical absorption. One of the difficulties arises in calculating
the optical indices when the measured transmission and reflectance measurement

produces a sum of both quantities becomes larger than one. Almost all optical data
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obtained for as-deposited films in the experiment are observed to have similar behaviour
indicating possible present of systematic errors. Calculation on the optical indices is
carried out for the whole range of spectrum employing two difference methods; first for
transparent region and second for high absorption regions. The details of these methods
of measuring optical refractive indices are given as follows.

In the absorption region which is in the range of 500 nm™ and below where the
interference envelope (due to high absorption) is not observed, the calculation of the
refractive indices is from the experimental values of reflection, R using a rather straight
forward substitution into the Equation 4.1 (Rabeh & Kanzari, 2011). Thus, in the

fundamental absorption region (i.e., of = 10° cm™ or afdf = 1), the transmission

measurements become impractical and the indices have to be determined from R alone as

shown.

V4R — (1 — R)2 k2 (3.2)

=((1+R
n=0+R)+ 1 R

A . . £
where k = :—n , the extinction coefficient.

In the range 850 - 2500 nm the refractive index, » was determined by a technique
proposed in Swanepoel’s method (Shaaban ef al., 2012), an improvement of the method
proposed by Manifacier et al. (1976). The interference fringes formed by the internal
reflection within the films in non-absorbing (transparent spectral) region, is used to
calculate the refraction indices. In this region where the absorption coefficient becomes
very small (a = 0), the refractive indices, n were calculated using the envelope curve for
Tmax (Ty) and Tonin (Ty,) of the transmission spectra. Following this method, as the first
step the maximum 7,4 and the minimum 7., envelope curves were roughly sketched.
At least three points each at the peaks and valleys of the transmission spectrum are chosen

for values of Tyux and Tnin. The second order of Polynomial regression in Origin
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(software) is used to perform fit using the values of the Ty and Ty taken from the
experiment plot of transmission spectra. Figure 3.19 is a typical transmittance for the a-
SiCN thin films obtained from this works, showing 7. and Tyin and also the Tavg, the
average value. Regression is done to determine the fitting parameters (coefficients) which

are B1, B2, B3 and B4 and two intercepts for the equations of T ax and i as given below:
Tmax = Intercerptl + BiA + BaA? (3.3)

Tmin = Intercerpt2 + B3\ + B4A? 3.4

Figure 3.19: The maximum (7uax), average (Ts) and minimum transmission (7in)
of a-SiCN thin film that prepared at nitrogen flow rate of 10 sccm.

The calculation of n using the Swanepoel’s method is very sensitive to the change
of Twmin but appears to be very tolerance to the change in 7. A small change in
coefficients in its Polynomial model following changes in T,;, causes a great change to
the results. So it is very important to carefully work out the values of 7., for a given
transmittance during the curve fittings. Figure.3.20 shows how the fitting coefficients are

determined using polynomial Fit Origin software.
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Figure 3.20: Determination
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Figure 3.21: A wavelength gap without values of n between absorption and

transparent region.
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Figure 3.22: Linear fitting to determine Cauchy’s constants.

The expression for the refractive index is given by:

n= [N+ (N2 —n§)1/2]1/2 (3.5)

TM_Tm . nZ+1
TMTm 2

where = ng

and n; is the refractive index of the substrate which is typically 1.52 for totally

transparent glass substrate used in this study.

The refractive index for a small range of wavelength which is not covered by the both
methods was extrapolated using another curve fitting technique which applies Cauchy

equation. It is sufficient to use a two-term form of the equation (Jenkins & White, 1981):

n(d) = B + f (3.6)

Figure 3.23 shows a linear fitting to determine Cauchy’s constants where the
coefficients B and C are determined specifically for this form of the equation. The
equation has limitation that is it only valid for regions of normal dispersion and in the
visible wavelength region. In the infrared the equation becomes inaccurate, and it cannot

represent regions of anomalous dispersion. The wavelength gap between the absorption
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and transparent region in the present investigation is between 520 nm to 850 nm which is
within the permissible region. Other than Cauchy, the exponential and polynomial fittings

were employed to fit the dispersion curve.

Figure 3.23: Fitting the optical dispersion spectrum between high absorption region
with the high transparent region using various fitting method.

3.6.6 Optical Absorption and Energy Gap

The absorption coefficient, a at given wavelength, 4 of all films in this work is
determined from transmittance 7(4) and reflectance R(1), calculated by using

approximation relationship between the two quantities as given by:

T=(1-R)*e™ (3.7)
in which

o=1/dIn ((1-R)*/ T) (3.8)

where d is the film thickness, a (Rabeh et al., 2005).
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In order to determine the optical band gap, Eg the optical energy gap
corresponding to the energy difference between the lowest energy of the conduction band
and the highest energy of the valence band of the Tauc’s equation that generally used for
amorphous semiconductors. For a>10% cm™!, the absorption takes place between valence

and conduction band extended states and has the form of:
ocEZA(E—Eg)Z (3.9

where A is a constant depending on the effective mass of the charge carriers in the
semiconducting material, £ is incident photon energy and « is an absorption coefficient
(Ibrahim & Al-Ani, 1994; Rill et al., 2008). The interception of the linear part (a.E)"?
versus E plot to the energy axis (Figure 3.24) enables the optical band gap of the

semiconductor to be determined (Tauc, 1968).

Figure 3.24: Plots of Tauc’s of (ahv)? versus E to obtain the optical band gap, Ej.

3.6.7 Refractive Index Dispersion Analysis
The refractive index of a-SiCN films at various nitrogen flow rate were analysed

for its dispersion. There are choices of dispersion formulas that have been developed to
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fit the refractive index over a wide range of wavelength. However, the single-term
Sellmeier equation used by Wemple and DiDomenico (Wemple & DiDomenico, 1971)

has the advantages of simplicity, which can be represented by:

EqE,

2 —
n“(hv) =1+ ()2

(3.10)

where 7 is the refractive index, /4 is Planck’s constant, h is the frequency, /v is the photon
energy, E, is the average excitation energy which measures the average single oscillator
energy for electronic transitions and Ey is the dispersion energy which is a measure of the
strength of interband optical transitions. It is also known as Sellmeier’s energy gap which
is the average energy gap of the film corresponds to transitions below the optical gap, E;
which is the smallest energy gap between the valence and conduction bands. In this model
E, and E,values were calculated from the slope and intercept on the vertical axis of plot
of 1/(n* — 1) versus (hv)?, where hv is the photon energy. The oscillator energy E, is an
average energy gap and can be related to the optical band gap in close approximation by

E,=2E,.

3.6.8 Photoluminescence (PL) Spectroscopy

PL characteristics of the films in this work were recorded using a Renishaw 2000
at room temperature. This system is an integrated PL/Raman measuring system which
was also used for Raman measurement. A helium cadmium laser was used as an excitation
source with the wavelength of 325 nm.

Figure 3.25(a) shows the typical PL spectrum of the deposited film. The spectrum
of PL is normalised by their thickness as this parameter affects the intensity of the PL
emitted by the films. To analyse the results, all PL spectra are smoothed (Figure 3.25(b)).
The deconvoluted spectra are fitted to Gaussian peaks using commercial curve fitting
computer software.as illustrated for PL spectra shown in Figure 3.25(c). These bands are

identified and grouped according to their wavelength peak position.
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Figure 3.25: PL spectra of (a) raw data, (b) smoothed data and (c) deconvoluted
Gaussian curves.
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CHAPTER 4: EFFECT OF NITROGEN FLOW- RATE ON THE PROPERTIES
OF MULTIPHASED STRUCTURED AMORPHOUS SILICON CARBON

NITRIDE YHIN FILMS

4.1 Introduction
This chapter focuses on the quantitative discussions on the effects of nitrogen gas
flow rate on the physical- and chemical-properties of the a-SiC and a-SiCN films based
on the measurement by AES, FTIR and Raman. The first part of this chapter reports the
results on the investigation on the composition of elements in the deposited films using
AES measurement, which provides information on the composition and distribution of
elements with varying depth. Then the FTIR spectrum of the deposited films is used to
investigate the bonding and microstructural properties of the films. These properties are
important as physical properties (optical, optoelectronic, photoluminescence) of the films
can be interpreted from the variation of these properties with respect to deposition
parameters of the films. It is of interest to see the evolution of chemical bonding in terms
of the changing properties upon nitrogen incorporation. The integrated intensity is
obtained from deconvolution of the FTIR spectrum. It is assumed that the density of the
bond is directly proportional to the integrated bond intensity. Next, Raman spectroscopy
study is used to provide information on the organization of carbon phase present in the
deposited films that is not FTIR active. The main task is to evaluate the sp? hybridisation
state and the average microstructure of the deposited a-SiCN films. The analysis is carried
out on the Raman spectrum through identification of D- and G-bands on the samples that
deposited on the glass. The shift on position of G peak and the intensity ratio, Ip/ Ig are
used to measure the disorder and identification of carbon bond species.
The second part of this chapter presents results and discussions obtained from

the optical spectroscopy studies done on the deposited films where the refractive index,
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optical band gap, band tail energy, Urbach energy, dispersion energy and single oscillator
energy of the films are extracted from the spectra for the analysis as detailed in Section
3.6.4 of this thesis. Finally, the results on the photoluminescence (PL) behaviour the
deposited films with respect to nitrogen flow rate is presented and discussed. The origin
of PL emission from the a-SiC and a-SiCN thin films deposited by PECVD are then

proposed.

4.2 Effects of Nitrogen Gas Flow-Rate on the Elemental Composition of Multi-Phase
Structured Hydrogenated Amorphous Silicon Carbon Nitride Thin Films: Auger

Electron Spectroscopy

AES depth profile analysis is conducted mainly to study the distribution of
elemental compositional as a function of film thickness as a result of introducing nitrogen
gas (N) at different flow-rates during the deposition process. The depth profiles Si, C, N
and O obtained from the films is shown in Figure. 4.1. The distribution of these atoms
within the film thickness becomes inhomogeneous with the inclusion of N2 in the
deposition process. The plots also show that the relative N atom concentration remains
low and only shows significant increase when N> flow rate is 20 sccm or higher. This
indicates at the beginning of the introduction of nitrogen (N) atoms in the film structure,
the formation of N related bonds is formed at a slower rate but only begins to increase
significantly when N> flow-rate is 20 sccm. The lowest N2 flow-rate of 10 sccm produces
high energy N atoms bombardments on the growing surface of the film resulting in very
inhomogeneous distribution of the Si, C, N and O atoms within the film thickness as

reflected by the depth profile.
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Figure 4.1: Auger electron spectroscopy depth profile analysis for a-SiC:H thin films
that was deposited from the discharge of silane and methane (a) without N2 and a-
SiCN:H that was deposited with N2 at flow rates of (b) 10 sccm (c) 20 scem (d) 40
sccm (e) 50 scem.

Figure. 4.2(a) and (b) show the variation of the relative atomic concentration of
Si, C, N and O atoms in the film and the elemental ratio of N, C and O atoms to Si atoms
respectively with N> flow-rate. The decrease in the energy of N atoms bombardments at
high N flow-rate result in a significant increase in the N atom content in the film relative
to the Si and C atoms content in the film structure as shown in Figure 4.2(a). The decrease
in energy at high nitrogen gas flow rate also causes distribution of the elements to become
more homogeneous. As the element N increases, the Si and C element decreases with an
increase in N> flow rate. This is due to the fact that the N incorporation causes N

concentration to increase at the expense of C and Si elements concentration. This is only

possible when the Si or C atoms are preferentially substituted by N atom at the growth
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sites. The relative atomic concentration of Si and C atoms is almost the same for the films
deposited with N> flow-rates of 20 sccm and above except at the surface and the substrate-
film interface indicating that the Si atoms are bonded to C atoms in a ratio of 1:1 (Figure
4.2(b)) in the core of the films at these flow-rates and the N atoms are bonded to either
the Si and C atoms forming Si-C-N, C-Si-N, Si-C=N or Si-C=N bonds forming a-SiCN
phases.

Since the relative atomic concentration of N atoms is significantly higher
compared to Si and C for the films deposited at these N> flow-rate, formation of a-SiCN
phase is more favourable at higher N, flow-rate. This supports earlier claim made that
the increase in the number of N atoms reaching the growth sites at high N> flow-rates
reduces the probability of SiHs and CH3z growth precursors reaching the growth sites
contributing to the decrease in the growth rate of the films. Oxygen considered as
contaminants is observed to vary between 10 to 40 % with increasing N> flow rate. At

higher N> flow rate the O/Si is seen to increase with an increase in N2 flow rate.

Figure 4.2: (a) Relative concentration of C, Si, N and O atoms versus nitrogen gas
flow rate (b) Elemental ratio with respect to concentration of Si versus nitrogen gas
flow rate
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4.3 Effects of Nitrogen Gas Flow-Rate on the Bonding Properties of Multi-Phase
Structured Hydrogenated Amorphous Silicon Carbon Nitride Thin Films: Fourier
Transform Infrared Spectroscopy

Figure 4.3 shows the FTIR absorption spectra of the thin films deposited at
different nitrogen flow rates. The vibration spectra are normalized to the film thickness.
Interpretation of spectra was performed based on the references available from the

literature as shown in Table 4.1 below:

Figure 4.3: FTIR spectra of a-SiC:H films and a-SiCN:H films deposited with N2 at
different flow-rates.

