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Abstract  

In this thesis, the deposition of unintentionally doped amorphous and nanocrystalline 

SiC was demonstrated using a standard hot-wall low-pressure chemical vapour 

deposition reactor in a substrate temperature range of 600 to 850 oC, with methylsilane 

used as the single precursor. The pressure of methylsilane varied from 0.006 to 0.54 

mbar. The Arrhenius activation energy of SiC deposition varied with methylsilane 

pressure, in a range of 2 to 2.8 eV. Surface reaction was found to be the rate-determining 

process at temperatures below 700 ºC; both surface reaction and mass transport processes 

control the rate-determining process in the temperature range of 700 to 850 ºC. The 

deposition rate of SiC was relatively insensitive to the substrate surface conditions. The 

crystallinity of deposited SiC improved with reduced methylsilane pressure and at 

elevated substrate temperature based on the results from x-ray diffraction, high-

resolution transmission electron microscopy, selected area electron diffraction, and the 

Fourier transform infrared spectroscopy. The deposition of Al-doped SiC films was 

demonstrated in a temperature range of 600 to 750 ºC, with methylsilane and 

trimethylaluminium used as precursors. The incorporation of trimethylaluminium caused 

in situ crystallisation of a-SiC film deposited on Si substrate at 600 ºC, which is much 

lower than the crystallisation temperatures usually required by other techniques. 

Hydrogen concentration ranged from 17 at. % to less than 1 at. % based on the 

secondary ion mass spectroscopy depth profile analyses, demonstrating that hydrogen 

concentration decreased both at an elevated substrate temperature and with increasing 
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methylsilane pressure. The Si–C absorption band was the major peak found in the 

Fourier transform infrared spectra in the range of 400 to 4000 cm-1 for all SiC films. 

According to the chemical bonding analyses conducted by x-ray photoelectron 

spectroscopy, the fraction of Si and C atoms incorporated into the tetrahedral Si–C bonds 

ranged from 60 to 70 % in all a-SiC films. No contribution by Si–H/Si–Si bonds was 

identified. Si to C ratio was in the range of 0.88 to 0.99 in the unintentionally doped a-

SiC. The presence of sp2 C–C/C–H bonds in the a-SiC indicates the network of a-SiC is 

neither fully chemically ordered nor does it completely follow the tetrahedral structure. 

By comparing samples deposited at 650 ºC and 600 ºC at a constant methylsilane 

pressure, it was seen that a-SiC deposited at higher temperatures had a higher Si–C bond 

percentage and less oxygen concentration, and its chemical composition was less 

sensitive to the substrate type. The Al concentration increased when the sample was 

placed further away from the gas inlet, increasing from about 4.1 at. % to 6.3 at. %. Al–

Al metallic bonds were detected only in SiC film deposited on quartz substrate, which 

might indicate that Al concentration is beyond its solubility limit. The incorporation of 

Al reduced the fraction of sp2 C–C/C–H bonds and increased the fraction of sp3 C–C/C–

H bonds.  

The optical energy gap and absorption coefficient were derived based on optical 

transmittance and reflectance measurements. The optical energy gap of unintentionally 

doped SiC was in the range of 1.6 to 4.2 eV, with the absorption coefficient varying in 

the range of 103 to 105 cm-1. For SiC films deposited at 600 ºC, the incorporation of Al 

not only narrowed the optical energy gap by 1.0 eV but also reduced the absorption 
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coefficient by one order of magnitude. Both a decrease in methylsilane pressure and an 

increase in substrate temperature widen the optical energy gap of deposited SiC.  

The unintentionally doped SiC was n type conductive and Al-doped SiC was p type 

conductive, which were determined by hot-probe and capacitance-voltage techniques. 

The conductivity was derived using a modified four-point probe technique. It ranged 

from 2.7 × 10-7 S cm-1 to 2.1 × 10-3 S cm-1 for the unintentionally doped a-SiC, from 8.1 

× 10-5 to 1.5 S cm-1 for the unintentionally doped nc-SiC, and from 7.0 × 10-3 S cm-1 to 

1.0 × 101 S cm-1 for the Al-doped SiC. The linear I-V characteristics of the Al-doped SiC 

demonstrate that conduction was by a drift of holes in the valence band, and the 

temperature dependence of the conductivity in Al-doped sample could be modelled by 

acceptors 0.20 eV above the valence band edge with the mobility limited by ionic 

impurity scattering.  
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CHAPTER 1 

Introduction 

1.1 Significance of the Research 

Crystalline cubic silicon carbide (3C-SiC) is a wide energy gap material with 

several superior properties, including stability at high temperatures, high irradiation 

resistance, and high mechanical stability [1]. Compared with other major polytypes 

(4H, 6H, 15R), 3C-SiC is the only polytype that can be epitaxially grown on Si 

substrates to enhance silicon technology with SiC-based devices for both electronic 

and micro/nano-mechanical applications. In addition, stacked SiC on Si substrate is 

suitable for the fabrication of hetero-bipolar transistors and sensors [2]. As its 

counterparts, nanocrystalline SiC (nc-SiC, it denotes SiC crystalline grains with at 

least one dimension ≤100 nm embedded in amorphous SiC phase) and amorphous 

SiC (a-SiC) have also attracted considerable research interest as they have better 

physical, chemical and electrical properties than nanocrystalline and amorphous Si. 

The deposition of nc-SiC and a-SiC has been widely investigated because they are 

potential materials for constructing high efficiency silicon solar cells [3]–[9], light-

emitting diodes [10], and performing as thermal coating layers and diffusion barriers 

against both metal and dopant diffusion [11]–[13]. 

 1



 
Chapter 1 Introduction 

 

 Usually, the deposition of nc-SiC and a-SiC is performed using the following 

techniques: radiofrequency (rf) magnetron sputtering [14], helicon wave plasma 

chemical vapour deposition (CVD) [15], hot wire CVD (also known as hot filament 

CVD or catalytic CVD) [16]–[18], low-frequency inductively coupled plasma 

enhanced CVD [19], microwave-assisted electron cyclotron resonance CVD [20], and 

low pressure chemical vapour deposition (LPCVD) [21], [22]. Both plasma enhanced 

CVD and hot wire CVD techniques can perform the deposition of SiC films at 

temperatures below 500 ºC, but they have some drawbacks when compared to the 

conventional LPCVD method. For example, ion-induced damage to the deposited 

film is more or less inevitable during the plasma enhanced CVD process and the 

equipment design is far more complicated than that of the conventional CVD reactor 

[23]; the temperature of the filament used in hot wire CVD process is usually in the 

range of 1400–2000 ºC [16]–[18], which is much higher than the deposition 

temperature employed in the LPCVD process. Comparatively, there are fewer process 

parameters that need to be optimised in the deposition of nc-SiC and a-SiC using the 

conventional LPCVD method and the equipment design is also much simpler. 

Therefore, the LPCVD is a much more convenient method and it offers greater 

economic advantages over other methods due to its ability to deposit uniform films on 

large-area substrates.  

The deposition of single crystalline SiC on Si substrates usually requires high 

substrate temperatures (above 1200 ºC) using a mixture of Si-containing and C-

containing precursors by conventional CVD methods [24]–[27], which not only 

causes extra thermal budget but also creates large strain in deposited SiC films  [25]. 

Besides, the optimum mixture of Si-containing and C-containing sources varies with 
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temperature, pressure, gas flow rate, etc. Single source precursors, containing directly 

bonded Si and C atoms, have the advantage of a simpler CVD process and the 

possibility of a more efficient deposition process [28], particularly in terms of the 

potential to lower the deposition temperature. Several single precursors have been 

investigated, including trimethylsilane (HSi(CH3)3, 3MS) [29], hexamethyldisilane 

(Si2(CH3)6, HMDS) [30], silacyclobutane (c-C3H6SiH2, SCB) [21], [28], 

methyltrichlorosilane (CH3SiCl3, MTS) [31], and methylsilane (H3SiCH3, MS) [21], 

[22], [32]–[35]. Compared with other single source precursors, MS is a safe and 

environmentally appropriate precursor as it doesn’t contain aggressive chlorine atoms 

and has a Si to C ratio of 1:1. The deposition temperature of single crystalline SiC has 

been successfully reduced from above 1200 ºC to around 800 ºC with the use of MS 

[34], [35], which is the lowest deposition temperature that has been ever reported. 

Thus, MS is a desirable single source precursor for the deposition of nc-SiC and a-

SiC at medium temperatures using the conventional LPCVD method. 

Chemical ordering plays a crucial role in determining the properties of a-SiC, and 

the structure of a-SiC is very sensitive to the preparation conditions. One expects that 

the outstanding characteristics of crystalline SiC can only be reproduced in the 

amorphous form if a large majority of atomic bonds are Si–C bonds with a very small 

fraction of homonulclear Si–Si and graphitic C=C bonds.  

1.2 Research Areas and Thesis Outline 

In this thesis, the deposition of a-SiC and nc-SiC using MS as the single source 

precursor in a conventional LPCVD reactor at medium temperatures is investigated. 
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The kinetics of SiC deposition and the physical, chemical, optical, and electrical 

properties of deposited SiC films are analysed. The outline and research areas of the 

thesis are described in more detail in the following text.  

In Chapter 2, a review of current and past work reported in the open literature on a-

SiC and nc-SiC is performed. The preparation techniques and the selection of source 

precursors are summarised and comparisons between them are drawn. After 

mentioning that MS is chosen as the single source precursor for the deposition of a-

SiC and nc-SiC films in this study, the information on the kinetics of SiC deposition 

from MS is collected and summarised, as is the dependence of the microstructure on 

MS pressure and substrate temperature, which are part of the specific research aims of 

this thesis. Published experimental and theoretical results on the investigation of the 

network structure of a-SiC are reviewed. The hydrogen concentration and its possible 

chemical bonds arrangement play a vital role in determining the thermal stability, 

optical energy gap, and optical absorption coefficient of deposited SiC films. 

Available data on those parameters is also reviewed in this chapter. The review on the 

conductivity data of n type and p type a-SiC and nc-SiC reported in the open 

literature is also presented in this chapter, as well as the review on the commonly 

employed techniques in the crystallisation of amorphous semiconductors.  

In Chapter 3, experimental investigation of the kinetics of SiC deposition using MS 

as the single precursor in an LPCVD reactor is carried out in the range of 

temperatures from 600 to 850 ºC. The pressure of MS varies from 0.006 mbar to 0.54 

mbar. Based on these deposition experiments, various deposition parameters are 

determined. The Knudsen number is calculated to determine the gas flow regime 
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during SiC deposition processes under different MS pressures. The rate-determining 

process is determined by considering the dependence of deposition rates on the 

substrate temperature and MS pressure. The activation energies of SiC deposition at 

different MS pressures are extrapolated based on the deposition rate data according to 

the Arrhenius equation. Sticking coefficient of MS is also calculated using the Hertz-

Knudsen equation. The dependence of SiC deposition rate on MS flow rate at a 

constant MS pressure is also studied. To test the influence of surface conditions on 

the deposition rate, both Si and oxide covered Si wafers are employed as substrates 

and the SiC film thicknesses deposited on them are compared.  

In Chapter 4, microstructure of unintentionally doped SiC films are characterised 

using x-ray diffraction (XRD) and high resolution transmission electron microscopy 

(HRTEM) techniques. The average roughness of deposited SiC films is measured 

using surface profilimitry technique. The influence of different deposition parameters 

on the microstructure, including substrate temperature, MS pressure, MS flow rate, 

and substrate structure are discussed based on the experimental results.  

In Chapter 5, secondary ion mass spectrometry (SIMS) is employed to investigate 

the hydrogen concentration and Si to C ratio. The dependence of hydrogen 

concentration on MS pressure and substrate temperature is discussed. Fourier 

transform infrared (FTIR) spectroscopy and x-ray photoelectron spectroscopy (XPS) 

are employed to characterise the chemical bonding of the deposited SiC films. The 

influences of the substrate temperature, MS pressure, and substrate structure on the 

chemical bonding of deposited SiC films are studied based on the FTIR and XPS 

results.  
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In Chapter 6, optical properties of unintentionally doped SiC films are investigated 

using optical transmittance and reflectance spectra measurements. The optical energy 

gap is determined from optical transmittance and reflectance measurements according 

to Tauc’s procedure of plotting graphs of (αhv)1/2 versus hv and extrapolating the 

straight line portion to the energy axis at the zero absorption coefficient.  The factors 

influencing the optical properties are discussed based on the experimental results. 

Chapter 7 deals with the electrical properties of unintentionally doped SiC. The 

conductivity type of unintentionally doped SiC is determined using hot-probe 

technique. The conductivity is derived using the modified four-point probe technique. 

The influences of substrate temperature, MS pressure, MS flow rate and film 

crystallinity on the conductivity are discussed based on the experimental data.  

Chapter 8 deals with the physical properties of Al-doped SiC films on different 

substrates. The deposition is performed in a temperature range of 600–750 ºC. The 

microstructure of deposited Al-doped SiC films are characterised by XRD, TEM, and 

FTIR techniques. The average roughness of the deposited SiC films is measured 

using the surface profilimitry technique. Comparisons of deposition rate, 

microstructure, and roughness between Al-doped and unintentionally doped SiC films 

are made to investigate the impact of the incorporation of Al.  

In Chapter 9, the composition and chemical bonding of Al-doped SiC films 

deposited on both Si and quartz substrates are investigated by means of x-ray 

photoelectron spectroscopy. The optical properties including transmittance, optical 

energy gap, and absorption edge of Al-doped SiC deposited on fused quartz 

substrates are studied based on the optical transmission spectra measured by a Perkin 
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Elmer double-beam Spectrometer. Comparisons of chemical bonding and optical 

properties between Al-doped and unintentionally doped SiC films are made to 

ascertain the impact of Al incorporation.  

Chapter 10 deals with the electrical properties of Al-doped SiC. The conductivity 

type of Al-doped SiC is determined using hot-probe and capacitance-voltage (C-V) 

techniques. The carrier concentration of Al-doped SiC is derived from C-V curve 

characteristics. The conductivity of Al-doped SiC is derived based on the modified 

four-point probe technique, and the influences of substrate temperature and film 

crystallinity on the conductivity are discussed based on the experimental data. The 

dominant conduction mechanism is determined from the I-V characteristics and 

further investigation is performed to determine whether traps in the energy gap that 

form so called ‘band tails’ are present and are affecting the film conductivity of Al-

doped SiC film.  

Chapter 11 summarises the thesis and gives suggestions for future work. 
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CHAPTER 2  

Amorphous and Nanocrystalline SiC: 

Review of Deposition Techniques and Properties 

In this chapter, applications of a-SiC and nc-SiC are reviewed. The preparation 

methods and the selection of source precursors are summarised and comparisons 

between them are made. After mentioning that MS is chosen as the single source 

precursor for the deposition of a-SiC and nc-SiC films in this study, the information 

on the kinetics of SiC deposition from MS is collected and summarised, as is the 

dependence of the microstructure on MS pressure and substrate temperature, which is 

the specific research purpose of this thesis. The network structure of a-SiC remains 

unclear and published experimental and theoretical results on this are presented. The 

hydrogen concentration and its possible chemical bond configurations play a vital 

role in determining the thermal stability, optical energy gap, and optical absorption 

coefficient of deposited SiC film; available data on those parameters is also reviewed 

in this chapter. The conductivity data of n type and p type a-SiC and nc-SiC are 

important for their applications in some electronic devices; the conductivity data 

reported in the open literature are summarised. The commonly employed techniques 

in the crystallisation of amorphous semiconductors are also reviewed.  
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2.1 Applications of a-SiC and nc-SiC 

The characteristics of the SiC semiconductor are generally very well understood. 

The superior mechanical, chemical and thermal properties of the material (which are 

essential for devices operating in harsh environments) and its wide energy gap are 

favourable features for a variety of applications, and in particular SiC/Si 

heterojunctions [1]. The initial conversion efficiency of 11.2 % was achieved by 

using the a-SiC/a-Si heterojunction cell structure without any back reflector by 

Myong et al [2]. Conversion efficiency of more than 20 % was achieved in a-Si/c-Si 

heterojunction with intrinsic thin layer (HIT) solar cell, and the authors proposed that 

the replacement of a-Si:H by high quality wide gap a-SiC:H would reduce the optical 

losses and increase the conversion efficiency further [3]. Amorphous SiC can also be 

used as passivation layer and diffusion barrier against both metal and dopant diffusion 

[4], [5]. As compared to a-SiC, nc-SiC film has higher electrical conductivity, optical 

transmittivity, carrier mobility and dupability [6]–[8], which can significantly 

improve solar cell efficiency.  An a-SiC/a-Si heterojunction p-i-n diode can be used to 

fabricate a low-noise and high sensitivity UV detector [9]. A graded-gap a-SiC p-i-n 

thin-film light-emitting diode (LED) has several advantages as compared to the 

crystal LED, such as accessibility to large-area flat-panel displays, tuneable colours 

by using integrated multilayer structures, lower deposition temperature and lower cost 

[10]. Nanocrystalline SiC film is a potential material for bolometer application in 

uncooled infrared imaging systems [11], and is also used to fabricate microsensors 

[12]. 
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2.2 The Investigation of Deposition Methods and 

Precursor Sources 

The deposition of a-SiC and nc-SiC has undergone extensive study using various 

deposition methods for several decades, which is inspired by the applications as 

mentioned in section 2.1. The deposition of a-SiC and nc-SiC was usually performed 

at low temperatures by employing different assisted techniques to achieve active 

gaseous species.  

