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Preface

Silicon Carbide (SiC), a wideband gap semiconductor material, has drawn considerable
attention in recent years for research both from fundamental physics as well as
technology point of view. This material find applications in various microelectronic and
optoelectronic devices such as micro electromechanical system (MEMS), microwave
devices, power devices, temperature sensor, UV detectors, nuclear radiation detectors,
solar cells, LEDs, hard coating in mechanical tools and antireflection coatings in
photonic devices etc. SiC has unique and superior physical, mechanical and chemical
properties over other conventional semiconductors like Silicon, Gallium Nitride, Gallium
Arsenide etc., such as polytypism, tunable band gap (for thin films), high breakdown
field, high thermal conductivity, high electron mobility, high young’s modulus and
hardness, resistance to corrosion and oxidation due to strong alkalies & acids etc. In
spite of many superior properties which make SiC an excellent and promising material
for devices which are supposed to operate in extreme harsh conditions, like high
temperature, high voltage, high frequency and chemically hazardous environments, in
reality the applications of SiC are suppressed due to technical and economic issues
associated with the growth of single crystal SiC wafers. Conventionally single crystals of
SiC are grown by seeded sublimation growth technique. However, the growth rate is
slow and very expensive, and the material quality (defects free) is also not very good.
Therefore for various device applications, epitaxial SiC films are deposited by different
techniques, which include Liquid Phase Epitaxy, Sublimation Epitaxy and Molecular
Beam Epitaxy. These techniques are also very expensive with very low growth rate and
require high processing temperature (>1000 °C). However, low deposition temperature is
required for practical applications of SiC films in devices like MEMS, solar cells etc. so
that large variety of materials can be used as substrates for fabrication of these devices.
In recent years amorphous, microcrystalline and polycrystalline 3C-SiC thin films have
been successfully employed in various devices such as an absorber and window layer in
thin film solar cells, MEMS, temperature sensors etc. by various groups. Several
deposition techniques such as pulsed laser deposition, sputtering, low pressure chemical
vapour deposition and Plasma enhanced chemical vapour deposition have been used for
the preparation of these 3C-SiC films. However, in last one decade a relatively new
technique called hot wire chemical vapour deposition (HWCVD) has emerged as a

Vi
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promising technique to deposit 3C-SiC films. It has several advantages like high gas-
decomposition efficiency, large area fabrication, low substrate temperature, absence of
ion bombardment on growing films surfaces, high deposition rate etc. over other
conventional chemical vapour deposition techniques. Also in HWCVD technique, the
microstructure of films can easily be varied from amorphous to highly crystalline by
varying the deposition parameters.

Though a few reports are available in literature on growth of 3C-SiC films by HWCVD,
the influence of deposition parameters on the properties of films is still not clearly
understood and is being investigated by several researchers. The present Ph.D. thesis
work focuses on the influences of deposition parameters on the growth of 3C-SiC thin
films prepared by HWCVD technique and characterization of these films. The
motivation behind present work is to optimize the deposition parameters for highly
transparent and conducting 3C-SiC films at high deposition rate for the application in
solar cells, MEMS and other devices. The films are prepared by varying different
deposition parameters such as Chamber Pressure, Filament Temperature, Substrate
Temperature and Methane flow rate. These films are extensively characterized by X-ray
diffractometry, Raman scattering, Fourier transform infrared spectroscopy, X-ray
photoelectron spectroscopy, Ultraviolet visible near infrared spectroscopy and
temperature dependent conductivity for the determination of their structural, optical and

electrical properties.

The thesis is organized into six chapters. Chapter 1, which is the introduction, gives the
overall perspective of SiC material properties, growth technique, applications in devices,
the motivation of the present work and an outline of the work contained in the present
thesis. Chapter 2 gives a quick review on the description of HWCVD system and
parameters used for the deposition of 3C-SiC thin films. This chapter also contains the
details of different characterization techniques used for analysis of structural, optical and
electrical properties of these films. Chapter 3 contains the extensive studies on the
influence of different deposition parameters on the growth and microstructural properties
of 3C-SiC films. Chapter 4 presents a systematic study on the influence of different
deposition parameters on optical and electrical transport properties of 3C-SiC films.
Chapter 5 is on the elemental and compositional analysis of 3C-SiC films investigated by
X-ray photoelectron spectroscopy in details. Finally, Chapter 6 summarizes the results
and presents the future scope of the work.
Vil
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Chapter 1

Introduction

Wide band-gap semiconductors such as Silicon Carbide (SiC), Gallium Nitride (GaN)
and Diamond are on the rise since the beginning of 21% century and may be regarded as
third generation semiconductors for development of the new electronic and
optoelectronic device industries [1]. Silicon carbide is a group IV compound
semiconductor and the only stable binary system of silicon and carbon. Silicon carbide
was first synthesized in 1824 by Swedish chemist Jons Jakob Berzelius [2-3]. In initial
days, due to its large cohesive energy, it was mistaken to be an element rather than
compound [4]. The unique and superior physical, chemical and mechanical properties of
silicon carbide such as polytypism, wide band-gap, high breakdown field, high thermal
conductivity, high electron mobility, resistance to corrosion and oxidization, high
young’s modulus, high hardness etc. makes it very suitable for fabrication of devices
which are supposed to operate in extreme harsh conditions, such as high temperature,
high voltage, high frequency and chemically hazardous environments [1-5]. The first
demonstration of SIiC as a viable electronic material took place in 1907 when Henry
Round produced the first light-emitting diode (LED) and observed yellow, green, and
orange luminescence [3,6]. However, progress on SiC as a semiconductor was hampered
by the lack of an effective method to produce single crystal SiC. One of the major
problems that occurred in the growth of SiC single crystal is the lack of SiC liquid phase
[6]. Therefore, the traditional methods used for growth of silicon cannot be used for the
growth of SiC. The situation has changed appreciably with the advent of Lely method of
growth of SiC single crystals in 1955 [6]. Current global research interest in SiC
technology emerges due to the fact that electronic devices based on silicon (Si) and other
semiconductors technology cannot tolerate high temperatures and chemically or radiative
hostile environments due to the uncontrolled generation of the intrinsic carriers and high

chemical reactivity. Nowadays, almost all microelectronic and optoelectronic devices
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can be made of SiC [7]. However, only a few devices are commercially available and the
costs of these devices are quite high as compared to Si based devices. In this introductory
chapter, we will discuss about the SiC material properties, applications of SiC in devices,
various growth technique of bulk & thin films SiC, motivation behind the present work

and the outline of present thesis.

1.1 Structure and Properties of SiC

1.1.1 Structure of SiC

One unique property of SiC is polytypism, which can be defined as a one dimensional
variant of polymorphism [3-4, 8]. While polymorphism commonly refers the ability of
an element or compound to crystallize in different structures, the polytypism is related to
the existence of different stacking sequence of atomic layers (“units”) in one direction. In
case of SiC crystal, the basic “units” are covalently bonded tetrahedrons of silicon or
carbon atoms at the center surrounded by four silicon or carbon atoms as shown in
Figure 1.1a [3]. The distance between the silicon and carbon atom is 1.89A and the

distance between two neighboring carbon or silicon atoms is 3.08A [3].

Figure 1.1: (a) The characteristic tetrahedron building block of all SiC crystals [3] (b) A close-
packed layer of spheres with centers at points marked A. A second and identical layer of spheres
can be placed on top of this, above and parallel to the plane of the drawing, with centers over the
points marked B. There are two choices for a third layer. It can go in over A or over C. if it is
goes over A, structure is hexagonal and if it goes over C, the structure is cubic [9].

These “units (bilayer)” could be considered as spheres of closed packed layers as shown

in Figure 1.1b [9] and the different stacking sequences of these give rise to the different

2
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polytypes of SiC. As shown in Figure 1.1b, for bilayer-A, the next bilayer on top can be
either bilayer-B or bilayer-C and the difference between B and C is a 60° rotation [9-10].
The stacking sequence ABCABC...... gives the cubic polytypes of SiC (3C-SiC) while
hexagonal polytypes 2H, 4H and 6H-SiC are realized by AB..., ABAC.... and ABCACB...
types of stacking, respectively and are shown in Figure 1.2 [1]. More than 200 different
polytypes of SiC exist [2], out of which only a few are of technological interest. These
include the cubic 3C-SiC and the hexagonal forms 4H-SiC and 6H-SiC [11].

Figure 1.2: Stacking sequences of four most common SiC polytypes 2H, 3C, 4H and 6H.
1.1.2 Properties of SiC

Although all polytypes of SiC have equal proportions of silicon and carbon atoms, but
due to different stacking sequence of layers (“units”) between the planes, the electronic
and optical properties vary from one polytype to other polytype [2,12]. Even for a given
polytype, some properties are non-isotropic [12].
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1.1.2.1 Physical Properties

The different polytypes of SiC have different band structures and a peculiar band gap
value, however all polytypes of SiC have an indirect band gap. The band gap varies from
2.39 eV for 3C-SiC to 3.265 eV for 4H-SiC [3, 5]. However, in case of thin films, the
band gap changes drastically from ~2.0 to 4.0 eV and depends upon the microstructure
and stoichiometry (ratio of silicon and carbon atoms) of films [13-15]. The wide band
gap of SiC makes it possible to use it the devices for very high temperature operation
even above 600 °C [1, 3-4]. Thermal ionization of electrons from the valence band to the
conduction band, which is the primary limitation of Si-based devices during high
temperature operation, is not a problem for SiC-based devices because of this wide band
gap [3]. For power-device applications, the most notable and frequently quoted property
is the Enax Which determines the highest possible field which can be applied before
material breakdown (catastrophic) occurs. The value of Enax is strongly dependent on
doping concentration [3]. SiC has high breakdown electric field strength, Emax. For SiC a
doping of approximately 10" cm ™, Enax corresponding to 2.49 MV/cm , while for Si the
value of Enax is about 0.40 MV/cm for the same doping [3]. A SiC device constructed for
a blocking voltage of 1 kV would have critical field strength of about 2.49 MV/cm while
Si-based device has only 0.2 MV/cm [3].

Table 1.1: Comparison of physical properties of SiC with other semiconductors [1-5].

Properties Si Diamond | GaAs | GaN | 3C- 4H- | 6H-SIC
SiC SiC

Lattice constant (A) a | 543 3.56 565 | 451 | 4.36 3.07 3.08
C 10.05 15.12

Thei*rmal expansion (x107°) 2.6 0.08 59 | 5.6 4.7 -

oc

Melting point (°C) 1420 4000 1238 - 2830 2830 2830

Band gap (eV) 1.1 5.45 143 | 345 | 2.39 3.26 3.02

Saturated electron velocity 1.0 2.7 1.0 2.2 2.2 2.0 2.0

(x 10" cm/s)

Carrier mobility (cm?/V.s)

Electron 1500 2200 8500 | 1250 | 1000 1000 370
Hole 600 1600 400 250 50 50 90
Breakdown field 6 100 6 >50 20 30 32
(x 10° V/cm)
Dielectric constant 11.8 55 125 11 9.7 - 9.6-10
Thermal conductivity 15 20 0.46 1.3 5 4.9 4.9
(W/cm. K)
Refractive index 3.5 2.42 3.4 - 2.7 2.7 2.7
Hardness(kg/mm?) 1000 10000 600 - 3980 2130

4
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SiC also has high saturated drift velocity ~2x10" cm/sec [3], which is twice that of Si. A
high-saturated drift velocity of SiC makes it is an ideal material for high frequency high-
gain solid-state devices. SiC has high value of thermal conductivity, even greater than
that of copper at room temperature. This high thermal conductivity of SiC reduces the
need for cooling system and offers a stable operation of devices at high temperatures. In
Table 1.1 some physical properties of a few common SiC polytypes are compared with a

few other semiconductor materials.

1.1.2.2 Mechanical and Chemical Properties

Silicon carbide is a very hard (9 on Moh scale) material with a high Young’s modulus of
~424 GPa [3]. It is chemically inert and reacts poorly with any known material at room
temperature. The only known efficient etch at moderate temperatures is molten KOH at
400-600 °C. It is practically impossible to diffuse anything into SiC. Dopants need to be
implanted or incorporated during the growth of material. Furthermore, it lacks a liquid
phase and instead sublimes at temperatures above 1800 °C. These superior mechanical
and chemical properties make it ideal for micro electromechanical system (MEMS), hard
protective coating and radiation detector devices for harsh environments applications
[11-12, 16-21].

1.1.2.3 Potential of SiC for Electronic Applications: Figure of Merit

The potential of a semiconductor material in an electronic device can be estimated by the
use of a figure of merit (FOM). Johnson suggested a figure of merit, the so called
Johnson figure of merit (JFOM), which considers the potential power handling and high

frequency capability of a device and is given by the following equation [3].

292
EBﬁsat

JFoM =22t [ 1k (1.1)

where Eg and 9., are the breakdown field and saturated drift velocity respectively. Keyes
proposed another figure of merit, the Keyes figure of merit (KFOM) in which the
material’s thermal properties are taken into account, which is essential for high-

frequency operation. The KFOM is as follows [3]

KFOM =ik [Z228 i, (1.2)

where «, ¢, and € are the thermal conductivity, the speed of light in vacuum, and the

dielectric constant of material respectively. These FOM equations are not accurate for

5
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power devices and Baliga proposed a figure of merit for low-frequency applications,
called the Baliga figure of merit (BFOM) [3] as follows
BFOM = €uES ... o (1.3)

where 4 is the carrier low-field mobility. In Table 1.2, the FOM for the SiC are compared
with Si, GaAs, GaN and Diamond [22]. All values are normalized to Si. It is clearly
evident that SiC has very high potential as compared to other semiconductor materials
and only inferior to diamond among these materials. From Table 1.2 it is evident that
diamond would be the ultimate semiconductor for power electronics. However, it should
be noted here that the FOM do not tell the whole story.

Table 1.2: Comparison of FOM for Si, SiC, Diamond, GaAs and GaN (Normalized to Si) [22].

FOM Si 3C-SiC 4H-SiC 6H-SiC Diamond GaAs GaN
JFOM 1 280 324 400 4000 2 270-480
KFOM 1 5.8 4.8 4.5 8.0-27 0.4 1.4
BFOM 1 12 6 80 13 17-34

1.2 Applications of Silicon Carbide in Devices

Due to above mentioned outstanding physical, mechanical and chemical properties of
SiC, it is an excellent semiconductor material for device application where operation at
high temperature, high radiation intensity, high voltage or high power dissipation are
needed, such as temperature sensors, nuclear radiation detectors, UV detectors,
microwave devices and power devices etc. [1,4,11-12,16-21]. Also, as SiC possesses a
high quality native oxide of SiO,, it allows the realization of any kind of metal-oxide-
semiconductor (MQOS) devices on SiC [1, 4]. So far, a wide range of SiC devices have
been experimentally demonstrated, including bipolar junction transistors, insulated gate
bipolar transistors, metal-semiconductor-field effect transistors, junction field effect
transistors, metal-oxide-semiconductor field effect transistors, p-n junction diodes and
Schottky diodes [7]. Thin films of 3C-SiC also find various applications in MEMS, UV
and blue LED, thin film solar cells, antireflection & hard coatings (for various
optoelectronics devices and mechanical tools) etc. [16-31]. In thin film solar cells, 3C-
SiC layer (thin films) can be used as wide band gap absorber layer (multi-junction solar
cells [23]), as window layer [24-25] and antireflection & hard coatings [27]. Doped 3C-
SiC films may also replace transparent conducting oxide (TCO) in thin film solar cell
[25].
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1.2.1 Challenges & Issues in SiC Technology

Despite of all these above facts, in reality the applications of SiC are suppressed due to
technical and economic issues associated with the growth of single crystal SiC wafers.
The maximum size of the commercially available 6H & 4H-SiC wafer is small ~3”
diameter and the defect density is relatively high. 3C-SiC bulk substrates of usable
dimensions are still not available commercially and the cost of all polytypes of SiC
wafers is very high. There are some other problems to overcome before it can be used on
large scale in electronic industry. One of these problems is the realization of ohmic
contacts with low resistance and its stability with temperature. Due to the small diffusion
coefficients of the dopants, the selective doping of SiC is not possible by diffusion.
Therefore, the ion implantation is necessary, but it requires annealing at high temperature
for the activation of the implanted species. The realization of oxide layers on SiC is also
difficult, since thermal oxidation requires higher temperatures and the quality of the
material is still lower than that required for electronic applications. As far as SiC thin
films technology is concern, the major challenge is to grow SiC thin films with
properties as good as the bulk material [31]. Also, it is necessary to achieve high growth
(deposition) rate as well as thickness uniformity and homogeneity when deposited on
large-area Si or other substrates, which are important factors to reduce costs [31]. The
reports in literature show that devices based on thin films, grown on the same conditions,
often do not exhibit similar performance. Therefore, identifying the causes of the non-
reproducibility and overcome this problem are other major challenges [31]. For this, the
influence of process (deposition) parameters on SiC thin films growth has to carefully

studies and growth parameters have to be optimized for device quality material.