Table 4.1: Summary of FTIR absorption peak and assignment of chemical bonding
with respective references.

Bond type Wavenumber Vibration References
(cm™) mode
Si-C 798- 820 stretching Swain et al. (2007)
Si-N 910- 990 stretching Ermakova et al. (2015)
Si-O/Si-C-N 1010-1080 stretching Ermakova et al. (2015)
C-N 1110-1180 bending Ermakova et al. (2015)
C=N 2200 stretching Tabata ef al. (1993)
Si-Hy, 2049-2156 stretching Ermakova et al. (2015)
C-H,, n=1,2 2927 stretching Tabata et al. (1993)
N-H 3200 — 3600 stretching Tabata et al. (1993)
O-H 3420 stretching Tabata et al. (1993)
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The a-SiC film shows strong bands at 813 cm™ and 1009 cm™ which correspond
to the Si-C and Si-CH3 wagging mode respectively (Swain & Dusane, 2007). In contrast
to the a-SiC, the FTIR absorption spectra for nitrogen incorporated films, the a-SiCN
films have more FTIR active regions. This is due to the fact that incorporation of nitrogen
has introduced more bonds species into the film structure and the assignment of some of
the absorptions peaks become more complicated.

Due to its high IR absorption, Region 1 (520 - 1300 cm™) is the most important
band in the spectra, where the main vibration modes of the films molecular bond structure
should appear. The strong broad spectra band in Region 1 is featured in all as-prepared a-
SiCN films, exhibits overlapping absorption peaks of Si-C stretching mode at around
798 - 820 cm’!, Si-C-N/ Si-O at 1010-1080 cm™!, Si-N at 910 - 990 cm™ and peaks in the
range between 1110 - 1180 cm™! stretching bands are assigned to C-N wagging bonds
(Ermakova et al., 2015). Regarding the absorption band at 1010-1080 cm™! and at 1100-
1180 cm™! there are more than one view of the chemical bonds associated with those
vibrations. For the first vibration, some writers (Chu ef al., 1995; Ermakova et al., 2015;
Kozak et al., 2015) relate this to the bond Si-O-Si stretching band but other few
researchers (Swain et al., 2014; Wu et al., 2002) opined that both Si-O and Si-C-N bond
causes the vibration.

In this work, it is strongly believed that these bands are attributed by Si-C-N
stretching instead of Si-O-Si stretching since the presence of N atoms is more dominant
than O atom by the AES data in Figure 4.1. For the second vibration band, Ermakova et
al. (2015) shows dominant presence of N atoms, this band is assigned to C-N band in this
work. Ermakova et al. (2015) reported the H-N or C-N bond responsible for the vibration
but another groups (Awad et al., 2010; Lu et al., 1998; Mihailescu et al., 1998) assigned
only C-N bond for the vibration. Again since the AES shows dominant presence of N

atoms, this band is assigned to C-N band in this work. The actual assignment of these
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vibrational modes will be confirmed later in this chapter. It is worth mentioning that the
intensity of the shoulder structure C-N band is rather low, however, the carbon nitride
nature of the films is possibly from the presence of Si-C-N fragments as verified in the
following discussion.

Region 2 in 1900 - 2300 cm™ range is assigned to Si-H, C=C and C=N stretching
bond and Region 3 in the highest wavenumber around 3400 cm™! is mainly due to C-Hy,
O-H and N-H stretching vibrations (Ermakova et al., 2015; Tabata et al., 1993). C-H bond
can be found in the deposited a-SiC but its present is insignificant in films with nitrogen.
The fact that C-H bond vanishes when nitrogen gas is introduced in the deposition
indicates the role of nitrogen in removing the polymerisation of organic radicals because
of the high reactivity of N, which results in breaking the bonds. The presence of N-H in
a-SiCN is accompanied by the vanishing of Si-C and N-H may be ascribed to the insertion
of NH, formed in the plasma phase through chemical reaction between N and H release
during the break-up, into the Si-C bond (Wrobel ef al., 2003).

Figure 4.4 shows the deconvolution of the vibrational spectra of the main IR
absorption band between 650 to 1300 cm™ into individual absorption components by
using Gaussian functions for a-SiC:H film deposited without N> and a-SiCN:H film
deposited at various N flow-rates. The film deposited without N> is deconvoluted into
two component bands at 813 cm™ and 1009 cm!, which correspond to the Si-C band and
Si-CHs stretching band, respectively. The deconvolution done on the films deposited at

N> at flow-rate 20 sccm is typical for films deposited with No.
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Figure 4.4: Deconvolution of the main IR band in Region 1 of a-SiC:H film (without
N2) and a-SiCN:H films deposited at various N: flow-rates show peaks
corresponding to Si-C (778 - 820 cm™), Si-N (90 - 990 cm™"), Si-C-N/Si-O (1010 - 1080
cm™) and C-N (1110 - 1180 ¢cm) absorption bands.

The plot of the integrated intensities of Si-N, Si-C, C-N and Si-C-N/Si-O-Si1
bands obtained from the deconvolution of the main absorption band the main IR band in
region 1 of a-SiC:H film (without N») and a-SiCN:H films deposited with respect to N>
flow-rates are presented in Figure 4.5(a). With the initial introduction of N> during the
deposition, the intensity of the Si-C band is suppressed while Si-N, Si-C-N/Si-O-Si and

C-N bands make their appearance in the film structure. The intensity of the C-N band

75



decreases relative to the intensity of the Si-N band with the increase in N> flow-rate. This
indicates the preference of N atoms to be bonded to Si atoms at higher N> flow-rates. The
lower impact energy of the N atoms on reaching the growth sites makes it more favourable
for the N atoms to bond with Si compared to C atoms. Since the AES plots in Figure 4.2
shows that the relative concentration of Si and C atoms is the same at high N> flow-rates,
the Si atoms therefore are mostly bonded to C=N bonds to form Si-C=N bonds and the
free Si bonds are free to be bonded to N atoms to form N rich a-SiCN phases in the film

structure.

Figure 4.5: Integrated intensity of (a) Si-N, C-N, Si-C and Si-C-N/Si-O-Si bonds and
(b) N-H, C=N and Si-H in as-deposited a-SiCN films versus nitrogen flow-rate.
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The Si-C-N/Si-O-Si, C-N and Si-C band intensities show almost similar trends
with respect to N2 flow-rate. This strongly indicates that the Si-C and C-N bonds are
predominantly bonded together in the film structure forming the Si-C-N bonds. The AES
plots in Figure 4.2 show that at N> flow-rates of 40 and 50 sccm, the relative atomic
concentration of N atoms is significantly higher as compared to Si, C or O. This strongly
suggests that the absorption band at 1010-1080 cm! represents Si-C-N bonds rather than
the Si-O-Si bonds in these films. The higher incorporation of N atoms into the film
structure promotes the formation of a-SiCN phases and removes O atoms contamination
in the film structure.

Figure 4.5(b) shows plot of the integrated intensities of N-H, C=N and Si-H
bands versus N> flow-rate. The intensity of N-H bonds increases significantly for the films
deposited at N> flow-rates of 10 and 20 sccm and decreases when the N> flow-rate is
increased to 40 and 50 sccm. The presence of C=N bonds in the film structure increases
with increase in N2 flow-rate. At the higher N> flow-rates, the formation of Si-H bonds is
more favourable suggesting higher incorporation of N atoms increases preference of H
and N atoms to bond with Si atoms. The increase in Si-N, C=N and Si-H bonds with
increase in N> flow-rate shows that formation of a-SiCN:H phases are more favourable
with increase in N> flow-rate compared to a-SiCN phases. The N-H bonds are mostly
bonded to Si-H bonds and C=N bonds are bonded to dangling bonds of Si atoms to form
a-SiCN:H phase in the film structure of these films. The film deposited at N> flow-rate of
20 sccm shows significant presence of Si-C-N, Si-C, C-N and N-H bonds showing more
dominant presence of a-SiCN:H and a-SiC:H within the film structure compared to the

other films.
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4.4 Effects of Nitrogen Flow-Rate on the Microstructural Properties of Multi-Phase
Structured Hydrogenated Amorphous Silicon Carbon Nitride Thin Films: Raman

Scattering Spectroscopy

Since CHj4 is one of the precursor gases in the deposition of the films studied in
this work, hydrogenated amorphous carbon phase is expected to be present in all the films
deposited. However, FTIR spectroscopy is not capable of detecting the vibrational modes
of the C-C bonds in the film structure. Raman scattering spectroscopy is very useful in
characterizing carbon-related structures present in materials. The Raman spectra of a-
SiC:H and a-SiCN:H films studied in this work is shown in Figure 4.6. The broad
absorption bands in the region between 900 and 1750 cm™ indicate the presence of a-C:H
phases in the film structure. In order to analyse the structure of C-related bonds in the
films, the Raman spectra in the region between 900 and 1750 cm™ are deconvoluted into
two Gaussian peaks at 1360 and 1540 cm™. The D band at 1360 cm! is due the limitation
of graphite domain size induced by grain boundaries or imperfections, such as
substitutional N atoms, C(sp*)-C and C(sp°)-N. The G band at around 1540 to 1570 cm’!
is attributed to the C(sp?)-N and C(sp?)-C vibrations. The D band peak position is almost
stable for all the films deposited at different N> flow-rates and the presence of the D peak
1s a characteristic feature of disordered carbon while G peak indicates that the film contain

sp?-C clusters (Wang et al., 2010).
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Figure 4.6: Raman spectra of a-SiC:H and a-SiCN:H films deposited at different
nitrogen flow-rate.

Figure 4.7(a) shows the plot of integrated intensity of the G and D bands with
respect to the N» flow-rate. The presence of sp>-C clusters is very significant in the a-C:H
phase of these films as the intensity of G band is significantly higher than the intensity of
the D band and this also implies that defective structures in the sp>-C domains are low
especially for the film deposited without N>. The higher impact energy due to the low N»
flow-rates is observed to have the effect of reducing the presence of sp>-C clusters in the
film structure as indicated by the significant decrease in the intensities of the G band for

the films deposited at N> flow-rates of 10 and 20 sccm.
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Figure 4.7: (a) Integrated intensity of D and G peak (b) In/Ic and G peak position
versus nitrogen flow-rate.

On the other hand, the decrease in the high impact energy and increase in the
number of N atoms reaching the growth sites at N> flow-rate of 40 and 50 sccm increases
the intensity of the G band for the film deposited at these flow-rates. This suggests that
the increase in N incorporation into the film structure at these flow-rates maybe also be
in the form of C(sp?)-N clusters. Figure 4.7(b) shows the plot of In/Ig and G peak position
obtained from the Raman spectra of the films versus nitrogen flow-rate. The relative
intensity of the D band to G band, Ip/I is usually related to the density of defects or size
of carbon clusters (Swain & Dusane, 2007). This plot demonstrates a large Ip/Ig value for
the films deposited at N, flow-rates 0 to 20 sccm indicating increase in defect density and

decrease in the sp? cluster size in these films. The shift in the G peak position from 1540
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to 1580 cm™ for the films deposited at low N> flow-rates of 10 and 20 sccm shows
increase in residual compressive stress on the films confirming that impact energy of the
N atoms impinging on the growth sites is higher at these flow-rates. The film deposited
at N> flow-rate of 40-50 sccm show a significant decrease in the Ip/Ig and G peak position
suggesting that the decrease in impact energy and increase in the number of reactive N
atoms at the growth sites reduce residual compressive stress on the sp>-C clusters resulting

in increase in the size of the sp>-C clusters.

4.5 Effects of Nitrogen Flow-Rate on the Deposition Rate of Multi-Phase Structured
Amorphous Silicon Carbon Nitride Thin Films

The deposition rate of hydrogenated amorphous silicon carbide (a-SiC:H) and
hydrogenated amorphous silicon carbon nitride (a-SiCN:H) thin films that were deposited
on both ¢-Si and glass substrates versus Na flow-rate is shown in Figure 4.8. The films on
c-Si show higher growth rates and the variation with N> flow rate is similar for films on
both c-Si and glass substrates. The similar trends of growth rates with respect to N> flow-
rate for the films grown on c-Si and glass substrates show that the presence of O atoms
within the film structure does not have significant effect on the film growth rates since
glass substrates are practically free of O atoms unlike c-Si substrates, which are easily
oxidized prior to deposition even when placed in a highly evacuated growth chamber.

As mentioned earlier, increase in N> flow-rate increases the number of reactive N
atoms with lower energy reaching the growth sites. The impact energy of these atoms
decreases with increase in N> flow-rate due higher frequency in collisions with the
increasing number of N2 molecules along with the presence of SiH4 and CH4 molecules
in the plasma. The increase in the number of N atoms reaching the growth sites reduces
the probability of SiH; and CH3 growth precursors reaching the growth sites, which

contributes to the decrease in the growth rate of the films with increase in N> flow-rate.
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The increase in N incorporation into the film structure in the form of Si-N and C(sp*)-N
with increase in N flow-rate as reflected by analysis done from the FTIR and Raman

spectra of the films also contribute to the decrease in the film growth rates.
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Figure 4.8: Deposition rate of a-SiCN:H films deposited on glass and c-Si substrates
with respect to nitrogen flow-rate.