Amorphous SiC and nc-SiC films were deposited using the photo-assisted chemical 

vapour deposition (photo-CVD) method at temperatures below 250 ºC [2], [6], [11], 

[13], in which the substrate was heated by a laser beam. Nanocrystalline SiC and a-

SiC films were also prepared using magnetron sputtering at temperatures below 600 

ºC [1], [14]–[17], where sputtering is a kind of physical vapour deposition method. 

The deposition of a-SiC and nc-SiC using hot wire CVD (HWCVD, also called 

catalytic CVD) was widely studied at substrate temperatures below 480 ºC [18]–[23], 

where the filament temperature was kept in the temperature range of 1400–2000 ºC, 

which adds extra thermal budget.  

The most popular method for the deposition of nc-SiC and a-SiC films is plasma-

assisted CVD, in which the plasma can be produced by many different methods. By 

glow discharge decomposition of a single precursor source tetramethyldisilane 

(Si2H2(CH3)4, TMDS), a-SiC films were deposited by using a capacitive coupled rf 

plasma CVD apparatus at substrate temperatures below 350 ºC [24]. Goldstein et al 

studied the deposition of p type nc-SiC by conventional rf glow discharge in a 
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substrate temperature range of 150–300 ºC [25]. Phosphorus-doped a-SiC was 

prepared by using a dc glow discharge system at a substrate temperature of 250 ºC 

[26]. Tafto et al deposited a-SiC by rf glow discharge of a mixture of SiH4 and CH4 at 

a substrate temperature of 260 ºC [27]. Low frequency (110 kHz) glow discharge 

decomposition of a SiH4 and CH4 mixture diluted by helium was employed to deposit 

a-SiC by Chehaidar et al [28].  Homogeneous nc-SiC was prepared by using low-

frequency inductively coupled plasma; the substrate temperature was fixed at 300 ºC 

[29]. Yu et al deposited a-SiC films by plasma enhanced chemical vapour deposition 

(PECVD) in a capacitively coupled reactor at a substrate temperature of 300 ºC [30]. 

Fabrication of a-SiC films using the very high frequency (VHF) PECVD technique 

was preformed at a substrate temperature of around 200 ºC [31]. Utilising the 

modified PECVD technique, Zhang and Xu deposited nc-SiC at a substrate 

temperature of 300 ºC [32].  Polycrystalline SiC films were deposited by PECVD at a 

temperature of 670 ºC [33]. Nitrogen-doped hydrogenated a-SiC were grown by using 

the PECVD method by Huran et al at a substrate temperature of 350 ºC [34]. Highly 

structural and chemically ordered a-SiC films were obtained by using PECVD under 

“silane starving” conditions [35], [36]. Nanocrystalline SiC films were deposited 

using electron cyclotron resonance chemical vapour deposition (ECR-CVD), where 

the substrate temperature varied from room temperature to 1000 ºC [37], [38]. Yu et 

al deposited nc-SiC at a substrate temperature of 500 ºC using helicon wave plasma 

CVD [39]. As a summary, the deposition temperature employed in plasma CVD is in 

the range of 150–1000 ºC. However, ion-induced damage to the deposited film is 

more or less inevitable during the PECVD processes and the equipment design and 

operation are far more complicated than those of the conventional CVD reactor [40].  
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The deposition of polycrystalline SiC by rapid thermal chemical vapour deposition 

(RTCVD) using single precursor MS was reported by Liu et al at a deposition 

temperature of 700–800 ºC and by Yih et al at 900 ºC [41], [42].  The rapid cooling 

speed of a RTCVD reactor might introduce more stress to the deposited films than a 

conventional CVD reactor.  

In addition to the above-mentioned deposition methods, the conventional LPCVD 

technique was also employed to study the deposition of a-SiC and nc-SiC films in a 

substrate temperature range of 600–1150 ºC [43]–[45]. Compared with other 

techniques, the conventional LPCVD method requires higher deposition temperatures 

because the decomposition of precursor sources relies on the supply of thermal 

energy. However, higher temperatures may enhance the chemical order [46], [47], 

and can therefore increase the optical energy gap of the grown materials and improve 

their doping efficiency [35], [36], [48]. It has been reported that the highest structural 

order in amorphous films is achieved just before the transition from amorphous to the 

crystalline phase [49]. Therefore, LPCVD is a much more convenient method and it 

has great economic advantages over other methods due to its ability to deposit 

uniform films on large-area substrates. In this study, the deposition of a-SiC and nc-

SiC are investigated using a standard LPCVD reactor at medium temperatures (600–

850 ºC).  

The commonly employed precursor sources for the deposition of a-SiC and nc-SiC 

are gas mixtures of H2+SiH4+CH4 [18], [25]–[30], [32]–[39], H2+SiH4+C2H4 [2], [6], 

[11], [13], TMDS [24], and MS [19]–[23], [31], [41]–[45]. The composition, 

structure, and growth rate of deposited SiC depend strongly on the composition of 
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source gases mixture, involving hydrogen and/or an inert gas excluding the starting 

reagents.  Comparatively, single source precursor MS, containing directly bonded Si 

and C atoms, has the advantage of a simpler CVD process and the possibility of a 

more efficient deposition process. Additionally, MS is a safe and environmentally 

appropriate precursor, since it involves no aggressive chlorine-containing compounds 

with a Si to C ratio of 1:1 and it does not self-ignite in air, in contrast to SiH4. The 

incorporation of H2 during the deposition can both decrease and increase the optical 

energy gap of deposited SiC films. Considering all the aforementioned information, 

MS was employed as the single precursor source for the deposition of SiC films 

without introducing dilution gas H2 in this study.  

2.3 The Kinetics of SiC Deposition from MS  

The decomposition of MS has been widely studied [50]–[59]. The decomposition 

paths of MS varied with its pressure and temperature. The gas phase decomposition 

of MS was investigated in single-pulse shock tube at MS pressure ≤ 60 mbar in a 

temperature range of 852–977 ºC. It was found that three primary decomposition 

paths (as shown in Eq. (2.1)–(2.3)) occurred at 927 ºC [54]: 

CH3SiH3 → CH3SiH+ H2        (2.1) 

CH3SiH3 → CH4+ SiH2           (2.2) 

CH3SiH3 → CH2=SiH2+ H2     (2.3) 
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The activation energy of MS decomposition was found to be around 2.6 eV [55], the 

primary CH4 elimination efficiency from Eq. (2.2) was 0.09 and the total primary H2 

elimination efficiency from Eqs. (2.1) and (2.3) was 0.91 [54], [55], and the dominant 

primary reaction was Eq (2.1).  Davidson et al studied the decomposition of MS at a 

low pressure (0.01–0.1 mbar) in a temperature range of 625–727 ºC. The activation 

energy was found to be around 2.8 eV [50], and the dominant primary decomposition 

path was found to be as outlined by Eq (2.1) as well. Neudorfl et al studied the gas 

phase thermo-pyrolysis of MS as a function of pressure (40–540 mbar) and 

temperature (340–440 ºC), and the major products were found to be H2 and 

dimethyldisilane [(CH3SiH2)2, DMDS] [52], which was different from what had been 

found by others. Most of the MS decomposition investigations were performed under 

conditions of very low conversion and might be very different from what occurs 

during a real LPCVD process, in which MS depletion or high conversion might occur. 

Recently, the deposition of a-SiC and nc-SiC using MS as a single precursor in a 

LPCVD reactor was reported in several research papers [43]–[45], [60]. The kinetics 

of SiC deposition from MS in a cold-wall, low-pressure CVD reactor was studied for 

pure MS (MS pressure was 0.065 mbar) in the temperature range of 600–1150 oC by 

Johnson et al [43]. The activation energy was found to be around 2.3 eV and surface 

reaction was proposed as the rate-determining step. Ohshita investigated SiC 

deposition using a mixture of MS and H2 (1 % MS diluted by 99 % H2, the partial 

pressure of MS was 0.0133 mbar) in a temperature range of 650 to 850 oC, and it was 

found that the activation energy was around 2.2 eV and the surface reaction was 

proposed as the rate-determining process [45]. Narita et al investigated SiC 

deposition on Si at an MS pressure of 1.33–6.65 mbar between 650 and 750 oC. The 
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activation energy was found to be 1.9 eV [60]. The kinetics of SiC deposition from 

MS in a hot-wall LPCVD reactor was investigated by Abyzova et al using a mixture 

of MS/H2 or MS/He (the partial pressure of MS was in the range of 0.24 to 17.4 mbar) 

as precursors in the temperature range 600–900 oC, and the activation energy was 

found to be 2.3 eV, with the decomposition of MS considered as the rate-determining 

step [44]. There are two major differences between a hot-wall and a cold-wall CVD 

reactor: the precursor gases are more efficiently cracked in the hot-wall reactor; the 

lateral and vertical temperature homogeneity in the hot wall reactor is also better. 

Based on what is reported in the published literature, it can be seen that the activation 

energy of SiC deposition from MS changes with experimental conditions. To date 

there is no published report on the kinetics of pure MS deposition using a hot-wall 

LPCVD reactor, which is the focus of this study in Chapter 3.  

2.4 Factors Influencing the Microstructure of SiC Films  

The microstructure of deposited SiC films varied with MS pressure and substrate 

temperature. The initial stage of SiC formation on Si (100) surface using MS as the 

single precursor was studied in a temperature range of 650–750 oC by reflection high-

energy electron diffraction (RHEED), however, the dependence of microstructure on 

MS pressures and substrate temperatures was not studied [60].  The microstructure of 

SiC films was analysed by XRD and FTIR in references 43, only the dependence of 

microstructure on the substrate temperatures was studied at a certain MS pressure. In 

reference 44, it was reported that no reflections were found in XRD patterns of the 

SiC film deposited at 700 oC, and the film deposited at 800 oC exhibited a weak 
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diffused diffraction peak at around 2θ = 35º, and no detailed analysis was performed 

further to reveal the relation between microstructure and MS pressure. Although it is 

understood that the amorphous-to-crystalline transition temperature depends on the 

preparation method and processing pressure, there is no study on the transition from 

a-SiC to crystalline SiC (c-SiC) for films deposited by the conventional LPCVD 

method in a hot-wall reactor with MS as the single precursor. Such a study can 

provide the guidance for the development of deposition phase diagrams and is of 

significant technological importance for the preparation of highly chemically ordered 

a-SiC* and nc-SiC films.  In Chapter 4, the microstructure dependence on the MS 

pressures and the substrate temperatures is investigated. 

2.5 The Structural Network of a-SiC 

Crystalline SiC is a wide energy gap semiconductor material that exhibits superior 

mechanical properties, thermal stability, resistance to oxidation and very high thermal 

conductivity and carrier mobility compared to crystalline Si. One expects that the 

outstanding characteristics of crystalline material can only be reproduced in its 

amorphous form if a large majority of atomic bonds are heteronuclear with a very 

small fraction of silicon and carbon clusters.  

*Amorphous SiC denotes that there is no periodic order in atoms arrangements in three-dimensional 

space, i.e., non-crystallised, but it does not put any limitation on the chemical bond arrangements. 

Chemical order denotes that the chemical bonds in SiC are heteronuclear Si–C bonds rather than 

homonulclear Si–Si and C–C bonds. 
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To date, the structural network of amorphous SiC still remains unclear and 

numerous theoretical and experimental studies have been conducted. Polk proposed 

the definition of a continuous random network (CRN) model in 1971 for the structure 

of elemental amorphous semiconductors and of their alloys. According to Polk’s 

model, the atoms are arranged in a tetrahedral geometry which is the same as it is in 

the crystal counterpart but with various bond lengths and angles [61], and long-range 

order is absent. However, the existence of threefold-coordinated carbon atoms was 

observed by some simulations and experiments, which goes against the definition of 

the CRN model [17], [28], [62]–[68]. It was found that amorphous SiC network 

deviates from an ideal tetrahedral geometry due to the presence of threefold-

coordinated carbon atoms based on the simulations results [62]. Based on the Raman 

spectra investigation of a-SiC film, direct evidence of the existence of homonuclear 

bonds was found: both graphite-like and diamond-like C–C bonds [63] were observed. 

By performing first-principal molecular-dynamic (MD) simulations on a-Si0.5C0.5 film, 

Finocchi et al. found that 15 % of C sites in amorphous SiC were primarily threefold-

coordinated, the network formed by Si sites was a distorted tetrahedral network, and 

that SiC film had negligible chemical ordering with 40 to 45 % homonuclear bonds 

[64]. Kelires found stronger chemical ordering, although far from the maximum 

possible value with half the C atoms threefold-coordinated [65]. Using a continuous-

space Monter Carlo method, Tersoff stated that the simulation results indicated a 50 

% chemical order in amorphous SiC films [66]. Moreover, two principal factors 

controlling the degree of chemical order in amorphous covalent alloys were proposed: 

one is the chemical preference for mixed bonds and the other one is the atomic size 

difference. Due to the large atomic size difference and small enthalpy of formation, 
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weaker ordering was expected in amorphous SiC compared with its crystal form [66], 

and the fundamental reason was attributed to the fact that atomic stress for anti-site 

disorder in amorphous SiC is much less than that in crystal SiC. Efstathiadis et al 

predicted that for stoichiometric amorphous SiC (a-Si0.5C0.5 ), only 89 % of all bonds 

were  Si–C bonds, with about 5 % each of Si–Si and C–C bonds also present [67]. 

Chehaidar et al studied SixC1-x films (x is around 0.5) prepared using low frequency 

glow discharge decomposition of a mixture of silane (SiH4) and methane (CH4) 

diluted by helium. Chehaidar’s results indicated that the film was only partially 

chemically ordered [28]. By investigating the amorphous SixC1-x (0 < x < 1) films 

prepared by rf magnetron sputtering, Maruyama et al concluded that the network 

structure could be classified neither as the random covalent network nor as the 

chemically ordered covalent network based on XPS analysis [68]. Morimoto et al 

studied the annealing and crystallisation processes of Si–C alloy, for Si-rich film, 

annealing at 900 °C resulted in the occurrence of  Si crystalline clusters, evidenced by 

observing the shift of TO-like mode of Si–Si bond from lower wavenumber to 520 

cm-1; while no sharp Raman lines corresponding to SiC crystalline clusters occurred 

up to 1000 °C, however, the FTIR absorption spectrum showed that the annealed film 

had a narrower and sharper absorption band, indicating the occurrence of SiC-like 

clusters [17]. Moreover, they also found that near stoichiometric Si0.59C0.41 film was 

highly heat-resistant, with no drastic change in Raman spectra by annealing to 1000 

°C. In carbon-rich Si0.39C0.61 film, C clusters crystallisation was observed when the 

annealing temperature was over 900 °C [17]. 

From all of these observations, it can be seen that Si atoms prefer to form 

tetrahedral geometry in amorphous SiC film but with the possibility to form Si–Si 
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homonuclear (homopolar) bonds; while for carbon atoms, excluding tetrahedral Si–C 

bonds, they can also be arranged into a threefold-coordinated graphite-like structure 

or tetrahedral diamond bond structure depending on the preparation conditions. The 

chemical order of a-SiC film deposited by the hot-wall LPCVD method using MS as 

the single source precursor has not been well studied yet. In this study, the chemical 

order of deposited a-SiC films is investigated by FTIR and XPS analyses, and the 

influences of substrate temperature and MS pressure on the chemical order are 

discussed in Chapter 5. 

2.6 Hydrogen Concentration and Its Chemical Bonding in a-

SiC 

The deposition of a-SiC is usually heavily diluted by hydrogen to hydrogenate the 

dangling bonds and to widen the optical energy gap by reducing the homonuclear Si–

Si, and C=C graphic bonds. The density, thermal stability, optical and photoelectrical 

properties are strongly correlated to the bonding configuration and H concentration in 

these a-SiC films. The observation of metastable changes in a-Si:H goes back to the 

work of Staebler and Wronski, who, in 1977, found that the dark conductivity and 

photoconductivity of glow-discharge deposited amorphous silicon can be reduced 

significantly by prolonged illumination with intense light [69]. This was attributed to 

the increase in the density of gap states and the moving of Fermi level away from the 

mobility edge for electrons [69]. Several mechanisms were proposed to explain this 

phenomenon [70]–[73], in which it was suspected to be related to the diffusion of 

bonded hydrogen. Based on the hydrogen effusion study, in amorphous SiC, Si–H 
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and C–H bonds started to release H at 327 and 577 ºC respectively, which causes 

thermal instability, and all of the H atoms escaped from the film at temperatures 

higher than 800 ºC [79]. It is preferable to prepare highly chemically ordered a-SiC 

films with low hydrogen concentration to improve their thermal and illumination 

stability. 