1.3 Growth of Silicon Carbide
1.3.1 Bulk Growth

Although it is beyond the scope of this thesis to explain the details of bulk growth of
SiC, the basic principles of commercial bulk and epitaxial growth of SiC in brief will be
given here. The growth of heteroepitaxial 3C-SiC on Si or glassy substrates will be
discussed in next section (1.3.3), which is more essential to the topic of this thesis.
Because of the phase equilibrium in the Si and C materials system (SiC sublimes before

it melts), the most used bulk growth techniques are based on principle of physical vapor
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transport. Three type of bulk growth techniques; the Acheson process, the Lely process
and the modified Lely process have been used for the growth of bulk SiC. Nowadays, the
modified Lely process which is also known as seed sublimation technique developed by
Tairov and Tsvetkov in 1978 is exclusively used for growth of SiC wafers [3]. In this
technique, a graphite crucible is partially filled with SiC powder and a seed crystal of
SiC is introduced into the crucible and heated above the sublimation temperature. A
thermal gradient is applied such that seed is slightly colder than the source. The transport
of vapors of silicon and carbon bearing species from the source occurs to the seed where
it condenses and the growth proceeds usually along the c-axis of seed crystal. The
principal vapor constituents during sublimation are Si, Si,C, and SiC,, and their ratio
depends on the temperature. The temperature and temperature gradient are very
important parameters for the growth and the growth rate increases exponentially with
increase in temperature. The typical temperature of SiC source is kept between 2100-
2400 °C for the growth of 4H or 6H phase of SiC. The major issues associated with SiC
bulk growth are; the growth rate, the defects (micropipes) densities and size of wafers. In
recent years, the diameter of SiC wafer is rapidly increasing and 4 inch 4H-SiC wafers
are available. However, the cost of wafers is still very high as compared to silicon
wafers. High quality bulk 3C-SiC and 6H-SiC wafers have been grown by chemical
vapor deposition (CVD) technique [3].The control of Si/C ratio is much better in CVD
technique than in sublimation growth, but it is not ready for industrial bulk growth

applications.

1.3.2 Epitaxial Growth

Since the SiC bulk material quality is too low for the direct use in device applications,
epitaxial growth is a key process in SiC technology. Several techniques have been used
for the epitaxial growth of SiC such as Liquid Phase Epitaxy, Sublimation Epitaxy,
Molecular Beam Epitaxy, cold and hot wall CVD etc. However, CVD is presently the
most widely used epitaxial technique for growth of SiC epitaxial layers. CVD is a
process in which gaseous compounds are transported to the heated substrate surface
where chemical reactions occur and deposition of the desired material take place. The
basic steps of CVD process are as follows (i) reactant gases are transported by carrier gas
to the reactor, (ii) reactant species diffuse through the boundary layer above the growth

surface (iii) reaction (adsorption or chemisorption) takes place on the surface and
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deposition of epitaxial layers on surface, (iv) gaseous byproducts are transported away
from the surface [32-33]. The whole CVD process is shown in Figure 1.3. Usually for
CVD growth of SiC, silane and a hydrocarbon gas are used as the precursor gases and
hydrogen as a carrier gas. There are several types of CVD reactors available such as cold
wall horizontal atmospheric CVD, cold wall vertical low pressure CVD, hot wall
horizontal atmospheric CVD etc. Nowadays, hot wall CVD reactors are very popular. In
this type of reactors it is possible to grow very thick, low doped layers of good
morphology and high uniformity. Substantial progress has been achieved in SiC epitaxial
growth in the last few decades and it is now possible to fabricate virtually all types of

semiconductor devices using SiC technology.

Bulk transport
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Figure 1.3: Schematic illustration of the fundamental steps involved in CVD process [32].

1.3.3 Heteroepitaxial Growth of 3C-SiC Thin Films by Hot Wire Chemical Vapor

Deposition Technique

Heteroepitaxial growth of 3C-SiC was initially motivated by the lack of large area
epitaxial 3C-SiC substrates. The most used substrate is Si, however, large lattice
mismatch of about 20% and an 8% difference in the thermal expansion coefficients
between them and other difficulties cooled down the enthusiasm for 3C-SiC for a long
time. Significant improvements has been made in the recent years after successful

growth of large size 3C-SiC films on Si wafers using CVD technique by NASA Lewis
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group in 1983 [33]. However, these conventional CVD techniques used for growth of
epitaxial SiC layers are expensive and growth rate is very low. Also, the growth
temperature (>1000 °C) is high. A low deposition temperature is preferred for practical
applications of 3C-SiC films in devices like MEMS, solar cells, hard transparent coating
etc. so that large variety of materials can be used as substrates for fabrication of these
devices and tools. In recent years, amorphous and micro/poly crystalline 3C-SiC thin
films have been successfully employed in various devices such as MEMS, temperature
sensors, thin films solar cells etc. by various groups [16-27]. Several low temperature
deposition techniques such as Pulsed laser deposition [35], RF/DC magnetron sputtering
[19,36], Plasma enhanced chemical vapour deposition (PECVD) [18,20,23] and Hot wire
chemical vapour deposition (HWCVD) [13-15, 24-26] have been used for the
preparation of 3C-SiC films on Si & glassy substrate. Among these techniques, HWCVD
technique which is a relatively new method emerges as a promising technique for the
deposition of amorphous and nano/micro crystalline 3C-SiC films for various devices.
The HWCVD technique has several advantages over other conventional CVD technique
which will be discussed in next chapter in details.

1.4 Motivations

Although the current development and device applications of SiC are focused more on
6H & 4H-SiC materials, the 3C-SiC is still very attractive due to following reasons; (i)
The high cost and difficulty in obtaining large areas of 6H-/4H-SiC materials limit their
wide commercial use. One way to overcome these problems is to use 3C-SiC films on Si
substrates. (ii) The small difference of lattice constants and thermal expansion
coefficients of SiC and GaN makes it as a promising substrate and intermediate-layer
material for the epitaxial growth of GaN [37]. (iii) It is also attractive to realize
combined devices that use Si and wide-bandgap SiC and GaN with the help of the well-
established Si-based integrated technology [38].

As discussed in this and previous sections, amorphous and crystalline 3C-SiC
films find their applications in various microelectronic and optoelectronic devices.
However, the major challenge is growth of the highly crystalline and conducting 3C-SiC
films at low substrate temperature for fabrication of the devices. Though a few reports
are available in literature on growth of 3C-SiC films by HWCVD, the influence of
deposition parameters on the properties of films is still not clearly understood and is

10
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being investigated by several researchers. Keeping these issues in mind, the present
thesis work focuses on the study of the influence of deposition parameters on the growth
of 3C-SiC thin films and optimizes the deposition parameters for different device

applications with high deposition rate.

1.5 Contents of Thesis Chapters

The present thesis consists of six (06) chapters. Chapter 1 is the present chapter
“Introduction”. Following this introductory chapter is Chapter 2, which gives a quick
review on the description of HWCVD system and parameters used for the deposition of
3C-SiC thin films. The chapter also contains the details of different characterization

techniques used for analysis of structural, optical and electrical properties of these films.

Chapter 3 contains the extensive studies on the influence of different deposition
parameters such as chamber pressure, filament temperature, substrate temperature and
methane flow rate on the growth of 3C-SiC films on glass and crystalline silicon

substrates and their structural properties.

Chapter 4 presents a systematic study on the influence of different deposition parameters
on optical and electrical transport properties of 3C-SiC films.
Chapter 5 is on the elemental and compositional analysis of 3C-SiC films investigated by

X-ray photoelectron spectroscopy in details.

Chapter 6 is the final chapter of the thesis, which summarizes the contents of individual
chapters and gives the final conclusion based on the work reported in this thesis. The
thesis work is concluded with the scope for future work from the present investigation.
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Chapter 2

Experimental Details

In this chapter, the details of deposition parameters and description of hot wire chemical
vapour deposition (HWCVD) technique & system for the preparation of cubic silicon
carbide (3C-SiC) films are discussed. Various characterization tools used to study those
films have also been discussed in this chapter. The purpose of this chapter is to give a
brief idea about the different experimental setups and basics of characterization
techniques to the reader.

2.1 Preparation of Films

As discussed in previous chapter, the motivation behind this thesis work is to understand
the growth of 3C-SiC films by HWCVD technique and optimize the deposition
parameters (conditions) for the growth of films for various device applications. In order
to achieve that, four series of 3C-SiC films were deposited on corning 1737/quartz and
crystalline silicon (c-Si) wafer substrates by varying the different deposition parameters
one at a time. The details of deposition parameters used for the preparation of each series
of films are listed in Table 2.1. The films were deposited in a single chamber load lock
based HWCVD system. Highly pure (= 99.99%) semiconductor grade Silane (SiH,),
Methane (CH,;) and hydrogen (H.) were used as precursor gas instead of
Monomethylsilane which is more expensive. For each deposition, a new tungsten
filament of 0.5 mm diameter and length ~30 cm was used. The substrates were heated
using radiative heater placed 5 mm above the substrate holder and substrate temperature
was measured using K-type thermocouple attached with substrate holder. Before each
deposition, chamber was evacuated to less than 10 mbar using turbo molecular pump
for 5-6 hours. The brief detail of HWCVD technique and system will be discussed in

next sections.
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Table 2.1: Preparation conditions of deposited 3C-SiC films by HWCVD technique by varying
different deposition parameters.

Deposition parameters CP series Tr series Ts series MFR series
Chamber pressure (CP) 1-5* 3 3 3
(mbar)

Filament temperature (T¢) 1900 1800-2200* 2000 2200
(°C)

Substrate temperature (Ts) 350 500 350-850* 400
(°C)

Methane flow rate (MFR) 2 12 6 6-18*
(SCCM)

Silane flow rate (SCCM) 20(10% in H,) 3(pure) 3(pure) 3(pure)
Hydrogen flow rate (SCCM) 0# 90 90 90
Filament to substrate 4 cm 4 cm 4 cm 6 cm
distance

* Variable parameters; # No additional hydrogen as used Silane is already diluted in H,

2.1.1 Description of HWCVD Technique

In this technique, the precursor gases are decomposed thermally and catalytically into
different radicals with the help of a filament heated at high temperatures, generally in the
range of 1600-2200 °C [1-4]. As the precursor gas undergoes catalytic cracking reaction
over the surface of heated filament, this technique is also known as catalytic CVD or
Cat-CVD [5-6]. Various metals such as tungsten, tantalum, rhenium, molybdenum,
graphite etc. can be used as filament material [7-9]. Thermally and catalytically produced
radicals may further undergo gas phase chain reactions (homogeneous) and get modified
before getting deposited at the substrate [10-12]. This technique has several advantages
like low substrate temperature, high gas-decomposition efficiency, large area deposition,
high deposition rate, absence of ion bombardment on growing films surfaces etc. over
other conventional PECVD technique [13-15]. Also, it is possible to vary the
microstructure of films from amorphous to nano/micro crystalline by tuning the
deposition parameters in this technique [15-21]. Usually for growth of 3C-SiC films,
SiH4 and CH4 gases are most used precursors. However, due to low cracking efficiency
of CHy4, a high filament temperature is necessary for the growth of stoichiometric SiC
films [3]. Hydrogen is used as carrier gas due to its high thermal conductivity and low
density. It is also widely believed that H; dilution leads to formation of nanocrystalline
SiC films by etching weak bonds of amorphous silicon and SiC phase [21-22], however

the growth rate is reduced with increase in hydrogen dilution. In addition, the flux of
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different film forming radicals reaching to the substrates also depends upon the process
pressure, filament to substrate distance, flow rates and ratio of precursor gases etc. [15-
21]. It has been observed that the amount of Si-related radicals generated was much
larger than that of C-related radicals when both the gas flow rates of SiH, and CH,4 are
equal [20]. In Table 2.2, a few important chemical reactions for silicon and carbon
species for SiH4, CH4 and H; system are listed [23]. Finally, the formation of SiC films
from SiH,4, CH,4 and H; precursor gases can be represented by following reaction
SiH4(g) + CH4(g) < SiC(s) + 4H,

Table 2.2: List of a few important chemical reactions for silicon and carbon species for SiH,,
CH, and H, system.

SiH; €——> SiHy* H, SiH, €——> Si +H,
SiH,*Si «—> SiH, SioH, €—> 25i+H;
Si,+ H, €=—> Si,H, CH; €—> C+2H,
CHs+H €——> CHs+H, SiH, €—> Si+2H,

2.1.2 Description of HWCVD System

HWCVD system has been indigenously designed and fabricated in our laboratory for the
preparation of amorphous/microcrystalline silicon films earlier. The detail description of
this HWCVD system can be found in references [24-25], however for quick reference
the brief description is given here. The schematic diagram of HWCVD system is shown
in Figure 2.1, while real system is shown in Figure 2.2. The system consists of two
cylindrical chambers made of stainless steel (SS304 grade), separated by a CF-100 gate
valve. One of the chambers is the process chamber and the other is the load lock
chamber. Since the system is originally designed for operating at low substrate
temperature (< 400 °C), low filament temperature (< 2000 °C) and low chamber pressure
(< 0.5 mbar), some modifications have been done to the system in order to achieve high
substrate temperature and filament temperature at high chamber pressure which is
essential for the deposition of SiC films. A high temperature water cooled substrate
heater (< 950 °C) was installed into the existing system. A double wavelength pyrometer
from IRCON (model MR-OR05-240) is used for the measurement of filament
temperature during deposition of films. The filament as well as the gas inlets is
surrounded by SS gas confinement cup which facilitates the efficient dissociation of the

gases.
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Figure 2.1: Schematic diagram of a general HWCVD system.

Figure 2.2: The fabricated HWCVD system with gas manifold in the laboratory (left). HWCVD
system during films deposition (right).

2.2 Characterization and Measurement Details

The prepared films are extensively characterized for their structural, optical and
electrical properties using different characterization tools such as X-ray diffraction,
Raman scattering spectroscopy, Fourier transform infrared spectroscopy, UV-Vis-NIR

spectroscopy, X-ray photoelectron spectroscopy and temperature dependent conductivity
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measurements. In the following sections we will discuss the basic principle and operation

of these characterization tools.
2.2.1 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive characterization technique based on the
principle of diffraction (scattering) of x-ray radiation in the films. This technique has
been used in a variety of applications for determination of:

e Microstructural nature of samples (amorphous or crystalline) and their phase

identification (cubic, hexagonal etc.).

e Mean crystallite size and unit cell parameters

e Strain and texture analysis

e Phase transitions, phase diagrams, defects etc.
Since the thickness of films under investigation in present thesis work was less than 1
um, it was very difficult to use conventional powder diffractometer (also known as
symmetrical diffraction geometry) technique to acquire the data from samples, because
thin film diffraction peaks are usually weak and the background intensities caused by
diffraction and scattering from the substrate are very high [26]. Therefore, the thin film
method (also known as asymmetric diffraction geometry) is used for collecting the
diffraction data. In this asymmetric diffraction geometry, the x-ray beam is incident at a
small angle (a;; usually less than a few degrees) with respect to the film surface, and the
detector on 26 axis is scanned to record diffraction signals from lattice planes that are

inclined to the sample surface as shown in Figure 2.3 [26].