4.6 Effects of Nitrogen Flow-Rate on the Optical Parameters of Multi-Phase
Structured Amorphous Silicon Carbon Nitride Thin Films: Optical Transmittance

and Reflectance

4.6.1 Transmission and Reflection Spectra of a-SiCN:H Films

Figure 4.9 shows the transmission spectra of a-SiCN: H films deposited at
different nitrogen flow rates. Generally, in the infrared region the films are transparent
with transmission above 90 % but it drastically drops near the UV range, which is strong
optical absorption region. Strong absorption of photons by films is associated with
electronic excitation across or within the band gap of the film when the excitation energy
is equal or larger than the band gap energy of the film. For these films, this occurs between
the photon wavelengths 300 - 500 nm, which is expected to correspond with the band

edges of the films. The shift of absorption region of the transmission spectra towards the
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UV range is observed as nitrogen flow-rate increases. The shift in in the absorption edge
is an important indicator as it represents the change in electronic property of the film with
increase in N flow-rate. The observed in blue shift of spectrum indicates that the
absorption edge of the films shifts toward the higher energy side as the nitrogen flow-rate

increases.

Figure 4.9: Transmittance spectra for films deposited at different nitrogen flow-
rates.

Figure 4.10 shows optical reflection spectra of a-SiCN thin films that were
deposited at different N> gas flow-rates. The spectra depict a significant decrease and
increase in intensity as a function of wavelength and there is a very obvious trough or the
so-called minimum intensity region in the wavelength range of 300 - 500 nm. The
minimum intensity region appears to coincide with the band edge energy marking the
onset of electronic excitation across the band gap. Transmittance and reflectance spectra
show presence of interference fringes in the transparent region indicating the films surface
is reflecting without much diffraction and absorption, manifestation of the surface quality

and existence of some degree of homogeneity of the deposited films.

83



Figure 4.10: Reflectance spectra for films deposited at different nitrogen flow rate.

4.6.2 Tauc Band Gap Energy and Energy at Absorption Coefficient of 104 cm™!

In this subsection, the energy values extracted from the Tauc’s plot, E7uc and
energy at absorption coefficient 10* cm™!, Eo4 are used to determine the optical band gap
of the films deposited on the glass with N> flow rate from 0 sccm to 50 sccm. The optical
band gap obtained from the x-axis intercept of the Tauc plot as shown in Figure 4.11 is

known as E7uuec.
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Figure 4.11: Tauc’s plots for optical band gap determination.

ETuuc, Eos and band tail factor, (Ezwir = Eos - E7auc) of the films deposited on glass
substrates versus N2 flow-rate are shown in Figure 4.12. These parameters are calculated
from the transmission spectra of the films grown on glass substrates. Eo4 of the films
increases from 2.5 eV to a saturation value of about 3.4 eV when the N> flow-rate is
increased to 20 and 40 sccm. Further increase in N2 flow-rate to 50 sccm increases Eos to
4 eV. The Erauc value of the a-SiC:H film deposited without N> is 1.96 eV is considerably
small for SiC thin film due the large band tails typical of the amorphous structure of the
film. Increase in the N> flow-rate to 10 and 20 sccm show no significant change in the

Etauc value.
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Figure 4.12: Variation of optical band gap, E7..c and Eygs and band tail factor. Ewi
with N2 flow-rate for the films that were deposited on glass substrate.

The Etuuc increases slightly to 2.0 eV for the film deposited at nitrogen flow-rate
of 40 sccm and decreases to 1.9 eV with further increase in nitrogen flow-rate to 50 sccm.
The band tail factor, £ which is directly related to the band tail width of the material is
increases when N> is introduced into the discharge gases. The long band tail width is due
to the higher disorder as a consequence of the presence of the various Si- and C- based
phases in the film structure. Introduction of N2 into the discharge had introduced new
phases into the film structure. The a-SiC:H film deposited without N> may consist of a-
SiC:H and a-C:H phases within its multiphase structure.

By including N: into the discharge, new phases are introduced which may
include hydrogenated amorphous carbon nitride (a-CN:H) and hydrogenated amorphous
silicon carbon nitride (a-SiCN:H). Thus, the increase in Eii with increase in N» flow-rate
as shown in Figure 4.12 can be deduced to be due to the increase in the number of phases
in the film structure. The overlapping of the tail states within the band gap, results in the
low E7auc values of the films and the small change in this value with increase in N> flow-

rate suggests that the phases present in the film structure of these are the same and is not
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dependent on the N> flow-rate. The N> flow-rate produces significant effects on the Eos

and E; values which are dependent on the dominant phase present in the film structure.

4.6.3 Refractive Index

Figure 4.13 shows the dispersion curves for the refractive indices of a-SiC:H
films and a-SiCN:H that are deposited at different N> flow-rates. The refractive index
dispersion curve of a-SiC:H film is higher than the refractive index curves of a-SiCN:H
films deposited at various N> flow-rates. In general, the refractive index of each film is
high in the lower wavelength region, which is consistent with the normal dispersion
behaviour of refractive index of most materials. At higher wavelength (in the infrared)
the refractive index saturates to a constant or static values (between 1.55 — 1.70),
indicating the films become non-dispersive at this region.

It is very clear that the index becomes smaller as nitrogen gas is introduced into
the films. There is an indication from the AES in Figure 4.2 that N atom concentration
increases with increasing nitrogen-flow rate whereas C atom concentration drops when
N atoms are present in the film. From these results, the decrease in refractive index can
be attributed mainly to the formation of Si-N bonds in the film structure. Also, it is
observed that the significant decrease in the intensity of the Raman spectra and the G
peak in Figure 4.6 for the films deposited with N> indicates carbon phase, a-C:H decreases
soon as nitrogen is introduced into the films. The reduction in carbon phase makes the
film becomes less dense and causes the lower refractive index to be obtained
(Chattopadhyay ef al., 2001).

High refractive index is related to the films of high absorption, therefore a drop
in refractive index means the incorporation of nitrogen gas causes less absorption by the
films, which means the films have better transparency to the incidence light especially in

the region of absorption edges. This is in agreement with the earlier result where the
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films transmittance increases with the increasing N> flow rate. The results are also
consistent with the results of Kim ez al. (2008), which show the refractive index of the a-
SiCN films reduces with the increasing NH3 gas flow rate for which in their cases is the
source for nitrogen. There is weak trend of the variation of refractive index observed as
more nitrogen gas is introduced during the deposition of present films though.

Emeleus & Stewart (1935) and Charles ef al. (2013) relate the film porosity with
the refractive index. Refractive index and reflectivity of thin films are found to be
inversely correlated with porosity. In SiC films, the bonds are saturated and cause it to be
compact, packing fraction and lattice occupancy are high, thus decreasing the porosity.
In SiCN films, the unsaturated bonds are plenty (such by present of terminating C=N
bond) and this has creates higher density of pores and voids that subsequently causes a
decrease in the packing fraction and lattice occupancy, thus increasing the porosity of the
film.

Figure 4.13 also shows that the region of strong dispersion with steep slopes of
the refractive index curves corresponding to a region of strong absorption region in a
transmittance spectrum. Figure 4.14 shows the variation of the extinction coefficient, &
with photon energy for the films at various nitrogen flow rates. The extinction constant,
k peaks at wavelength in UV region (about 300 nm) at the onset of the maximum
absorption by the films corresponding to strong electronic transition between valence and
conduction band. It decreases with increasing wavelength and become too small at the
visible and negligible at the infrared range which makes films transparent in their

appearance.
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Figure 4.13: Dispersion of refractive index with wavelength for films deposited at
different nitrogen flow rate calculated from transmittance and reflectance.

Figure 4.14: The variation of the extinction coefficient, k with photon energy for the
films at various nitrogen flow rates.

Also, it can be seen that films with nitrogen incorporation has lower & compared
to its counterpart (film without nitrogen incorporation) particularly in the UV range. The
spectral of k provides clearer evidence of the influence of nitrogen flow rate on the optical
dispersion of the a-SiCN films compared to the spectrum of the refractive index,
discussed earlier. Films showing characteristic of low absorption and highly transparent

support the potential application as coating in optical devices. It was observed that the
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optical parameters of the deposited films presented in this work: transmittance, refractive
index and the extinction coefficient spectrum are shown to be well correlated to each

other.

4.6.4 Urbach’s Energy and Disorder

Figure 4.15 shows plots of variation of Urbach’s energy, £, and Etau as a
function of change in nitrogen flow rate. It shows the E7.. increases and reaches the
maximum and the same trend is re-tracked by the E, that is the E, reaches maximum at
the same nitrogen rate as the optical energy gap does. This means the degree of disorder
is increasing with increasing N> flow rate and the optical band gap reaches maximum
when the film has maximum disorder. An enlargement of E7..c appears to be disorder-
induced and FTIR spectrum indicates the increasing disorder is likely to be the result of

an increasing Si-N bond intensity in the film.
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Figure 4.15: The variation of Etauc and E, with N2 flow rate. E, is calculated from
the absorption coefficient below the band edge.
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The observation supports the AES results and earlier suggestion on the present
of the multiphase networks in the SiCN films in the range of nitrogen flow-rate of 10
sccm to 20 sccm. However, towards N> flow-rate of 40 sccm, it shows that the E, drops
to a minimum, an indication to a decrease of film disorder, and the drop is accompanied
by the decrease in energy gap, Etuuc. In the range where E, and E, decrease, the FTIR
analysis shows that Si-N bond intensity also decreases, marking the continuing influence
of Si-N bond intensity on the film optical band gap. However, beyond nitrogen 40 sccm,
the Si-N bond continue to rise but the Ertayc continues to fall, which means the Si-N in
this range does not affect the optical band gap. Also, the present of Si-N is no more
influence the film disorder. The order of film has returned when E, rises for the second
time an indication for the return of the multiphase network in the film.

Figure 4.16 shows the variation in the B factor and E, for the deposited films with
the change in N> flow rate. B factor is calculated from the linear slope of the Tauc plot.
The B factor shows the downward trend while the £, shows the opposite trend for films
that deposited at lower N; flow-rates while both of the graphs indicates similar trend at
higher N> flow-rates. It has been reported that the £, and the B factor are related to the
local and overall structural disorder in the films, respectively (Chu ef al., 1995). The
opposite relationship between the £, and the B factor indicates that local disorder leads
to the overall disorder. The disorder is also related to the bonding states in the film
especially the dominant bond Si-C in a-SiC and and Si-N in a-SiCN fims. The bonding
density of the Si-C mode decreases but the Si-N mode increases significantly up to 20
sccm, stabilizes and increase again in film with 40 - 50 sccm, The disorder could be
caused by the change in bond length and bond angle between the respective bonded

atoms.
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Figure 4.16: E, and B factor of the film versus the Nitrogen flow rate (sccm).

4.6.5 Dispersion Energy and Single Oscillator Strength

The plot of 1/(n*-1) versus (Energy)® relating to the a-SiCN films makes it
possible to determine the values of the energy of the oscillator, £y and the energy of
dispersion, E4. The plots of 1/(n?-1) versus (Energy)? for the deposited films as shown in
Figure 4.17 shows a linear region as predicted by the Wempel — Didomeneco model. In
this model E, and Eq values were calculated from the slope and intercept on the vertical
axis of plot of 1/(n?— 1) versus (Energy)* as shown in Figure 4.17. The variation of these

parameters with nitrogen flow-rate is plotted as shown in Figure 4.18.
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Figure 4.17: Plot and linear fittings of 1/(n- 1) vs. (Energy)? for a-SiCN films
deposited at various nitrogen flow-rates.

Figure 4.18: Variation in dispersion parameters E, and E; of the a-SiCN films
calculated from refractive index.

The dispersion energy, Eq and oscillator energy, E, show different trends for film
with N> flow rate of 10 and 20 sccm. In this range, the Es decreases in its value and its
variation is inversely correlated to the variation of Urbach energy, £, with N flow rate
as shown in Figure. 4.17. E, plot indicates the films undergo increasing disorder in the

specified range. However, the E, and E; energies appear to have similar trend in their
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variation with nitrogen flow rate above the flow rate 20 sccm which corresponds to a

range of decreasing disorder in E, term.

4.7 Origin of Photoluminescence in Multi-Phase Structured Hydrogenated

Amorphous Silicon Carbide and Silicon Carbon Nitride thin films.

The origin of PL in the multi-phase structured a-SiC:H and a-SiCN:H films
deposited at different N> flow-rates are investigated by studying the behaviour of PL
emission properties of these films deposited on c-Si and glass substrates. The PL emission
properties investigated are the PL emission peak position and PL emission intensity.
These PL properties will be related to the compositional, microstructure and optical

properties of the films to hypothesize the origin of PL emission in these films.

4.7.1 Effects of Nitrogen Flow-Rate on the Photoluminescence Properties of Films

Deposited on c-Si Substrates

Figure. 4.19(a) to (e) shows the PL spectra of the a-SiC:H and a-SiCN:H films
deposited without N2 and at N> flow-rate of 10 sccm to 50 sccm respectively on c-Si
substrates. The spectra are deconvoluted into the component peaks contributing to the
main spectra. The broad PL emission peaks covering spectral range from 400 to 750 nm
indicate the multi-phase structure of the films and emission spectra are due to overlapping

emission band spectra produced by the different phases in the film structure.
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Figure. 4.19: Deconvoluted PL emission spectra of a-SiC:H and a-SiCN:H thin films
deposited on c-Si deposited with N2 flow-rate of (a) 0, (b) 10, (c) 20, (d) 40 and (e) 50
scem.