Hydrogen concentration was usually revealed by SIMS, FTIR and Rutherford 

backscattering spectroscopy (RBS) techniques. The hydrogen concentration in a-SiC 

and nc-SiC ranged from a few percent to 37.5 at. % [20], [21], [23], [34], [43], [74]–

[85], it had a dominant effect on the density and optical gap of the film, and the large 

hydrogen concentration may degrade the electric properties of the material [30], [86]. 

The chemical bonding of hydrogen in amorphous SiC has attracted great interest and 

was widely studied using FTIR, Raman, and XPS analyses. When hydrogen atoms 

form bonds to carbon atoms, the possible chemical bonds are C–H, C–H2, and C–H3 

bonds, i.e. C–Hn (n = 1, 2, 3) bonds, depending on the deposition temperature, 

employed precursor, and process pressure, as is the formation of Si–H, Si–H2, and Si–

H3 bonds, i.e. Si–Hn (n = 1, 2, 3). In some instances it also depends on the 

environmental chemical bonding because the oscillator strength of C–Hn and Si–Hn 

bonds can be significantly reduced or enhanced by the bonding environment [22], 

[30], [87].  

Therefore, in this study a-SiC was deposited at medium temperatures, which 

favours the elimination of hydrogen and improves the thermal and illumination 

stability of the deposited films. The chemical bonds in a-SiC are investigated by 
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FTIR, XPS analysis, and the influence of MS pressure and substrate temperature on 

the hydrogen concentration and its chemical bondings are discussed in Chapter 5.   

2.7 Optical Properties of a-SiC and nc-SiC 

For applications in electronic devices, SiC films with wide optical energy gap (Egopt) 

and suitable conductivity is preferred.  The reason that wider Egopt is preferred is 

because it is needed to emit or absorb light with a short wavelength (green to blue). 

There are several advantages of a-SiC and nc-SiC as compared to single crystalline 

SiC, such as accessibility to large-area flat-panel displays, tuneable colours by using 

integrated multilayer structures, lower deposition temperature and lower cost [10]. 

The Egopt of SiC films varies with substrate temperature, source gas composition, 

process pressure, and doping element; these parameters need to be tuned carefully to 

prepare SiC films with a desired optical energy gap. It has been proposed that various 

defect bands can be present in the gap of a-SiC:H alloys, resulting in a poor definition 

of the otherwise exponential absorption edge [88]. 

It has been observed that the Egopt increases with substrate temperature during 

deposition process [1] and also increases with post-annealing temperature due to the 

decrease of defect bonds and increase of Si–C bonds [80]. In opposition to this, a 

narrowing of Egopt with increased substrate temperature was observed by Koinuma et 

al [24]. 

It has been shown that, with respect to a-Si:H, it is the C–C and Si–C bonding and 

anti-bonding states that are responsible for the widening of the optical energy gap in 
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low carbon concentration a-SiC:H films [89]. By increasing methane flow rate, a 

widening of the optical energy gap and an increase of the apparent disorder were 

found in hydrogenated amorphous SiC with lower subgap absorption [90]. Egopt 

increased with the increase in the carbon content, and reached a maximum at a carbon 

concentration of around 70 % and then decreased with further increase [91], [92]. The 

decrease in Egopt for carbon concentration larger than 70 % is due to the formation of 

graphitic-like bonds [91], [92]. However, Nevin et al observed that the optical energy 

gap kept increasing when carbon concentration was larger than 70 % [93]; the same 

phenomenon was also observed by other research groups [35], [94]. 

H2 dilution is a popular way to change the optical energy gap of a-SiC and nc-SiC. 

Egopt increases with hydrogen concentration in a-SiC films, as reported by Fölsch et al 

[85]. The increase in the Egopt with the increase of H2 dilution ratio was reported by 

Hattori et al, who suggested that H2 dilution reduces the hydrogen content and 

enhances the degree of crystallinity [38]. Widening of Egopt with an increase in H2 

partial pressure was reported by Girginoudi et al [82], but a constant Egopt was 

obtained for H2 pressure greater than 1.6 × 10-3 mbar due to the hydrogen saturation 

effect. However, there is also evidence that the dilution of H2 narrows the Egopt. Yu et 

al demonstrated experimentally that the optical energy gap of a-SiC narrowed from 

3.0 eV to 2.7 eV when H2 flow rate was increased from 0 to 200 SCCM [30]. 

The narrowing of Egopt by boron doping was observed by Tawada et al [95]. It was 

suggested that the narrowing was caused by the decrease of hydrogen concentration 

attached to carbon. The narrowing of Egopt by boron doping was also observed by 

Yamada et al [96], as well as by Hattori et al [38]. 
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The optical energy gap of deposited SiC films varies from 1.7 eV to more than 3.55 

eV [35], [38], [93]. It is sensitive to many parameters, thus the deposition conditions 

need to be finely tuned to achieve p type and n type SiC films with a large enough 

optical energy gap, without sacrifice the doping concentration and conductivity too 

much. 

The stair-like shape in the absorption coefficient spectrum was not only contributed 

to by interference effect, it was proposed that they were also contributed to by some 

real photon transition process [88], [90], [97]. From the calculated absorption 

coefficient, it was found there were three absorption peaks within the gap of a-SiC 

and four types of transition: (1) between an occupied defect peak situated below the 

Fermi level and the conduction band (CB), (2) between a second occupied peak and 

the CB, (3) between the valence band (VB) and an unoccupied peak located above the 

Fermi level, and (4) between the VB and the CB [90]. Optical energy gap and 

absorption coefficients of deposited a-SiC and nc-SiC are derived based on optical 

measurements and comparisons are made with the published data in Chapter 6 and 

Chapter 9 for n type and p type SiC films respectively. 

2.8 Al-induced Crystallisation 

Compared to a-SiC, nc-SiC has higher electrical conductivity, which can 

significantly improve solar cell efficiency [6]–[8].  To date, a number of methods 

have been developed to crystallise the deposited amorphous SiC layer, including ion-

beam induced crystallisation [98], [99], alternating aluminium layer induced 

crystallisation [100], [101], and laser induced crystallisation [102]. These methods 
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add complicated steps and additional thermal budget to the process. Ion-beam 

induced crystallisation combined Al ion implantation and high temperature annealing 

at 1500 ºC to achieve p type Al doped nc-SiC, with the risk that the hole mobility 

might be reduced by radiation damage [98], [99]. Al layer induced crystallisation 

requires a separate Al layer deposition and annealing treatment, as well as etching of 

the Al layer after crystallisation is finished [100]. In addition, Al atoms tend to 

diffuse into the substrate and change its doping concentration [100]. Although laser 

crystallisation is a popular method to crystallise amorphous films, it is only effective 

for layers thinner than certain thickness, and excessive laser intensity may also create 

graphite and Si rather than SiC grains [102].  

Aluminium-induced layer exchange (ALILE) is a commonly used crystallisation 

method for converting amorphous Si (a-Si) into crystalline Si (c-Si) [103]–[105]. An 

Al layer is generally formed on the substrate prior to a-Si layer deposition, so that 

during the post-annealing treatment Si atoms diffuse into the Al layer and when Si 

solubility with the aluminium is exceeded and a certain supersaturation is built, Si 

nuclei are formed [105]. The difference in the Gibbs free energy of a-Si and c-Si is 

assumed to be the driving force [106]. Similar mechanisms have been proposed to 

explain the Al-induced crystallisation of a-SiC using the layer change method [100], 

[101], in which Al atoms diffuse into a-SiC during the post-annealing and crystallise 

it. However, this mechanism is not applicable to the crystallisation caused by the co-

supply of Al, Si, and C-containing precursors during the LPCVD process. A similar 

process was found in the case of amorphous Ge (a-Ge), where crystallisation of a-Ge 

was achieved by the co-supply of Al and Ge at a fixed deposition temperature by rf 

sputtering [107]. It was proposed that the Al-induced crystallisation originates from 
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fourfold-coordinated Al atoms in the a-Ge network, acting as crystallisation seeds 

[107].  

There is no evidence to date of a convenient in situ process for the crystallisation of 

amorphous SiC that provides damage-free p type films, although such a technique is 

greatly needed to achieve nc-SiC for practical applications. In Chapter 8 of this thesis, 

we provide experimental evidence that crystallisation of a-SiC occurs when Al, Si, 

and C-containing precursors are supplied concurrently in a LPCVD process at 600 ºC. 

A mechanism is also proposed to explain the crystallisation process that occurs 

during the film growth.  

2.9 Electrical Properties of a-SiC and nc-SiC 

To fabricate electronic devices, SiC films need to be doped to exhibit both p type 

and n type conductivity. The preparation of p type a-SiC and nc-SiC films with high 

electrical conductivity has been pursued with an attempt to improve the solar cell 

efficiency. The advantages of heterojunction solar cells over conventional p-n 

junction solar cell include: (1) enhanced short-wavelength spectral response if the 

optical energy gap (Egopt) is large enough for the high-energy photons to be absorbed 

inside the depletion region of the second semiconductor; (2) lower series resistance, if 

the first semiconductor can be heavily doped without affecting its light transmission 

characteristic; and (3) high radiation tolerance, if the first semiconductor is thick in 

addition to being high in energy gap [108]. It has been suggested that useful solar 

cells can be made in semiconductors containing very high defect density if the 

semiconductor films are sufficiently thin and have a high absorption coefficient near 
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the band edge, coupled with requisite mobilities [109]. Certain low temperature 

processes produce amorphous films with the required optical energy gap, but poor 

electrical conductivity of this window layer adversely affects the series resistance and 

fill factor of a solar cell [110]. This poor conductivity of a-SiC, largely due to low 

free carrier mobility, is thought to be due to band edge tails that cause the carriers to 

hop from one defect site to the next in a thermally activated mechanism that is far less 

efficient than the drift/diffusion of carriers through a clearly defined conduction or 

valence band found in a crystalline material [111], [112]. Excessive trap densities of 

the order commonly found in amorphous and polycrystalline materials result in non-

linear I-V characteristics where I ∞ Vα ( α ≥ 2) and depend on the energy distribution 

of traps [111], [113]. A number of different techniques have been used to improve 

film conductivity, including the use of dopants [6], [114] or the promotion of 

crystallite formation in the film [23], [115]–[117]. In order to get low series resistance, 

the electrical conductivity of a-SiC and nc-SiC has to be higher than a certain value (σ 

> 10-7 S cm-1) [25]. At the same time, a wider optical energy gap is also preferred. 

However, in order to achieve a wider energy gap, more carbon is introduced into the 

film, which results in the decrease of electrical conductivity [25]. Moreover, with the 

doping concentration increasing, the optical energy gap also decreases [38], [95], [96]. 

It is important to compare the dark conductivity data of both n type and p type SiC 

films to investigate the influence of doping. 

By studying boron-doped nc-SiC films, it was found that the dark conductivity was 

lower than 10-8 S cm-1 with a carbon concentration of 8.0 at. %, while the 

conductivity was as good as 10-3 S cm-1 with a carbon concentration at 6.0 at. % [25]. 

A boron-doped amorphous SiC with an optical energy gap of 2.0 eV was prepared. It 
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had a dark conductivity of 7.0 × 10-5 S cm-1 and a low activation energy of 0.33 eV, 

and it gave a solar cell conversion efficiency of 9.46 % [96]. By adjusting the doping 

concentration of phosphorus, the conductivity of n-type doped a-SiC varied from 5.0 

× 10-3 S cm-1 to 1.0 × 10-7 S cm-1 [26]. A boron-doped a-SiC with a dark conductivity 

of 10-4 S cm-1 was achieved by Tawada et al [118]. Rahman and Furukawa found that 

the doping efficiency of boron increased at an elevated deposition temperature: the 

dark conductivity of a boron-doped a-SiC varied from 10-2 S cm-1 to 10-7 S cm-1 [119]. 

The dark conductivity of a-SiC prepared at a substrate temperature of 250 oC using 

MS as a precursor in a glow discharge system was lower than 10-10 S cm-1 [31]. 

Nitrogen-doped and phosphorus-doped n type a-SiC had a dark conductivity in the 

range of 10-8 S cm-1 to 10-2 S cm-1, and the nitrogen-doped samples had better 

conductivity and mobility than phosphorus-doped ones [35]. Aluminium-doped a-SiC 

has a dark conductivity of 10-7 S cm-1 with a low activation energy of 0.2 eV [35]. 

Phosphorus implantation with a concentration between 1018 and 1021 cm-3 was 

performed. The best room temperature dark conductivity was 10-4 S cm-1 with an 

activation energy of 0.1 eV, both boron and boron difluoride (BF2) were implanted at 

the same concentration of 1020 cm-3, and it was found that BF2 was more efficient 

than boron. It gave a p type dark conductivity of 0.1 S cm-1 with an activation energy 

of only 0.02 eV [36]. Highly conductive p type microcrystalline SiC was prepared by 

ECR PECVD, and the film exhibited a dark conductivity as high as 10 S cm-1 with an 

optical energy gap of 2.25 eV; the p type dopant used was B2H6 [38]. Aluminium-

doped hydrogenated nc-SiC was deposited by HWCVD using trimethylaluminium 

(Al(CH3)3, TMA) as the dopant; the dark conductivity of as-deposited film was found 

to be below 10-7 S cm-1 [20]. The dark conductivity of unintentionally doped nc-SiC 
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was found to be lower than 10-6 S cm-1 [120]. For n type nc-SiC doped by nitrogen 

and phosphorus, the dark conductivity was around 5.0 S cm-1, while for p type nc-SiC 

doped by aluminium, the dark conductivity was much lower than that of n type film, 

at only around 7.7 × 10-4 S cm-1 [23]. 

High temperature annealing was widely employed to improve the crystallinity of 

deposited SiC films and thus improve the conductivity. However, it was reported by 

Song et al that the low open circuit voltage was mainly limited by interface quality 

because recombination through interface states was the dominant current transport 

mechanism at intermediate bias voltages [13], [15]. It was postulated that defects at 

the junction interface were formed during high temperature annealing, due to the 

large difference in the thermal expansion coefficients of Si and SiC (around 8 %) [15]. 

Hong et al fabricated light-emitting diodes using a-SiC, and they claimed that better 

interface properties were vital to improve the diode performance [10]. Therefore, the 

preparation of p type a-SiC and nc-SiC films with suitable conductivity at medium or 

low temperatures is urgently needed to improve the interface quality and solar cell 

efficiency. The conductivity of p type a-SiC and nc-SiC doped by aluminium was 

lower than 10-4 S cm-1, as reported in the literature [20], [23], [35]. In this thesis, the 

electrical properties of unintentionally doped and aluminium-doped a-SiC and nc-SiC 

are characterised by different methods in Chapter 7 and 10, respectively. The 

influence of dopant on the electrical properties is discussed based on the experimental 

results. 
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CHAPTER 3  

The Kinetics of SiC Deposition  

This chapter contains experimental investigations of the kinetics of SiC deposition 

using H3SiCH3 as the single precursor in a LPCVD reactor, carried out in the 

temperature range of 600 to 850 ºC. The pressure of MS varied from 0.006 mbar to 

0.54 mbar. From this, various deposition parameters can be determined. The Knudsen 

number is calculated to determine the gas flow regime during SiC deposition 

processes under different MS pressures. The rate-determining process is determined 

by considering the dependence of deposition rates on the substrate temperature and 

MS pressure. The activation energies of SiC deposition at different MS pressures are 

extrapolated based on the deposition rate data according to the Arrhenius equation. 