Diffracted X-ray
Incident X-ray /)7
o Surface d
Sample
. 0

Diffracting planes

Figure 2.3: X-ray diffraction geometry for the asymmetrical diffraction [26].

In this present thesis, XRD measurements were performed using Seifert 3000 TT or
Rigaku TTRAX-1II diffractometer with CuK, (A= 1.5406 A) radiation in thin film mode
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in the range of 20 ~ 15-80° depending upon the availability of the instruments. XRD
studies were performed on the films deposited on corning 1737 glass or fused quartz
substrate. The mean crystallite size (dxgrp) of films was calculated using Scherrer’s

formula as follows

0.91

d = —
XRD ﬁCOSQhkl

Where, A is the wavelength of x-ray, g is the broadening (Full Width at Half Maximum
(FWHM)) due to crystallite size and & is the peak position corresponding to the (hkl)

plane.
2.2.2 Raman Scattering Spectroscopy

Raman scattering is inelastic scattering of photons with the material and used for
analysing the microstructure of molecules and crystals [27]. When light (photons) is
incident on the surface of a semiconductor, most of photons are reflected (scattered),
transmitted or absorbed without any change in frequency, i.e., incident photons and
scattered photons have same frequency. This phenomenon is due to first order elastic
interactions of photons with electrons, phonons and impurities of materials and known as
Rayleigh scattering. However, small fraction (~1 in 107) of photons interact inelastically
with different phonon modes of material and the scattered photons frequencies are
shifted from the incident frequency. This process is known as “Raman Scattering” and
the magnitude of this “Raman Shift” is independent of the excitation frequency. The
Raman scattered photons are either shifted to longer wavelengths (Stokes shift) by
absorbing a phonon or shorter wavelengths (anti-Stokes shift) by emitting a phonon

according to the energy and momentum conservation rules

ws = wit Q

=0 K
where o; and ws, are the incoming and scattered photon frequencies respectively, g; & Qs
are the incoming and scattered photon wave vectors respectively. Q and K are the
phonon frequency and wave vector respectively. In the present thesis work Horiba JY
LabRam HR800 micro-Raman system is used for recording of Raman scattering spectra
in backscattering geometry and only Stoke shifted photons are recorded. The

monochromatic argon laser excitation source with A = 514.532 nm is used to record the
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spectra. The resolution and the recorded spectral range of Raman shifts are 1 and 50-
1800 cm™ respectively. While recording the Raman shifts, the excitation laser radiations
are tightly focused on the surface of the sample to a spot size of < 1um. These studies are

performed on the films deposited on corning 1737 glass or quartz.
2.2.3 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a non-destructive and efficient
technique to analyze the chemical bonding properties of materials. The basic principle of
this technique is based on the fact that each molecule has its own distinct quantized
vibrational levels whose frequency lie usually in the mid-infrared region of 200-4000
cm™ and when the frequency of an incident infrared radiation matches with the
frequency of a molecular vibration mode, the molecules absorb the radiation. This
frequency of absorption is used to identify the vibrational modes of molecules. The
numbers of absorption peaks are related to the degree of vibrational freedom of the
molecule. The intensity of absorption peaks is related to the change in dipole moment
and the possibility of the transition in vibrational energy levels. Therefore, by analyzing
the infrared spectrum, we can obtain structural information of a molecule. Most
molecules are infrared active except for a few homo-nuclear diatomic molecules such as
0,, N3 etc. which have zero net dipole moment. A common FTIR spectrometer consists
of an IR source, Michelson interferometer and IR detector. Usually a heated quartz
tungsten halogen lamp is used as an IR source. The source generates radiation which
passes the sample through the interferometer and reaches the detector. The signal is then
amplified and is converted to a digital signal. Eventually, the signal is transferred to a
computer where Fourier transform is carried out. In the present thesis work, a single
beam Perkin Elmer BX FTIR spectrometer is used to record the IR transmission
spectrum of films deposited on un-doped single crystalline silicon (100) wafer. The
spectrometer is operated with a resolution of 4 cm™ and the IR radiations fall on the
sample at normal incidence. Silicon carbide absorbs the IR radiation due to different
vibrational modes of silicon, carbon and hydrogen at various positions as listed in Table
2.3[19]. From the FTIR transmission spectra, the absorption coefficient, a(w), of the

films have been calculated using Beer-Lambert’s law [28]
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Where t is the film thickness, T and T, are the transmittance of the films and substrate
respectively. FTIR absorption spectra have also been used to calculate the density of Si-
C (Nsi-c) and Si-H (Nsi-n) bonds using the following equation [28-29].

Nsicisin =Al 0 (@) 0/ ©  cooeeie e, (2.3)

where o (o) is the absorption coefficient and ® is the wavenumber. The value of A used
to calculate the density of Si-C and Si-H bonds is 2.13x10" c¢cm™ and 1.4x10%° cm™

respectively.

Table 2.3: Different IR vibrational modes of Silicon Carbide (SiC) and the corresponding

peak positions [19].

Peak Position (cm™) | Bonding Configuration Vibrational Mode
640-650 Si-H Wagging
770-800 Si-C Stretching
980-1000 C-H in (CH,)-Si and (CHg)-Si or Si-O-Si | Wagging
1250-1260 Si-(CHs) Bending
2070-2090 Si-H in C-Si-H Stretching
2800-3000 C-H in (CH,)-Si and (CH)-Si Stretching

2.2.4 UV-Vis-NIR Transmission Spectroscopy

Ultraviolet-Visible Near-Infrared (UV-Vis-NIR) spectroscopy in the transmission mode
was performed on the films deposited on corning 1737 glass. The measurements were
performed using Shimadzu UV3101PC dual beam spectrometer in the range 250-2500
nm. The measured spectrum indicates the fraction of light transmitted by the films and
the absorption due to electronic transitions from the ground state to an excited state. The
interference fringes were observed in medium to transparent absorbing range (>500 nm)
due to multiple reflections from different layers of the film. These interference fringes
were used for the determination of thickness and optical constant of the film by
Swanepoel’s method [30]. A typical UV-Vis-NIR transmission spectra of 3C-SiC film
and blank corning 1737 substrate is shown in Figure 2.4. The basic steps of Swanepoel’s

method to calculate the thickness of the films are as follows.

(1) First the transmission spectrum of clean corning glass substrate alone was taken and
the refractive index of substrate(s) was estimated using equation 2.4.

s=x+(x- 1)1/2 ................. (2.4)

T
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where Ts is the maximum transmission of substrate as shown in Figure 2.4.
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Figure 2.4: Typical UV-Vis-NIR transmission spectra of 3C-SiC films with fitted envelop.

(i) Calculation of refractive index (nf) of films in weak and medium absorption region

using relation

ng =[N+ (N2 —sHV2M2 (2.5)

where, N is given by

N=2stMlm S0 (2.6)

TuTm 2

where, Ty and Ty, are maxima and minima of transmission spectrum respectively. Ty and
Tm values at different A were obtained by the fitting the smooth envelop as shown in
Figure 2.4.

(i) The thickness (t) of film was calculated using following relation

t— A1l
2(Anfr—Aangq)
where, ny and ng, are the refractive indices at two adjacent maxima (or minima)
corresponding to A; and A, respectively. Once the thickness (t) and refractive index (ns) of
film were estimated, the absorption coefficient (o) is calculated in strong absorption

region of spectrum using following relation
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X =€XP(—AL) ceeriiriii i (2.8)

where, X is given by

B 2.9)
16nfs
where, Ty is single converged transmittance of the film in the strong absorption region

for very large o.

For a semiconductor material, the absorption coefficient, a, due to interband transition

near the band gap is described by the Tauc’s relation [31].
ahv =C(hv —Eg)P ... (2.10)

where hv is the energy of incident light photon, Eg is energy band gap and C is a constant
independent of v. The values of exponent p are 1/2 and 2 for a direct gap and an indirect
gap transition respectively. Using Equation (2.10) the optical band gap Eg of film was

172

calculated from (a/v)™“ vs hv curve. The absorption coefficient data was also used to

estimate Eo4 (photon energy at which a is ~ 10* cm™) value of the film.

2.2.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an atomic spectroscopic technique, which is
capable of providing atomic and molecular information regarding the surface of the
material [32-33]. It is highly surface sensitive technique which can probe samples
surfaces upto ~10 nm deep. However, one can probe the bulk of thin film by removing
(etching) the top surfaces using sputtering. Since the technique provides a quantitative
analysis of the surface composition, it is also called electron spectroscopy for chemical
analysis (ESCA) [32]. This technique is based on the principle of photoelectric effect.
When the sample surface is irradiated with x-rays, surface atoms emit photoelectrons
after direct energy transfer to the electrons. This photoelectron emission can be imagined
as a simple three step process, (1) incident x-rays interact with the electrons in the atomic
shell and photoelectrons are generated, (2) part of these photoelectrons move through the
solid to the surface and are subject to various scattering processes (those which are
inelastically scattered creating the background), and (3) photoelectrons reaching the
surface are emitted in the vacuum (after surmounting the work function threshold) [32-

33]. A Schematic diagram of core level x-ray photoelectron emission process is shown

26
TH-1395_08612109



Experimental Details

Figure 2.5. The binding energy (Ep) of the core electron is given by the Einstein relation
[33]

Eb = hv - EKiTl - d)A ....................... (211)

where Av is the incident x-ray photon energy, Exin is the kinetic energy of photoelectron
and ¢a is the work function of the analyzer. Usually, the analyzer work function ¢a
(about 4-5 eV) is empirically found by setting the energy scale to zero at the Fermi edge
of reference samples. After energy calibration, ¢a in relation (2.11) becomes zero, and

binding energy (Ep) can be written as [33]
Ep =hv —Egin-ceeeceeaeaniananannn. (2.12)

Thus, the kinetic energy of photoelectron is measured, and the emitting atom (except H
and He) can be identified from the characteristic electron energy spectra. However, the
equation (2.12) is only valid for conductive samples where the Fermi energy level is
equal for sample and analyzer. For insulators or in case of charging of samples, the
Fermi level is not well defined, and the binding energy may shift.

hy

Analyzér-

Sample

Figure 2.5: Schematic explanation of relevant energy terms in XPS of solid surfaces. An X-ray
with energy 4v generated a vacancy in a core electron level with binding energy E,. The emitted
photoelectron has to overcome the work function of the sample, ¢s and the energy measured by
the analyzer with reference to the Fermi Energy Er is the emitted energy diminished by the
difference between the analyzer work function ¢ and ¢s [33].

Since the number of photoelectrons of an element is dependent upon the atomic
concentration of that element in the sample, XPS is also used for the determination of the
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chemical composition of sample. The atomic concentration (at.%X) of an element is

calculated by the relation [29]

Si

Ax
at. %X = 100 x (5—>§,> .......................... (2.13)

where X is the specific element, Ax and A; are the area under the peak of the element X in
the spectrum and all the elements in the spectrum. Sy and S; are the sensitivity factors of

the elements.

Typical XPS instruments consist of high vacuum chamber, an x-ray source,
photoelectrons energy analyzer and an electron detector. The sample is placed in a high
vacuum chamber and monochromatic x-ray beam from either synchrotron or a laboratory
source is allowed to fall on sample. An electrostatic analyzer analyzes the energy of the
photoelectrons, and an electron multiplier tube or a multichannel detector detects the
photoelectrons. In the present thesis work, angle integrated XPS experimental station
with Mg K, (1256.3 eV) x-ray source were used to record the data. Incident beam from
the x-ray gun was at 45° from the surface of the sample. Omicron EA125 energy
analyzer was used for the measurement of kinetic energy of emitted photoelectrons. The
angle between incident beam and entrance slit of the analyzer was 90°. The aperture
diameter of the entrance slit of the analyzer was 6 mm and exit aperture was 3 mmx10
mm. Distance between the surface of the sample and entrance slit of the analyzer was
approximately 30 mm. Take-off angle of photoelectrons from the surface of the sample
was about 45°. A few XPS measurements were also performed at INDUS-1 beam line
(Raja Ramanna Centre for Advanced Technology, Indore), using monochromatic (170

eV) x-ray source from synchrotron.

2.2.6 Temperature Dependent Dark Conductivity Measurements

Dark conductivity of 3C-SiC films deposited on corning 1737/quartz glass were
measured by two probe method in a diffusion pump based high vacuum (~10° mbar)
system. The sample is mounted on a stainless steel sample holder (kept inside a vacuum
chamber) which can be heated upto 250 °C for measuring the temperature dependent
conductivity. A thin mica sheet is placed between the sample and the sample holder so
that the sample is electrically insulated from the holder but remains in contact thermally.

The conductivity of the films was measured in coplanar geometry using silver paint as
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electrodes. The schematic circuit diagram of two probe method is shown in Figure 2.6.
For measuring the conductivity, Keithley source measure unit (SMU) is used for
supplying the voltage as well as for measuring the current. The temperature of films is
measured with the help of a platinum resistance thermometer (PT-100) and a 6 % digit
multimeter (Agilent, model 34401A). First, the ohmicity of the film-silver paint

electrodes is checked by I-V characteristics measurement.

1
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Figure 2.6: Schematic circuit diagram of the two probe conductivity measurement set up.
Arabic numbers are used to denote the components as: 1. Substrate holder & heater (in vacuum),
2. Sample (thin film), 3. Electrode, 4. VVoltage source, 5. Current meter.

In case of coplanar geometry the conductivity (o) of film is given by

where, | is the length of electrodes, d; is the separation between them, t is the thickness of

the film, V is the applied voltage and | is the measured current.

The dark conductivity activation energy (E,) is determined from temperature dependent
dark conductivity data using Arrhenius plot. The relation between the dark conductivity

o and activation energy E, is given by

Ea]

o = ooExp[— KT

Where, oy is the dark conductivity prefactor, Kg is Boltzmann constant and Tk is the

absolute temperature (in Kelvin).
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Chapter 3

Growth and Structural Properties of 3C-SiC Thin Films

In this chapter, growth and micro-structural properties of 3C-SiC thin films as deposited
by hot wire chemical vapor deposition technique (HWCVD) are discussed. In HWCVD
technique, the microstructure of 3C-SiC thin films can easily be changed from
amorphous to nano/micro/poly crystalline by controlling and tuning various deposition
parameters such as chamber pressure (CP), filament temperature (Tg), substrate
temperature (Ts), precursors (gas) flow rate, filament to substrate distance etc. [1-21].
Though a few reports are available in literature, the influence of deposition parameters
on the growth and micro-structural properties of 3C-SiC films are still not clearly
understood and are being investigated [5]. With this motivation, we prepared four series
of films by varying the different deposition parameters; CP, T, Ts and Methane flow
rate (MFR). The micro-structural properties of the films were investigated by XRD,
Raman scattering and FTIR transmission spectroscopy. We will discuss the influence of
different deposition parameters on growth and structural properties of films one by one

in following sections.

3.1 Influence of Deposition Parameters on Growth of 3C-SiC Films

3.1.1 Influence of Chamber Pressure

Chamber pressure is an important parameter for the deposition of 3C-SiC films in
HWCVD technique as it influences the decomposition of methane (CH,4) into film
forming radicals [1-3]. To investigate the influence of chamber pressure on the growth of
3C-SiC films, a series of films were deposited on corning 1737 glass substrates by
varying the chamber pressure from 1 to 5 mbar using hydrogen diluted silane (10% in
H,) and methane as a precursor gas. All the other deposition parameters such as Ts,
Silane flow rate, MFR and T were kept fixed at 350 °C, 20 standard cubic centimeters
per minute (SCCM), 2 SCCM and 1900 °C respectively and are listed in section 2.1
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(Table 2.1) of Chapter 2. Prior to deposition, the chamber was evacuated to a pressure
less than 10® mbar using turbo molecular pump for 5-6 hours. To avoid the overheating
of substrates due to filament, the distance between filament and substrate was kept at 4
cm. The films were structurally characterized by XRD (Siefert XRD 3003 TT in 26
mode) and Raman scattering (Horiba LabRam Raman spectrometer with excitation
wavelength of 514.1 nm). The thickness and thus growth (deposition) rate of films were
estimated by Swanepoel’s method from UV-Vis-NIR transmission spectra as discussed

in details in section 2.4.4 of Chapter 2.