The integrated intensity and peak positions of the deconvoluted peaks are
analysed to determine the origin of the PL emission in these films. Figure 4.20(a) and (b)
show the peak position and emission intensity respectively of the various component
peaks obtained from the deconvolution of the PL emission spectra of the films deposited
on c-Si substrates. For the a-SiC:H film deposited from the discharge of SiH4 and CH4
without N2, deconvolution of the PL spectrum results in one dominant peak labelled as
Pk 4 at 2.13 eV and three low intensity PL peaks at 2.81, 2.41 and 1.85 eV labelled as
Pkl1, Pk2 and PkS5 respectively as shown in Figure 4.20 (b). Pk3 band (2.3 eV) is found

only in films with N».

The PL emission is significantly high for the a-SiC:H film compared to the a-

SiCN:H films deposited with N». Tabata et al. (2004) proposed that the origin of PL
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emission from their a-SiC:H films at 2.21 eV occurs through recombination within tail
states of a-C:H in their films where the tail states are formed from sp>-C clusters in the
film. Since the a-SiCN:H film is multi-phase in structure, it can be deduced that the
intense PL emission from this film is of similar origin with the peak red-shifted to 2.13
eV. This component of PL emission (Pk4) is significantly suppressed for the films
deposited with N». The significant decrease in the intensity of the Raman spectra and the
G peak in Figure 4.7(a) for the films deposited with N> support that the origin of this PL
emission is from the a-C:H phase in the film structure. The N> discharge during the
deposition process has results in the incorporation of N within the film structure in the

form of Si-N, C-N and N-H bonds.

Figure 4.20: (a) Peak positions and (b) PL emission intensities of the deconvoluted
peaks obtained from the PL emission spectra of the films on c-Si substrates versus
nitrogen flow-rate.
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Wu et al. (2014) attributed the peak at 416 nm (2.96 eV) in their SiCN films
to the defects in a region where the carbon clusters are surrounded by Si-C matrix. It is
suggested the weak PL emission peak, Pkl at 2.81 eV (441 nm) may be contributed by
the Si-C matrix from the a-SiC:H phase surrounding the carbon clusters in the film
deposited without N». Figure 4.20(b) and 4.5(b) show that the trend of the PL emission
intensity of Pkl and the integrated intensity of the Si-C band are almost similar and this
has supported the as-proposed origin of the PL emission. Incorporation of N into the film
structure also results in the emergence of Pk3 at 2.3 eV. Pk2 at 2.41 eV shows similar
trend with N> flow-rate as Pk3. Since Pk3 is present only in the films deposited with Na,
the origin of this PL emission is proposed to be from the recombination within tail states
of a-CN:H and a-SiCN:H phases in the film structure where the tail states are formed
from C(sp?)-N clusters instead of C(sp?)-C clusters in the film.

The integrated intensities of the C-N and Si-C-N bands in suppure 4(a) show
similar trends with N> flow-rate as the PL emission intensity of Pk3 and Pk2. Thus, PL
emission from Pk2 and Pk3 may have their origin in the a-CN:H and a-SiCN:H phase in
the film structure due to radiative recombination in the tail states of the C(sp?)-N clusters.
The low intensity PL emission of Pk2 is probably due to the lower sp? cluster size
involved. The lower energy of Pk3 is probably due to emission from the phase with higher
defects resulting in longer tail states and the a-SiCN:H phase having more elements
involved may result in higher defect density. Thus, it can be concluded that the origin of
PL emission produced by Pk3 and Pk2 is due to recombination in the tail states of the
C(sp?)-N clusters in the a-SiCN:H and a-CN:H phases respectively. Pk5 is the lowest
energy PL emission with emission intensity higher than PL emission of Pk2. This PL
emission may have its origin from radiative recombination in the tail states of H related

bonds in the film structure formed from N-H or Si-H bonds.
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4.7.2 Effects of Nitrogen Flow-Rate on the Photoluminescence Properties of Films
Deposited on Glass Substrates

Figure 4.21(a) to (e) show the PL spectra of the a-SiC:H and a-SiCN:H films
deposited without N> and at N> flow-rate of 10 to 50 sccm on glass substrates. The spectra
are deconvoluted into two component peaks contributing to the main spectra. PL intensity
for the films on glass substrates is significantly low compared to the intensity of the films

on c-Si substrates shown in Figure 4.19.

Figure 4.21: Deconvoluted PL emission spectra of a-SiC:H and a-SiCN:H thin films
deposited on glass substrate deposited with Nz flow-rate of (a) 0, (b) 10, (c) 20, (d) 40
and (e) 50 sccm respectively.

The deconvolution of the PL spectra of the a-SiC:H and a-SiCN:H films deposited
from the discharge of SiH4 and CH4 without and with N> on glass substrates results in

two similar component peaks Pk1 (peak positions between 2.92 - 2.98 eV) and Pk3 (peak
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positions between 2.17 - 2.3 eV) with the latter peak being more intense than the former.
The origin of Pk3 as proposed for the films on c-Si substrates is due to recombination
within tail states of the a-C:H phase the tail states are formed from C(sp?)-C and C(sp?)-
N clusters in the film. The lower intensity of the PL emission shows that the sp? clusters
and the defect densities in the a-C:H phase are smaller in size in the films on glass
substrates.

Since FTIR and Raman spectroscopy analysis are not done on the films on glass
substrates, the presence of phases in the films has to be deduced from the relationship
between the growth rate and PL emission properties with the vibrational properties on c-
Si substrates and the growth rate and PL emission properties with the band gap values of
the films on glass substrates. The decrease in the growth rate of the films with increase in
N2 flow-rate appears to be related to the increment of Si-N bonds in the film structure as
shown in Figure 4.8 and Figure 4.5 for the films on c-Si substrates. Since the growth rate
trend of the films on glass substrates with N> flow-rate is similar to the films on c-Si
substrates, it is deduced that the Si-N bond concentration in the film on glass substrate
also increases with increase in N> flow-rate. Thus, the Ey4 band gap can be deduced to be
related to the concentration of Si-N bonds in the films on the glass substrates.

Similarly, since the E7..c band gap is related to the tail states produced by defects
in the film structure on glass substrates and PL emission of Pk3 in the films on c-Si has
been related to the tail states in sp? clusters in the a-C:H phase, therefore the E7uuc band
gap can be deduced to be related to defects in a-C:H phase of the films on glass substrates.
This deduction is supported by the similar trends shown by the E7a.c band gap in Figure
4.11(b) and the Pk3 PL emission intensity in Figure 4.20(b) with N> flow-rate for the a-
SiCN:H films deposited with N». The PL emission of Pkl from the films on c-Si
substrates has been deduced to be contributed by the defects in a region where the carbon

clusters are surrounded by Si-C matrix as claimed by Wu et al. (2014).
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On the other hand, the PL emission intensity of Pk1 shows similar variation with
N> flow-rate as Eps band gap values in Figure 4.22 for the a-SiCN:H films. Since as
mentioned earlier the Ey, band gap values is contributed by the dominant phase in the
films, it can be concluded here that the increase in PL emission intensity of Pk1 for films
on glass substrates with increase in N> flow-rate is due the increase in the presence of
phases with Si-N bonds like a-SiCN:H and a-CN:H phases in the film structure. Eps band
gap energy values for these films are larger than the Pk1 energy values due to the fact that
these PL emissions are contributed by radiative combination in the tail states of these
phases. Thus, films on glass substrates are also multiphase in structure consisting of

mixed phases of a-SiCN:H, a-CN:H, a-SiC:H and a-C:H as in the films on c-Si substrates.

Figure 4.22: Peak positions and PL emission intensities of the deconvoluted peaks
obtained from the PL emission spectra of the films on glass substrates versus
nitrogen flow-rate.
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4.8 Summary

The results and analysis presented above show that N> flow-rate produced
significant influence the elemental composition, bonding and photoluminescence
properties of a-SiCN films deposited by PECVD on c-Si substrates. Subsequently, PL
and optical properties were also investigated for films grown on glass substrates with
respect to N> flow-rate and also showed dependence on the N, flow-rate. The films grown
on both c-Si and glass substrates were multi-phase in structure with dominant component
of a-SiCN:H, a-SiC:H and a-C:H phases affecting the microstructure, optical and
photoluminescence properties of the films.

The incorporation of nitrogen atoms into the film structure was influenced
significantly by the energy of nitrogen atoms bombarding the growth sites which was
observed to be the effect of the changes in the N» flow-rate introduced during the
deposition process. The impact energy of N atoms decreased with increase in N flow-
rate due higher frequency in collisions with the increasing number of N> molecules along
with the presence of SiHs and CH4 molecules in the plasma. The increase in the number
of N atoms reaching the growth sites reduces the probability of SiH3 and CH3 growth
precursors reaching the growth sites. This was reflected from the results showing decrease
in the growth rate of the films with increase in N> flow-rate.

The results obtained from the AES depth profile analysis showed that N> flow-
rate had significant effects on the relative atomic concentration and distribution of Si, C,
N and O atoms within the thickness of a-SiCN:H. The distribution of these atoms within
the film thickness becomes inhomogeneous with the inclusion of N> gas in the deposition
process. The AES depth profile showed that low N> flow-rate resulted in inhomogeneous
distribution of the Si, C, N and O atoms within the film thickness due to the effects of
high energy N atoms bombardments on the growing surface of the film. The decrease in

the energy of N atom bombardments at high nitrogen gas flow rate was shown to improve
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the distribution of these atoms within the film thickness. The AES and FTIR analysis
showed that at high N> flow-rates, the N atoms are bonded to either the Si and C atoms
forming Si-C-N, C-Si-N, Si-C=N or Si-C=N bonds thus were more favourable in forming
a-SiCN phases.

The higher impact energy at low Na flow-rates reduced the presence of sp>-C
clusters in the film structure as reflected by analysis done the Raman spectra of the films.
On the other hand, the decrease in the high impact energy and increase in the number of
N atoms reaching the growth sites at high N flow-rates enhanced N incorporation into
the film structure in the form of and Si-N and C(sp?)-N clusters. The decrease in impact
energy and increase in the number of reactive N atoms at the growth sites at high N> flow-
rates reduced residual compressive stress on the sp>-C clusters increased the size of the
sp?-C clusters in the a-C:H phases in the film structure.

Increase in Eri with increase in N flow-rate was shown to be due to the increase
in the number of phases in the film structure. The overlapping of the tail states within the
band gap has caused the low E7u.c values of the films, which were not dependent on the
Nz flow-rate. The N> flow-rate produces significant effects on the Eos and Ewi values
which are dependent on the dominant phase present in the film structure. The decrease in
the refractive index of the films was shown to be consistent with the decrease in the a-
C:H phase in the films as result of the decrease in N atom incorporation in the film
structure. The reduction in carbon phase makes the film becomes less dense hence
resulted in the lower refractive index.

The broad PL emission peaks covering spectral range from 400 to 750 nm indicate
the multi-phase structure of the films and emission spectra are due to overlapping
emission band spectra produced by the different phases in the film structure. The PL
emission analysis showed that it was substrate dependent with higher emission from the

films on c-Si substrates. The PL emission intensity was decreased with the presence of
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N> in the deposition process of the films in this work. The a-SiCN: H films on c¢-Si
produced PL emission peaks at 2.81, 2.41, 2.30, 2.13 and 1.85 eV. The PL emission band
at 2.3 eV was only present in the films deposited with N>. Analysis of the results strongly
suggested that the origin of the weak PL emission at 2.81 eV was attributed recombination
process in the defects states in the region where the carbon clusters are surrounded by Si-
C matrix.

PL emission at 2.41 eV and 2.3 eV was proposed to be from the recombination
within tail states of a-CN:H and a-SiCN:H phases in the film structure where the tail states
are formed from C(sp?)-N clusters instead of C(sp?)-C clusters in the film. The origin of
the lowest energy PL emission at 1.85 eV was attributed to radiative recombination in the
tail states of H related bonds in the film structure formed from N-H or Si-H bonds. The
intense PL emission from the film deposited without N> at 2.13 eV was supressed in the
films with N>. The PL emission was proposed to occur through recombination within tail
states of a-C:H in the films where the tail states are formed from sp>-C clusters in the
film. PL emission was shown to be substrate dependent.

PL intensity for the films on glass substrates was significantly lower compared to
the intensity of the films on c-Si substrates. Only two PL emission peaks were present
with the dominant peak at around 2.17 to 2.3 eV which from above analysis had its origin
recombination within tail states of the a-C:H phase. The lower intensity of the PL
emission showed that the sp? clusters and the defect densities in the a-C:H phase are

smaller in size in the films on glass substrates.
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CHAPTER 5: EFFECTS OF AGEING AND ANNEALING TEMPERATURE ON

AMORPHOUS SILICON CARBON NITRIDES THIN FILMS

5.1 Introduction

Ageing and annealing effects on the properties of silicon and carbon based films
have been a major concern in many studies as the stability of the film properties on
exposure to normal atmospheric environment with time and thermal effects on the film
properties are crucial in the applications of these materials in devices (Fernandez-Ramos
et al., 2003; Kozak et al., 2015; Persheyev et al., 2005). In this chapter, two important
issues affecting the structural and optical properties of a-SiC:H and a-SiCN:H films are
studied. The stability of these properties with respect to ageing in atmospheric
environment and thermal annealing are discussed and analysed. The ageing effects of
films exposed to atmospheric environment for 30 days are studied with respect to the
structural properties which include the chemical bonding properties and microstructural
properties measured from the Fourier transform infrared (FTIR) and micro Raman
scattering spectra of the films respectively.