Sticking coefficient of MS is also calculated using the Hertz-Knudsen equation. The 

dependence of SiC deposition rate on MS flow rate at a constant MS pressure is also 

studied. To test the influence of surface conditions on the deposition rate, both Si and 

oxide covered Si wafers are employed as substrates and the SiC film thicknesses 

deposited on them are compared.   
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3.1 Processes of SiC Deposition  

SiC films were deposited on 150 mm (6 inch) Si(100) wafers (p type, with a 

resistivity of 5–15 Ω cm) using MS (purity > 99.98 %) as a single precursor in a 

horizontal hot-wall low-pressure chemical vapor deposition (LPCVD) reactor (base 

pressure lower than 5×10-8 mbar). Prior to being loaded into the reactor, the Si wafers 

were cleaned adhering to the standard Radio Corporation of America (RCA) cleaning 

procedures developed by Kern and Puotinen [1]. All chemicals used in the wet-

cleaning procedures were in very-large-scale-integration (VLSI) grade. The RCA 

clean is well known for removing contaminants from Si wafers. The RCA cleaning 

procedure contains two steps, which are known as SC-1 and SC-2 (where SC stands 

for Standard Clean). In step SC-1, the wafers were soaked in a high-PH alkaline 

mixture (ammonium hydroxide (NH4OH), H2O2 and deionized (DI) water (1:1:5)) at 

70 ºC for 10 minutes. There are three purposes of SC-1: (1) to remove organic 

contaminants on the wafer surfaces due to the wet-oxidation effect, (2) to expose the 

surfaces so that any trace metals can be desorbed, and (3) to enable hydrous oxide 

film to form and dissolve continuously. After SC-1, the wafers were rinsed in a DI 

water bath for 5 minutes before proceeding to SC-2. In step SC-2, the wafers were 

soaked in a mixture of hydrochloric acid (HCl), H2O2 and DI water (1:1:4) at 70 ºC 

for 10 minutes, followed by a 5-minute rinse in a DI water bath. There are three 

purposes of the SC-2 step: (1) to dissolve alkali ions, (2) to dissolve water-insoluble 

hydroxide compounds, and (3) to desorb residual trace metals that were unable to be 

desorbed in step SC-1. The wafers were then dried using a spin rinse drier. After 

loading the wafers into the LPCVD reactor, the reactor temperature was ramped up 

from 600 ºC to the desired deposition temperature in vacuum with a ramp-up rate of 5 
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ºC/min. The deposition of SiC was performed in the temperature range of 600 to 850 

ºC. The flow rate of MS varied from 2 to 38 standard cubic centimetres per minute 

(SCCM) to achieve different MS pressures (0.006 to 0.54 mbar). The deposition time 

varied from half an hour to 10 hours to achieve SiC films with suitable thicknesses 

for different characterisation methods.  

Detailed deposition conditions and SiC film thicknesses for different samples 

deposited on Si substrates are summarized in Table 3.1. The deposition rate was 

determined by dividing the deposited film thickness by the deposition time. The  

Table 3.1 Detailed deposition conditions and SiC films thicknesses for SiC deposited 

on Si substrates. 

Sample label 

Deposition 

temperature (ºC) 

Pressure of 

MS (mbar) 

Deposition 

time (hour) 

Thickness of  

SiC layer (nm) 

T600_LP_9.5SCCM 600 0.006 10 11 

T600_HP_9.5SCCM 600 0.06 10 50 

T600_EHP_38SCCM 600 0.54 10 1300 

T650_LP_9.5SCCM 650 0.006 10 82 

T650_HP_9.5SCCM 650 0.06 10 210 

T650_EHP_38SCCM 650 0.54 10 4060 

T700_LP_9.5SCCM 700 0.006 10 410 

T700_HP_9.5SCCM 700 0.06 10 1050 

T700_EHP_38SCCM 700 0.54 0.5 800 

T700_LP_2SCCM 700 0.006 10 260 

T725_LP_2SCCM 725 0.006 10 460 

T750_LP_2SCCM 750 0.006 10 620 

T800_LP_2SCCM 800 0.006 10 1040 

T850_LP_2SCCM 850 0.006 2 240 

 53



 
Chapter 3 The Kinetics of SiC Deposition 

 

sample labels are given in the forms of Txxx_LP_ySCCM, Txxx_HP_ySCCM, and 

Txxx_EHP_ySCCM, in which the number xxx represents the process temperature (in 

oC); LP stands for “low pressure” and is used for samples deposited at an MS 

pressure of 0.006mbar; HP stands for “high pressure” and is used for samples 

deposited at an MS pressure of 0.06mbar; EHP stands for “extreme high pressure” 

and is used for samples deposited at an MS pressure of 0.54mbar; and y stands for the 

flow rate of MS. The highest MS pressure that can be achieved with the maximum 

flow rate (38 SCCM) was 0.54 mbar. Film thicknesses were measured with a 

NanoSpec AFT 200 made by the company Nanometric, assuming a refractive index 

of 2.65. NanoSpec is a metrology tool, it uses reflectometry to determine film 

thickness based on interference effects.  

3.2 Activation Energy and Rate-determining Process  

The mean free path (MFP) is basically an average distance a molecule will travel 

before colliding with another molecule. It is given by the following equation (Eq 3.1): 

                                   
Pd

kT
22π

λ =                                       (3.1) 

where λ is the MFP of the molecules (m), k is Boltzmann constant (J/K), T is 

temperature in Kelvin, d is the diameter of MS molecule (m), and P is the partial 

pressure of MS in Pa.  

The Knudsen number Kn is defined as: 

                                     tn dK /λ=                                         (3.2) 

 54 



 
Chapter 3 The Kinetics of SiC Deposition 

 

where λ is the MFP of the molecules and dt is the diameter of the reactor tube (m). 

Usually, when Kn is less than 0.01, the flow regime is viscous flow; when 0.01 < Kn < 

1, the flow regime is in a transition region; and when 1 < Kn, the flow regime is 

molecular flow [2]. Calculated MFP and Kn values for different samples deposited on 

Si substrates are given in Table 3.2. The diameter of MS molecules is assumed to be 

4 × 10-10 m [3], and the diameter of the LPCVD reactor tube is 0.21 m. The Kn values 

given in Table 3.2 indicate that the SiC deposition occurred in a transition region 

from molecular flow to viscous flow at the MS pressures of 0.006 and 0.06 mbar, and 

the deposition was in the viscous flow regime with an MS pressure of 0.54 mbar. 

They demonstrate that the collision between MS molecules is inevitable during the 

deposition of SiC for all those samples listed in Table 3.1. 

Table 3.2 Calculated MFP and Kn values for different samples deposited on Si 

substrates. 

Sample label 
Mean free path 

(mm) 
Knudsen 
number Flow regime 

T600_LP_9.5SCCM 50.2 2.4 × 10-1 Transition 

T600_HP_9.5SCCM 5.0 23.9 × 10-3 Transition 

T600_EHP_38SCCM 0.6 2.7 ×10-3 Viscous 

T650_LP_9.5SCCM 53.1 2.5 × 10-1 Transition 

T650_HP_9.5SCCM 5.3 25.3 × 10-3 Transition 

T650_EHP_38SCCM 0.6 2.8 × 10-3 Viscous 

T700_LP_9.5SCCM 56.0 2.7 × 10-1 Transition 

T700_HP_9.5SCCM 5.6 26.7 × 10-3 Transition 

T700_EHP_38SCCM 0.6 3.0 × 10-3 Viscous 

T700_LP_2SCCM 56.0 2.6 × 10-1 Transition 

T725_LP_2SCCM 57.4 2.7 × 10-1 Transition 

T750_LP_2SCCM 58.9 2.9 × 10-1 Transition 

T800_LP_2SCCM 61.7 2.9 × 10-1 Transition 

T850_LP_2SCCM 61.7 2.9 × 10-1 Transition 
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   In the surface-reaction-limited regime of CVD, the deposition rate rd increases with 

T according to a thermally activated process, as given in Eq. (3.3) [4], [5]: 

                )/exp(0 RTECkVCKr armrSd −==                      (3.3) 

where Ks is the surface reaction rate constant (cm/s), Cr is the reactant concentration 

(cm-3), Vm is the volume of the deposited species (cm3), k0 is the pre-exponential 

constant, Ea is the activation energy of the surface reaction process, R is the gas 

constant (J/K mol), and T is the substrate surface temperature (K). Dependence of the 

deposition rate on the substrate temperature in the temperature range of 600 to 700 oC 

is shown in Fig. 3.1. For the given pressures of 0.006, 0.06, and 0.54 mbar, the 

deposition rate exponentially increases with the substrate temperature, with the 

activation energy of 2.7, 2.2, and 1.8 eV, respectively. It is thus concluded that 

surface reaction is the rate-determining process.  
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Fig. 3.1 Dependence of the deposition rate on substrate temperature at different MS 

pressures. 
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The differences of activation energy at different MS pressures can be explained by 

the different decomposition paths of MS. The activation energy of SiC deposition 

using MS as the precursor has been investigated by several research groups. Johnson 

et al found that the activation energy was around 2.3 eV at an MS pressure of 0.065 

mbar in the temperature range of 600 to 1150 oC, using a cold-wall CVD reactor, and 

surface reaction was proposed as the rate-determining step [6], which is very close to 

our calculation of 2.2 eV at the MS pressure of 0.06 mbar. Ohshita investigated SiC 

deposition using a mixture of MS and H2 (1 % MS diluted by 99 % H2, the partial 

pressure of MS was 0.0133 mbar) in a temperature range of 650 to 850 oC. It was 

found that the activation energy was around 2.2 eV and surface reaction was proposed 

as the rate-determining process [7], which is the same as the activation energy derived 

by our experiments at the MS pressure of 0.06 mbar. Narita et al investigated SiC 

deposition on Si at an MS pressure of 1.33–6.65 mbar between 650 and 750 oC. They 

found the activation energy to be 1.9 eV [8], which is comparable to our value of 1.8 

eV at the MS pressure of 0.54 mbar. The kinetics of SiC deposition from MS in a hot-

wall LPCVD reactor was investigated by Abyzova et al using mixtures of MS/H2 or 

MS/He (the partial pressure of MS was in the range of 0.24 to 17.4 mbar) as 

precursors in the temperature range of 600 to 900 oC. In this investigation the 

activation energy was found to be 2.3 eV and the decomposition of MS was 

considered as the rate-determining step [9]. The decomposition of MS has been well 

studied by a number of research groups [10]–[19], with the derived activation energy 

varying from 2 to 2.8 eV, depending on the particular decomposition paths. Based on 

these results from the literature and our own experimental results, it can be seen that, 

with surface reaction acting as the rate-determining process, the decomposition paths 
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of MS varies with its pressure and, thus, results in different activation energies during 

SiC deposition. 

The deposition rate of sample T700_HP_9.5SCCM was roughly 105 nm/h, which is 

very close to 108 nm/h that was observed at an MS pressure of 0.065 mbar at the 

same temperature [6].  

The activation energy of SiC deposition in the temperature range of 700 to 850 oC 

was investigated with an MS flow rate of 2 SCCM at a pressure of 0.006 mbar (the 

deposition rate was observed to be close to zero at temperatures below 700 oC). 

Dependence of the deposition rate on the substrate temperature is shown in Fig. 3.2.  

1000/T (K-1)

.88 .90 .92 .94 .96 .98 1.00 1.02 1.04

D
ep

os
iti

on
 ra

te
 (n

m
/h

)

10

100

Experimental data

700750800850
T (oC)

  

Fig. 3.2 Dependence of the deposition rate on substrate temperature in the temperature 

range 700–850 oC. 
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The deposition rate is no longer exponentially dependent on the substrate temperature 

and has become less sensitive to the substrate temperature, which indicates that SiC 

deposition is in a transition region where the rate-determining process is a 

combination of surface reaction and mass transport processes [5], [20]. The decrease 

of deposition rate along the gas flow direction was observed for SiC films deposited at 

800 and 850 oC, which proves that mass transport process starts to dominate the 

deposition rate.  

3.3 Dependence of the Deposition Rate on MS Pressure  

Dependence of the deposition rate on the MS pressure is plotted in Fig. 3.3. It 

shows that there is a parabolic dependence on the MS pressure. For samples 

T700_LP_9.5SCCM and T700_HP_9.5SCCM, an increase of 10 times in MS 

Symbols: experimental data
Lines: parabolic fit
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Fig. 3.3 Dependence of the deposition rate on MS pressure. 
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pressure led to a 2.6 times increase in the deposition rate, from 41 to 105 nm/h. The 

same trend was also found for samples T650_LP_9.5SCCM and T650_HP_9.5SCCM, 

where the deposition rate increased from 8 to 21 nm/h. Comparing sample 

T700_HP_9.5SCCM with sample T700_EHP_38SCCM, it can be seen that an 

increase of 9 times in MS pressure led to roughly a 15 times increase in the deposition 

rate, from 105 to 1600 nm/h. For samples T650_HP_9.5SCCM and 

T650_EHP_38SCCM, it was found that an increase of 9 times in MS pressure led to 

roughly a 19 times increase in the deposition rate, from 21 to 406 nm/h. For samples 

T600_HP and T600_EHP, it was found that an increase of 9 times in MS pressure led 

to roughly a 26 times increase in the deposition rate, from 5 to 130 nm/h. The 

deposition rate is proportional to the MS pressure, but not linearly. This again reflects 

that the decomposition of MS varies with its pressure.  

3.4 Sticking Coefficient Calculation in the Region Where 

Surface Reaction Is the Rate-determining Process 

When surface reaction is the rate-determining process in SiC deposition, the 

incident flux of MS and deposition rate of SiC can be calculated using the following 

Hertz-Knudsen equation: 

mkT
PF
π2

=                                   (3.4) 

t
ASiC

SiC
d FS

N
MR
ρ

=                                (3.5) 

where F is the incident flux (molecules m-2s-1), P is the pressure of MS (Pa), m is the 

mass of one MS molecule (kg), k is the Boltzmann constant (J/K), T is the substrate 
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temperature (K), Rd is the deposition rate (m/s) , MSiC is molar mass of the SiC 

(kg/mol), ρ is the density of SiC (kg/m3), NA is Avogadro constant (mol-1), and St is 

the sticking coefficient of MS, it describes the ratio of the number of adsorbate MS to 

the total number of MS that impinges upon the surface during the same time period. 

Based on equations 3.4 and 3.5, the sticking coefficient was calculated based on the 

deposition rates achieved at the different MS pressures (shown in Table 3.3). The  

 Table 3.3 Sticking coefficient for SiC deposited on Si substrates in the temperature 

range 600–700 oC. 

Sample label 

Sticking 

coefficient 

T600_LP_9.5SCCM 1.47×10-6

T600_HP_9.5SCCM 1.46×10-5

T600_EHP_38SCCM 1.90×10-6

T650_LP_9.5SCCM 1.10×10-5

T650_HP_9.5SCCM 2.82×10-5

T650_EHP_38SCCM 6.10×10-6

T700_LP_9.5SCCM 5.62×10-5

T700_HP_9.5SCCM 1.48×10-5

T700_EHP_38SCCM 2.46×10-5

sticking coefficient seems to first increase with increasing MS pressure and then 

decrease with further pressure increasing for samples prepared at temperatures 

between 600 and 650 oC. While, for samples prepared at 700 oC, the sticking 

coefficient seems to first decrease with increasing MS pressure and then increase with 

further pressure increases. There is a clear trend that the sticking coefficient increases 
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with increasing substrate temperatures at a constant MS pressure. The sticking 

coefficient ranged from 1×10-6 to 1×10-4, which is very similar to what has been 

reported in the published literature [1], [2]. 

3.5 Influence of the MS Flow Rate on the Deposition Rate at 

a Constant MS Pressure  

In this section, two samples are compared to investigate the influence of the MS 

flow rate on the deposition rate under a constant MS pressure. The substrate 

temperature was fixed at 700 ºC and the MS pressure was fixed at 0.006 mbar. 

Sample T700_LP_9.5SCCM was deposited with the flow rate of MS of 9.5 SCCM, 

yielding a deposition rate of 43 nm/h; when the flow rate of MS was decreased to 2 

SCCM for sample T700_LP_2SCCM, the deposition rate decreased to 43 nm/h. 

According to Eqs 3.4 and 3.5, the deposition rate should be constant under a constant 

MS pressure, which is not the case here. Based on the sticking coefficient calculation, 

precursor depletion is excluded as the reason responsible for the decrease in the 

deposition rate with a lower MS flow rate. This phenomenon proves that the 

deposition rate partly relies on the MS flow rate. One of the possible reasons for this 

is that the gas velocity decreases with decreased MS flow rate at the constant MS 

pressure, therefore, the decrease in the gas velocity results in the formation of a 

thicker boundary layer [20], which makes the rate-determining process change from a 

surface reaction process to a combination of surface reaction and mass transport 

processes, which leads to a decrease in the deposition rate. 
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3.6 Influence of Substrate on the Deposition Rate 

In order to study the influence of the substrate on the deposition rate, excluding the 

samples shown in Table 3.1, the following samples (as shown in Table 3.4) were also 

prepared by depositing SiC onto 5 μm SiO2 (thermally growth) covered Si substrates 

(6 inch diameter). In the sample label, “OX” indicates that the substrate is oxide 

covered Si wafer. No wet-cleaning process was performed to oxide covered Si wafers; 

they were loaded into the reactor as received. 

Table 3.4 Detailed growth conditions for SiC deposited on 5 μm SiO2 covered Si 

substrates. 