3.1.1.1 XRD Studies

Figures 3.1 show the XRD pattern of the films deposited at different chamber pressure.
From the figure it is clearly evident that the film deposited at 1 mbar is nc-Si, as peaks
corresponding to (111), (220) and (311) plane of silicon appeared at 26 = 28.3°, 47.6°

and 56° respectively [10]. As chamber pressure is increased from 1 to 2-5 mbar, peaks

1
111 11) (220),,
il : 5 mbar
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Figure 3.1: The XRD pattern of the films deposited at different chamber pressure.

1 mbar
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corresponding to (111) and (220) plane of 3C-SiC are observed at 35.7° and 60°
respectively in all the films, indicating the growth of nanocrystalline 3C-SiC [3, 8, 10,
13]. A small shoulder at ~33.8° is also observed in these films which could be due to the
either 4H hexagonal (H) phase of SiC or stacking faults [13, 22-23]. A broad peak in
~20 = 20-30° range in some of the samples is due to amorphous nature of glass substrate

as these films are thinner.
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Figure 3.2: The deconvoluted XRD pattern of the films deposited at chamber pressure of 2-5
mbar. The open circles are raw data while the line and filled symbol corresponds to fitted data.

The XRD peak near 35° could be deconvoluted into two components, one corresponding
to cubic (3C) phase of SiC at 35.7° and another corresponding to 4H phase or stacking
faults of SiC near ~ 34° and are shown in Figure 3.2[11,14]. The full width at half
maximum (FWHM) of the peak corresponding to 3C phase initially decreased from ~1.1
to 0.8° as chamber pressure was increased from 2 to 3 mbar after that increased to 0.9° as
chamber pressure further increased. Accordingly, the mean crystallite size of 3C-SiC

(111) phase, which was estimated using Scherrer’s formula (Eq. 2.1), is in the range of 7-
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10 nm. The FWHM of 3C & hexagonal (H) phase and mean crystallite size of 3C-SiC
(111) phase are listed in Table 3.1. Figure 3.3 shows the dependence of FWHM and
mean crystallite size of films on chamber pressure.

Table 3.1: FWHM, mean crystallite size, thickness and deposition rate of films deposited at
different chamber pressure.

CP FWHM;c FWHM,, | Mean crystallite sizesc | Thickness | Dep. rate (rg)
(mbar) ®) ®) (nm) (nm) (nm/min)
1 0.91(Si) 09.00 3891 65
2 1.08 1.14 07.70 1529 25
3 0.79 1.86 10.60 428 14
4 0.91 1.49 09.10 1196 20
5 0.84 1.74 09.90 792 18

The XRD results confirm that films deposited at 1 mbar are nano-crystalline silicon even
though precursor gas CH, for carbon atoms was present during deposition. However,
when chamber pressure was > 2 mbar all the films are 3C-SiC nano-crystalline in nature.
This suggest that at high pressure (> 2 mbar) CH,4 gas decomposes easily through gas
phase reaction and carbon atoms are incorporated into the films [2-3] resulting in the
growth of 3C-SiC. Also the creation of large number of H radicals on growing film
surface enhances the growth of film by increasing surface diffusivity of film forming
radicals and etching of weak bonds of amorphous phase and crystalline Si phase [13, 24].
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Figure 3.3: (a) The FWHM of 3C & H phase, (b) The mean crystallite size of 3C-SiC (111)
phase and as a function of chamber pressure. The dotted lines are guidelines to the eye.

3.1.1.2 Deposition Rate

The estimated thickness of films using Swanepoel’s method from UV-Vis-NIR
transmission spectra are listed in Table 3.1 along with calculated deposition rate (rg).

Thickness of the films was also measured using surface profilometer (Veeco DekTak
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150) and was found to be nearly same as calculated from the transmission spectra. Figure
3.4a show the dependence of deposition rate of films on chamber pressure. It is clearly
evident from this figure that as chamber pressure increases from 1 to 2 mbar, deposition
rate decreases from 65 to 25 nm/min. However, it should be noted that film deposited at
1 mbar of chamber pressure is nano-crystalline silicon (nc-Si) and the deposition rate for
nc-Si films is expected to be higher than this value when pure SiH, is used. In our case,
the presence of additional methane gas reduces the mean free path of film forming Si
radicals and hence the deposition rate is reduced slightly. The deposition rate of 3C-SiC
films (CP > 2 mbar) decreases slightly as chamber pressure increase, except film
deposited at 3 mbar. This could be due to the fact that initial growth of films is in two
dimensions on the surface and only after some time it starts growing in vertical direction.
Since the deposition time of 3 mbar sample is less than other samples and hence the
deposition rate is low. These results suggest that the deposition mechanism of SiC film
would be different from hydrogenated amorphous/micro crystalline silicon (a-Si:H/uc-
Si:H), because the deposition rate of a-Si:H/pc-Si:H films increases with increasing
chamber pressure [25]. The slight decrease in deposition rate of 3C-SiC films with
chamber pressure could be attributed to change in mean crystallite size of films (Figure

3.4b); smaller the crystallite size, higher is deposition rate and vice versa.
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Figure 3.4: (a) Dependence of deposition rate (ry) of films on chamber pressure (b) Dependence
of deposition rate on mean crystallite size of films deposited at different chamber pressure. The
dashed lines are guide to the eyes.

3.1.1.3 Raman Scattering Studies

Figure 3.5 show the Raman scattering spectra of the films deposited at different chamber
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pressure. It is clearly evident that the film deposited at 1 mbar was nano-crystalline
silicon as sharp peak corresponding to transverse optic (TO) mode of crystalline silicon
appeared at 510 cm™. The shift towards lower wave number compared to c-Si (at 520
cm™) in Raman spectrum could be due to the small size of crystallites. For the films
prepared at chamber pressure > 2 mbar, the Raman spectra clearly reveal the
nanocrystalline nature of the 3C-SiC as characteristic peaks corresponding to 3C-SiC TO
and longitudinal optical (LO) mode appear at 780 cm™ and 960 cm™ respectively [8,13].
The relative strengths and shape of these TO and LO peaks of 3C-SiC for different
sample are almost identical suggesting similar degree of crystallinty [9], however exact
determination of crystallite size or crystalline volume fraction is not possible. Several
broad peaks between 400-600 cm™ and 1300-1500 cm™ are also observed which could
be due to the overlap of different transverse acoustic (TA) and longitudinal acoustic (LA)

mode of 3C-SiC and C-C bonds respectively [9, 26-27].
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Figure 3.5: Raman scattering spectra of the films deposited at different chamber pressure.

The Raman results are consistent with XRD analysis and further confirms that the

chamber pressure of > 2 mbar is necessary for deposition of 3C-SiC films, however some
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powder formation on the walls of chamber was observed when pressure is > 4 mbar.

Therefore a chamber pressure of 3 mbar is chosen for deposition of films for other series.
3.1.2 Influence of Filament Temperature

Filament temperature (T) plays a critical role in the efficient cracking of precursor gases
and flux of film forming radicals in HWCVD technique as precursor gases are
decomposed thermally and catalytically into different radicals by hot filament [7-9].
Therefore we deposited a series of films on corning 1737 glass and undoped crystalline
c-Si wafer (100) substrates simultaneously by varying the filament temperature from
1800 to 2200 °C keeping other deposition parameters fixed. All the other deposition
conditions like base pressure and filament to substrate distance were same as described
in section 2.1 of Chapter 2 and previous section (3.1.1) of this chapter. XRD, Raman
scattering and FTIR transmission spectroscopy techniques were used for the

determination of structural properties of these films.
3.1.2.1 XRD Studies

Figure 3.6 show the XRD pattern of the films deposited at different T¢. For the film
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Figure 3.6: The XRD pattern of the films deposited at different filament temperature.
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deposited at Tg = 1800 °C, broad peak has been observed between ~ 26-36° which could
be assigned to amorphous phase of silicon-carbon alloy. As T is increased from 1900 to
2200 °C, peaks corresponding to (111), (220) and (311) plane of 3C-SiC are observed at
35.7°, 60° and 71.8° respectively [3,8,10,13]. These peaks become sharper and narrower
with increasing filament temperature. A small shoulder at ~33.8° has also been observed

in theses sample which could be due to the hexagonal (H) phase of SiC or stacking faults

[13, 22-23].
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Figure 3.7: The deconvoluted XRD pattern of the films deposited at different Tr. The open
circles are raw data while the line and filled symbol corresponds to fitted data.

The XRD peak near 35° could be deconvoluted into two components, one corresponding
to 3C phase of SiC at 35.7° and another corresponding to H phase or stacking faults of
SiC[11,14]. Figure 3.7 show the deconvoluted XRD pattern for the films deposited at
different Tr. The FWHM of the peak corresponding to 3C phase decreases from ~1.6 to
0.5° as Tk is increased from 1900 to 2200 °C (Figure 3.8a). The mean crystallite size of

3C-SiC phase estimated using Scherrer’s formula increases monotonously from 5 to 18
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nm with increase in Tg (Figure 3.8b). These results suggest that when T is low (1800-
1900 °C) the films are amorphous in nature; however for Tg > 2000 °C nanocrystallite

formation takes place and crystallite growth is promoted with an increase in T¢.

Table 3.2: FWHM, mean crystallite size, thickness and deposition rate of films deposited at
different filament temperature.

Tr FWHM;sc | FWHM,, | Mean crystallite sizesc Thickness Dep. rate (ry)
(°C) ) ) (nm) (nm) (nm/min)
1800 2180 72.6
1900 3.28 1.76 2.5 1496 49.8
2000 1.58 2.52 5.3 1157 38.5
2100 0.88 1.34 9.5 663 22.1
2200 0.49 1.77 18.6 445 14.8
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Figure 3.8: (a)The FWHM of 3C & H phase, (b) The mean crystallite size of 3C-SiC (111)
phase and as a function of filament temperature. The dotted lines are guidelines to the eye.

3.1.2.2 Deposition Rate

The estimated thickness of films by Swanepoel’s method is given in Table 3.2 along with
calculated deposition rate (rg). Thickness of the films was also measured using surface
profilometer and was found to be nearly same. Figure 3.9a show the dependence of
deposition rate of films on filament temperature. It is clearly evident from this figure that
deposition rate decreases with increasing filament temperature. The deposition rate of
amorphous films (T¢ = 1800 & 1900 °C) are quite high ~72-50 nm/min; however as
mean crystallite size of films increases with increasing filament temperature deposition
rate decreases to ~15 nm/min for film deposited at T = 2200 °C. These results again
suggest that the deposition mechanism of SiC film would be different from that of a-

Si:H/uc-Si:H, because the deposition rate of a-Si:H/uc-Si:H films increases with
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increasing filament temperature [7, 28]. Itoh et al. have also found similar behavior [7].
Since, it has been reported that a tungsten (W) filament was carburized during deposition
of diamond, SiC films [7], T. Itoh et al. suggested that filament carburization would
decrease the decomposition rate of SiH, and hence deposition rate [7]. However, in our
studies we have used a new W filament for each deposition of films and hence the
chances of carburization of whole W filament would be very low. Also, A. Tabata et al.
have found that even carburization of W filament (at T = 1800 °C) did not affect the
deposition rate, structural, electrical and optical properties of the 3C-SiC thin films for
the exposure time up to 450 min [29]. Therefore, there could be another reason for this
decrease in deposition rate. Figure 3.9b show the dependence of deposition rate on mean
crystallite size of films. It is clearly evident from this figure that as mean crystallite size

of films increases with increasing filament temperature, deposition rate decreases.
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Figure 3.9: (a) Deposition rate (ry) of films as a function of Tr. (b) Dependence of deposition
rate on mean crystallite size of films. The dashed lines are guide to the eyes.

3.1.2.3 Raman Scattering Studies

Figure 3.10 show the Raman scattering spectra of the films deposited at different T¢
(1800-2200 °C). Film deposited at Tr = 1800 °C exhibited only one peak at 480 cm™
corresponding to amorphous silicon (a-Si) TO mode. As Tk is increased ( >1900 °C), the
peak corresponding to TO mode of a-Si disappeared and two peaks near 780 cm™ and
890 cm™ corresponding to TO and LO modes respectively of 3C-SiC are observed
[8,13]. Several broad peaks are also observed between 400-600 and 1300-1500 cm™ due
to overlapping of various acoustic modes (TA & LA) of SiC [9, 26] and C-C bonds [27].
An additional peak near 1000 cm™ corresponding to second order of Si TO mode in

carbon environment is observed for the films deposited at T¢ = 1900 & 2000 °C. Raman
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scattering results further confirm the growth of SiC nanocrystals in the films deposited at
higher T¢.
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Figure 3.10: Raman scattering spectra of the films deposited at different filament temperature.

3.1.2.4 FTIR Transmission Studies

Figure 3.11 show FTIR transmission spectra of films deposited simultaneously on
undoped c-Si (100) wafers. A transmission dip near 800 cm™ corresponding to Si-C
stretching mode is observed for all the films [5, 13, 22, 30-33]. However, broadness of
dip decreases as T is increases. Transmission dips corresponding to stretching mode of
Si-H and C-H bonds at around 2100 and 2800-3000 cm™ respectively [5, 30-33] are also
seen in the films deposited at low T¢ (1800 and 1900 °C), however these bands disappear
for high T films. For all the films, an additional strong shoulder is observed at around
1000 cm™ and this could be attributed to the rocking and wagging mode of Si-CH, bonds
or Si-O-Si [30]. The absorption coefficient, a(w), in the range of 400-1200 cm™ has been
calculated using Beer-Lambert’s law [30]. The absorption spectra in the range of 400-
1200 cm™ is shown in Figure 3.12. It is clearly evident from the spectra (Fig. 3.12) that

the intensity of absorption peak near ~800 cm™ increases as Tr increases from 1800-
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2200 °C. Further, with increasing Tg, the shape of absorption peak change from Gaussian

to Lorentzian; pure Gaussian for films with Tg= 1800 °C (Figure 3.13), a combination of
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Figure 3.11: FTIR transmission spectra of the films deposited at different filament temperature.

Gaussian and Lorentzian (Voigt) for Tg = 1900 °C and pure Lorentzian peak for Tg >
2000 °C (inset of Figure 3.13). It is worth mentioning here that the appearance of
Gaussian/Voigt peak in the fittings of FTIR absorption spectra for low Tg films
represents a broad distribution of bond lengths and bond angles corresponding to
amorphous state while the appearance of Lorentzian peak for high Tg films represents the
narrow spreading of bond lengths and low distortion of the bond angle corresponding to
crystalline state [13, 22]. The peak position and FWHM of Si-C stretching mode as a
function of T are shown in Figure 3.14a. It can be seen from the Figure 3.14a that the
FWHM and absorption peak position of the films decreases as Tr increases from 2000 to
2200 °C. FTIR absorption spectra have also been used to calculate the density of Si-C
(Nsic) and Si-H (Nsi.) bonds using equation (2.3) [31-33]. For calculating bond density
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of Si-C and Si-H, the peaks near ~800 cm™ and ~670 cm™ corresponding to Si-C and Si-

H stretching mode respectively have been considered.
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Figure 3.12: Absorption coefficient, a(w), of the films deposited at different filament
temperature calculated from FTIR spectra.
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Figure 3.13: Deconvoluted FTIR absorption spectra of the film T¢ = 1800 °C. The inset shows
deconvoluted spectra of the film T¢ = 2200 °C. Circles are raw data while the line corresponds to

fit.
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The calculated values of Nsi.c and Nsi.y value are shown in Figure 3.14b. It is observed
that as Tg increases, the density of Si-C bonds increases in the films, which is in
agreement with [7] that high Tg is required for carbon incorporation into SiC films.

Additionally no Si-H bonds are observed for high T films.
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Figure 3.14: (a)Variation of the FTIR absorption peak position and FWHM (Lorentzian) with
varying Tr. (b) Density of Si-C (Nsi.c) and Si-H (Ns;.n) bonds as function of Tg. The error bars
are included in the size of the symbol. The dotted lines are guidelines to the eye.