These properties obtained from films deposited by PECVD from the discharge
of SiH4 and CH4 without and with N> at different flow-rates are studied and analysed. The
films deposited at N2 flow-rate of 10 and 40 sccm are chosen based on their ageing
properties to represent films deposited at low and high N> flow-rates respectively for the
studies on the effects of annealing on the structural and optical properties of the films.
FTIR, Raman scattering, optical transmittance and reflectance spectra of the films are
analysed in great details. The FTIR and Raman spectra analysis are done on films
deposited on c-Si substrates while the optical transmission and reflection spectra analysis
are done on films deposited on glass substrates. The bonding properties, microstructural

properties, band gap energy and refractive index of the multi-phase structure of the a-
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SiCN:H films with respect to the annealing temperatures are analyzed. The results are

used to relate the optical parameters to the bonding properties of the films.

5.2 Aging Effects on the Bonding Properties: Fourier Transform Infrared
Spectroscopy

Figure 5.1 shows the FTIR spectra of the a-SiC:H thin film deposited without N>
and after 30 days in atmospheric environment. According to the figure, the aged film
deposited from the discharge of SiH4 and CH4 without N> produces an increase in Si-CH3
(1030 cm™) and OH (3402 cm™') absorption band intensity and a decrease in the
absorption band intensity of Si-H (2145 cm™) and C-H (2908 cm™). The Si-C (812 cm™)
band remains stable with aging showing no change in intensity or shift in the peak
position. The decrease in the Si-H and C-H band intensity and an increase in O-H band
intensity with respect to the aging show that the Si-H and C-H bonds in the film are weak
and O atoms from the environment easily diffuse into the film structure. The O atoms
diffuse into the Si-H and C-H bonds forming O-H bonds. The Si-C bonds formed are
strong and H atoms released from Si-H and C-H bonds are bonded to free bonds on the
Si and C atoms forming Si-CH3 bonds explaining the increase in the Si-CH3 band

intensity.

Figure 5.1: FTIR spectra of the a-SiC:H thin films deposited without N2 showing
the ageing effect after 30 days at atmospheric environment.
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Figures 5.2 show the FTIR spectra of the a-SiC:H thin films deposited at N>
flow-rates of (a) 10 sccm, (b) 20 scem, (¢) 40 scem and (d) 50 scem showing the ageing
effect after 30 days in atmospheric environment. These FTIR spectra show that aging in
of these films in atmospheric environment result in an increase in Si-C-N (1075 cm™) and
C-N (1176 cm™) absorption band intensities, decrease in the Si-N (930 cm™) and Si-C
(807 cm™) absorption band intensities. The peak centred at 1080 cm™! is often disputed
and reported to correspond to Si-O bonds (Chu et al., 1995). The Si-H, OH, C-H and N-
H vibrational band appear to be stable with aging with incorporation of N atoms in the

films through introduction of N> gas into the discharge during the deposition process.

Figure 5.2: FTIR spectra of the a-SiCN:H thin films deposited at N2 flow-rates of (a)
10 scem, (b) 20 sccm, (c) 40 sccm and (d) 50 sccm showing the ageing effect after 30
days at atmospheric pressure.

The FTIR spectra of the a-SiCN:H films deposited with N> at different flow-
rates in the region between 675 to 1365 cm™ are deconvoluted into the four component
absorption bands in this region namely C-N, Si-C-N/Si-O, Si-N and Si-C absorption

bands. The variation of the integrated intensity of the C-N, Si-C-N/Si-O, Si-N and Si-C
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absorption bands with N> flow-rate are shown in Figures 5.3(a), (b), (c) and (d)
respectively. The C-N and Si-C-N/Si-O integrated band intensities increase significantly
when aged but the integrated band intensity of Si-N band decreases with aging. The
integrated intensity of the Si-C band decreases with aging for the films deposited with N>
flow-rates of 20 and 50 sccm but no change in intensity is observed for the films deposited
with N> flow-rates of 10 and 40 sccm. This suggests that the Si-C bonds formed in these

film deposited with N> flow-rate is very stable.

Figure 5.3: Variation of integrated intensity of (a) C-N, (b) Si-C-N, (¢) Si-N and (d)
Si-C bonds in a-SiCN:H films with N2 flow-rate for as-prepared and aged films.
Awad et al. (2010) suggested that aging effects in post deposited of polymer
films of a-SiC:H and a-SiOC;H is attributed to oxidation. Si atoms have a high affinity
for oxygen such that the films degrade due to the incorporation of oxygen atoms into the
deposited films left for 800 h in at ambient conditions. The Si-H, Si-C and C-H bonds in
the polymer films were identified to be responsible for the strong oxidation of the
deposited material. In this work, the aged a-SiCN films show no significant change in the

intensities of the Si-H, C-H and OH bands.
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The results in Figure 5.3 suggest bond transformation through migration of N
atoms from broken Si-N bonds to bond with Si-C bonds and C atoms in the film structure
forming Si-C-N and C-N bonds. Since the H related band intensities representing Si-H,
O-H, C-H and N-H bonds show no change with aging, suggesting that these bonds are
very stable with time. Since the Si-C-N peak centred at 1080 cm™ also has been related
to Si-O absorption band and increase in the intensity of this band with aging can be also

contributed by diffusion of O from the ambient atmosphere forming Si-O bonds.

5.3 Aging Effects on the Microstructural Properties: Raman Scattering
Spectroscopy

In order to characterize the microstructural properties of the graphitic phase in
the a-SiCN:H related to ageing, Raman analyses are carried out. Figures 5.4(a) to (¢) show
the effects of ageing on the C-related bonds of the a-SiC:H and a-SiCN:H films deposited
without N> and at different N> flow-rates respectively. A new Raman peak which
corresponds to the T-band of the C-N bond at ~1119 cm™ (Mihailescu et al., 1998) appear
in all the aged films. This result shows that N atoms from broken Si-N bonds also migrate
to C atoms in the graphitic phases of the film structure to form C-N bonds in the T-mode.
The graphitic grains are significantly reduced with ageing as reflected by the significant
decrease in the intensity of the D and G bands at around 1491 cm™ and 1586 cm™ for the

aged films.
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Figure 5.4: The effects of ageing on the Raman spectra of the (a) a-SiC:H and a-
SiCN:H films deposited at N2 flow-rates of (b) 10 sccm, (¢) 20 sccm), (d) 40 sccm and
(e) 50 sccm.

The Raman spectra of the films in Figure 5.4 are deconvoluted into three Gaussian
bands to component phonon modes at ~1119 cm™!, ~1491 cm™ and 1586 cm™. The
signature at ~1119 cm™ and 1586 cm™ correspond to the T band of C-N bonding and
C(sp?)-N vibrations respectively. The band at ~1491 cm™ arises from limitation in the
graphic domain size induced at imperfections due to substitution of N atoms
(Chattopadhyay et al., 2001). The bands at ~1491 cm™ and ~1586 cm™ are generally
recognized as the D and G band. The integrated intensities of deconvoluted C-N, D and
G peaks, FWHM of G peak and Ip/Ig of Raman spectra of aged samples and as-prepared

films at different N flow-rates are tabulated in Tables 5.1 and 5.2 respectively.
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Table 5.1: Integrated intensities of deconvoluted C-N, D and G peaks, FWHM of G
peak and In/Ic of Raman spectra of aged samples with respect to N2 flow-rate.

N2 Integrated  Integrated Integrated In/lc FWHM G
Flow-Rate Intensity of Intensity of Intensity of (£0.05 Peak
(sscm) C-N Peak D Peak G Peak a.u) *5cm?)
(£0.3 a.u.) (£0.3 a.u.) (£0.3 a.u.)
0 16.0 6.0 10.3 1.7 172
10 30.8 4.5 8.0 1.8 140
20 22.4 74.3 38.4 0.5 101
40 27.2 69.0 30.1 0.4 99
50 23.6 7.90 11.8 1.5 249

Table 5.2: Integrated intensities of deconvoluted C-N, D and G peaks, FWHM of G
peak and Ip/Ic of Raman spectra of as-deposited samples with respect to N2 flow-

rate.

N2 Integrated  Integrated In/lc FWHM G

Flow-Rate Intensity of Intensity of (£ 0.05 a.u) Peak

(sscm) D Peak G Peak (5 cmM)

(£0.3 a.u.) (£0.3 a.u.)

0 56.2 365.5 0.15 190
10 40.6 83.7 0.49 116
20 34.9 47.2 0.74 96.5
40 96.0 141.9 0.68 177
50 41.9 124.4 0.34 196

The variation of the integrated intensity of Raman peaks of as-prepared and aged

a-SiC:H and a-SiCN:H films with N> flow-rate is shown in Figure 5.5. The T band of the

C-N bond is only present in the aged film, thus indicating that the C-N bonds transform

into this phonon mode with aging suggesting that this is the relaxed form of these bonds.

The intensity for this band is highest for the film deposited at N> flow-rate of 10 sccm

suggesting that the strong N ion bombardment during the growth process forms weak Si-

N bonds and with time these N atoms migrate towards free C atoms to form larger number
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of these strong C-N bonds. A very significant decrease in the G band is observed for the
film deposited without N». The G band intensity decreases for films deposited at all N»
flow-rates except when deposited at N> flow-rate of 20 sccm when no significant change
is observed. The D peak intensity shows a slight decrease in intensity when aged for all
films deposited at all N> flow-rates except for the film deposited at 20 sccm where the

intensity for the aged film is higher than the intensity of as-prepared film.

Figure 5.5: Variation of integrated intensity of Raman peaks of as-prepared and
aged a-SiC:H and a-SiCN:H films with Nz flow-rate.

Figure 5.6 shows the variation of FWHM of G peak and Ip/Ig of Raman peaks of
as-prepared and aged a-SiC:H and a-SiCN:H films with N flow-rate. The FWHM of the
G peak only shows a significant change for the films deposited at N flow-rates of 40 and
50 scem. The significant decrease in the FWHM of the G peak of the aged film deposited
at N2 flow-rate of 40 sccm shows that the graphitic phase of the film becomes more
ordered for the aged film but becomes more disordered when aged for the film deposited
at N> flow-rate of 50 sccm. Kim et al. (2008) reported that Ip/IG is inversely proportional
to the cluster diameter. The low Ip/Ig value for the aged film compared to the as-prepared
film deposited at 40 sccm strongly indicates the sp?>-bonded C clusters of graphitic phase

in this film increases in size when aged. Thus, the result shows a large decrease in the
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size of sp>-bonded C clusters in the graphitic phase of film deposited at N> flow-rates of

10 and 50 sccm when aged.

Figure 5.6: Variation of FWHM of G peak and Ip/lc of Raman peaks of the as-
prepared and aged a-SiC:H and a-SiCN:H films with different N2 flow-rate.

These results imply that N> flow-rate of 40 sccm produces the optimum N ion
bombardment effects to form a-SiCN:H films with graphitic phase which improves in the
structural order and increases the size of the sp’-bonded C clusters with aging in
atmospheric environments. The high N ion bombardments during growth of the film
deposited at N> flow-rate of 10 sccm results in unstable bonds which result in increase in
structural disorder and decrease in the sp>-bonded C clusters when aged in atmospheric

environment.

5.4 Annealing Effects on the Bonding Properties: Fourier Transform Infrared
Spectroscopy

The effects of annealing are done on the films deposited at N> flow-rates of 10
and 40 sccm based on the results obtained from the ageing studies presented in the
previous sections. The film deposited at N, flow-rate of 10 sccm has the maximum N ion
bombardment effects resulting in structural properties which deteriorate with aging in

atmospheric environment. The film deposited at N> flow-rate of 40 sccm on the other
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hand receive the optimum N ion bombardments effects which result in enhancement of
the structural properties with aging in atmospheric environment. The films annealed in
this work are done on the films which have been exposed to atmospheric environment for
30 days. Figure 5.7 and Figure 5.8 show the FTIR spectra of a-SiCN:H thin films
deposited from the discharge of SiH4 and CH4 at N> flow-rate of 40 and 10 sccm when
annealed at temperatures of 100 to 500 °C. All plots show dominant presence of Si-C-N

band accompanied by C-N band compared to Si-N and Si-C bonds.

Figure 5.7: FTIR spectra of a-SiCN:H thin film deposited from the discharge of SiH4
and CHj4 at N2 flow-rate of 40 sccm when annealed at temperatures of 100 to 500 °C.
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Figure 5.8: FTIR spectra of a-SiCN:H thin film deposited from the discharge of SiH4
and CHj4 at N2 flow-rate of 10 sccm when annealed at temperatures of 100 to 500 °C.

The FTIR spectra of the a-SiCN:H films annealed at different temperatures in the
region between 675 to 1365 cm™! are deconvoluted into the four component absorption
bands in this region as done earlier namely C-N, Si-C-N, Si-N and Si-C absorption bands.

The variation of the integrated intensity of these bands with annealing temperatures for
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the films deposited at N> flow-rates of 40 and 10 sccm are shown in Figures 5.9 and 5.10
respectively. For both films, prior to annealing, the integrated intensities of the Si-C-N
and C-N bands are higher than the Si-N and Si-C bands.