Sample label 

Deposition 

temperature (ºC) 

Pressure of 

MS (mbar) 

T600_LP_9.5SCCM_OX 600 0.006 

T600_HP_9.5SCCM_ OX 600 0.06 

T600_EHP_38SCCM_ OX 600 0.54 

T650_LP_9.5SCCM_ OX 650 0.006 

T650_HP_9.5SCCM_ OX 650 0.06 

T650_EHP_38SCCM_ OX 650 0.54 

T700_LP_9.5SCCM_ OX 700 0.006 

T700_HP_9.5SCCM_ OX 700 0.06 

T700_EHP_38SCCM_ OX 700 0.54 

T700_LP_2SCCM_ OX 700 0.006 

T750_LP_2SCCM_ OX 750 0.006 

T800_LP_2SCCM_ OX 800 0.006 
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It has been reported by Ohshita that when SiO2, rather than crystalline Si, was used 

as a substrate the deposition rate drastically reduced [7], he thus claimed that crystal 

surface plays an important role in the adsorption of MS when no thermal 

decomposition of MS occurs. Two independent groups observed that the deposition 

rate is insensitive to surface conditions when decomposition of MS occurs [9, 10]. All 

of these reported results indicate that the correlation between deposition rate and 

surface conditions varies with gas composition in the reactor. Our observation is that 

the thicknesses of SiC films deposited on SiO2 covered Si substrates are very similar 

to those of SiC deposited on Si substrates, based on the thicknesses shown by 

HRTEM images, indicating MS thermal decomposition occurred in this study. 

3.7 Summary 

The kinetics of SiC deposition using MS as the single precursor were investigated 

in a hot-wall LPCVD reactor in the temperature range of 600 to 850 ºC. The pressure 

of MS varied from 0.006 to 0.54 mbar. Based on the calculated Knudsen number, the 

deposition of SiC occurred in the transition region from molecular flow to viscous 

flow at MS pressures of 0.006 and 0.06 mbar, while it occurred under viscous flow at 

an MS pressure of 0.54 mbar. The activation energy was derived based on the 

experimental deposition rates, and surface reaction was considered as the rate-

determining process for SiC deposition at temperatures below 700 ºC, and the 

calculated sticking coefficient was in the range of 1 × 10-6 to 1 × 10-4. The 

combination of surface reaction and mass transport processes works as the rate-

determining process in the temperature range of 700 to 850 ºC with a MS flow rate of 

2 SCCM. The deposition rate under the constant MS pressure decreases with lower 
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MS flow rate. The deposition rate of SiC from MS is insensitive to the substrate 

surface conditions, as deposition rates on Si and SiO2 covered substrates are very 

similar. 
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CHAPTER 4  

Microstructure Investigation of Unintentionally 

Doped SiC 

In this chapter the microstructure of deposited SiC films are characterised using 

x-ray diffraction (XRD) and high-resolution transmission electron microscopy 

(HRTEM) techniques. The influence of different deposition parameters on the 

microstructure including substrate temperature, MS pressure, MS flow rate, and 

substrate structure are discussed based on the experimental results. The average 

roughness of deposited SiC film is measured using a surface profilimitry technique. 

4.1 Factors Influencing the Microstructure of Deposited SiC 

The microstructure of deposited SiC films was analysed using x-ray diffraction 

(XRD) and high resolution transmission electron microscopy (HRTEM) techniques. 

The XRD measurements were performed with CuKα radiation in a Bruker D8 

advance x-ray diffractometer under the Bragg mode, with acquisitions from 20 to 75 

degrees, the increment was 0.02 º/step and the duration for each step was 2.4 seconds. 

Some XRD scans were done using grazing incidence at an incidence angle of 2 º with 
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an acquisition time of 1 º/min. The HRTEM measurements were carried out on cross-

section TEM specimens using a FEI Tecnai F30 TEM (operating at 300 kV).  

4.1.1 Influence of Substrate Temperature on the Microstructure 

The microstructure of samples deposited on Si substrates at pressures of 0.006, 

0.06, and 0.54 mbar was studied by XRD and HRTEM.  For sample 

T600_LP_9.5SCCM, the deposition rate was too slow to yield a desirable thickness 

for further characterisation. XRD patterns (measured under Bragg mode) for samples 

T600_HP_9.5SCCM, T650_HP_9.5SCCM, T650_LP_9.5SCCM, 

T700_HP_9.5SCCM, and T700_LP_9.5SCCM are shown in Fig. 4.1. Figure 4.2 

shows the cross-section HRTEM images and corresponding selected area electron 

diffraction (SAED) patterns for samples T700_LP_9.5SCCM, T700_HP_9.5SCCM, 

T650_HP_9.5SCCM, and T600_HP_9.5SCCM.  
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Fig. 4.1 X-ray diffraction patterns for SiC deposited at MS pressures of 0.006 and 

0.06 mbar with an MS flow rate of 9.5 SCCM. 
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A relatively sharp diffraction peak at 2θ around 35.8 º was found for sample 

T700_LP_9.5SCCM, corresponding to 3C-SiC {111} diffractions. Crystal lattice 

fringes were observed in the cross-section HRTEM image as shown in Fig. 4.2(a), 

and four homocentric diffraction rings were seen in Fig. 4.2(b), identified as 3C-SiC 

(111), (200), (220) and (311) reflections respectively. All of these results indicate that 

sample T700_LP_9.5SCCM is composed of nanocrystalline SiC. Based on the 

Debye-Scherrer formula, the average grain size was around 19 nm. For sample 

T650_LP_9.5SCCM, a much weaker and broader diffraction peak was found in the 

XRD patterns (as shown in Fig. 4.1), indicating that grain size became smaller when 

deposition temperatures were reduced from 700 oC to 650 oC. According to the 

Debye-Scherrer formula, the average grain size was only about 3 nm. No pure a-SiC 

deposition was observed at an MS pressure of 0.006 mbar in the temperature range of 

650 to 700 oC. 

For samples deposited with an MS pressure of 0.06 mbar, there was a weak broad 

diffraction peak at 2θ around 35.8º from sample T700_HP_9.5SCCM, as shown in 

Fig. 4.1. Crystal lattice fringes were observed in its cross-section HRTEM image as 

can be seen in Fig. 4.2(c). The grain size was in the range of 5 to 10 nm, and three 

circular rings were found in the SAED patterns in Fig. 4.2(d); these were identified as 

reflections from 3C-SiC (111), (220) and (311) respectively. No diffraction peaks in 

the  XRD pat te rns  were  found for  samples  T650_HP_9.5SCCM and 

T600_HP_9.5SCCM, which reveals that they are purely amorphous in structure. 

Additionally, no crystal fringes were found in their HRTEM images, as seen in Figs. 

4.2(e) and (g). The regular dot diffractions were from the underlying Si in the SAED  
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     Fig. 4.2 (a) HRTEM image of sample T700_LP_9.5SCCM, (b) SAED patterns of 

sample T700_LP_9.5SCCM, (c) HRTEM image of sample 

T700_HP_9.5SCCM, (d) SAED patterns of sample T700_HP_9.5SCCM, 

(e) HRTEM image of sample T650_HP_9.5SCCM, (f) SAED patterns of 

sample T650_HP_9.5SCCM, (g) HRTEM image of sample 

T600_HP_9.5SCCM, (h) SAED patterns of sample T600_HP_9.5SCCM, 

the regular dot diffractions were from underlying Si substrate. 
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patterns in Fig. 4.2(h). The diffused rings in Figs. 4.2(f) and (h) confirm that these 

films are amorphous in structure. The experimental results from XRD and TEM are in 

strong agreement; both demonstrate that the nucleation of SiC grains are inhibited at 

reduced substrate temperature under a constant MS pressure. Additionally, pure a-SiC 

was deposited on Si substrate when the temperature is equal or below 650 ºC at an 

MS pressure of 0.06 mbar, due to the lower mobility of atoms and lower 

supersaturation. Supersaturation is the driving force for film deposition from vapour 

media. If the vapour pressure p is higher than the equilibrium vapour pressure p , 

then the level of supersaturation is: 

e

e

e

p
=σ pp −                                      (4.1) 

 Lower supersaturation indicates lower deposition rate, which usually occurs at a 

relatively lower deposition temperature and precursor pressure. The deposition of SiC 

using MS was studied by Johnson et al in an MS pressure of 0.065 mbar in the 

temperature range of 600 to 1150 ºC. They found that most of the deposited films 

were amorphous in microstructure [1], and the intensity of reflection peak at 2θ = 35º 

in XRD patterns increasing with substrate temperature, which is in good agreement 

with our findings. 

Figure 4.3 shows the cross-section HRTEM images and the corresponding SAED 

patterns for  samples T700_EHP_38SCCM, T650_EHP_38SCCM, and 

T600_EHP_38SCCM. These samples were deposited at an MS pressure of 0.54 mbar 

in the temperature range of 600 to 700 ºC. Diffused rings were observed in the SAED 

patterns (shown in Figs. 4.3(b), (d) and (f)) for all SiC films, and no lattice fringes 
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were found in their corresponding HRTEM images (shown in Figs. 4.3(a), (c) and (e)). 

These results indicate that SiC films are amorphous in microstructure. Abyzova et al 

  

  

  

Fig. 4.3 (a) HRTEM image of sample T700_EHP_38SCCM, (b) SAED patterns of 

sample T700_EHP_38SCCM, (c) HRTEM image of sample 

T650_EHP_38SCCM, (d) SAED patterns of sample T650_EHP_38SCCM, 

(e) HRTEM image of sample T600_EHP_38SCCM, (f) SAED patterns of 

sample T600_EHP_38SCCM. 
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studied the deposition of SiC using a mixture of MS and H2 with the partial pressure 

of MS in the range 0.24–17.4 mbar, and they found that XRD patterns of the SiC 

deposited at 700 oC showed no reflections, and that SiC prepared at 800 oC exhibited 

a weak broadening diffraction peak centered at roughly 2θ = 35º [2]. This 

corresponds with our results. Therefore, the substrate temperature has to be increased 

to more than 700 ºC to overcome the nucleation barrier for the deposition of 

crystalline SiC at an MS pressure of 0.54 mbar.  

The influence of substrate temperature on the microstructure of deposited SiC can 

be interpreted using thermodynamic and kinetic theory. The mobility of adsorbed 

atoms and the degree of supersaturation both decrease at lower substrate temperatures 

and, thus, a lower temperature supports an amorphous layer growth; at a relative 

higher temperature a higher supersaturation and mobility supports the crystalline 

layer growth.   

4.1.2 Influence of MS Pressure on the Microstructure  

The effect of MS pressure on the microstructure of deposited films can be 

determined by comparisons of the films deposited under different MS pressures at a 

given temperature. As shown in Fig. 4.1, for samples T700_LP_9.5SCCM and 

T700_HP_9.5SCCM, the sharp diffraction peak became much broader when MS 

pressure was increased from 0.006 mbar to 0.06 mbar. Both films contain 

nanocrystalline grains, but the average grain size (calculated based on the Debye-

Scherrer formula) decreased significantly from around  19 nm for 

T700_LP_9.5SCCM to only 2 nm for T700_HP_9.5SCCM. When MS pressure was 
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increased further, to 0.54 mbar for sample T700_EHP_38SCCM, amorphous SiC film 

was deposited, as shown by the SAED pattern in Fig. 4.3(b). Clearly, the best 

crystallinity is achieved at the lowest MS pressure. With the increasing of MS partial 

pressure, firstly grain size becomes smaller and then the structural transition from 

crystalline to the amorphous phases occurs. As discussed in Chapter 3, surface 

reaction is the rate-determining process; the adsorbed molecules diffuse on the 

surface until either desorption occurs or a permanent site is found. The permanent site 

can be either a thermo-equilibrium position, i.e. crystalline configuration site, or a 

random site where the kinetic energy of the adsorbed molecule is extracted 

completely. In the first situation, crystalline growth happens, while in the latter case, 

the random distribution of adsorbed atoms results in the formation of amorphous 

materials [3]. The broad diffraction peak in XRD patterns observed in sample 

T650_LP_9.5SCCM disappeared in sample T650_HP_9.5SCCM, which indicates 

that the increase in MS pressure inhibits the nucleation of SiC nuclei and causes a 

microstructure transition from nc-SiC to pure a-SiC. This again demonstrates that, at 

a given temperature, higher MS pressure induces more disorder to the microstructure 

of the deposited SiC film, and the transition from nc-SiC to a-SiC can be achieved by 

increasing MS pressure. 

4.1.3 Influence of MS Flow Rate on the Microstructure at a Constant 

MS Pressure 

As discussed in section 3.5, the deposition rate changes with the MS flow rate at a 

constant MS pressure. Its influence on the microstructure was studied here using 

XRD analysis. The XRD patterns from samples T700_LP_9.5SCCM and 
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T700_LP_2SCCM are shown in Fig. 4.4. Diffraction peaks were found at 2θ around 

35.8 º for both samples, corresponding to 3C-SiC {111} diffraction. The full width at 

half maximum (FWHM) of {111} diffraction peaks are comparable for these two 

samples with a value around 0.5 º. Although the deposition rate decreased with lower 

MS flow rate, the crystal structures are quite similar for these two samples. There is a 

shoulder in the 3C-SiC {111} reflection peak in sample T700_LP_9.5SCCM, which 

indicates an increase in the twin and stacking fault density [4]. 
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Fig. 4.4 XRD patterns for samples deposited at 700 ºC with different MS flow rate at 

a constant MS pressure. 

4.1.4 Influence of Substrate on the Microstructure  

Glass or fused quartz wafers are commonly employed as substrates to replace 

single-crystalline Si wafers to minimise the production costs in the deposition of both 
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a-SiC and polycrystalline SiC. Many researchers believe that the films deposited on 

different substrates have the same physical and electrical properties [5]–[12]. In order 

to determine whether the substrate exerts some influence on the microstructure of the 

deposited SiC, XRD measurements under grazing incidence mode (to avoid the 

diffraction peaks from substrates) were performed for SiC films deposited on both Si 

and 5 μm SiO2 covered Si substrates.  

The XRD patterns for SiC films (T800_LP_2SCCM and T800_LP_2SCCM_OX) 

deposited at 800 ºC on different substrates are shown in Fig. 4.5. The diffraction peak 

at 2θ around 35.8 corresponds to the 3C-SiC {111} diffraction for both samples. As 

discussed in section 3.7, SiC films deposited on different substrates have equal 

thickness, while much higher diffraction intensity and a smaller FWHM from {111} 

diffraction peak were seen in sample T800_LP_2SCCM, compared to sample 

T800_LP_2SCCM_OX. The same phenomena were also observed for samples 

deposited at 700 ºC with the same MS flow rate and at the same MS pressure (as 

shown in Fig. 4.6). All of these results indicate better crystallinity is achieved for SiC 

films deposited on Si substrates than on SiO2 covered Si substrates. It demonstrates 

that the microstructure of the substrate plays a role in determining the crystallinity of 

deposited SiC film. According to the Debye-Scherrer formula, the average grain size 

was 13 nm and 10nm for samples T800_LP_2SCCM and T700_LP_2SCCM 

respectively. It can be seen that the average crystal grain size increased with an 

increase in the substrate temperature. 
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Fig. 4.5 XRD patterns for samples T800_LP_2SCCM and T800_LP_2SCCM_OX. 
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Fig. 4.6 XRD patterns for samples T700_LP_2SCCM and T700_LP_2SCCM_OX. 

For a-SiC, there was no diffraction peak in the XRD patterns for SiC deposited on 

different substrates at 600 ºC, as shown in Fig. 4.7. Samples T600_HP_9.5SCCM and 

T600_HP_9.5SCCM_OX were both amorphous in microstructure and no diffraction 

peaks were identified, thus XRD is no longer a sensitive method to identify the 
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structural difference in these two samples. XRD patterns of samples 

T650_HP_9.5SCCM and T650_HP_9.5SCCM_OX are shown in Fig. 4.8; no 

diffraction peaks were found in these either.  
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Fig. 4.7 XRD patterns for samples T600_HP_9.5SCCM and 

T600_HP_9.5SCCM_OX. 
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Fig. 4.8 XRD patterns for samples T650_HP_9.5SCCM and 

T650_HP_9.5SCCM_OX. 
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For the deposition of nanocrystalline SiC, the crystallinity of SiC films deposited 

on different substrates are different, while for amorphous SiC deposited on different 

substrates, no structural difference can be identified by XRD analysis. XPS analysis 

will be employed to show whether chemical composition and chemical bonding are 

different in a-SiC and nc-SiC deposited on Si and SiO2 substrates. 

4.2 Roughness Investigation of Deposited SiC 

The average roughness (Ra, formerly known as the Arithmetic average) is the 

arithmetic average deviation from the mean line within the assessment length of 

deposited SiC films. This was measured using a DEKTAK 150 surface profiler, 

equipped with two styluses with a diameter of 12.5 and 2.5 μm. The measurement 

was performed using the stylus with a diameter of 2.5 micron. The measured results 

are shown in Table 4.1. The roughness of a-SiC films deposited on Si substrates was 

smaller than that deposited on oxide covered Si substrates under the same deposition 

conditions. While, for nc-SiC, the films deposited on oxide covered Si substrates 

were smoother than those deposited on Si substrates (except samples 

T650_9.5SCCM_LP and T650_9.5SCCM_LP_OX, which have the same level of 

roughness). As discussed in section 4.1.4, the crystallinity of nc-SiC on Si substrate 

was better than that on oxide covered Si substrate; this seems to indicate that the more 

roughness is caused by the higher crystal fraction because these crystal grains have 

different orientations, as revealed by the SAED patterns in section 4.1. 
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Table 4.1 Comparisons of roughness between SiC deposited on Si and oxide covered 

Si substrates. 