FTIR results along with the XRD and Raman scattering studies suggest that low Te
could not generate enough thermal energy to decompose CH, molecules completely into
film forming radicals and hence films are more a-Si like and density of Si-C bond is low
as compared to Si-Si bond. At high T¢ (> 2000 °C), CH4 molecules decompose easily
through gas phase reaction and large numbers of carbon atoms are incorporated into the
films [7] resulting in the growth of nanocrystalline 3C-SiC embedded in amorphous
matrix. Also the creation of large number of hydrogen radicals on growing film surface
enhances the growth of nanocrystalline films by increasing surface diffusivity of
precursors and etching the weak bonds of amorphous and crystalline Si phase [15, 24].
These results suggest for Tg > 2000 °C nanocrystallite formation takes place and
crystallite growth is promoted with an increase in Tg. Therefore a filament temperature

of >2000 °C was chosen for the deposition of films in subsequent series.

3.1.3 Influence of Substrate Temperature

In previous two sections, we have discussed the influence of two important deposition
parameters on films microstructural properties, as these parameters in HWCVD
technique can affect directly the dissociation of precursor gases and formation of films

forming radicals. However, other deposition parameters such as substrate temperature
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(Ts) and gas flow rates also play an important role in nucleation and growth of
crystallites in films and hence microstructure of the films. A detailed understanding of
the role of substrate temperature in case of HWCVD is still required and being under
investigation. There are several reports on the preparation of 3C-SiC films at low Ts (<
400 °C) [12-13], however, all the reported films are either amorphous or having small
nanocrystallites embedded in amorphous matrix. With this motivation, we prepared a
series of films by varying Ts in the range of 350-850 °C keeping the other deposition
parameters fixed as listed in Table 2.1. Since the Ts is high for a few samples of this
series, films are deposited on Quartz (instead of corning 1737) and undoped c-Si wafer
substrates simultaneously. All the other conditions are identical as described in previous
section. The films are structurally characterized by XRD, Raman spectroscopy and FTIR

transmission spectroscopy.
3.1.3.1 XRD Studies

Figure 3.15 show the XRD pattern of the films deposited at different substrate
temperature. All the films show diffraction peaks near 20 = 35.7°, 60° and 71.8°
corresponding to (111), (220) and (311) planes of 3C-SiC respectively [3,8,10,13].
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Figure 3.15: The XRD pattern of the films deposited at different substrate temperature.
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A broad peak near ~ 2@ = 21° is observed for the films deposited at Ts> 650 °C, is due

to the contribution of quartz substrate as these films are of low thickness(~300 nm).
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Figure 3.16: The deconvoluted XRD pattern of the films deposited at different substrate
temperature. The open circles are raw data while the line and filled symbol corresponds to fitted
data.
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This broad peak is absent for much thicker (> 2um) low Ts films. Further as the Tg
increases, the diffraction peaks become sharper and two clearly distinct peaks near ~
33.8° and 35.7° are observed, indicating a significant improvement in crystallinity of the
films. In order to find out mean crystallite size, the diffraction peaks near ~35° has been
deconvoluted into two components, one corresponding to 3C phase(~35.7°) and another
corresponding to hexagonal phase (H) phase(~33.8°) [11,14] of SiC. Figures 3.16 a-e
show the deconvoluted XRD pattern for the films deposited at different substrate

temperature.
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Figure 3.17: (a) The FWHM of 3C & H phase, (b) The mean crystallite size of 3C-SiC (111)
phase as a function of substrate temperature. The dotted lines are guidelines to the eye.

It has been observed that as Ts increases from 350 to 850 °C, the peak correspond to 3C-
SiC (111) becomes narrower and full width at half maximum (FWHM) decreases from
2.65 to 0.47° (Figure 3.17a). The mean crystallite size of 3C-SiC phase estimated using
Scherrer’s formula is in the range of ~4-20 nm (Table 3.3) and it initially increased as Ts
increased up to 650 °C, after that decreased a little (Figure 3.17b).

Table 3.3: FWHM, mean crystallite size, thickness (from surface profilmoter) and deposition

rate of films prepared at different substrate temperature.

Ts | FWHM;c | FWHM,y | Mean crystallite sizesc Thickness (nm) Dep. rate(rg)
(°C) ® ®) (nm) (from Profilmoter) (nm/min)
350 2.65 1.84 03.1 2787 92.9

450 1.81 1.52 04.6 2517 83.9

550 0.40 1.60 20.4 460 15.3

650 0.40 2.17 20.8 370 12.3

750 0.48 1.66 17.3 360 12.0

850 0.47 1.67 17.8 300 10.0
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An initial increase in crystallite size with increase in Ts is due to increase in energy thus
mobility of film forming radicals on the growing surface, which makes these radicals to
diffuse on the substrate surface and find energetically favorable site leading to increase
in size of crystallites [12,34-36]. Further increase in Ts (=750 °C) enhances the
desorption rate of film forming radicals resulting in a decrease in mean crystallite size
[34-36].

3.1.3.2 Deposition Rate

In this series of films, it is not possible to determine the accurate thickness of all the
films from Swanepoel’s method as interference fringes in UV-Vis-NIR transmission
spectra (discussed in Chapter 4) are blurred possibly due to non-uniform deposition or
highly poly-crystalline nature of films. Since the thickness of films measured by surface
profilometer matched well with those calculated from the transmission spectra for other
series of films reported earlier in previous sections of this chapter. Therefore, it is
expected that the thickness obtained using surface profilometer is accurate for the present
series of films also. The estimated thickness from surface profilometer and deposition
rate (rg) of films are listed in Table 3.3. Figure 3.18a show the dependence of ry of films
on substrate temperature. It is clearly evident from this figure that ryq decreases from ~92
to 10 nm/min as Ts increases from 350 to 850 °C. This decrease in rq can be attributed to
the temperature dependence of reaction probability, sticking co-efficient and desorption
rate of film forming radicals. At low Ts the surface mobility of the film forming radicals
is low with high sticking co-efficient [12, 34]. Hence, the radicals get easily incorporated

into the film. As Ts increases, the surface mobility of film forming radicals increases;
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Figure 3.18: (a) Dependence of deposition rate of films on Ts (b) Dependence of deposition rate
on mean crystallite size of films. The dotted lines are guidelines to the eye.
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this facilitates the surface diffusion of the radicals to go to energetically favorable sites,
thus decreasing the deposition rate [12-13, 34-36]. Also, an increase in Ts increases the
desorption rate of film forming radicals from the growing film surface, resulting in
further decrease in deposition rate [34-36]. Also, as observed in previous section that
mean crystallite size of films also depends on the deposition rate; the deposition rate of
nano-crystalline 3C-SiC films (Ts = 350 & 450 °C) are much higher as compare to the

films deposited at high Ts, which have large mean crystallite size (Figure 3.18b).
3.1.3.3 Raman Scattering

Raman scattering spectra of the thin films deposited at different Ts are shown in Figure
3.19. All the films show peaks at about 780 and 895 cm™ corresponding to TO and LO
modes of 3C-SiC [8, 13]. Several broad peaks between 400-600 and 1300-1500 cm™ are
also observed which could be due to the overlapping of various TA and LA modes of
3C-SiC and C-C bonds respectively [9, 26-27]
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Figure 3.19: Raman scattering spectra of the films deposited at different substrate temperature.

For the films deposited at Ts < 450 °C, peak corresponding to TO mode of silicon (Si)
near ~520 cm™ is also observed. However, this Si TO peak disappears as Ts increases.

This indicates that the composition of films changes from Si-rich to nearly stoichiometric
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SiC as Ts increases. The Raman results are consistent with the XRD results and confirm

the growth of SiC nanocrystallites.

3.1.3.4 FTIR Studies

FTIR transmission spectra of the films deposited simultaneously on undoped c-Si (100)
wafers are shown in Figure 3.20. For all the films a transmission dip near 800 cm™
corresponding to Si-C stretching mode is observed [13, 30-33]. However, broadness of
dip decreases as Ts is increased from 350 to 850 °C. Transmission dips corresponding to
stretching mode of Si-H and C-H bonds at around 2100 and 2800-3000 cm™ respectively
[5,30-33] are also seen in the films deposited at low Ts (< 450 °C), however these bands

disappear for high Ts films.
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Figure 3.20: FTIR transmission spectra of the films deposited at different substrate temperature.

An additional strong shoulder near 1000 cm™ is observed for all the films and this could
be attributed to the rocking and wagging mode of Si-CH, bonds or Si-O-Si [30]. The
absorption coefficient, a(w), of the films has been calculated using Beer-Lambert’s law
in the range of 400-1200 cm™ [30] and are shown in Figure 3.21. It is evident that the
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intensity of absorption peak (Fig. 3.21) near ~800 cm™ increase as Ts is increased from
350-850 °C, suggesting the improvement in crystallinity in the films [13, 22].
Improvement in crystallinity of the films with Ts is also confirmed by the observed
changes in shape of absorption peak, which changes from quasi Gaussian for low Tg
(amorphous) films to pure Lorentzian for high Ts (nanocrystalline) films. The peak

position and FWHM of Si-C stretching mode as a function of Ts are shown in Figure

3.22a.
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varying Ts (b) Density of Si-C bonds as a function of substrate temperature. The dotted lines are
guidelines to the eye.

TH-1395_08612109 53



Chapter 3

It can be clearly seen from this figure that the peak position and FWHM of Si-C
stretching mode decreases as Ts is increased. FTIR absorption spectra have also been
used to calculate the density of Si-C (Nsi.c) bonds using the Eq. 2.4 (section 2.4.3). The
calculated values of Nsi.c value are plotted in Figure 3.22b. It is observed that as Ts
increases, the density of Si-C bonds increases in the films. FTIR results along with XRD
and Raman studies suggest that an increase in Ts enhances the surface diffusivity of
precursors on the film growing surface and etch the weak amorphous SiC bonds and
crystalline Si phase and hence enhance the growth of SiC nanocrystallites in the films
[12-13]. Also as films are prepared at high hydrogen dilution, the amorphous Si and SiC
phases are etched by hydrogen radicals, leading to high crystallinity in films [13].

3.1.4 Influence of Gas Flow Rate

Having optimized, the three basic parameters; chamber pressure, filament temperature
and substrate temperature, which strongly influence the films properties in HWCVD
technique, it was pertinent to study the influence of other parameters like gas flow rate,
silane to methane ratio etc. on SiC films properties. It has been reported in literature that
flux of silicon related radicals is much higher than that of carbon related radicals when
both the gas flow rates (CH, and SiH,) are equal [15], therefore we prepared another
series of films by varying the methane to silane ratio from 2:1 to 6:1 by varying the
methane flow rate (MFR). Since, we have kept the filament temperature very high (2200
°C) in this series, the distance between filament and substrate was kept ~6 cm to avoid
substrates overheating during deposition. The other deposition parameters were fixed and
listed in Table 2.1.

3.1.4.1 XRD Studies

The XRD diffraction pattern of the films deposited on quartz at different MFR are shown
in Figure 3.23. Presence of three sharp prominent diffraction peaks at 20 =35.7°, 60° and
71.8° corresponding to (111), (220) and (311) planes of 3C-SiC respectively in XRD
pattern suggest that the films are highly crystalline [3, 8, 10, 13]. A small shoulder at
~20 = 33.8° has also been observed in the samples which could be due to the either
hexagonal (H) phase of SiC or planer defects [13, 22-23]. However, as MFR increases,
the shoulder at ~20 =33.8° becomes more and more broad and clearly visible. A broad

peak between ~ 20 = 20-30° is also observed in samples which is due to amorphous
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nature of glass substrate. The diffraction peaks near ~35° has been deconvoluted into two
components, one corresponding to 3C phase (~35.7°) and another corresponding to
hexagonal phase (H) (~33.8°) of SiC [11,14] and are shown Figure 3.24 a-d. The FWHM
of the 3C-SiC (111) peak monotonously increases from ~ 0.30 to 0.59° as MFR is
increased from 6 to 18 SCCM (Figure 3.25a). Accordingly, the mean crystallite size of
3C-SiC (111) phase (Table 3.4) estimated using Scherrer’s formula monotonously
decreases from 27 to 13 nm with increasing MFR (Figure 3.25b).
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Figure 3.23: The XRD pattern of the 3C-SiC films deposited at different methane flow rate.

Table 3.4: FWHM, mean-crystallite size, thickness (from surface profilmoter) and deposition
rate of films deposited at different methane flow rate.

MFR | FWHMz;c | FWHM, | Mean crystallite sizesc |  Thickness (nm) | Dep. rate(rg)
(SCCM) ® ®) (nm) (from profilometer) | (nm/min)
6 0.30 1.99 27.4 470 5.2
9 0.36 1.71 23.0 510 5.7
12 0.40 1.57 20.5 636 7.0
15 0.47 1.61 17.8 684 7.6
18 0.59 1.70 14.0 932 10.3
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The XRD results suggest that at low MFR, the film forming radicals especially carbon
related radicals get more time to diffuse over the growing surface to find energetically
favorable sites resulting in crystallites of large size. When MFR increases, the growing
surface receives more radicals before the earlier radicals diffuse out to find an
energetically favorable site resulting an increase in disorder and hence the crystallinity

and crystallite size is small.
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Figure 3.24: The deconvoluted XRD pattern of the films deposited at different MFR. The open
circles are raw data while the line and filled symbol corresponds to fitted data.

3.1.4.2 Deposition Rate

In this series of films also, it had not been possible to determine the thickness of all the
films from Swanepoel’s method as interference fringes in UV-Vis-NIR transmission
spectra (discussed in Chapter 4) are blurred possibly due to highly poly-crystalline nature
of films. The estimated thickness from surface profilometer and deposition rate (rq) of
films are listed in Table 3.4. Figure 3.26 a show the dependence of deposition rate of
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films on methane flow rate. The deposition rate of ~5 nm/min was achieved for the film
deposited at MFR = 6 SCCM which increases up to ~10 nm/min as MFR is increased to
18 SCCM. The increase in deposition rate is due to fact that as MFR increases, the
growing film surface receives more film forming radicals and hence the film grows
faster. Also as MFR increases the mean crystallite size of films decreases leading to
higher deposition rate. The deposition rate is reasonably high compared to that reported

in literature even though filament to substrate distance (~6 cm) has been large in present

case.
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Figure 3.25: (a) The FWHM of 3C & H phase, (b) The mean crystallite size of 3C-SiC (111)
phase as a function of methane flow rate (MFR). The dotted lines are guidelines to the eye.
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Figure 3.26: (a) Deposition rate (rgq) of films as a function of methane flow rate. (b) Dependence
of deposition rate on mean crystallite size of films deposited at different MFR. The dotted lines
are guidelines to the eye.

3.1.4.3 Raman Scattering Studies

Figure 3.27 show the Raman scattering spectra of the films deposited on quartz at

different MFR. In all the films, two distinct peaks near 780 cm™ and 890 cm™
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corresponding to TO and LO phonon modes respectively of 3C-SiC are observed [8,13].
A shift towards lower wavenumber in LO mode from its ideal position of 973 cm™ is
probably due to small crystallite size and strain associated with these small crystallites
[26].

Intensity (Arb. Units)

200 400 600 800 10001200 1400 1600 1800 2000
Raman Shift (cm™)

Figure 3.27: Raman scattering spectra of the 3C-SiC films deposited at different methane flow
rate.

The relative strengths and shape of these peaks for different sample are almost identical
suggesting similar degree of crystallinty, however exact determination of crystallite size
or crystalline volume fraction using Raman spectra is not possible in the present case.
Several broad peaks are also observed between 400-600 and 1300-1600 cm™ due to
overlapping of various acoustic TA & LA modes of SiC and C-C bonds [9, 26-27]. In
case of films deposited at low MFR, two distinct peaks near ~1340 and 1590 cm™ are
also observed which could be assigned as ‘D’ and ‘G’ bands of the sp? bonded carbon
atoms (graphitic phase) [37-38]. However, as MFR increases these peaks become
broader and eventually disappear and a broad peak near ~ 1450 cm™ along with a small

peak at 1170 cm™ appears which could be assigned as a mixture of sp? and disordered
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sp® carbon or DLC phase [39]. Ferrari et al. and C. Popov et al. have assigned these
peaks as a trans- polyacetylene situated at the grain boundaries of diamond nano-crystals
or nano-crystalline diamond (NCD) [37,40] respectively. However, in our case, no
signature of NCD or graphitic carbon is observed in the XRD pattern. Although, these

observations certainly confirm the presence of C-C bonds in the samples.