The variations of the Si-C-N, C-N, Si-C and Si-N band intensities of the film
deposited at N> flow-rates of 40 are shown in Figure 5.9(a) and (b). The analysis on the
annealing effects on the bonding properties of the films are divided into two regions of
annealing temperatures: Region 1 (R1) covers annealing temperatures up to 300 °C and
Region 2 (R2) covers annealing temperatures of 400 and 500 °C. Annealing temperature
of 300 °C appears to be the transition point in the mechanism involved in the
transformation of the bonding properties of both these films. In R1, the intensity of the
Si-C-N, Si-N and C-N band decreases in intensity when annealed at temperatures of 100

and 200 °C and increases to a maximum when annealed at 300 °C.

Figure 5.9: Variation of (a) Si-C-N and C-N and (b) Si-N and Si-C bond intensities
with annealing temperature for the film deposited from the discharge of SiH4 and
CHys at flow-rate N2 of 40 sccm.
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The intensity of the C-N decreases at a faster rate compared to the other two band
intensities showing that N atoms out diffuse from the C-N bonds at a faster rate suggesting
that the N atoms in the C-N bonds are more loosely bonded compared to the N atoms in
Si-C-N and Si-N bonds. The Si-C-N and C-N band intensities decrease steeply to a
minimum when annealed at 400 °C and increases again slightly when annealed at
temperature of 500 °C in R2. The Si-N band intensity decreases continuously when
annealed at 400 and 500 °C. The Si-C band intensity shows a continuous increasing trend
to a maximum when annealed at 300 °C in R1 and a decrease in intensity to a minimum
when annealed at 400 °C and remains constant when annealed further at 500 °C in R2.
Fernandez-Ramos ef al. (2000 & 2003) reported in their work on the effects of annealing
on Si doped carbon nitride and pure carbon nitride films that N atoms are released from
these films when annealed between temperatures of 200 and 350 °C as deduced from the
constant decrease in N to C ratio of these films when annealed. Therefore, the decrease
in the Si-C-N, Si-N and C-N band intensity annealed at 100- 200 °C can be attributed to
the out diffusion process of N atoms from weak C-N, Si-N and Si-C-N bonds.

These N atoms remains trapped in the film structure as the thermal energy is not
sufficient to release these atoms from the film. The low N ion bombardment during the
growth process as a result of the low N> flow-rate also leaves trapped N atoms within the
vacancy regions in the film structure. Diffusion of these N atoms into the film structure
forming stronger bonds to Si and C atoms may contribute to the increase in C-N, Si-N
and Si-C-N band intensities when annealed at 300 °C. Further annealing at 400 °C
decreases these band intensities as the thermal energy at this annealing temperature is
sufficient to break C-N and Si-N bonds releasing N atoms from the film structure. The
Si-N band intensity continues to decrease when annealed at 500 °C and the N atoms
released from these bonds are diffused into free C bonds to form Si-C-N and C-N bonds

explaining the slight increase intensities of the Si-C-N and C-N band intensities.
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Restructuring of free Si and C bonds left by the out-diffusion of N atoms increases the
band intensity of the Si-C band when annealed at temperatures of 100, 200 and 300 °C.

It is observed from the analysis above that the film deposited at N> flow-rate of
40 sccm after aging process consists of N atoms bonded to Si and C atoms forming Si-N,
C-N and Si-C-N bonds forming a-SiN, a-CN and a-SiCN phases. The N atoms are either
weakly or strongly bonded to the Si and C atoms. The first phase of out-diffusion of N
atoms occurs when the film is annealed at 100 and 200 °C but these N atoms remains the
film structure as trapped N atoms. Annealing temperature of 300 °C provide sufficient
thermal energy for restructuring involving the formation of Si-C and strong C-N and Si-
N bonds. The second phase of out-diffusion and evolution of N atoms happens when the
film is annealed at 400 °C and this involved more N atoms as compared to the number of
N atoms released from Si and C atoms when the film is annealed at 200 °C. Another phase
of restructuring occurs at annealing temperature of 500 °C involving migration of N atoms
from Si-N bonds to form C-N bonds and bonding of the Si bonds vacated by the N atoms
to C atoms forming Si-C bonds.

The variations of the Si-C-N, C-N, Si-C and Si-N band intensities of the film
deposited at N> flow-rate of 10 sccm are shown in Figure 5.10(a) and (b). The Si-C and
C-N band intensities follow similar trends with increase in these band intensities when
annealed at 100 °C and remain constant when annealed at 200 °C in R1. These band
intensities decrease when annealed at 300 °C. In R2, these band intensities increase to a
continuously when annealed further at 400 and 500 °C. The Si-C-N band intensity
increases and decreases alternately when annealed at temperatures of 100, 200 and 300

°C in Region 1.
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Figure 5.10: Variation of (a) Si-C-N and C-N and (b) Si-N and Si-C bond intensities
with annealing temperature for the film deposited from the discharge of SiH4 and
CHys at flow-rate N2 of 10 scem.

On the other hand, the Si-N band intensity remains constant in when annealed at
100 and 200 °C and decreases only when annealed at 300 °C. In R2, the Si-N and Si-C-N
band intensities decreases and increases continuously respectively when annealed at
temperatures of 400 and 500 °C. Removal of defects such as dangling bonds and
vacancies at low annealing temperatures increases the number of C-N and Si-C bonds in
this film structure. The presence of defects and dangling bonds is due to the high N ion
bombardment effects during the growth process of this film. Annealing at temperature of
300 °C observes an increase the Si-C-N band intensity and decrease in the Si-N, C-N and

Si-C band intensities. These effects suggest that N atoms are released from C-N and Si-
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N bond and are diffused into Si-C bonds forming more Si-C-N bonds which also explains
the decrease in the Si-C bond intensity. Active restructuring appears to occur when
annealed at temperature of 400 °C, as the Si-C and C-N band intensities show a noticeable
increase compared to the Si-N and Si-C-N band intensities.

Figures 5.11(a), (b) and (c) show the variations of the ratio of Si-N, C-N and Si-
C band intensity to the Si-C-N band intensity labelled as Si-N/Si-C-N, C-N/Si-C-N and
Si-C/Si-C-N respectively. Analysis on the variation of these parameters with respect to
the annealing temperature is to complement the above analysis since Si-N, C-N and Si-C
can be component bonds of the Si-C-N bond to form the a-SiCN phase or isolated bonds
from the Si-C-N bonds forming the a-SiN, a-CN or a-SiC phases in the film structure.
From the FTIR analysis, since the Si-C-N bonds have their own phonon band, these bonds
are assumed to originate from the a-SiCN phase while the Si-N, C-N and Si-C bond are
bonds formed in the a-SiN, a-CN and a-SiC phases. R1 and R2 in these figures cover the

same annealing temperature range assigned in Figures 5.9 and 5.10.
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Figure 5.11: Variation of (a) Si-N/Si-C-N, (b) C-N/Si-C-N and (c¢) Si-C/Si-C-N with
annealing temperature.
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It is demonstrated in Figure 5.11(a), (b) and (c) that C-N bonds are the most
dominant bonds with respect to the Si-C-N bonds in the structure of film deposited at N
flow-rate of 10 and 40 sccm suggesting that the a-CN phase is the most dominant phase
compared to a-SiN and a-SiC phases with respect to the a-SiCN phase in these film
structures. In fact, for the as-deposited film and the film annealed at 100 °C, for the film
deposited at N> flow-rate of 10 sccm and the film annealed at 200 °C, for the film
deposited at N2 flow-rate of 40 sccm, the a-CN phase is more dominant than the a-SiCN
phase since the ratio exceeds 1.

The a-CN phase increases in dominance when annealed at 100 and 200 °C. When
annealed at 300 °C, both a-SiN and a-SiC phases increases while the a-CN phase
decreases although the a-CN is still the most dominant phase besides the a-SiCN phase.
In R2, the a-SiN and a-SiC phases continue to increase along with the a-CN phase. Thus,
it can be seen here that the number of component phases increases when annealed at
temperatures of 300 and 400 °C. The a-SiN, a-CN and a-SiC phases decreases with
respect to the a-SiCN when annealed at 500 °C. In Figure 5.11(a), it can be seen that in
R1, the a-SiN phase is higher in the film deposited at N> flow-rate of 10 sccm while in
R2, it is reversed with the increase in dominance of the a-SiN phase when the film is
annealed at 400 °C.

Figure 5.11(b) shows that in the a-CN phase is higher in the film deposited at N>
flow-rate of 40 sccm when as-prepared and when annealed at 100 °C. Then it continues
to decrease when annealed at 200 and 300 °C in R1. The a-CN in the film deposited at N»
flow-rate of 10 sccm preaches a maximum when annealed at 200 °C. In R2, the a-CN of
the film deposited at N, flow-rate of 40 sccm decreases and increases again when
annealed at 400 and 500 °C respectively. The reversed trend is observed for the film
deposited at N> flow-rate of 10 sccm with the a-CN phase being more dominant in this

region compared to the a-CN phase in the film deposited at N, flow-rate of 40 sccm.
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Figure 5.11(c) shows that the a-SiC phase show an increasing trend and reaches a
maximum when annealed at 400 °C and decreases slightly when annealed at 500 °C for
the film deposited at N> flow-rate of 40 sccm. The a-SiC phase in the film deposited at
N> flow-rate of 10 sccm is much lower compared to the a-SiC phase in the film deposited
at N> flow-rate of 40 sccm. Annealing does not change the Si-C/Si-C-N ratio except for
a slight dip when the film is annealed at 300 °C.

The number of phases in film deposited at N, flow-rate of 40 sccm increases in
R2 while the number of phases appears to be higher in R1 for the film deposited at N>
flow-rate of 10 sccm. Annealing of the film deposited at N> flow-rate of 10 sccm does not
increase the number of phases in the film structure. When annealed only the a-CN phase
appears to be increased thus the material is dominated mainly by the a-SiCN and a-CN
phase with increase in annealing temperature. However, for the film deposited at N> flow-
rate of 40 sccm, annealing at high temperatures of 300 °C and above increases the
presence of a-SiN and a-SiC phases which are present along with the a-SiCN and a-CN
phases. Thus annealing of this film at these temperatures increases the number of phases

in the film structure.

5.5 Annealing Effects on the Microstructural Properties: Raman Infrared
Spectroscopy

Figure 5.12 and Figure 5.13 presents the Raman spectra of the a-SiCN films as-
deposited and annealed at temperatures of 100 to 500 °C grown at N> flow-rates of 10 and

40 sccm scanned within the range from 906 to 1725 cm’!

. The Raman peak which
corresponds to the T-band of the C-N bond at ~1119 cm™ appear in all films annealed at
temperatures up to 200 °C. Similarly, the peak for the D and G bands at around 1491 cm’
"'and 1586 cm™! also disappear when annealed at 400 and 500 °C. This suggests that this

T-mode of the C-N bond in these films are embedded within the a-C:H phase of the films.
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Figure 5.12: Raman spectra of the deposited a-SiCN films deposited at N2 flow-rate
of 40 sccm and annealed at different temperatures.

Figure 5.13: Raman spectra of the deposited a-SiCN films with N2 flow-rate of 10
sccm and annealed at different temperatures.

The Raman spectra in this region is deconvoluted into the three bands which
corresponds to the T-band of the C-N bond at ~1119 cm™ and the D and G bands at around
1491 cm™ and 1586 cm™! as done for the aged films. Analysis is done only on the films

annealed at 100, 200 and 300 °C because no observable peaks are observed in the films
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annealed at 400 and 500 °C showing that graphitic phases are not present in these films.
Figure 5.14(a) shows the variation of Raman integrated intensity with annealing
temperature. The D and G peaks increases to a maximum when annealed at temperature
of 100 °C and are more prominent for the film grown at N> flow-rate of 10 sccm. The
intensities of these bands increase again when annealed at 300 °C. The graphitic phase is
therefore most prominent in the film grown at N flow-rate of 10 sccm when annealed at

temperature of 100 °C.

Figure 5.14: Variation of (a) D and G and (b) C-N band intensities with different
annealing temperature.

Figure 5.14(b) show variation of the C-N band intensities with annealing
temperature. The T-mode of the C-N band is also most prominent in the film grown at N>

flow-rate of 10 sccm when annealed at temperature of 100 °C. For the film grown at N>

flow-rate of 40 sccm, this band decreases to the lowest point when annealed at 100 °C
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and saturates at this value when annealed further. This shows that these C-N bonds in the
graphitic phase are weak and releases N atom when annealed especially for the film
grown at N> flow-rate of 10 sccm.

Figures 5.15(a) and (b) presents the variation of FWHM of the G band and Ip/Ig
with annealing temperature respectively. As-deposited the FWHM of the G band of the
film deposited at N flow-rate of 10 sccm is smaller than film deposited at N> flow-rate
of 40 sccm. Therefore, the graphitic phase in the film structure of the film deposited at N>
flow-rate of 10 sccm is more ordered compared to the graphitic phase in the film deposited
at N> flow-rate of 40 sccm. When annealed at 200 °C, the FWHM of the film deposited
at N> flow-rate of 10 sccm decreases to a saturation value and the FWHM of film
deposited at N2 flow-rate of 40 sccm decreases to a minimum and increases significantly

when annealed at 300 °C. Thus the graphitic phase of these films is most ordered when

annealed at 200 °C.