Sample Label Microstructure Ra (nm) 

T600_HP_9.5SCCM a-SiC 1.4 
T600_HP_9.5SCCM_OX a-SiC 2.9 

T600_EHP_38SCCM a-SiC 19.6 
T600_EHP_38SCCM_OX a-SiC 36.1 

T650_LP_9.5SCCM  nc-SiC 1.8 
T650_LP_9.5SCCM_OX nc-SiC 1.8 

T650_HP_9.5SCCM a-SiC 1.2 
T650_HP_9.5SCCM_OX a-SiC 1.4 

T650_EHP_38SCCM a-SiC 33.0 
T650_EHP_38SCCM_OX a-SiC 38.4 

T700_LP_9.5SCCM nc-SiC 4.5 
T700_LP_9.5SCCM_OX nc-SiC 3.6 

T700_HP_9.5SCCM nc-SiC 6.3 
T700_HP_9.5SCCM_OX nc-SiC 5.6 

T700_EHP_38SCCM a-SiC 15.3 
T700_EHP_38SCCM_OX a-SiC 59.9 

T700_LP_2SCCM nc-SiC 5.6 
T700_LP_2SCCM_OX nc-SiC 5.3 

T725_LP_2SCCM nc-SiC 3.9 
T725_LP_2SCCM_OX nc-SiC 3.1 

T750_LP_2SCCM nc-SiC 2.0 

T750_LP_2SCCM_OX nc-SiC 1.6 
T800_LP_2SCCM nc-SiC 6.4 

T800_LP_2SCCM_OX nc-SiC 5.0 
T850_LP_2SCCM nc-SiC 4.0 

T850_LP_2SCCM_OX nc-SiC 3.3 

4.3 Summary 

The microstructure of deposited SiC films was investigated using XRD, HRTEM, 

and SAED techniques, and the results from the different characterisation methods are 

in strong agreement. For an MS pressure of 0.006 mbar, SiC films were composed of 
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nanocrystalline SiC grains at temperatures no less than 650 ºC. Pure a-SiC films were 

deposited on both Si and oxide covered Si substrates at temperatures equal to or 

below 650 ºC at an MS pressure of 0.06 mbar. When the MS pressure was fixed at 

0.54 mbar, SiC films deposited in the temperature range of 600 to 700 ºC were all 

amorphous in microstructure. These results indicate that the crystallinity of deposited 

SiC film improves with a reduced MS pressure and elevated temperature. With an 

increase in MS partial pressure and/or the decrease of the substrate temperature, grain 

size firstly becomes smaller and then a structural transition from the crystalline to 

amorphous phases occurred in deposited SiC films. No significant differences were 

identified in the microstructure of SiC films deposited at a constant MS pressure with 

different MS flow rates. The average roughness of deposited SiC films was measured 

using a surface profilimitry technique. For nc-SiC, it was found that the films 

deposited on Si substrates had better crystallinity and more roughness than those on 

oxide covered Si substrates. For a-SiC, the films deposited on Si substrates were 

smoother than those on oxide covered Si substrates. 
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CHAPTER 5 

Composition and Chemical Bonding Analyses of 

Unintentionally Doped SiC 

The density, thermal stability, optical and electrical properties are strongly 

correlated to the chemical concentration and bonding arrangements in deposited SiC 

films [1]–[17]. In this chapter, secondary ion mass spectrometry (SIMS) is employed 

to investigate the hydrogen atomic concentration and Si to C ratio. The dependence of 

hydrogen atomic concentration on MS pressure and substrate temperature is measured 

and discussed. Fourier transform infrared (FTIR) spectroscopy and x-ray 

photoelectron spectroscopy (XPS) are employed to characterise the chemical bonding 

of the deposited SiC films. The influences of the substrate temperature, MS pressure, 

and substrate structure on the chemical composition and bonding of deposited SiC 

films are discussed based on the FTIR and XPS results.  

5.1 Experimental Procedure 

The SIMS measurements for element depth profiling and Si to C ratio analyses 

were carried out using a Cameca IMS-5f ion microprobe apparatus with a double 
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focusing magnetic sector using Cs+ source. The detection limit of H in SiC is 1×1017 

cm-3 and the precision of SIMS depth analysis for SiC material is ±15 %. The FTIR 

spectra measurements were performed by a NexusTM spectrometer from Nicolet in 

the mid-IR range from 400 to 4000 cm-1, with a resolution of 4 cm-1. The reference 

FTIR spectrum of a fresh Si wafer was subtracted. XPS analyses were performed 

using a nonmonochromatic Mg Kα1,2 x-ray source (1253.6 eV) with a Perkin-Elmer 

PHI model 560 XPS surface analysis system, incorporating a hemispherical electron 

analyser. Ar sputtering was used to slowly remove the top surface layer (etch rate 

about 1 nm/min). After 10 minutes of etching, a rough scan in a wide binding energy 

range was performed first, and then multiple high resolution scannings were 

performed in the binding energy ranges of interest for each element, with a pass 

energy of 25 eV. The core level spectra for Si 2p, C 1s, O 1s, and N 1s were recorded. 

The sensitivity factors for Si 2p, C 1s, O 1s, and N 1s are 0.328, 0.278, 0.780, and 

0.477, respectively.   The detection limit of an element by XPS is 0.1 atomic %. The 

concentrations of these four elements were calculated by taking into account their 

sensitivity factors and the area below the measured curves. In order to distinguish the 

chemical bonding structure, deconvolution of the XPS spectra was performed. The 

original XPS spectra were deconvolved by fitting the spectra according to the 

Gaussian distribution function, and by fixing the chemical bond positions and making 

the Si–C bond number in the form of tetrahedral SiC4 equal to the C–Si bond number 

in the form of tetrahedral CSi4. All spectra were charge-compensated to C–Si bond at 

283.4 eV to account for any surface charging.  
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5.2 Hydrogen Depth Profiles by SIMS Measurements 

The reported hydrogen concentration in a-SiC and nc-SiC ranged from a few 

percent to 37.5 % [1]–[18]. it has a dominant effect on the density and optical gap of 

the film. The hydrogen atomic density in this study was obtained through a SIMS 

depth profile analysis; the measured results for the samples prepared at an MS 

pressure of 0.06 mbar on Si substrates at different temperatures are shown in Fig. 5.1. 

The hydrogen atomic density in samples T700_HP_9.5SCCM, T650_HP_9.5SCCM, 

and T600_HP_9.5SCCM was roughly 2.9 × 1021 cm-3, 1.1 × 1022 cm-3, and 1.7 × 1022 

cm-3, respectively, which corresponds to concentrations of 2.9 at. %, 11 at. %, and 17 

at. %. The hydrogen depth profiling in sample T750_LP_2SCCM is shown in Fig. 5.2; 

it had an atomic concentration of roughly 0.04 at. % (atomic density of 3.9 × 1019 cm-

3). This is in agreement with the data in the literature, where hydrogen atomic 

concentration was around 3 at. % at 700 ºC and decreased to less than 1 at. % at 

higher temperatures [1].   
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Fig. 5.1 Hydrogen depth profiles by SIMS measurements for samples deposited on Si 

substrates at an MS pressure of 0.06 mbar. 
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Fig. 5.2 Hydrogen depth profiling by SIMS measurement for sample 

T750_LP_2SCCM. 

The hydrogen atomic density for samples T600_EHP_38SCCM and 

T650_EHP_38SCCM are shown in Fig. 5.3. The density decreased from roughly 1.5 

× 1022 cm-3 (15 at. %) to 1.3 × 1021 cm-3 (1.3 at. %) as substrate temperature increased 

from 600 to 650 ºC. Comparing T600_EHP_38SCCM with T600_HP_9.5SCCM, the 

hydrogen atomic concentrations in the two samples are very close, with a little less in 

the sample deposited at higher MS pressure. The hydrogen concentration in sample 

T650_EHP_38SCCM was only 1/10 of that in sample T650_HP_9.5SCCM, which 

indicates that higher MS pressure favours the elimination of hydrogen from the 

deposited SiC film.  
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Fig. 5.3 Hydrogen depth profiles by SIMS measurements for samples deposited on Si 

substrates at an MS pressure of 0.54 mbar. 

The hydrogen concentration is quite uniform throughout the film thickness (as 

shown by the SIMS depth profiles in Figs. 5.1–5.3); it decreases with increasing 

substrate temperature.  

5.3 Chemical Bonding Investigation by XPS  

5.3.1 SiC Films Deposited with an MS Flow Rate of 9.5 SCCM  

The measured FTIR spectra for samples deposited on Si substrates with an MS 

flow rate of 9.5 SCCM are shown in Fig. 5.4. The centre positions and FWHM values 

of the absorption band of Si–C bond are summarised in Table 5.1 for comparisons.  
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Fig. 5.4 FTIR spectra of SiC films deposited on Si substrates with an MS flow rate of 

9.5 SCCM. 

Table 5.1 The center positions and FWHM values of Si–C absorption band by FTIR 

measurements. 

Sample label 

Centre position of the Si–C bond 

absorption band (cm-1) 

FWHM of the Si–C 

absorption band (cm-1) 

T700_LP_9.5SCCM 796 37.1 

T700_HP_9.5SCCM 792 80.6 

T650_LP_9.5SCCM  790 38.7 

T650_HP_9.5SCCM 757 177.4 

T600_HP_9.5SCCM 746 193.5 

According to the XRD and TEM analyses, samples T700_HP_9.5SCCM, 

T700_LP_9.5SCCM, and T650_LP_9.5SCCM contain nanocrystalline SiC grains. 

The Si–C bond in the crystalline configuration corresponds to a sharp symmetrical 
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absorption band with the peak position being very close to that of single-crystalline 

3C-SiC (798 cm-1) [19]; Kim et al observed a FWHM of 28  cm-1 in the FTIR 

spectrum of single crystalline 3C-SiC (centre position at 794 cm-1) [20]. Red shifts 

and broadening of the Si–C absorption band were also observed in these samples (as 

illustrated in Fig. 5.4 and Table 5.1), which could be due to defects and strained 

bonds at the grain boundaries or at the amorphous/crystal grain boundaries, as well as 

at the amorphous SiC part. The increase of the FWHM of the Si–C absorption band 

from 37 cm-1 for sample T700_LP_9.5SCCM, to 81 cm-1 for sample 

T700_HP_9.5SCCM, indicates that the chemical order of deposited SiC decreases 

with increasing MS pressure. The peak position of the Si–C absorption band of 

sample T700_LP_9.5SCCM was closer to that of single crystalline SiC than that of 

sample T650_LP_9.5SCCM. Moreover, the former sample had a slightly smaller 

FWHM of the Si–C absorption band. Both of these indicate that a better chemical 

order is achieved at a higher substrate temperature under a constant MS pressure. The 

FWHM values of the Si–C absorption band in those samples are comparable to what 

reported by others, which ranged from 30 to 90 cm-1 depending on the substrate 

temperature when MS was used as a precursor [1]. For samples T650_HP_9.5SCCM 

and T600_HP_9.5SCCM, which were amorphous in microstructure as revealed by 

TEM and XRD analysis, the FWHM value of the Si–C absorption band was larger 

than 170 cm-1 for both samples (as shown in Table 5.1), which is a typical 

characteristic of a-SiC [18]. Significant red shifts of the peak positions, from 794 cm-1 

to 757 cm-1 and 746 cm-1 respectively, were also observed for these two samples. 

Both the broadening of FWHM and a bigger red shift demonstrate the degradation in 

the chemical order in those two amorphous samples.  
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Given that SIMS measurements show hydrogen concentrations of more than 10 at. 

% in a-SiC films, if the hydrogen atoms were forming Si–Hn (n = 1, 2, 3) bonds they 

should be easily detected by FTIR spectrum. The typical absorption bands from the 

Si–H bond, Si–H2 (dihydride) group, and –(Si–H2)n– (polyhydride) group are located 

between 2000 to 2150 cm-1 [21, 22] and the oscillator strength of Si–H bond 

stretching band is enhanced by attaching C to Si [22], so the absence of absorption 

bands in this region, as shown in Fig. 5.4, might indicate that the Si–Hn (n = 1, 2, 3) 

bond density is below the detection limit (around 1×1018 cm-3) of the FTIR spectra. 

The lack of significant absorption bands in the range of 2800 to 3100 cm-1, as shown 

in Fig. 5.4, indicates that either the C–Hn (n = 1, 2, 3) bond density is very low in the 

film [23], or the C–Hn (n = 1, 2, 3) bonds have very weak oscillator strength. Quite a 

few papers have been published on hydrogen states, hydrogen concentration, and 

hydride bond density in a-SiC films [5], [7], [9], [11], [21]–[24], but the possible 

disappearance of the absorption band of the C–Hn (n = 1, 2, 3) bonds remains a 

controversial issue.  

In order to know more about the chemical bonding configuration in deposited a-

SiC films, XPS analyses were performed on samples T600_HP_9.5SCCM and 

T650_HP_9.5SCCM. High resolution Si 2p, C 1s, N 1s, and O 1s XPS spectra from 

these two samples after 10 min Ar etching are shown in Figs. 5.5–5.10, respectively. 

The main focus is the percentage of the Si–C bonds, the absolute assignments of other 

minor components are not pursued in this study. 

High resolution Si 2p, C 1s, N 1s, and O 1s XPS spectra of sample 

T600_HP_9.5SCCM are shown in Fig. 5.5–5.7. Its Si 2p spectrum (as shown in Fig. 
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5.5(a)) can be deconvolved into four components, labelled as Si-1, Si-2, Si-3, and Si-

4, respectively. For the C 1s XPS spectrum (as shown in Fig. 5.5(b)), four 

components were fitted to the C 1s, labelled as C-1, C-2, C-3, and C-4, respectively. 

High resolution N 1s spectrum is shown in Fig. 5.6 and can be deconvolved into two 

components, labelled as N-1 and N-2 respectively. High resolution O 1s spectrum is 

shown in Fig. 5.7 and can be deconvolved into three components, labelled as O-1, O-

2, and O-3, respectively. 
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Fig. 5.5 High resolution Si 2p and C 1s XPS spectra of sample T600_HP_9.5SCCM. 
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Fig. 5.6 High resolution N 1s XPS spectrum of sample T600_HP_9.5SCCM. 
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Fig. 5.7 High resolution O 1s XPS spectrum of sample T600_HP_9.5SCCM. 

 The percentage of Si-1 was nearly equal to that of C-1 at around 64 %, and binding 

energy difference between the two states was 182.9 eV, which is very close to what 

was found in references for the tetrahedral Si–C bond [25], [26], therefore the Si-1 
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(FWHM = 1.5 eV) with a binding energy of 100.5 eV is assigned to Si–C bond and 

the C-1 component located at 283.4 eV is assigned to C–Si bond (FWHM = 1.3 eV) 

in tetrahedral SiC. The carbon peaks located at 284.4–285.6 eV are usually assigned 

to sp2 and sp3 C–C/C–H bonds [26]–[29]. The carbon peak located at 285.6 eV might 

also originate from C–O–Si/O–Si–C bonds in oxycarbide [31].  According to the 

results reported by Jackson and Nuzzo, the binding energy difference between sp2 and 

sp3 C–C bonds is 1.0 eV [30], therefore the C-2 located at 284.6 eV is assigned to sp2 

hybridised C–C/C–H (FWHM = 1.5 eV) bonds [30]; the C-3, located at 285.6 eV 

with a FWHM of 1.2 eV, is assigned to both C–O–Si/O–Si–C bonds present in 

oxycarbide [31] and sp3 hybridised C–C/C–H bonds [30]. Correspondingly, the Si-2 

(FWHM = 1.8 eV) with a binding energy of 101.0 eV is assigned to Si–C–C/Si–C–H 

bonds in which Si atoms bond to sp2 C–C/C–H bonds; the Si-3, located at 102.0 eV 

having a FWHM of 1.5 eV, is assigned to three different bonds, including the Si–O–

C/O–Si–C bonds present in oxycarbide [31], the N–Si–O bond present in oxynitride 

[32], [33], and the Si–C–C/Si–C–H bonds in which Si atoms bond to sp3 C–C/C–H 

bonds. Accordingly, the N-1 component located at 397.9 eV (FWHM = 1.6 eV) is 

assigned to the N–Si–O bond present in oxynitride [33], [34]; the O-1 component 

located at 531.9 eV is assigned to the O–Si–N bond present in oxynitride [35], having 

a FWHM of 1.0 eV; the O-2 located at 532.6 eV is assigned to the Si–O–C/O–Si–C 

bonds present in oxycarbide [31], it has a FWHM of 1.7 eV. The binding energy 

difference for substoichiometric silicon oxide (SiOx (x < 2)) between oxidised Si 2p 

and O 1s levels was reported to be 430.6 eV [36], as a result, the Si-4 is assigned to 

substoichiometric silicon oxide, with a binding energy of 103.1 eV (FWHM = 1.8 

eV); and the O-3 located at 533.8 eV is assigned to the O–Si bond in 
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substoichiometric silicon oxide, with an FWHM of 1.8 eV. Now, there are only two 

tiny components left without assignment: N-2 and C-4. Based on the current 

experimental results, it is difficult to achieve absolute assignment for these two 

components. If the N-2 located at 399.2 eV is assigned to sp3 N–C bond (FWHM = 

1.4 eV) in β-C3N4, then the C peak from sp3 C–N bond should occur at 287.9 eV [37], 

[38]. The satellite sp2 C–C peak shifts from the main sp2 C–C peak by 2.0 eV [30], 

which should occur at 286.6 eV, therefore the presence of C-4 (FWHM = 1.6 eV) 

might result from the overlap of satellite sp2 C–C and sp3 C–N bonds [30], [37]. N 

relative atomic concentration is around 2.0 at. %, so it doesn’t significantly influence 

the accuracy of the assignment of other peaks.  