3.1.4.4 FTIR Studies

FTIR transmission spectra of the films deposited simultaneously on undoped c-Si (100)
wafers are shown in Figure 3.28. The absorption coefficient, a(w), of the films in the
range of 400- 3000 cm™ has been calculated using Beer-Lambert’s law from FTIR
transmission spectra and is shown in Figure 3.29 [30].

Transmission (%)
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Figure 3.28: FTIR transmission spectra of films deposited at different methane flow rate.

A dominant absorption peak near 800 cm™ corresponding to Si-C stretching mode is
observed for all the films [13, 22]. The shape of this peak in all the films is quasi-
Lorentzian which indicates a narrow spreading of bond lengths and a low distortion of
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bond angles, indicating high crystallinty of films [13, 22]. However, intensity of peak
decreases as MFR is increased which indicates the decrease in size of crystallite in the
films [13]. An additional strong shoulder is observed at around 1000 cm™ in all the films,
which could be attributed to the rocking and wagging mode of Si-CH, bonds or Si-O-Si
[30]. This indicates the presence of oxygen in the films. Absorption peaks near 2000-
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Figure 3.29: FTIR absorption spectra of the SiC films deposited at different methane flow rate.

2400 and 2800-3000 cm™ corresponding to stretching mode of Si-H, and C-H, bonds
respectively are negligible, indicating very low hydrogen content in the films [5,30]. A
shift to higher wavenumber in stretching mode of Si-H and Si-H, from its ideal position
of ~2000 and 2090 cm™ respectively is due to fact that when carbon is bonded to silicon,

it shortens the Si-H distance and increases the vibrational frequency of Si-H, bonds [41].
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3.2 Summary

Thin films of 3C-SiC from amorphous to highly crystalline were successfully deposited
on glass/quartz and crystalline silicon substrates. Influence of different deposition
parameters on structural properties of films were investigated by XRD, Raman and FTIR
spectroscopy. It is observed when chamber pressure was below 2 mbar, there is no
growth of SiC films. Therefore, it is necessary to keep chamber pressure always > 2
mbar for the growth of 3C-SiC films. However, not much variation in the mean
crystallite size of films is observed as chamber pressure changes, indicating that although
a threshold pressure is needed for the formation of silicon and carbon film forming
radicals in HWCVD technique, it would not affect much the microstructural nature
(weather the films will be amorphous or crystalline) of 3C-SiC films. In filament series
films, it is observed that microstructure of films can be varied from amorphous to
nanocrystalline by changing Tg. The films deposited at low T are amorphous in nature
while films deposited at high Tg (> 2000 °C) are nano-crystalline embedded in
amorphous 3C-SiC matrix with large density of Si-C bonds. We observed that an
increase in Ts reduced the volume fraction of amorphous 3C-SiC phase and improved
the crystallinity of films, due to enhanced mobility of film forming radicals on the
substrate surface. Also, it is observed that highly crystalline SiC films with large
crystallite size can be grown at a low substrate temperature of 400 °C by HWCVD
technique. It is found that in all these SiC films, the dominant phase is cubic phase,
however at high filament and substrate temperature films contain small amount of

hexagonal phase as well.
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Chapter 4

Optical and Electrical Transport Properties of 3C-SiC Thin

Films

The knowledge of optical and electrical properties of thin films such as optical band gap,
transparency, conductivity etc. is essential for designing & fabricating microelectronic
and optoelectronic devices. In this chapter we will discuss the influence of deposition
parameters on optical and electrical transport properties of 3C-SiC films. UV-Vis-NIR
transmission spectra in the range of 250-2500 nm were recorded for determining the
optical properties of 3C-SiC films. To study the influence of deposition parameters on
electrical transport of 3C-SiC films, temperature dependent (50-200 °C) dark electrical
conductivity of films were measured in coplanar geometry using silver paint as
electrodes in vacuum (~10° mbar). The details of these methods were discussed in
sections 2.4.5 & 2.4.7 of Chapter 2.

4.1 Optical Properties of 3C-SiC Thin Films

4.1.1 Influence of Chamber Pressure

In the previous chapter (section 3.1.) we observed that chamber pressure (CP) is an
important parameter for the deposition of 3C-SiC films in HWCVD technique. It was
observed when CP was below 2 mbar, there was no growth of SiC, and films were purely
nano-crystalline Silicon, however for CP >2 mbar growth of SiC with cubic phase takes
place. Therefore, it would be expected to observe similar changes in the optical
properties of films as CP increases. Figure 4.1 show the UV-Vis-NIR transmission
spectra of films prepared by varying CP in the range of 1-5 mbar. A sharp blue shift in
transmission spectra of films prepared at CP > 2 mbar has been observed compared to
film prepared at 1 mbar. Figure 4.2 show the optical absorption spectra of the films

prepared at CP = 1 & 5 mbar. It is clearly evident from this figure that the optical
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absorption edge of films is shifted toward the high photon energy region as the CP
increases from 1 to 5 mbar. The transparency of the films prepared at CP > 2 mbar is
about ~80% in the wide spectral range of ~1500 - 400 nm.
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Figure 4.1: UV-Vis-NIR transmission spectra (250-2500 nm) of films deposited at chamber
pressure (CP) of 1- 5 mbar.
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Figure 4.2: Optical absorption spectra of films deposited at 1 & 5 mbar of chamber pressure.
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The optical band gap (Eg) of the films calculated from Tauc’s plot (Eq. 2.10 of Chapter
2) is shown in Figure 4.3 [1]. The values of Eg and Eys (photon energy at which
absorption coefficient is ~ 10* cm™) are listed in Table 4.1 along with the corresponding
thickness value estimated from Swanepoel’s method [2]. It is evident that Eg of films
prepared at CP = 1 mbar is ~1.5 eV, which is almost same as that of hydrogenated nano-

crystalline Silicon.
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Figure 4.3: Tauc Plot (V(ahv) vs hv) for films deposited at 2 & 4 mbar of chamber pressure to
calculate the optical band gap (Eg).

On the other hand, for films prepared > 2 mbar of CP, Eg are in the range of 2.4 to 3.1
eV which is similar to reported values for wideband gap 3C-SiC thin films. These
observations further confirm the inference made in previous chapter that it is necessary
to keep CP always > 2 mbar for the growth of 3C-SiC films [3-5].

Table 4.1: The estimated optical band gap (Eg), E¢s and thickness calculated from
UV-Vis-NIR transmission spectra for the films prepared deposited varying CP.

CP (mbar) Es(eV) Eos (eV) Thickness (nm)
1 1.48 1.93 3891
2 241 3.17 1529
3 3.12 3.20 0428
4 3.06 3.36 1196
5 3.03 3.17 0792
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Figure 4.4 shows the dependence of Eg and Eg4 of films on CP. It is evident from this
figure that Eg and Eo4 of films initially increase with increasing CP up to 3 mbar and
then saturate. Eqs of films is also slightly higher than Eg. Although, Eg of 3C-SiC thin
films is slightly higher than that of bulk single crystalline SiC (~ 2.4 eV), however, it is
not very surprising and higher value of Eg and Eo4 have been reported in literature for
PECVD [6-7] and HWCVD [8-10] 3C-SiC films. The higher value of Eg could be
related to microstructure of films especially in case of films where nanocrystallites are
embedded in the amorphous matrix [6]. The increase in Eg and Eys of 3C-SiC films

could be attributed to microstructural changes of films as a function of chamber pressure.
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Figure 4.4: Dependence of optical band gap (Eg) and Eg, of films on the chamber pressure. The
dashed lines are guide to the eyes.

4.1.2 Influence of Filament Temperature

Figure 4.5 show the UV-Vis-NIR transmission spectra of films deposited at different Tg.
A clear blue shift in transmission spectra of films deposited at T > 1900 °C has been
observed compared to film deposited at T =1800 °C. Figure 4.6 show Tauc’s plot of
films deposited at filament temperature of 1900 & 2200 °C. The calculated Eg and Eg4 of
the films are listed in Table 4.2 along with estimated thickness from Swanepoel’s
method [1-2]. Figure 4.7 show the dependence of Eg and Eg4 on filament temperature. It
is clearly evident from this figure that, the Eg of the films increases monotonically from
2.01 to 3.08 eV as T increases from 1800 to 2200 °C. A relatively low value of Eg
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~2.01 eV is observed for films deposited at T = 1800 °C, which are found to be

amorphous silicon carbon alloys by XRD measurements rather than being 3C-SiC films.
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Figure 4.5: UV-Vis-NIR transmission spectra (250-2500 nm) of films deposited at different
filament temperature.
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Figure 4.6: Tauc Plot (\N(ahv) vs hv) to calculate the optical band gap (Eg) of films deposited at
filament temperature (T¢) = 1900 & 2200 °C
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The band gap of these films is close to the band gap of a-Si:H films. Not much change in
Eg of films is observed for Tg > 2100 °C films. The value of Eq4 of films is also slightly

higher than Eg except for the film deposited at filament temperature of 2200 °C.
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Figure 4.7: Dependence of optical band gap (Eg) and Eo, of films on the filament temperature.
The dashed lines are guide to the eyes.

Further, Eg of films deposited at T¢ > 2100 °C are slightly higher than that of bulk
crystalline 3C-SiC (~ 2.4 eV) and could be assigned to microstructural changes in films
at very high T [10].

Table 4.2: The estimated optical band gap (Eg), Eos and thickness calculated from
UV-Vis-NIR transmission spectra for the films deposited by varying Te.

Te (°C) Ec (eV) Eos (V) Thickness (nm)
1800 2.01 2.31 2180
1900 2.50 291 1496
2000 2.54 2.87 1157
2100 3.04 3.05 0663
2200 3.08 2.81 0445

4.1.3 Influence of Substrate Temperature

Figure 4.8 show the UV-Vis-NIR transmission spectra of films deposited at different
substrate temperature (Ts). In this series of films, it is not possible to determine the
accurate Eg of all the films using UV-Vis-NIR transmission spectra as interference

fringes are blurred. The maximum transmittance for these films is also relatively much
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less. The reduction in maximum transmittance and blurring of interference fringes could
be due to attenuation of electromagnetic waves as the films are highly conducting. Non
uniform deposition and highly polycrystalline nature of films could also contribute to the

blurring of interference of fringes.
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Figure 4.8: UV-Vis-NIR transmission spectra (250-2500 nm) of films deposited at different
substrate temperature.

The thickness of films was also measured using surface profilometer and theses values
are listed in Table 4.3 along with thickness measured by Swanepoel’s method for a few
samples. A small difference between Swanepoel’s method and profilometer method has
been observed for the films deposited at Ts = 350, 550 & 650 °C. Since the thickness of
films measured by surface profilometer matched well with those calculated from the
transmission spectra for other series of films reported earlier (sections 3.1.1.2 and 3.1.2.2
of Chapter 3). Therefore, it is expected that the thickness obtained using surface
profilometer is more accurate for the present series of films also, where the
determination of thickness from transmission spectra had not been possible. The
thickness measured by profilometer has been used to determine the absorption
coefficient and band gap of a few films. Figure 4.9 show the Tauc’s plot of films
deposited at substrate temperature of 350 & 650 °C. It can be seen that it is possible to
deposit wide band gap 3C-SiC films at substrate temperature as low as 350 °C.
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Figure 4.9: Tauc Plot (V(ahv) vs hv) to calculate the approximate optical band gap (Eg) of films
deposited at substrate temperature (Ts) = 350 & 650 °C.

The Eg of the films is found to increase with increasing Ts. It is worth noting that theses
value of Eg for Ts> 450 °C is approximately and true values might be different than that
listed in Table 4.3.

Table 4.3: The estimated approximate optical band gap (Eg) and thickness from
Swanepoel’s & surface profilometer method for the films deposited at different Ts.

Ts (°C) Ec (eV) Thickness (nm) Thickness(nm)
(Swanepoel's method) (Surface profilmoter)
350 2.49 2742 2787
450 ~2.60 . 2517
550 3.09 441 460
650 3.27 340 370
750 ~4.00 ... 360
850 ~3.50 - 300

4.1.4 Influence of Methane Flow Rate

Figure 4.10 show the UV-Vis-NIR transmission spectra of films deposited on quartz at
different methane flow rate (MFR). Though the maximum transmission for these films is
low, presence of a number of interference fringes suggest that films are deposited
uniformly on the substrate. In this series of films also it had not been possible to

determine the Eg of all the films using UV-Vis-NIR transmission spectra as interference
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fringes are blurred possibly due to highly poly-crystalline nature of films. The reduction
in maximum transmittance is due to the attenuation of electromagnetic waves as

conductivity of these films is also quite high (section 4.2.4).

80 = | ! | T | T | T —

40 ':/HW MFR= 18 SCCM _]

? 88 = | 1 | 1 | 1 | SC'C ;

= MFR= 15 M

e
- :

.g 88 — | 1 | 1 | 1 ] 1 :

» 40 | MFR= 12 SCCM ]

e b7 T -

2 g E= ! | ! I : | =

& 40 7\,\/\/_\ MFR=9 SCCM -
= :

88 = | 1 | 1 | 1 | 1 ;

40 '_//\/v\ MFR=6 SCCM

0 | . | . l ' | M

500 1000 1500 2000 2500

Wavelength (nm)

Figure 4.10: UV-Vis-NIR transmission spectra (250-2500 nm) of films deposited at different
MFR.

However, we can estimate approximate Eg of films from the transmission/absorption
edge. The thickness of films was measured using surface profilometer and is given in

Table 4.4 along with the thickness measured by Swanepoel’s method.

Table 4.4: The estimated approximate optical band gap (Eg) and thickness from
Swanepoel’s & surface profilometer method for the films deposited by varying MFR.

MFR Es Thickness (nm) Thickness (nm)
(SCCM) (eV) (Swanepoel’s method) (Surface profilmoter)
6 3.11 414 470
9 3.10 485 510
12 3.03 579 636
15 2.96 597 684
18 2.26 896 932
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The thickness measured by profilometer has been used to determine the absorption

coefficient and band gap of a few films.
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Figure 4.11: Tauc Plot (\(ahv) vs hv) to calculate the approximate optical band gap (Eg) of

films deposited at MFR= 6 & 12 SCCM.

Figure 4.11 show the Tauc’s plot of films deposited at methane flow rate of 6 & 18
SCCM. These results suggest that it is possible to deposit wide band gap 3C-SiC films at
a substrate temperature as low as at Ts = 400 °C. The Eg of 3C-SiC films decreases with
increasing methane flow rate. However, this calculated value of Eg is approximate and

true value of Eg might be slightly different.

4.2 Electrical Transport Properties of 3C-SiC Thin Films
4.2.1 Influence of Chamber Pressure

Figure 4.12 show the variation of dark conductivity (c4) of the 3C-SiC films deposited at
different chamber pressure as a function of 1000/T in the 50-200 °C temperature range.
These films show single activation energy (E,) in the measured temperature range. The
E, of samples varies from 0.091 eV to 0.195 eV (Table 4.5). All the films show high
conductivity which could be due to unintentional doping of nitrogen or oxygen
impurities which make its n-type material as reported in literature [11-13]. The
conductivity of the films increases by 2 orders of magnitude as chamber pressure
increases from 2 to 5 mbar, which could be attributed to the microstructural changes of
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the films with increasing chamber pressure. A sharp increase in conductivity for film
deposited at high pressure (CP >4 mbar) could also be due to fact that these films are

carbon rich (section 5.1.1).
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Figure 4.12: Dark conductivity of 3C-SiC films in the range of 50-200 °C for films deposited at
various chamber pressure.

N

Table 4.5: Activation energy (E,) of 3C-SiC films calculated from Arrhenius plot.