Figure 5.15: Variation of (a) FWHM of G band and (b) In/I¢ with different annealing
temperature.
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The Ip/Ig value in this case is related to the size of the sp>-bonded C clusters the
graphitic phase where larger grain size records a low Ip/Ig value. As-deposited, as a result
ageing, the size of the sp>-bonded C clusters of the graphitic phase in the film structure
shows almost no difference in value. However, when annealed at 200 °C, the grain size
of the graphitic phase in the film deposited at N> flow-rate of 10 sccm is observed to
decrease significantly as induced from the significant increase in the Ip/Ig value. The size
of the sp?>-bonded C clusters of the graphic phase of the film deposited at N, flow-rate of
40 sccm however increases when annealed at temperature of 200 °C. The film deposited
at Nz flow-rate of 40 sccm shows a decrease in the size of the sp>-bonded C clusters of
the graphitic phase when annealed at 300 °C. The decrease in the size of the sp>-bonded

C clusters also is seen to increase the disorder of the graphitic phase of the film.

5.6 Annealing Effects on the Optical Parameters: Optical Transmittance and
Reflectance Spectra
5.6.1 Transmittance

Figure 5.16 and Figure 5.17 depicts the transmittance and reflectance spectra a-
SiCN films deposited at N> flow-rate of 40 and 10 sccm respectively annealed at different
temperatures up to 400 °C. These films are deposited on glass substrates therefore
annealing at 500 °C is not done as the glass substrate becomes distorted when annealed
at this temperature since it is close to the melting point of this substrate. The transmittance
of the film deposited at N> flow-rate of 40 sccm decreases with increase in annealing
temperature from 100 to 300 °C but increases slightly when annealed at 400 °C from the

visible to near infra-red region.
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Figure 5.16: a-SiCN films that are deposited at N2 flow-rate of 40 sccm and
underwent different annealing temperature treament: (a) Transmission and (b)
reflectance spectra.

Figure 5.17: a-SiCN films that are deposited at N2 flow-rate of 10 sccm and
underwent different annealing temperature treament: (a) Transmission and (b)
reflectance spectra.
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The film deposited at N> flow-rate of 10 sccm shows decrease in transmittance
with increase in annealing temperature from 100 to 400 °C only in the visible region. The
transmittance of the film deposited at N> flow-rate of 40 sccm decreases when annealed
at 100 °C but increases again with increase in annealing temperature from 200 to 400 °C
from the visible to near infra-red region. The reflectance of the film deposited at N flow-
rate of 10 sccm increases significantly when annealed at 200 °C but decreases again when
annealed at 300 °C and 400 °C. The film deposited at N> flow-rate of 10 sccm produces a
systematic red shift of the absorption edge suggesting a systematic decrease in the band
gap of the film with increase in annealing temperature from 200 to 400 °C. The shift in
the absorption edge for the film deposited at N> flow-rate of 40 sccm does not show a

consistent trend with annealing temperature.

5.6.2 Optical Energy Gap

Figure 5.18 shows the variation of the optical band gap energy (E7uuc) and energy
at absorption of 10* cm (Ey) with annealing temperature for films deposited at N> flow-
rates of 10 and 40 sccm. These parameters have been obtained from the transmittance and
reflectance spectra using calculations detailed in Chapter 3. Ey,represents the band edge
of the films while Etauc energy gap separating the highest localized states on the valence

band and the lowest localized states on the conduction band of the films.
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Figure 5.18: Variation of optical band gap energy (ETauc) and energy at absorption
of 10* cm’!, (Eo4) with annealing temperature for films deposited at N2 flow-rates of
10 and 40 sccm.

Figure 5.19 shows the variation of optical band tail energy or band tail factor,
(Ewit = Eo4- Etauc) with annealing temperature for films deposited at N, flow-rates of 10
and 40 sccm. In Chapter 4, increase in Ewi; was associated to the increase in the number
of phases in the film structure. The overlapping of the tail states within the band gap
reduced the E7..c values of the films and Eys and E.ir values were shown to be dependent
on the dominant phase present in the film structure. However, annealing of these films
appears to have the effects of formation and removal of defects in the film structures.
Prior to annealing, the Ei; values for both films are low compared to the annealed films.
This indicates that annealing increases the number of defects in the film structure which
are mostly formed at the grain boundaries separating the different phases in the film

structure.
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Figure 5.19: Variation of Band Tail Energy with annealing temperature for a-SiCN
films deposited at N2 flow-rates of 10 and 40 sccm.

For the film deposited at N> flow-rates of 10 sccm, annealing temperature of 200
°C, annealing at 200 and 400 °C produce healing effects by reducing the density of defect
states in the film structure. Defects formed when annealed at 100 °C are probably formed
as a result of formation of dangling bonds from weak C-H or Si-H bonds and annealing
at 200 °C removes these defects through bond reconstruction by forming new Si-C, Si-N
and stronger C-C bonds. Higher annealing temperature of 300 C weakened weak Si-C,
Si-N, C-C bonds and annealing at 400 °C results in further reconstruction of these
dangling bonds forming strong Si-C bonds and increasing the concentration of SiC phase
in the film structure. This behavior is probably due to the presence of higher concentration
of defects states in this film due to the higher N ion bombardment effect during the growth
process.

The behavior of Ewi with respect to annealing temperature is different for the
film deposited at higher N> flow-rates of 40 sccm. Annealing at high temperatures of 300
and 400 °C significantly increases the Eui value suggesting that significant increase in

defects states and healing process of defects does not happen in this film. The higher
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presence of N related bonds in this film structure results in evolution of the N atoms from
the film structure thus significantly increases the dangling bonds concentration which
forms vacancy related defects which are not easily healed through annealing.

Eos and Erue for the film deposited at N> flow-rate of 40 sccm increases to a
maximum when annealed at 200 °C. Increase in the annealing temperature to 300 °C
decreases the Ey4 value slightly and this value increases again slightly when annealing at
temperature of 400 °C. The E7wc continuously decreases when annealed at these
temperatures. As mentioned above Eps measures the energy gap of the film from the band
edges thus excluding the localized states in the band gap. E7u..c measures the band gap
with the localized stated considered and therefore is smaller than Ey,.

The increase in Eyp4 value in the film structure is usually related to the increase in
N incorporation into film structure. The decrease in Era.c when the film is annealed at
300 and 400 °C shows that the localized states in the film has increased when annealed at
these temperatures. Thus, the results imply that increase in annealing temperature to 200
°C have increased the quantity of N incorporation into the film structure and is also
accompanied by an increase in the number of phases in the film structure resulting in the
increase in structural disorder. The decrease in Ey, in the film annealed at 300 °C can be
due to release of N atoms from broken C-N or Si-N which are not evolved but are trapped
in the film structure.

Restructuring of these broken bonds may result in the formation of Si-C bonds
when annealed at 400 °C thus increasing Eos again. Annealing at this temperature also
diffuses the trapped N atoms into the film structure through the formation of Si-N and C-
N bonds. The increase in number of phases due N atom incorporation and restructuring
of broken bonds maybe contributed by the formation multi-phase film structure with a-

SiN, a-CN, a-SiC phases and a-SiCN instead of a dominant phase of a-SiCN phase in the
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film structure. However, the decrease in Erue suggests increase in structural disorder
when the film is annealed at this temperature.

Eo4 for the film deposited at N> flow-rate of 10 sccm decreases continuously when
annealed at 200 °C and above. This suggests that the N atoms in the film are loosely
bonded and the increase in thermal energy induced through the annealing process
continuously breaks weak N bonds and N atoms are evolved from the film structure. Out-
diffusion of N from these bonds contributed to the decrease in Eyps and E7u.c when
annealed at 200 and 300 °C. However, restructuring of broken bonds when annealed at
400 °C does not increase Egps but increases Eruuc. This could be due to the fact that
restructuring here does not involve diffusion of N atoms into the film structure. The
increase in E7..c shows increase in structural order in the film structure when annealed at
400 °C. Figure 5.20(a) and (b) show the dispersion curves of the refractive indices of a-
SiCN films as-prepared and annealed at different temperatures for films deposited at N»
flow-rates of 10 and 40 sccm respectively. The refractive indices of the films deposited
at N2 flow-rate of 40 sccm when annealed at 200 and 300 °C demonstrates typical
behaviour of refractive index dispersion curve where the refractive index decreases to a
saturation value at long wavelengths. The as-deposited film and films annealed at 100
and 400 °C produce a refractive index dispersion curve which decreases steeply to a
minimum value at wavelength of 1500 nm and increases again beyond this wavelength.
The typical point of inflection for all films is at wavelengths around 1500 nm while for

the as-deposited film, this point of inflection occurs above 1500 nm wavelength.
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Figure 5.20: Refractive Index versus wavelength of a-SiCN films deposited at N2
flow-rates of (a) 10 and (b) 40 sccm, annealed at different temperatures.

The dispersion curves of the refractive indices of the as-deposited and all annealed
films deposited at N> flow-rate of 10 sccm except for the film annealed at 200 °C show
steeply decreasing curves which increases again after reaching a minimum at a particular
wavelength. The refractive indices of the film that annealed at 200 °C demonstrate the
typical behaviour of refractive index dispersion curve where the refractive index
decreases to a saturation value at long wavelengths. The typical point of inflection appears
to be reversed for this set of films deposited at N> flow-rate of 10 sccm where this point
of inflection occurs at wavelengths around 1500 nm but for the as-deposited film, this
point of inflection occurs below 1500 nm wavelength. The point of inflection is when the
refractive index moves towards a lower value. Low refractive index in these films can be

related to films with lower density or a less compact structure.
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If the point of inflection occurs at a shorter wavelength, therefore measurement
involves higher penetration energy, thus suggesting that the film is of low density and has
a less compact structure deeper within the film structure as compared to a film with higher
wavelength point of inflection. Low density and less compact film structure can be
associated with high N atoms incorporation or films with high structural disorder. The
dispersion curves for the film deposited at N> flow-rate of 40 sccm show that the as-
deposited film is less compact at the surface and N incorporation is higher at the surface.
With annealing, N atom incorporation penetrates deeper into the film structure, as the
point of inflection decreases with annealing. For the film deposited at N> flow-rate of 10
sccm, the N atom incorporation goes much deeper into the film structure as compared to
the film deposited at N> flow-rate of 40 sccm. With annealing, the N atoms move to the
surface as indicated by the increase in the point of inflection wavelength. This shows that
the N atoms are weakly bonded to Si and C atoms in this film.

Figures 5.21(a) and (b) show the variation of refractive index at wavelengths 630
nm (representing the visible wavelength region) and 1500 nm (long wavelength region).
The refractive index at 1500 nm wavelength can be related to the film structure at the
surface and the refractive index at 630 nm can be related to the film structure deep within
the film thickness. The refractive indices at 630 nm increases with increase in annealing
temperature to 200 °C for both films with the film deposited at 10 sccm reaching a higher
maximum compared to the film deposited at N> flow-rate of 40 sccm. The Eys and E7uuc
results show that N atoms are incorporated into the film deposited at N> flow-rate of 40
sccm while N atoms are released from the film deposited at N flow-rate of 10 sccm when
annealed at 100 and 200 °C however the refractive index values are showing similar
trends when annealed at these temperatures. This suggests that the increase in refractive

index of the film deposited at N> flow-rate of 40 sccm is due to increase in structural
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disorder in the film structure with increase in N atom incorporation when annealed at this

temperature.

Figure 5.21: Variation of refractive index at 630 and 1500 nm wavelength with
annealing temperature for a-SiCN films deposited at N2 flow-rates of 10 and 40
scem.

As for a, the release of N atoms from the film structure results in the increase in
refractive index when annealed at these temperatures. When annealed at 300 °C, N atoms
are released from both films as implied by the decrease in Eo4 and both films show a
decrease in refractive index at 630 nm with the 40 sccm film showing a more significant
decrease. Thus, the decrease in the refractive index when annealed at temperature of 300
°C is attributed to the release of N atoms from the film structure in both films.

Restructuring when annealed at temperature of 400 °C results in a slight decrease in
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refractive index for the 10 sccm film but there is increment for the 40 sccm film. The
slight decrease in the refractive index of the film deposited at N> flow-rate of 10 sccm can
be due to the effect of restructuring where structural order in the film is improved.
However, the refractive index of the 40 sccm film increases again when annealed at 400
°C suggesting the broken bonds maybe from Si-C-N bonds and restructuring results in
the formation of a-Si-C phases which have a higher refractive index compared to a
dominant a-SiCN phase.

The refractive index of the film deposited at N flow-rate of 40 sccm in the long
wavelength region is much higher for the film deposited at 40 sccm compared to the film
deposited at 10 sccm. Thus, this indicates that the surface of the 40 sccm is more compact
compared to the surface of the 10 sccm film even when annealed. N atom incorporation
is higher at the surface of the 10 scem film. The film deposited at N> flow-rate of 40 sccm
shows a continuously increasing trend of the refractive index with increase in annealing
temperature while the refractive index in the long wavelength region of the film deposited
at N2 flow-rate of 10 sccm does not change much with increase in annealing temperature.
N atoms are released from the surface of the 40 sccm film continuously with increase in
annealing temperature. Annealing up to 400 °C does not change the refractive index of
the film in the long wavelength region because the N atoms are mostly embedded deep
into the bulk of the film structure especially when annealed at 300 and 400 °C as indicated
by low refractive index at 630 sccm.