The binding energy of Si–H bonds is the same as Si–Si bonds located at 99.7 eV 

[31]; no component corresponding to this can be fitted into the Si 2p spectrum. It is in 

agreement with the FTIR, that Si–Si/Si–H bonds are not one of the major chemical 

bond types in sample T600_HP_9.5SCCM.  

Following the same deconvolution procedure used in sample T600_HP_9.5SCCM, 

the deconvolution of Si 2p, C 1s, N 1s, and O 1s XPS spectra (shown in Fig. 5.8–5.10) 

of sample T650_HP_9.5SCCM was performed. The detailed deconvolution data of 

samples T600_HP_9.5SCCM and T650_HP_9.5SCCM are shown in Table 5.2 for 

comparisons. The relative atomic concentrations of Si, C, N, and O in those two 

samples given by XPS measurements are shown in Table 5.3. Combining these two 

tables, it can be seen that substoichiometric silicon oxide bonds were only detected in 

sample T600_HP_9.5SCCM, not in sample T650_HP_9.5SCCM. This is in 

agreement with the O atomic concentration revealed by XPS measurement, which 
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decreased significantly with increasing substrate temperature, from 19.6 at. % in 

sample T600_HP_9.5SCCM to 3.9 at. % in sample T650_HP_9.5SCCM. The 

fraction of Si–C bond in tetrahedral SiC slightly increases with an increasing 

substrate temperature, while the percentage of oxygen related bond decreases with the 

increased substrate temperature, indicating that a higher substrate temperature 

facilitates the elimination of oxygen and the formation of Si–C bonds. The fraction of 

carbon atoms incorporated into sp2 C–C/C–H bonds was quite similar in these two 

samples at around 20 %. Si to C ratio was 0.99 for sample T600_HP_9.5SCCM and 

was 0.88 for sample T650_HP_9.5SCCM, which indicates that the deposited a-SiC 

films are nearly stoichiometric in composition, and tend to become C richer at an 

elevated substrate temperature. The fraction of Si and C atoms incorporated into 

tetrahedral SiC ranged from 63 to 68 %, which is quite similar to what has been 

reported by Abyzov (67–81 %) (where MS was used as the precursor)  [37]. 

Compared with other a-SiC films prepared by others at lower temperatures, the Si–C 

bond percentage in our samples was much larger and better stoichiometry was 

obtained [25], [31], [39], indicating that MS is a very promising precursor for the 

deposition of highly chemically ordered near-stoichiometric a-SiC. The presence of 

sp2 C–C/C–H bonds indicates the network of a-SiC is neither fully chemically 

ordered nor does it completely follow the tetrahedral structure. 
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Fig. 5.8 High resolution Si 2p and C 1s XPS spectra of sample T650_HP_9.5SCCM. 
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Fig. 5.9 High resolution N 1s XPS spectrum of sample T650_HP_9.5SCCM. 
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Fig. 5.10 High resolution O 1s XPS spectrum of sample T650_HP_9.5SCCM. 
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Table 5.2 The deconvolution data of Si 2p, C 1s, N 1s, and O 1s XPS spectra of 

samples T600_HP_9.5SCCM and T650_HP_9.5SCCM. 

Sample label Chemical bonding 

Binding 

Energy (eV) 

FWHM 

(eV) 

T600_HP_9.5SCCM Si–C bond in tetrahedral SiC 100.5 1.5 

 Si bond to sp2 C–C/C–H 101.0 1.8 

 
Si–O–C/O–Si–C bonds in oxycarbide 

Si bond to sp3 C–C/C–H 
O–Si–N bond in oxynitride 

102.0 1.5 

 Si–O bond in substoichiometric silicon  oxide 103.1 1.8 

 C–Si bond in tetrahedral SiC 283.4 1.3 

 sp2 C–C/C–H bonds to Si 284.6 1.5 

 C–O–Si/C–Si–O bonds in oxycarbide 
sp3 C–C/C–H bonds to Si 285.6 1.2 

 sp3 C–N bond in β-C3N4
sp2 C–C/C–H satellite 287.0 1.6 

 N–Si–O bond in oxynitride 397.9 1.6 

 sp3 N–C bond in β-C3N4 399.2 1.4 

 O–Si–N in oxynitride 531.9 1.0 

 C–O–Si/O–Si–C in oxycarbide 532.6 1.7 

 O–Si bond in substoichiometric silicon oxide 533.8 1.8 

T650_HP_9.5SCCM Si–C bond in tetrahedral SiC 100.4 1.3 

 Si bond to sp2 C–C/C–H 101.0 1.3 

 
Si–O–C/O–Si–C bonds in oxycarbide 

Si bond to sp3 C–C/C–H 
O–Si–N bond in oxynitride 

102.0 1.2 

 C–Si bond in tetrahedral SiC 283.4 1.3 

 sp2 C–C/C–H bonds to Si 284.6 1.5 

 C–O–Si/C–Si–O bonds in oxycarbide 
sp3 C–C/C–H bond to Si 285.6 1.2 

 sp3 C–N bond in β-C3N4
sp2 C–C/C–H satellite 287.0 1.3 

 N–Si–O bond in oxynitride 397.9 1.3 

 sp3 N–C bond in β-C3N4 399.2 0.8 

 O–Si–N in oxynitride 531.9 1.1 

 C–O–Si/O–Si–C in oxycarbide 532.6 1.6 
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Table 5.3 The relative atomic concentrations of Si, C, N, and O in samples 

T600_HP_9.5SCCM and T650_HP_9.5SCCM. 

Sample label Si (at. %) C (at. %) N (at. %) O (at. %) 

T600_HP_9.5SCCM 39.1 39.3 2.0 19.6 

T650_HP_9.5SCCM 44.3 50.3 1.6 3.9 

The absence of the C–Hn (n = 1, 2, 3) absorption band in FTIR has been reported 

by quite a few research papers [23], [40]–[42]. Nonetheless, after combining FTIR 

spectra with XPS spectra, the following factors led us to believe that most of the 

hydrogen exists as sp2 and sp3 hybridised C–Hn (n = 1, 2, 3) bonds in samples 

T600_HP_9.5SCCM and T650_HP_9.5SCCM: (1) the absorption bands of the Si–C 

bonds and Si–(CH3)n (n = 1, 2, 3) bonds sometimes overlap each other [22], (2) the 

oscillator strength of C–Hn (n = 1, 2) bonds can be significantly reduced by the 

bonding environment [22], (3) the significant reduction of hydrogen concentration (as 

revealed by SIMS) and the improvement of chemical order (shown by the Si–C peak 

position and FWHM in FTIR spectra) at elevated temperatures, (4) the existence of 

Si–CmHn (m + n = 4) bond and absence of Si–H bonds by XPS analysis, and (5) the 

reactive film-forming species from MS decomposition are HSiCH3, H2Si=CH2 [43]–

[45].  

5.3.2 SiC Films Deposited with an MS Flow Rate of 38 SCCM 

The measured FTIR spectra for samples T700_EHP_38SCCM and 

T600_EHP_38SCCM with an MS flow rate of 38 SCCM at an MS pressure of 0.54 
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mbar are shown in Fig. 5.11. The FWHM of the Si–C absorption band in these two 

samples was wider than 200 cm-1, which is a typical characteristic for amorphous 

materials and is in agreement with the microstructure revealed by XRD and TEM 

techniques. The FWHM value of sample T600_EHP_38SCCM was wider than that of 

sample T600_HP_9.5SCCM, demonstrating better chemical order is achieved at the 

lower MS pressure at a constant substrate temperature. Except Si–C absorption band, 

there was a weak absorption band in the region from 2000 to 2100 cm-1 in both 

samples deposited under an MS pressure of 0.54 mbar. This absorption band is 

usually assigned to Si–Hn (n = 1, 2) or –[SiH2]n– bonds [21]. Although H depth 

profiling SIMS measurements indicate H concentrations in samples 

T600_HP_9.5SCCM (17 at. %) and T600_EHP_38SCCM (15 at. %) were very close, 

the weak absorption band in the region from 2000 to 2100 cm-1 in the latter might 

indicate forming hydrogen bonds in these two samples was very different and Si–Hn 

(n = 1, 2) bonds tend to form at higher MS pressures.  There was no SIMS data 

available on sample T700_EHP_38SCCM, however, based on the trend that H 

concentration decreases with increasing substrate temperature at a constant MS 

pressure (as discussed in section 5.2), the hydrogen concentration in this sample 

should be less than that of sample T650_EHP_38SCCM, i.e. less than 1 at. %.  To 

achieve a better understanding of chemical bonding structure in sample 

T700_EHP_38SCCM, XPS spectra analyses were performed. 
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Fig. 5.11 FTIR spectra of SiC films deposited on Si substrates with an MS flow rate 

of 38 SCCM at a pressure of 0.54 mbar. 

Following the same deconvolution procedure used in sample T600_HP_9.5SCCM, 

the deconvolution of Si 2p, C 1s, N 1s, and O 1s XPS spectra (shown in Fig. 5.12–

5.14) of sample T700_EHP_38SCCM was performed; the detailed deconvolution 

data are shown in Table 5.4. The relative atomic concentrations of Si, C, N, and O in 

this sample given by XPS measurements are shown in Table 5.5, corresponding to a 

Si to C ratio of 0.91. Comparing sample T700_EHP_38SCCM with sample 

T650_HP_9.5SCCM, it can be seen that oxygen and nitrogen atomic concentration 

were quite similar, as well as Si to C ratio. The fraction of Si and C atoms 

incorporated into tetrahedral SiC was roughly 70 %, which was slightly larger than 

that found in sample T650_HP_9.5SCCM. The chemical bonding distribution was 

also quite similar in these two samples. The advantage of a higher deposition 

temperature might be offset by increasing MS pressure. This demonstrates that 
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chemical composition and chemical bonding in those two a-SiC films deposited under 

these two conditions are comparable.  
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Fig. 5.12 High resolution Si 2p and C 1s XPS spectra of sample 

T700_EHP_38SCCM. 
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Fig. 5.13 High resolution N 1s XPS spectrum of sample T700_EHP_38SCCM. 
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Fig. 5.14 High resolution O 1s XPS spectrum of sample T700_EHP_38SCCM. 
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Table 5.4 The deconvolution data of Si 2p, C 1s, N 1s, and O 1s XPS spectra of 

sample T700_EHP_38SCCM. 

Sample label Chemical bonding 

Binding Energy 

(eV) 

FWHM 

(eV) 

T700_EHP_38SCCM Si–C bond in tetrahedral SiC 100.3 1.2 

 Si bond to sp2 C–C/C–H 101.0 1.1 

 
Si–O–C/O–Si–C bonds in oxycarbide 

Si bond to sp3 C–C/C–H 
O–Si–N bond in oxynitride 

102.0 1.2 

 C–Si bond in tetrahedral SiC 283.4 1.3 

 sp2 C–C/C–H bonds to Si 284.6 1.6 

 C–O–Si/C–Si–O bonds in oxycarbide 
sp3 C–C/C–H bond to Si 285.6 1.1 

 sp3 C–N bond in β-C3N4
sp2 C–C/C–H satellite 287.0 1.4 

 N–Si–O bond in oxynitride 397.9 1.1 

 sp3 N–C bond in β-C3N4 399.2 1.8 

 O–Si–N in oxynitride 531.9 1.3 

 C–O–Si/O–Si–C in oxycarbide 532.9 1.7 

Table 5.5 The relative atomic concentrations of Si, C, N, and O in sample 

T700_EHP_38SCCM. 

Sample label Si (at. %) C (at. %) N (at. %) O (at. %) 

T700_EHP_38SCCM 45.0 49.4 1.4 4.2 

Although FTIR showed a tiny absorption band from Si–H bonds, no contribution 

by Si–H bonds can be identified from the XPS spectrum. This indicates that, even 

though there are some Si–H bonds, its concentration is below the detection limit of 

XPS. FTIR is a more sensitive technique to diagnose Si–H bonds than XPS. The 
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presence of sp2 C–C/C–H bonds indicates the network of sample 

T700_EHP_38SCCM is neither fully chemically ordered nor does it completely 

follow the tetrahedral structure. 

5.3.3 Influence of Substrate on the Chemical Bonding  

It was shown in Chapter 4 that substrate does influence the crystallinity of 

deposited SiC, and nc-SiC films with better crystallinity and larger roughness are 

deposited on Si substrates than on oxide covered Si substrates. For a-SiC films, no 

structural differences could be identified by XRD measurements. To investigate 

whether the substrate exerts some influence to the chemical composition and forming 

bonds of deposited a-SiC, samples T600_HP_9.5SCCM_OX and 

T650_HP_9.5SCCM_OX were also analysed by XPS, and comparisons with samples 

T600_HP_9.5SCCM and T650_HP_9.5SCCM respectively were made. 

 Following the same deconvolution procedure used in sample T600_HP_9.5SCCM, 

the deconvolution of Si 2p, C 1s, N 1s, and O 1s XPS spectra (shown in Fig. 5.15–

5.17) of sample T600_HP_9.5SCCM_OX was performed; the detailed deconvolution 

data of samples T600_HP_9.5SCCM and T600_HP_9.5SCCM_OX are shown in 

Table 5.6 for comparisons. The relative atomic concentrations of Si, C, N, and O in 

these two samples given by XPS measurements are shown in Table 5.7. The fraction 

of the Si–C bonds in sample T600_HP_9.5SCCM_OX was very similar to that in 

sample T600_HP_9.5SCCM at around 64 %. Based on the composition analyses 

conducted by XPS, the oxygen concentration in sample T600_HP_9.5SCCM_OX 

(13.5 at. %) was less than that in sample T600_HP_9.5SCCM (19.6 at. %), but 
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substoichiometric silicon oxide bonds were detected in both samples. The Si to C 

ratio was different in these two samples, changing from nearly stoichiometric on Si 

substrate to C rich (Si/C = 0.91) on oxide covered Si substrate. These results indicate 

that substrate microstructure and surface conditions exert some influence on chemical 

composition for a-SiC deposited at 600 ºC. However, as far as the fraction of Si–C 

bonds is concerned, it seems that substrate does not exert a strong influence. 
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Fig. 5.15 High resolution Si 2p and C 1s XPS spectra of sample 

T600_HP_9.5SCCM_OX. 
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Fig. 5.16 High resolution N 1s XPS spectrum of sample T600_HP_9.5SCCM_OX. 
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Fig. 5.17 High resolution O 1s XPS spectrum of sample T600_HP_9.5SCCM_OX. 
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Table 5.6 The deconvolution data of Si 2p, C 1s, N 1s, and O 1s XPS spectra of 

samples T600_HP_9.5SCCM and T600_HP_9.5SCCM_OX. 

Sample label Chemical bonding 

Binding 

Energy (eV) 

FWHM 

(eV) 

T600_HP_9.5SCCM Si–C bond in tetrahedral SiC 100.5 1.5 
 Si bond to sp2 C–C/C–H 101.0 1.8 

 
Si–O–C/O–Si–C bonds in oxycarbide 

Si bond to sp3 C–C/C–H 
O–Si–N bond in oxynitride 

102.0 1.5 

 Si–O bond in substoichiometric silicon  
oxide 103.1 1.8 

 C–Si bond in tetrahedral SiC 283.4 1.3 
 sp2 C–C/C–H bonds to Si 284.6 1.5 

 C–O–Si/C–Si–O bonds in oxycarbide 
sp3 C–C/C–H bond to Si 285.6 1.2 

 sp3 C–N bond in β-C3N4
sp2 C–C/C–H satellite 287.0 1.6 

 N–Si–O bond in oxynitride 397.9 1.6 
 sp3 N–C bond in β-C3N4 399.2 1.4 
 O–Si–N in oxynitride 531.9 1.0 
 C–O–Si/O–Si–C in oxycarbide 532.6 1.7 

 O–Si in substoichiometric silicon oxide 533.8 1.8 

T600_HP_9.5SCCM_OX Si–C bond in tetrahedral SiC 100.4 1.4 

 Si bond to sp2 C–C/C–H 101.0 1.4 

 
Si–O–C/O–Si–C bonds in oxycarbide 

Si bond to sp3 C–C/C–H 
O–Si–N bond in oxynitride 

102.0 1.7 

 Si–O bond in substoichiometric silicon  
oxide 103.4 1.5 

 C–Si bond in tetrahedral SiC 283.4 1.3 

 sp2 C–C/C–H bonds to Si 284.6 1.6 

 C–O–Si/C–Si–O bonds in oxycarbide 
sp3 C–C/C–H bond to Si 285.6 1.3 

 sp3 C–N bond in β-C3N4
sp2 C–C/C–H satellite 287.0 1.5 

 N–Si–O bond in oxynitride 397.9 1.3 

 sp3 N–C bond in β-C3N4 399.2 1.3 

 O–Si–N in oxynitride 531.9 1.3 

 C–O–Si/O–Si–C in oxycarbide 532.6 1.4 

 O–Si in substoichiometric silicon oxide 533.8 1.6 
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Table 5.7 The relative atomic concentrations of Si, C, N, and O in samples 

T600_HP_9.5SCCM and T600_HP_9.5SCCM_OX. 