CP (mbar) | Ea(eV) | Te(°C) | Ea(eV) | Ts(°C) | E.(eV) | MFR (SCCM) | En(eV)
2 0.195 | 1900 0.418 350 0575 6 0.046
3 0.178 | 2000 0.344 450 0.160 9 0.069
4 0.100 | 2100 0.112 550 0.081 12 0.071
5 0.091 | 2200 0.097 650 0.085 15 0.091
750 0.109 18 0.117
850 0.086

4.2.2 Influence of Filament Temperature

Figure 4.13 show the variation of dark conductivity (c4) of the 3C-SiC films deposited at
different filament temperatures as a function of 1000/T in the 50-200 °C temperature
range. In this case also, all the films show single activation energy (Es) in the measured
temperature range which varies from ~ 0.418 eV to 0.097 eV (Table 4.5); low T¢ films
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have high E; and high T films have low E,. It can be seen from Figure 4.13 that o4 of
the films increases as Tr is increased. The Film deposited at Tr = 1900 °C has low o4~
10° @™ cm™(at ~50 °C) similar to the values reported for a-Si:H/ a-SiC films. The o4 of
films increases by 5 orders of magnitude as T is increased from 2000 to 2200 °C.
Although, the Eg of the films deposited at high T is high and it is expected to have low
conductivity, surprisingly we observed that high T¢ films have high 4. This increase in
conductivity can be attributed to the microstructural changes in the films from
amorphous to nano-crystalline as Tg increases and an unintentional doping of oxygen
[10-13]. As films prepared at low Tg contain low density of Si-C bond and are
amorphous in nature, the impurity atoms of nitrogen or oxygen remain in its natural
bonding state within host amorphous SiC matrix and do not contribute any mobile
electron for conduction, hence the conductivity is low [14]. As density of Si-C bond
increases and crystallinity of films improves with increasing Tg, impurity atoms
(nitrogen or oxygen) are forced to have the tetrahedral bonding configuration of host SiC
matrix and act as a substitutional donor resulting in an increase in conductivity

accompanied with small E, [13-14].

(°C)
227 182 144 112 84 60 39
1 00 1 | 1 | | ] L) I 1 I I I 1 I 1 | I 1 |

S e
5 102"

T 3 A —8—1900 °C
ca 10 —A—2000 °C
~ 4 —¥—2100 °C
_..z-‘ 10 —9—2200 °C
S 5
-‘.3 10
S5 10°
S 7
S 10
O 10°?

20 22 24 26 28 3.0 3.2
1000/T (K™

Figure 4.13: Dark conductivity of 3C-SiC films in the range of 50-200 °C for films deposited at
different filament temperature.
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4.2.3 Influence of Substrate Temperature

Figure 4.14 show the variation of dark conductivity (c4) of the 3C-SiC films deposited at
different substrate temperatures as a function of 1000/T in the 50-200 °C temperature
range. The o4 of the films (at 50 °C) increases from~ 2.0x10 to 6x10° Q* cm™ as Ts is
increased from 350 to 850 °C. All the films have single activation energy (E,) in the
measured temperature range which decreases from ~ 0.57 to 0.08 eV (Table 4.5) as Ts is
increased from 350 to 550 °C and remains almost unchanged with further increase in Ts.
The observed changes in o4 and E; can be attributed to the microstructural changes
(amorphous to crystalline) and unintentional doping of Nitrogen or Oxygen [11-13] in
films with increase in Ts. Again as discussed in previous section (4.2.2), films prepared
at low Ts are amorphous in nature, thus conductivity of films is low. As crystallinity of
films improves with increasing Ts, the films show an increase in conductivity

accompanied with a small E, [13].
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Figure 4.14: Dark conductivity of 3C-SiC films in the range of 50-200 °C for films deposited at
various substrate temperature.
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4.2 .4 Influence of Methane Flow Rate

Variation in dark electrical conductivity (o4) as a function 1000/T of the 3C-SiC thin
films with MFR is shown in Figure 4.15. All the films are highly conducting (4 < 1-107
Qem™ at ~50 °C) which corresponds to unintentional doping (< 1 ppm) due to residual
nitrogen or oxygen present in the deposition system which makes it n-type doped
material [11-13]. The conductivity of films decreases monotonically with increasing
MFR [15]. This decrease in conductivity can be attributed to the microstructural changes
of films with increasing MFR [15]. Films deposited at low MFR have larger mean
crystallite size, hence doping efficiency is high as discussed in section 4.2.2, leading to
high conductivity of films. Whereas films deposited at high MFR have small mean
crystallite size, thus the conductivity is low. All the films show single activation energy
(Ea) in the measured temperature range which increases monotonically from ~ 0.046 to
0.117 eV with increasing MFR.
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Figure 4.15: Dark conductivity of 3C-SiC films in the range of 50-200 °C for films deposited at

various methane flow rate.
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4.3 Summary

Influence of different deposition parameters such as chamber pressure, filament
temperature, substrate temperature and methane flow rate on optical and electrical
properties of 3C-SiC films was investigated. The 3C-SiC films could be prepared at > 2
mbar chamber pressure and not below this pressure. The films deposited in CP and Te
series have good optical transparency in wide optical range of ~1500- 400 nm. The Eg
and Eo4 values of deposited films lie between ~2.4-3.4 eV which is a typical range of
wideband gap 3C-SiC thin films. With increasing Tg, Eg of films also increases.
Amorphous films have low conductivity whereas crystalline films have high
conductivity of the order of ~1-10% Q'cm™. All the films have single activation energy
within measured temperature range of 50-200 °C. The high conductivity of the
crystalline films is attributed to the unintentional doping by nitrogen or oxygen

impurities which makes these films as an n-type material.
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Chapter 5

X-ray Photoelectron Spectroscopy Studies of 3C-SiC Thin

Films

X-ray photoelectron spectroscopy (XPS) is an atomic spectroscopy technique for the
determination of elemental chemical composition and bonding (electronic) states at thin
films surface [1-2]. It is also called electron spectroscopy for chemical analysis (ESCA)
as it provides a quantitative analysis of the surface composition [1]. In the present
chapter, we will discuss the XPS analysis of 3C-SiC films to find out its elemental and
compositional properties. Angle integrated XPS experimental station with MgKa
(1256.3 eV) x-ray source were used to record the XPS spectra. The measurements were
done on selected series of samples stored in ambient conditions for couple of months and
before scan each samples was etched by sputtering with 1KV Ar+ ions for 15 minutes.
The details of instrumentations involved to record the XPS spectra has been discussed in
section 2.2.5 of Chapter 2. The objective behind XPS measurements is to analyze the
chemical structure of films and to find out any possible contamination of filament

material in the films.

5.1 Compositional and Electronic States Properties of 3C-SiC Films

5.1.1 Influence of Chamber Pressure

Figure 5.1 show the XPS wide scan spectra of films deposited by varying chamber
pressure of 2-5 mbar. Films deposited at 1 mbar of chamber pressure were found be
nano-crystalline silicon and not 3C-SiC (section 3.1.1), hence XPS spectrum was not
recorded on these films. It is evident from Figure 5.1 that all the films have similar XPS
wide scan spectra, suggesting that constituent (elements) of films are more or less same.
The major peaks present in the XPS wide scan spectra are the signature of different
electronic binding states (BEs) of elements of Si (2p), Si (2s), C (1s), O (1s) and O
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(KLL) at ~ 100, 150, 285, 532 and 740 eV respectively [3-7]. However, no trace of any
contamination of filament material (Tungsten (W)) is observed in these films as the peak
near 245 eV corresponding to W 4ds, state is absent. The presence of O (1s) peak at
~532 eV in XPS wide scan spectra for all the films suggesting presence of residual
oxygen in the growth chamber. When we closely examined this XPS wide scan spectra,
in addition to above mentioned major peaks, some additional low intensity peaks
between 85-150 eV above and below the core level were also observed in certain
sequence which could not be assigned to any elements present in the films. We will

discuss the origin of these low intensity peaks later in the section.

Intensity (Arb. Units)

0 100 200 300 400 500 600 700 800 900
Binding Energy (eV)

Figure 5.1: XPS wide scan spectra of 3C-SiC films deposited at chamber pressure (CP) of 2- 5
mbar.

Once the main chemical constituent (elements) of films was identified from wide scan
spectra, narrow scan XPS spectra with high accuracy (having small step size) were
recorded in the range of ~85-185, 270-290 and 520-540 eV for analysis. Figure 5.2a
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show the XPS narrow scan spectrum of films deposited at chamber pressure of 5 mbar in
the range of 85-185 eV. This spectrum could be deconvoluted into several different
components (peaks) assuming that each peak consist of Gaussian/Lorentzian sum
function. Figure 5.2b-d show the deconvoluted narrow scan spectra of film deposited at
chamber pressure of 5 mbar. All the spectra are fitted with Gaussian/Lorentzian sum
functions and background is removed by the Shirley subtraction method [8]. The Siy
spectrum (Figure 5.2b) near ~100 eV was deconvoluted into two components (peak)
corresponding to BEs of Si-C and O-Si-C at 100.3 and 101.8 eV respectively [3-5].
Similarly, the Cys spectrum (Figure 5.2c) is deconvoluted into two peaks corresponding
to BEs of C-Si and C-C/C-H at 282.9 and 284.6 eV respectively [3-7]. In Oy5 spectrum
(Figure 5.2d), the peak at 532 eV could be assigned to O-CH bond [7].
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Figure 5.2: (a) XPS narrow scan spectra of film deposited at CP = 5 mbar. Deconvoluted XPS
narrow-scan spectra of film deposited at CP = 5 mbar (b) Siy, state (c) Cys state (d) O, state.
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The binding energy position of these peaks is similar to that reported in literature as
given in Table 5.1[3-7].

Table 5.1: Reported binding energy (BE) of various bonds in XPS spectra of SiC [3-7].

Bond | BE(eV) Bond BE(eV) Bond BE(eV) Bond BE(eV)
Si-Si 99.2 O-Si-C 101.8 C-Si 283.2 O-CH 532.0
Si-C 100.3 SiOy 103.2 C-C/IC-H 284.6 O-Si 531.2

Figure 5.3 shows the deconvoluted narrow scan spectra of films deposited at chamber
pressure of 2-4 mbar. It is evident from these figures that deconvoluted Si,, spectra of all
the films are similar irrespective of chamber pressure (2-5 mbar) used for depositions.
This observation confirms that Si-C is the main constituent of the films. However, for C;s
peak, it was observed that as chamber pressure increases above 3 mbar, the intensity of
C-C/C-H bond is larger compared to C-Si bond. This suggest that at high chamber
pressure methane (CH,) gas decomposes easily through gas phase reaction and large
number of carbon atoms are also incorporated into the films and density of C-C/C-H

bonds is higher as compared to Si-C bond.

Table 5.2: Quantitative analysis of each elements of 3C-SiC films at different chemical bonding
states from XPS studies for films deposited by varying chamber pressure of 2-5 mbar.

CP Element Bonding state | Binding Energy FWHM at.

(mbar) (eV) (eV) (%)

2 Si (2p) Si-C 100.3 1.88 45.4
O-Si-C 101.8 1.30

C(1s) C-Si 282.8 1.52 44.0
C-C/C-H 284.4 1.93

O(1s) O-CH 531.9 2.08 10.6

3 Si (2p) Si-C 100.8 1.85 43.9
O-Si-C 102.8 1.60

C(1s) C-Si 283.1 1.51 46.1
C-CIC-H 284.7 2.58

O(1s) O-CH 532.5 2.38 10.0

4 Si(2p) Si-C 100.2 1.83 37.5
0O-Si-C 101.8 1.25

C(1s) C-Si 283.0 1.74 56.9
C-CIC-H 284.7 1.66

O(1s) O-CH 532.0 2.24 05.6

5 Si(2p) Si-C 100.3 1.92 37.8
O-Si-C 101.8 1.20

C(1s) C-Si 283.0 1.51 51.9
C-C/C-H 284.6 1.74

O(1s) O-CH 532.0 2.25 10.3
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Figure 5.3: Deconvoluted Si,, and Cys narrow scan XPS spectra of 3C-SiC films deposited at
different chamber pressure.
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The elemental composition of films is calculated by the relation (2.13) given in section
2.2.5 of Chapter 2[3, 5].

Si

Ax
at. %X = 100 x (5—);) ................................ (5.1)

where X is the specific element, Ax and A; are the area under the peak of the element X in
the spectrum and all the elements in the spectrum. Sy and S; are the sensitivity factors of
the elements. For Silicon, Carbon and Oxygen, the values of sensitivity factors 0.37, 0.31
and 0.72, respectively as given in reference [3, 5, 9], have been used. Calculated at%
concentration of each element and full width at half maximum (FWHM) of deconvoluted
peak with its binding energy are listed in Table 5.2 for all the films. Figure 5.4a show the
peak shift in binding energy and FWHM of Siy, (Si-C) and C5(C-Si) peaks as a function
of chamber pressure. The slight shifts in Siy, peak was observed as chamber pressure
changes. However, no significant change was observed in C;5 peak position. The FWHM
of C-Si (Cys) bond initially increased with increasing chamber pressure up to 4 mbar after
that it decreased. No significant change in FWHM of Si-C (Siz,) bond was observed.
Figure 5.4b shows at% of each elements of films as function of chamber pressure. It is
evident from this Figure 5.4b that the films deposited < 3 mbar of chamber pressure are
nearly stoichiometry with almost equal share of silicon and carbon with significant
amount of oxygen. However, as chamber pressure increases above 3 mbar, 3C-SiC films

become carbon rich.
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Figure 5.4: (a) Binding energy shift and FWHM of Si,, and Cy peaks as function of chamber
pressure. (b) Estimated at.% of silicon(Si), carbon(C), and oxygen(O) of 3C-SiC films as a
function of chamber pressure. The error bars are included in the size of the symbol. The solid
lines are guidelines to the eye.
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Now let us discuss about the origin of those low intensity peaks which appear between
85-150 eV above and below the core levels. To find out the exact cause of appearance of
these peaks, the measurements were repeated on selected samples of filament series films
(discussed in section 5.1.2). We found that peak P1 in Figure 5.2a, which appears below
BE of Siy, core level is due to non-monochromatic nature of x-ray source. Peak P2 to P5
(Figure 5.2a) which appear in certain sequence above the binding energy of Siy, core
level are due to generation of valence bulk plasmons (VBPs) and valence surface
plasmons (VSPs) [10-11]. These plasmons peaks are generated by interband transition.
The interband transitions can take place when energetic particles (photons, electrons,
protons and ions) deposit a sufficient amount of energy into a material, as a result
photoelectrons, excitons along with VBPs and valence surface plasmons (VSPs) are
generated in materials (metals, semiconductors and insulators) [11]. In XPS,
photoelectrons lose their Kkinetic energy by inelastic scattering with VBPs and hence,
plasmons peaks are observed at higher binding energy with respect to the binding energy
of core photoelectrons [11]. Theoretical value of energy (wp) of valence bulk plasmon in
the free electron approximation is given by [11-12]

(hewp)® = 4nh?e® Nylm* ... (5.2)

where m* is the electron effective mass and Ny is the density of valence band electrons in

the material. Ny is given by

Nv = pNaY. XiNi /D XiAU eeeeeeieeiieannen. (5.3)

Where x;, nj and Ay; are concentration, number of valence electrons and atomic weight of

i™ element respectively; p is the density of material [11-12].

The theoretically calculated values of valence bulk plasmons energy for c-Si and c-SiC
are ~ 16.6 and 24.3 eV respectively. However, the observed valence bulk plasmons of
samples are lower than this theoretical value. This could be due to fact that effective
mass of electrons could be different in samples in comparison to free electron mass. The
observed values of plasmons energy for all the films are tabulated in Table 5.3. The
observed plasmon peak at ~122 & 143 eV can be assigned to VBPs of ¢-SiC and silicon
oxycarbide (SiCO) respectively. Whereas peak near ~109 eV is due to VSPs of
amorphous or crystalline silicon. The observed value of VBPs of bulk c-SiC match with
those reported by P. Melinon et al. [10,13-14]
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Table 5.3: The observed valance bulk plasmon (VBPs) energy from XPS spectra for films
deposited at different chamber pressure.