Thus, annealing at low temperatures of 100 and 200 °C is found to release N atoms
from weak bonds in the bulk of the film deposited at low N> flow-rate resulting in the
increase in the refractive index of the film in the bulk. These N atoms migrate to the
surface and restructuring removes defects from the bulk resulting in the decrease in
refractive index at 630 nm wavelength. The refractive index at 1500 nm wavelength does

not show much change when annealed because the diffusion and release of N atoms and
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restructuring are active in the bulk of the film only. On the other hand, annealing at low
temperatures of 100 and 200 °C incorporate N atoms into the film structure in the bulk
resulting in increase in structural disorder in the film deposited at high N> flow-rate
resulting in the increase in the refractive index of the film in the bulk. These N atoms are
released from bonds in the bulk leaving defects and structural disorders of dangling bonds
and vacancies thus refractive index at 630 nm wavelength continues to increase. The N
atoms then migrate to the surface and are evolved from the film structure resulting in the
decrease in refractive index at 630 nm wavelength and increase in the refractive index at

1500 nm wavelength when annealed at high annealing temperatures of 400 and 500 °C.

5.7 Summary

The first part of this chapter was focused on studying the aging effects on the
structural properties of films deposited by PECVD from the discharge of SiH4 and CH4
with and without N>. In the second part of this chapter, the effects of annealing on the
structural and optical properties deposited at N, flow-rates of 10 and 40 sccm representing
low and high N> flow-rate deposition respectively were studied. Some interesting results
were obtained for consideration when using a-SiCN films in various applications.

Aging of film deposited from the discharge of SiH4 and CH4 without N> showed
that the Si-H and C-H bonds in the film are weak and O atoms from the environment
easily diffuse into the Si-H and C-H bonds forming O-H bonds in the film structure with
time. The Si-C bonds formed are strong and H atoms released from Si-H and C-H bonds
are bonded to free bonds on the Si and C atoms forming Si-CH3 bonds. Aging in of films
deposited from SiH4 and CH4 with N> showed that Si-H, OH, C-H and N-H vibrational
bonds are stable with aging with incorporation of N atoms into the structure of the films.

The Si-C-N and C-N bonds increase while Si-N bonds decreases with aging in these films.

137



The Si-C bonds deposited with N2 flow-rates of 10 and 40 sccm are very stable with
aging.

The graphitic grains in the a-SiC:H films are significantly reduced with ageing as
reflected by the significant decrease in the intensity of the D and G bands for the aged
films. The relaxed form of C-N bonds in the form of T band C-N bonds are present in
aged film deposited with N> flow-rate. The strong N ion bombardment during the growth
process had caused the formation of weak Si-N bonds. Upon aging N atoms are
diassociated from Si-N bonds and further migrate towards free C atoms to form larger
number of these strong C-N bonds. Incorporation of the N atoms into the graphitic phase
of the film structure improves the structural order especially for the film deposited at 40
sccm. N flow-rate of 40 sccm produces the optimum N ion bombardment effects to form
a-SiCN:H films which does not deteriorate with aging in atmospheric environments. The
high N ion bombardments during growth of the film deposited at N> flow-rate of 10 sccm
results in unstable bonds which result in increase in structural disorder when aged in
atmospheric environment.

The highly defective structure of the film deposited with high N ion bombardment
showed that annealing at low temperatures of 100 and 200 °C improves the film structure
due to removal of defects such as dangling bonds and vacancies which induced the
increase in the number of C-N and Si-C bonds in this film structure. Annealing at
temperature of 300 °C resulted in the formation of a dominant a-SiCN in the film
structure. Annealing of films deposited with low N ion bombardment at temperatures of
300 °C and above increased the number of phases in the film structure. Low temperature
annealing improved the film structure due to the out-diffusion process of N atoms from
weak Si-N and C-N bonds and migration of these N atoms to form strong bonds Si-N and

C-N bonds and restructuring of dangling bonds to form new Si-C bonds.
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The graphitic phase is more prominent in the film grown at low N> flow-rate
especially when annealed at temperature of 100 °C. The C-N bonds in the graphitic phase
are weak and easily release N atoms when annealed. The graphitic phase disappears in
the films annealed at high temperatures above 300 °C. Increase in N incorporation leads
to an increase in the number of phases and this increases in disorder in the film structure.
Increase in N atom incorporation in the film structure increases Eos and increase in
structural disorder in the film structure decreases E7auc. In this work, it was successfully
shown that the refractive index at 630 and 1500 nm can be used as a gauge to relate this
parameter to the structural properties of the film in the bulk and at surface of the film
respectively. Increase in N incorporation which results in increase in the structural
disorder of the film structure result in an increase in refractive index but if otherwise that

is improvement in structural disorder decreases the refractive index.
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CHAPTER 6: CONCLUSION AND SUGGESTION FOR FUTURE WORKS

6.1 Conclusions

In this work, plasma enhanced chemical vapour deposition (PECVD), which is
a popular technique used in the growth of many Si based thin films has been used to grow
hydrogenated amorphous silicon carbide (a-SiCN:H) thin films. This material indeed
combines excellent properties of SiC, Si3N4 and C3N4 compounds, thus, making it a
promising material for various applications such as passivation layers for crystalline solar

cell, light emitting diodes, opto-electronic devices and biomedical applications.

6.2  Summary of Overall Finding

The significance of findings in current study which are based the objectives that
had been outlined in Chapter 1 can be highlighted as below:

The films grown on both c-Si and glass substrates were multi-phase in structure
with dominant components that composed of a-SiCN:H, a-SiC:H and a-C:H phases and
these multi-phase was found to affect the microstructure, optical and photoluminescence
properties of the films. N> flow-rate was shown to have great influence on the elemental
composition, bonding and photoluminescence properties of a-SiCN films that deposited
by PECVD on c¢-Si substrates. PL and optical properties investigated on films grown on
glass substrates also showed dependence on the N> flow-rate.

The incorporation of nitrogen atoms into the film structure was obviously
influenced by the energy of nitrogen atoms bombarding on the growth sites. The decrease
in the growth rate of the films with increase in N> flow-rate can be attributed to the higher
energy of bombardments by N atom towards the growth sites and subsequently promote
the incorporation of N atoms into the structure of film and thus caused the formation of a

more compact and homogeneous film structure. The lower energy reactive N atom
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bombardments on the growth sites at high N> flow-rates also was more favourable in the
formation of a-SiCN:H phases in the film structure as reflected by the AES and FTIR
analysis, where at high N> flow-rates, most of the N atoms were bonded to either the Si
and C atoms to form Si-C-N, C-Si-N, Si-C=N or Si-C=N bonds.

The higher impact energy at low N> flow-rates reduced the presence of a-C:H
phase as the sp>-C clusters in the film structure were shown to decrease from the analysis
done the Raman spectra of the films. The decrease in impact energy and increase in the
number of reactive N atoms at the growth sites at high N> flow-rates increased the a-C:H
phase in the film structure due to reduced residual compressive stress on the sp-C
clusters. This was also shown to increase the size of the sp>-C clusters in the a-C:H phases
in the film structure. The decrease in the refractive index of the films at low N> flow-rate
was shown to be consistent with the decrease in the a-C:H phase in the films as result of
the decrease in N atom incorporation in the film structure.

In this work, the energy values extracted from the Tauc’s plot, E7.c and energy at
absorption coefficient 10* cm™, Eyq tail factor (Ezir = Eo4 - Etauc) Were obtained from the
films deposited on glass substrates. N> flow-rate produces significant effects on the Eos
and Eu; values. Eps was shown to be dependent on the dominant phase present in the
film structure. And increase in Eu; with increase in N> flow-rate was shown to be due to
the increase in the number of phases in the film structure.

The broad PL emission spectra of the films ranging from 400 to 750 nm confirmed
that the a-SiCN:H films are multi-phase in structure. The PL emission properties are
substrate dependent with higher emission intensity from the films on c-Si substrates but
and suppression of some emission peaks were from the films on glass substrate. PL
emission analysis showed that the origin of the most dominant PL emission from the film
deposited without N> on c-Si substrates and with and without N> were from recombination

within tail states of a-C:H phase in the films. Films deposited on c-Si substrates with N>
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produced PL emission with origin from recombination within tail states of a-CN:H and
a-SiCN:H phases in the film structure. Thus, significant N incorporation into the film
structure reduced the a-C:H phase in the film structure and increased a-CN:H and a-
SiCN:H phases. It was therefore established that N incorporation is low in the films
deposited on glass substrates.

The Si-H, OH, C-H and N-H bonds are stable with ageing with N incorporation
into the film structure. These bonds were unstable in the film deposited from the discharge
of SiH4 and CH4 without N». O atoms from the environment easily diffused into the Si-H
and C-H bonds forming O-H bonds. The Si-C bonds in this film formed were
demonstrated to be strong and H atoms released from Si-H and C-H migrated to the free
bonds on the Si and C atoms forming Si-CH3 bonds. Ageing in of films deposited from
SiH4 and CH4 with the presence of N> had caused the increment in the concentration of
Si-C-N and C-N bonds but decreased Si-N bonds concentration in the films. This is the
result of migration of N atoms from broken Si-N bonds towards free C atoms to form the
relaxed form of C-N bonds in the form of T band C-N bonds which was more stable.

N> flow-rate of 40 sccm produces the optimum N ion bombardment effects to
form a-SiCN:H films, which showed minimum deterioration with ageing in atmospheric
environments. High energetic N ion bombardments during the growth of the film at lower
N> flow-rate has resulted in unstable bonds which induced structural disorders when aged

in atmospheric environment.

The highly defective structure of the film deposited with high N ion bombardment
showed that annealing at low temperatures of 100 and 200 °C improved the film structure
with increase in concentration of C-N and Si-C bonds in this film structure. Low
temperature annealing improved the film structure due to the out-diffusion process of N
atoms from weak Si-N and C-N bonds and migration of these N atoms to form strong

bonds Si-N and C-N bonds and restructuring of dangling bonds to form new Si-C bonds.
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Annealing of films deposited with low N ion bombardment at temperatures of 300
°C and above increased the number of phases in the film structure. The graphitic phases
were more prominent in the film grown at low N> flow-rates. The graphitic phase
disappears in the films annealed at high temperatures above 300 °C. Increase in N
incorporation leads to an increment in the number of phases and this increased disorder

in the film structure.

6.3 Significant of Current Study

The discharge of N at different flow-rates mixed in silane (SiHs) and methane
(CHa4) at fixed flow-rates in current study has results in the growth of multi-phase
structured films with unique structural, optical and photoluminescence properties and all
these properties are highly governed by N» flow-rate. This kind of output is not new for
Si based thin films but surprisingly not much has been reported on the growth of a-
SiCN:H thin films by PECVD using N as the source for N atom incorporation into the
film structure. Most work uses ammonia (NH3) gas for this purpose since it is very
reactive as compared to N2. Comparatively, Nz is easier to handle, cheaper and not
harmful to the environment. Therefore, the findings from this research have contributed
in terms of cost effectiveness and more environmentally as well as assist in the
development of user-friendly synthesis scheme. SiH4 is a highly toxic gas but the flow-
rate used during the growth process is very low and the synthesis process is greatly eased
when the synthesis is carried out along with N».

Since N> is used in the growth of a-SiCN films in this work, the aspects on the
degradation of films due to ageing and thermal effects are crucial in the applications of
this material in devices. In this work, ageing and annealing are shown to produce
significant effects on the structure and optical properties of the films and the effects are

shown to be dependent on the flow-rate of N> gas used during the growth process.
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6.4 Suggestions for Future Works

In order to expand current work and for enabling better understanding of the

properties of a-SiCN:H thin films that deposited by conventional PECVD, which is an

established technique that can feasibly maneuvering the structural, electronic and optical

properties of Si based thin films, there are still plenty of rooms needed to be addressed

and below suggestion is proposed for future works:

a)

b)

d)

Similar investigations on the properties of a-SiCN:H film deposited by PECVD
with respect to other deposition parameters like RF power, SiHs to CH4 flow-rate
at fixed N> flow-rate, deposition pressure and substrate temperature and the effects
of ageing and annealing temperature on these films.

Ageing issues for the deposited film must be better understood. Approaches for
reducing or controlling the effects of ageing need to be further studied. Therefore,
more accurate analysis on the issues of ageing like higher frequency of
measurements (say 1 measurement / week) and a longer period of observation (say
in a span of 6 months) should be carried out.

To grow a-SiCN:H films by Plasma-Assisted Hot-Filament CVD since the hot-
filament can induce higher dissociation of silane and the plasma can enhance
dissociation of methane and N> and study ageing and annealing effects on films
deposited at various varied growth parameters.

Since one potential application of the film is to increase solar cell performance
which involves light exposure, effects of degradation of film due to light
illumination also need to be studied.

Investigations on the origin PL of multi-phase structured material. Effects of
annealing and ageing on PL emission of the films deposited at different growth

parameters maybe useful in achieving this.
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f) The correlation between the PL efficiency and the optical parameters
which include optical energy band gaps determined by the Tauc plot and
Erauc energy at absorption coefficient of 10* cm™!, Eyy , dispersion energy,

Ep and single oscillator energy, E,.
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