CP Observed Plasmons energy VBPs of ¢c-SiC | VSPs (VBPs/\2) (a-Si/c-Si)
(mbar) position (eV) (eV) (eV)

2 109.8; 122.6; 142.9 22.3 9.5(a-Si)

3 111.9; 122.6; 142.4 21.8 11.1(c-Si)

4 109.7; 122.1; 142.8 21.9 9.5

5 109.7; 122.5; 142.9 22.2 9.4

5.1.2 Influence of Filament Temperature

Figure 5.5 show the wide scan XPS spectra of the films deposited at different filament

temperature. Again, all the films have similar XPS wide scan spectra, suggesting that

constituent (elements) of films are more or less same as in varying chamber pressure

series of films.
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Figure 5.5: XPS wide scan spectra of films deposited at different filament temperature.

TH-1395_08612109

90




X-ray Photoelectron Spectroscopy Studies of 3C-SiC Thin Films

The major peaks present in the XPS wide scan spectra are the signature of different
electronic binding states of elements of Si (2p), Si (2s), C (1s), O (1s) and O (KLL) at ~
100, 150, 285, 532 and 740 eV respectively [3-7]. However, no trace of any
contamination of filament material (tungsten) is observed in these films even though
filament temperature was quite high. The presence of O (1s) peak at ~532 eV in XPS
spectra for all the films further confirm the presence of residual oxygen in the growth
chamber. Apart from above mentioned major peaks, low intensity plasmons peaks were
also observed. As mentioned in previous section narrow scan XPS spectra were also
recorded in the range of ~85-185, 270-290 and 520-540 eV for analysis. Figure 5.6a
show the XPS narrow scan spectrum of films deposited at T = 2200 °C. This spectrum
was deconvoluted into several different components (peaks). Figure 5.6b-d shows the
deconvoluted narrow scan spectra of films deposited at filament temperature of 2200 °C.
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Figure 5.6: (a) XPS narrow scan spectra of films deposited at Tr of 2200 °C. Deconvoluted XPS
narrow-scan spectra of films deposited at Te= 2200 °C (b) Si,, state (c) Cy; state (d) Oy, state.
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All the spectra are fitted with Gaussian/Lorentzian sum functions and background is
removed by the Shirley subtraction method [8]. The spectrum of Si,, (Fig. 5.6b) near
~100 eV could be deconvoluted into two components (peak) corresponding to binding
energy of Si-C and O-Si-C at 100.3 and 101.8 eV respectively [3-7]. Similarly, the Cys
spectrum (Fig. 5.6¢c) was deconvoluted into two peaks corresponding to binding energy
of C-Si and C-C/C-H at 282.9 and 284.6 eV respectively [3-7]. Further, for O spectrum
(Fig. 5.6d), the single peak at 532 eV is due to O-CH bonds [7]. Figure 5.7 shows the
deconvoluted narrow scan spectra of films deposited at T¢ of 1800 and 2100 °C.
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Figure 5.7: Deconvoluted Siy, and C;s narrow scan XPS spectra of films deposited at different
filament temperature.

For films deposited at low filament temperature (1800 & 1900 °C), in addition to major
peaks of Si-C and O-Si-C, an additional peak near~102 eV corresponding to Si-Si bond
was observed in deconvoluted spectra. This observation further confirms the XRD,
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Raman and FTIR results that films deposited at low filament temperature were

amorphous SiC containing small fraction of Si-Si bond. As filament temperature

increased, the peak corresponding to Si-Si bonds disappeared in XPS spectra. However,

the Cys spectra of the films (Figure 5.7 b & d) were almost similar and two peaks

corresponding to binding energy of C-Si and C-C/C-H were observed in the

deconvoluted spectra [3-7].

Table 5.4: Quantitative analysis of each elements of 3C-SiC films at different chemical bonding
states from XPS studies for films deposited at different filament temperature.

Te Element Bonding state Binding Energy FWHM(eV) at.(%o)
(W®) (eV)

1800 Si (2p) Si-Si 102.0 2.53 49.9
Si-C 103.6 1.95
O-Si-C 105.3 2.00

C(1s) C-Si 286.2 1.80 39.5
C-C/C-H 287.0 2.60

O(1s) O-CH 534.4 2.05 10.6

1900 Si (2p) Si-Si 102.0 1.90 51.1
Si-C 103.9 2.44
O-Si-C 105.0 1.90

C(1s) C-Si 286.1 2.82 40.5
C-C/C-H 287.8 1.75

O(1s) O-CH 534.2 2.60 8.4

2000 Si (2p) Si-C 101.3 2.12 50.8
O-Si-C 102.5 1.20

C(1s) C-Si 284.2 2.50 43.8
C-C/IC-H 285.8 2.40

O(1s) O-CH 532.5 2.18 5.4

2100 Si (2p) Si-C 100.1 1.88 49.1
O-Si-C 102.0 1.33

C(1s) C-Si 283.0 2.08 38.0
C-C/IC-H 284.7 1.41

O(1s) O-CH 531.8 2.05 12.9

2200 Si (2p) Si-C 100.2 2.05 46.2
O-Si-C 102.3 1.20

C(1s) C-Si 282.9 1.83 42.2
C-C/IC-H 284.6 1.60

O(1s) O-CH 531.7 2.14 11.6

The FWHM of these peaks with its binding energy are listed in Table 5.4. A shift of ~2-3

eV in the peak positions of all bonds was observed for the films deposited < 2000 °C of

filament temperature. This could be due to charging of samples during measurements as

these films are highly resistive (conductivity of films is of the order of ~ 10°-10° Q™

cm™). However, this charging effect was not observed in the films deposited at high
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filament temperature and other series of samples as conductivity of films increased to the
order of ~10%-1.0 Q™" cm™. The elemental composition of SiC films is calculated using
Eq. 5.1. Calculated at% concentration of each element for all the films are tabulated in
Table 5.4. Figure 5.8a shows the peak shift in binding energy and FWHM of Siy, (Si-C)
and Cy5(C-Si) state as a function of filament temperature. The shifts in peaks position is
mainly due to charging effect of samples. The FWHM initially increased with increasing
filament temperature up to 2000 °C after that it decreased. Figure 5.8b shows at% of
each elements of films as a function of filament temperature. It is evident from Figure
5.8b that the silicon and carbon are main constituent of the films with significant amount

of oxygen. As filament temperature is increased the stoichiometry of the films also

improved.
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Figure 5.8: (a) Binding energy shift and FWHM of Siy, and Cy peaks as function of filament
temperature (b) Estimated at.% of silicon(Si), carbon(C), and oxygen(O) of 3C-SiC films as a
function of filament temperature. The error bars are included in the size of the symbol. The solid
lines are guidelines to the eye.

As discussed in previous section, low intensity plasmon peaks were also observed in
wide and narrow scan XPS spectra of all the films. The XPS measurements were
repeated on selected samples by Al Ko (1486.6 eV) laboratory source and 170 eV
monochromatic sources from INDUS | synchrotron source. Figure 5.9a-b show Siy, core
peak for the film deposited at filament temperature of 2100 & 2200 °C with different
excitation sources. No change in the nature of XPS spectra was observed in case of Al
Ka (Figure 5.9a) excitation source. Also, it is evident that when monochromatic beam

(Figure 5.9b) is used for the measurement, the peak P1 below binding energy of Si,, core
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level completely disappeared. Peak P2 which was on higher side of binding energy of
Siyp core level was also absent and the intensity of peak P3 was less in comparison to
that with Mg-Ko source. This comparison suggests that peak P1 is due to non-
monochromatic nature of Mg-Ka source. The position of Siy, core level peak (~100 eV)
was also shifted by 1.1 eV to higher binding energy in the case of 170 eV source with
respect to Mg-Ka source. This could be due to charging of the sample during
measurement, as synchrotron (170 eV source) beam spot size (falling on sample surface)
was small about 2mm x 3mm and Mg-Ka beam size is relative large about 5mm x 8mm
and resistance of sample from beam spot to silver paste (pasted on side of samples for
reducing charging effect) is larger when synchrotron beam is falling on the sample.
Therefore, probability of charging effect is more in the case, when synchrotron source is
used. Finally we arrived at conclusion that peak P2 and P3 (Figure 5.9b), which appear
in certain sequence above the binding energy of Siy, core level, are due to the VBPs and

VSPs [10-14]. The observed values of plasmons energy for all the films are tabulated in

Table 5.5.
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Figure 5.9: XPS narrow scan spectra of films deposited at Tr of 2100 °C and 2200 °C.

Table 5.5: The observed valance bulk plasmon energy of films from XPS spectra for films
deposited at different filament temperature.

Tr Observed plasmons energy VBPs (c-SiC) VSPs (VBPs/\/Z) (a-Si/c-Si)
(°C) (eV) (eV) (eV)
1800 112.6, 123.9, 146.4 20.2 9.0
1900 112.6, 124.6, 146.4 20.8 9.0
2000 110.0, 123.8, 143.7 22.5 8.7
2100 110.1, 122.4, 142.7 22.3 10
2200 109.9, 122.3, 142.6 22.0 9.6
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5.1.3 Influence of Methane Flow Rate

In this series of films, XPS spectra of only two films were measured due to unavailability
of beam time. XPS wide scan spectra of the films deposited at MFR=6 & 18 SCCM are
shown in Figure 5.10. The signature of different binding energy of Si, C and O at ~100,
150, 285, and 532 corresponding to Si (2p), Si (2s), C (1s), and O (1s) respectively are
observed in all the films [3-7]. However, no trace of any contamination of filament
material is observed in these films even though filament temperature is quite high (2200
°C). All the spectra are fitted with Gaussian functions after removal of background by
Shirley subtraction method [8]. Figure 5.11a shows deconvoluted XPS narrow scan
spectra near 100 eV of the film prepared at MFR = 18 SCCM. The spectrum is
deconvoluted into two components (peak) corresponding to binding energy of Si-C and
O-Si-C at ~100.6 and 102.6 eV respectively. Similarly, the C;5 spectrum (Figure 5.11b)
is deconvoluted into two peaks corresponding to BEs of C-Si and C-C/C-H bonds at
283.0 and 284.7 eV respectively [3-7].

MFR= 18 SCCM

MFR= 6 SCCM

Intensity (Arb. Units)

0 100 200 300 400 500 600 700 800 900
Binding Energy (eV)

Figure 5.10: XPS wide scan spectra of films deposited at methane flow rate of 6 and 18 SCCM.
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Figure 5.11: Deconvoluted XPS Si,, and Cys narrow scan spectra of film deposited at methane

flow rate of 18 SCCM.

The FWHM of different peaks along with relative at% of constituent elements of films

are listed in Table 5.5. The chemical composition of elements of films is calculated using

the Eqg. 5.1. Slight variation in chemical composition of 3C-SiC films is observed with
increasing MFR (Table 5.4).

Table 5.6: Quantitative analysis of each element of SiC films at different chemical bonding
states from XPS studies for films prepared at MFR= 6 &12 SCCM.

MFR Element Bonding state Binding FWHM(eV) at.(%o)
(SCCM) Energy(eV)
6 Si (2p) Si-C 100.8 1.73 46.9
O-Si-C 102.42 2.33
C(1s) C-Si 282.9 1.29 40.5
C-C/IC-H 284.27 291
O(1s) O-CH 532.3 2.27 12.6
18 Si (2p) Si-C 100.6 2.14 45.7
O-Si-C 102.6 1.21
C(1s) C-Si 283.0 1.89 42.3
C-C/IC-H 284.7 1.89
O(1s) O-CH 532.0 2.19 12.0
5.2 Summary

XPS studies were performed on a few series of films deposited by varying chamber
pressure, filament temperature and methane flow rate. XPS analysis shows that the Si-C

is the main constituent of the films. However, oxygen is also present in significant
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amount. Film deposited < 3 mbar of chamber pressure; the chemical composition of

films is nearly stoichiometric with almost equal share of silicon and carbon. Also at

higher filament temperature, the stoichiometric of films improved. No trace of any

contamination of filament material is observed in these films.
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Conclusion and Future Scope

The focus of work reported in the present thesis had been on growth of amorphous and
highly crystalline 3C-SiC films by HWCVD technique. A systematic study on the
influence of different deposition parameters on the micro-structural and optoelectronic
properties of the films was investigated by different characterization tools. During this
thesis work, four series of films were prepared by varying different deposition
parameters such as, chamber pressure, filament temperature, substrate temperature and
methane gas flow rate one at a time. Since, HWCVD technique is relatively new and less
studied in comparison to the other conventional PECVD techniques, interest was mostly
towards the deposition and optimization of process parameters for growth of highly
crystalline and conducting 3C-SiC films for different devices applications. Our

investigations and studies result in the following conclusion.

6.1 Thesis Conclusion

= HWCVD technique can be used for deposition of wide band gap 3C-SiC films on
glass, quartz and c-Si wafers at a reasonable growth (deposition) rate. The film
microstructure can be varied from amorphous to highly crystalline 3C-SiC by
varying (tuning) a single deposition parameter one at time.

= For the preparation of nano-crystalline 3C-SiC films, it is necessary to maintain a
chamber pressure > 2 mbar.

= The nano-crystalline 3C-SiC films with mean crystallite size of 8-10 nm could be
prepared at a low substrate temperature (Ts) of ~350 °C with low filament
temperature (Tg) ~1900 °C and chamber pressure of 2-5 mbar.

=  Amorphous or nano-crystalline embedded in amorphous matrix 3C-SiC films

with small mean crystallite size of ~2-5 nm can be prepared at low filament
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temperature. For highly crystalline films, a high filament temperature of > 2000
°C is necessary.

= With increase in filament and substrate temperature, an improvement in mean
crystallite size of films was observed.

= Highly crystalline 3C-SiC films with mean crystallite size as large as 27 nm
could be prepared at low substrate temperature of ~400 °C at a high filament
temperature of 2200 °C.

= The amorphous and nano-crystalline films with small mean crystallite size (2-10
nm) could be prepared at high deposition rate of ~25-50 nm/min. Deposition rate
of films decreased with increase in mean crystallite size of films. With increasing
chamber pressure, filament and substrate temperature the deposition rate of films
decreasess.

= The deposition rate of highly crystalline films was also found to be reasonable (5-
10 nm/min) as compared to that reported in literature.

= The optical band gap Eg and Eo4 values of films lie between ~2.4-3.4 eV which is
a typical range of 3C-SiC thin films. The Eg of highly crystalline films are
slightly higher than bulk of SiC.

= Amorphous films have low conductivity whereas crystalline films have high
conductivity. All the films have single activation energy within measured
temperature range of 50-200 °C.

= XPS investigations reveals that SiC is main constituent of the film and elemental
composition of SiC is nearly stoichiometric. No trace of any contamination of
filament material is observed in these films in XPS studies.

= These highly crystalline and highly conducting 3C-SiC films can be used in
various devices such as micro electromechanical system (MEMS), thin film solar

cells etc.

6.2 Scope for Future Work

A few scopes for future research based on the present investigation could be followings:
= Though we are able to deposit highly crystalline and conducting 3C-SiC films at
high growth rate, the process parameters can be further fine-tuned for

improvements in material quality. A few additional process parameters such as
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filament to substrate distance, different gas flow rate and ratio of them, different
filament material and filament assembly, different substrates etc. could also be
tried to see their effect on the material properties and the deposition rate.

= Some additional studies such as Photoluminescence (PL) measurements, Electron
spin resonance (ESR) measurements etc. could be performed on the 3C-SiC films
to get more information about the defects states in materials. Though FTIR
measurements suggest that the amount of bonded hydrogen in the our films is
very low, the actual hydrogen content may be more because of its presence in
molecular state, the hydrogen effusion measurements will give a clear picture of
this.

= Studies on the mechanical properties such as hardness, Young’s modulus etc. of
3C-SiC films with nanoindenter are necessary for applications of these films as a
hard protective coating for various tools.

* Though the deposited 3C-SiC films have shown n-type behavior due to
unintentional doping of oxygen or nitrogen. However, a deep investigation is

required to find out the actual cause of this behavior.

= The ultimate aim is to employ these 3C-SiC films into different microelectronic
and optoelectronic devices and investigate the performance. Improvement of
material quality is one way to achieve better device performance.
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