Sample label Si (at. %) C (at. %) N (at. %) O (at. %) 

T600_HP_9.5SCCM 39.1 39.3 2.0 19.6 

T600_HP_9.5SCCM_OX 40.0 44.0 2.5 13.5 

Following the same deconvolution procedure used in sample T600_HP_9.5SCCM, 

the deconvolution of Si 2p, C 1s, N 1s, and O 1s XPS spectra (shown in Fig. 5.18–

5.20) of sample T650_HP_9.5SCCM_OX was performed; the detailed deconvolution 

data of samples T650_HP_9.5SCCM and T650_HP_9.5SCCM_OX are shown in 

Table 5.8 for comparisons. The atomic concentrations of Si, C, N, and O in those two 

samples are shown in Table 5.9. The fraction of Si–C bond in sample 

T650_HP_9.5SCCM_OX was very similar to that in sample T650_HP_9.5SCCM at 

68 %. Based on the composition analyses conducted by XPS, the oxygen 

concentration in sample T650_HP_9.5SCCM_OX (3.4 at. %) was slightly less than 

that in sample T650_HP_9.5SCCM (3.9 at. %). The Si to C ratio in these two samples 

was nearly the same, at the value of 0.88. Chemical bond types and their fraction 

given by deconvolution data were very similar in these two samples. These results 

indicate that substrate does not exert a strong influence on the chemical composition 

and chemical bonding for a-SiC film deposited at 650 ºC.  
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Fig. 5.18 High resolution Si 2p and C 1s XPS spectra of sample 

T650_HP_9.5SCCM_OX. 
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Fig. 5.19 High resolution N 1s XPS spectrum of sample T650_HP_9.5SCCM_OX. 
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Fig. 5.20 High resolution O 1s XPS spectrum of sample T650_HP_9.5SCCM_OX. 
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 Table 5.8 The deconvolution data of Si 2p, C 1s, N 1s, and O 1s XPS spectra of 

samples T650_HP_9.5SCCM and T650_HP_9.5SCCM_OX. 

Sample label Chemical bonding 

Binding 

Energy (eV) 

FWHM 

(eV) 

T650_HP_9.5SCCM Si–C bond in tetrahedral SiC 100.4 1.3 

 Si bond to sp2 C–C/C–H 101.0 1.3 

 
Si–O–C/O–Si–C bonds in oxycarbide 

Si bond to sp3 C–C/C–H 
O–Si–N bond in oxynitride 

102.0 1.2 

 C–Si bond in tetrahedral SiC 283.4 1.3 

 sp2 C–C/C–H bond to Si 284.6 1.5 

 C–O–Si/C–Si–O bonds in oxycarbide 
sp3 C–C/C–H bonds to Si 285.6 1.2 

 sp3 C–N bond in β-C3N4
sp2 C–C/C–H satellite 287.0 1.3 

 N–Si–O bond in oxynitride 397.9 1.3 

 sp3 N–C bond in β-C3N4 399.2 0.8 

 O–Si–N in oxynitride 531.9 1.1 

 C–O–Si/O–Si–C in oxycarbide 532.6 1.6 

T650_HP_9.5SCCM_OX Si–C bond in tetrahedral SiC 100.4 1.2 

 Si bond to sp2 C–C/C–H 101.0 1.1 

 
Si–O–C/O–Si–C bonds in oxycarbide 

Si bond to sp3 C–C/C–H 
O–Si–N bond in oxynitride 

102.0 1.0 

 C–Si bond in tetrahedral SiC 283.4 1.3 

 sp2 C–C/C–H bond to Si 284.6 1.6 

 C–O–Si/C–Si–O bonds in oxycarbide 
sp3 C–C/C–H bond to Si 285.6 1.0 

 sp3 C–N bond in β-C3N4
sp2 C–C/C–H satellite 287.0 1.2 

 N–Si–O bond in oxynitride 397.9 1.7 

 sp3 N–C bond in β-C3N4 399.4 1.6 

 O–Si–N in oxynitride 531.9 1.1 

 C–O–Si/O–Si–C in oxycarbide 532.8 1.8 

 114 



Chapter 5 Composition and Chemical Bonding  
Analyses of Unintentionally Doped SiC 

Table 5.9 The relative atomic concentrations of Si, C, N, and O in samples 

T650_HP_9.5SCCM and T650_HP_9.5SCCM_OX. 

Sample label Si (at. %) C (at. %) N (at. %) O (at. %) 

T650_HP_9.5SCCM 44.3 50.3 1.6 3.9 

T650_HP_9.5SCCM_OX 44.6 50.3 2.0 3.4 

5.4 Summary 

Hydrogen concentrations in deposited SiC films were investigated by SIMS depth 

profiles, with the results demonstrating that the hydrogen atomic concentration 

ranged from 17 at. % to less than 1 at. %, and it decreased with the increasing 

substrate temperature and increasing MS pressure. For SiC films deposited at MS 

pressures of 0.006 and 0.06 mbar, the Si–C absorption band was the only peak in 

FTIR spectra in the range of 400 to 4000 cm-1. For a-SiC deposited at an MS pressure 

of 0.54 mbar, with the exception of the Si–C absorption band, a tiny peak 

corresponding to the Si–H absorption band was found in the FTIR spectra. No 

contribution by Si–H/Si–Si bonds can be identified in the XPS Si 2p spectra, which 

proves that even though there are some Si–H bonds, their concentration is below the 

detection limit of XPS. FTIR is a more sensitive technique to diagnose Si–H bonds 

than XPS.  The chemical bonding analysis was conducted by XPS, the results of 

which indicate that the fraction of Si–C bonds in the tetrahedral SiC ranged from 60 

to 70 % in all a-SiC films, and slightly increased with increasing substrate 

temperature, which indicates that higher substrate temperature facilitates the 

formation of Si–C bonds regardless of whether the substrate is crystalline Si or oxide 
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covered Si. By comparing samples deposited at 650 ºC and 600 ºC at a constant MS 

pressure, it can be seen that a-SiC deposited at higher temperatures had a higher Si–C 

bonds percentage and less O concentration, and its chemical composition was less 

sensitive to the substrate type. The Si to C ratio in all deposited a-SiC was in the 

range of 0.88–0.99. The relative oxygen atomic concentration decreased greatly 

(more than 10 at. %) when the substrate temperature was raised from 600 ºC to 650 

ºC. Substoichiometric silicon oxide bonds were only detected in a-SiC films 

deposited at 600 ºC, but not in films deposited at 650 and 700 ºC, indicating that 

substoichometric silicon oxide bonds vanish when oxygen atomic concentration is 

lower than a certain level.  The presence of sp2 C–C/C–H bonds in all a-SiC films 

indicates the network of a-SiC studied in this thesis is neither fully chemically 

ordered nor does it completely follow the tetrahedral structure. All of the results 

indicate MS is a very promising precursor for the deposition of highly chemically 

ordered near-stoichiometric a-SiC using a conventional LPCVD method.  
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CHAPTER 6  

Optical Properties of Unintentionally Doped SiC  

The optical properties of SiC films depend strongly on the crystallinity, hydrogen 

concentration, stoichiometry, and chemical bonding configuration, which are all 

functions of deposition parameters. In this chapter, the optical properties of 

unintentionally doped SiC films deposited on fused quartz substrates are investigated 

using optical transmittance and/or reflectance spectra measurements. The optical 

energy gap is determined from optical transmittance and reflectance measurements, 

according to Tauc’s procedure of plotting a graph of (αhv)1/2 versus hv and 

extrapolating the straight line portion to the energy axis at the zero absorption 

coefficient.  The factors influencing the optical properties as gained by these 

experimental results are discussed in this chapter. 

6.1 Experimental Procedure 

In order to investigate the optical properties of deposited SiC using transmittance 

and reflectance measurements, fused quartz (1 inch square, 2 mm in thickness) was 

used as a substrate. The fused quartz substrate has a transmittance of 0.93 for the light 
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with a wavelength larger than 200 nm. Detailed deposition conditions for different 

samples are summarised in Table 6.1.  

Table 6.1 Detailed deposition conditions for SiC deposited on fused quartz substrates. 

Sample label 

Deposition 

temperature (ºC) 

Pressure of 

MS (mbar) 

T600_HP_9.5SCCM_QZ 600 0.06 

T600_EHP_38SCCM_QZ 600 0.54 

T650_LP_9.5SCCM_QZ  650 0.006 

T650_HP_9.5SCCM_QZ 650 0.06 

T650_EHP_38SCCM_QZ 650 0.54 

T700_LP_9.5SCCM_QZ 700 0.006 

T700_HP_9.5SCCM_QZ 700 0.06 

T700_EHP_38SCCM_QZ 700 0.54 

T850_LP_2SCCM_QZ 850 0.006 

The equipment used for the optical spectra measurements was a Perkin Elmer 

double-beam Spectrometer (Lamda 950, UV/Vis light). Optical transmission and 

reflection spectra from the SiC films deposited on quartz substrates were measured 

using a double-beam at a normal incidence in the wavelength range of 200–1500 nm, 

with an accuracy of 0.25 and 0.5 % respectively. The optical energy gap (Egopt) was 

determined from optical transmittance and reflectance measurements according to 

Tauc’s procedure [1] using the following formula: 

                                                       (6.1) n
goptEhvAhv )()( −=α
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where α is the optical absorption coefficient, h is Planck’s constant, v is the frequency 

of the radiation, A is constant and n is an index having the values of 1/2, 3/2, 2 and 3 

depending on the nature of electron transition and non-localized state density-energy 

dependence. SiC has an indirect energy gap, so n is 2. The Egopt was determined by 

plotting a graph of (αhv)1/2 versus hv and extrapolating the straight line portion to the 

energy axis at the zero absorption coefficient.  

The absorption coefficient α was calculated using the following equation [2]:  

                                  )1ln(1
T

R
t

−
=α                                     (6.2) 

where t is the SiC film thickness, R is the reflectance, and T is the transmittance. This 

equation was used for samples having both T and R data. For films measured by 

optical transmission only, the transmittance data was normalised so that Tnormalised = 

100 % in the transparent region, which allowed us to neglect Fresnel reflections and 

scattering losses. The absorption coefficient α was then calculated using Equation 6.3 

by transforming Equation 6.2:  

                              )1ln(1

normalisedTt
=α                                   (6.3) 

6.2 Optical Properties of a-SiC 

The transmittance and reflectance spectra of sample T600_HP_9.5SCCM_QZ are 

shown in Fig. 6.1, with its derived optical energy gap based on these measurements 

shown in Fig. 6.2. In Fig. 6.2, it can be seen that there is no difference in the optical 
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energy gap derived from T&R measurements and T measurement only. The optical 

energy gap (also called Tauc edge) of sample T600_HP_9.5SCCM_QZ was roughly 

2.6 eV, which was wider than that of single crystalline 3C-SiC (2.3 eV) [3], [4]. The 

derived optical absorption spectra based on these measurements are shown in Fig. 6.3. 

The absorption coefficient was in the order of 105 cm-1 at photon energies higher than 

its Tauc edge, which was roughly 100 times higher than that of single crystalline 3C-

SiC [3], [4]. Below the region of Tauc edge, there was an absorption tail, which is 

generally associated with the intrinsic disorder present in an amorphous solid [5].  
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Fig. 6.1 Experimentally measured transmittance and reflectance spectra of sample 

T600_HP_9.5SCCM_QZ. 
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Fig. 6.2 Plots of (αhv)1/2 versus hv for sample T600_HP_9.5SCCM_QZ. 
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Fig. 6.3 Derived optical absorption spectra of sample T600_HP_9.5SCCM_QZ. 

 128 



 
Chapter 6 Optical Properties of Unintentionally Doped SiC 

The transmittance and reflectance spectra of sample T650_HP_9.5SCCM_QZ are 

shown in Fig. 6.4, with its derived optical energy gap based on these measurements 

shown in Fig. 6.5. Based on Fig. 6.5, it can be seen that, again, there was no 

difference in the optical energy gap derived from these two different measurement 

methods. The optical energy gap of sample T650_HP_9.5SCCM_QZ was roughly 2.4 

eV, which was very close to that of single crystalline 3C-SiC (2.3 eV) [3], [4]. The 

derived optical absorption spectra based on these measurements are shown in Fig. 6.6. 

The absorption coefficient was in the order of 105 cm-1 at photon energies higher than 

its Tauc edge, which was roughly 100 times higher than that of single crystalline 3C-

SiC [3], [4].  
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Fig. 6.4 Experimentally measured transmittance and reflectance spectra of sample 

T650_HP_9.5SCCM_QZ. 
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Fig. 6.5 Plots of (αhv)1/2 versus hv for sample T650_HP_9.5SCCM_QZ. 
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Fig. 6.6 Derived optical absorption spectra of sample T650_HP_9.5SCCM_QZ. 
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Based on the results from samples T600_HP_9.5SCCM_QZ and 

T650_HP_9.5SCCM_QZ, it can be seen that there was no difference in the optical 

energy gap values determined using T & R measurements from T measurement only. 

Therefore, the optical energy gap of the following samples will be determined by 

transmission measurement only. 

The plots of transmittance spectra, derived optical energy gap and derived optical 

absorption spectra for other amorphous SiC films are given in the Appendix. The 

appearance of interference fringes in the transmittance spectra (shown in the 

Appendix) indicates that the thickness of deposited SiC film is very uniform; the peak 

positions of the fringes depend on the film thickness [6]. The fringes observed in the 

absorption spectra were not from the transitions between electronic states as reported 

in references [7]–[9], because they were not in a random, stair-like shape and the 

fringe numbers were exactly the same as the fringe numbers observed in the 

transmittance spectra.  

The optical energy gap values and absorption coefficients above the Tauc edge for 

a-SiC films deposited on fused quartz substrate are summarised in Table 6.2 for 

comparisons. The data reported for single crystalline 3C-SiC were used as reference 

[3], [4]. The optical energy gap of a-SiC films deposited at an MS pressure of 0.54 

mbar varied with the substrate temperature. The widest optical energy gap was 

achieved at the highest deposition temperature of 700 ºC, proving that the optical 

energy gap increases with an increasing substrate temperature at a constant MS 

pressure. The absorption coefficients above their Tauc edge were quite similar, in the 
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Table 6.2 The optical energy gap values and absorption coefficients above the Tauc 

edge for a-SiC deposited on fused quartz substrates. 

Sample label 

Egopt 

(eV) 

Absorption coefficient above 

Tauc edge (cm-1) 

Single crystalline 3C-SiC 2.3 103

T600_HP_9.5SCCM_QZ 2.6 105

T650_HP_9.5SCCM_QZ 2.4 105

T600_EHP_38SCCM_QZ 1.8 104

T650_EHP_38SCCM_QZ 1.6 103

T700_EHP_38SCCM_QZ 2.3 104

range of 103 to 104 cm-1, which were slightly higher than that of single crystalline 3C-

SiC. Meanwhile, sample T700_EHP_38SCCM had the lowest H concentration 

compared with samples T600_EHP_38SCCM_QZ and T600_EHP_38SCCM_QZ. As 

discussed in Chapter 5, this result seems to indicate that Egopt widens with the 

decrease in H concentration without considering the influence of temperature, and is 

in agreement with what was reported by Yu et al [10].  The optical energy gaps of a-

SiC films deposited at an MS pressure of 0.06 mbar at 600 and 650 ºC were  similar 

and these films had similar absorption coefficients in the energy range of 1.5–4.5 eV, 

which were 100 times higher than that of single crystalline 3C-SiC. By comparing 

sample T600_HP_9.5SCCM_QZ with sample T600_EHP_38SCCM_QZ, it can be 

seen that the increase in MS pressure at a constant substrate temperature greatly 

narrowed the optical energy gap and decreased the absorption coefficient. The same 

trend was also found in samples T650_HP_9.5SCCM_QZ and 

T650_EHP_38SCCM_QZ. These results are consistent with FTIR spectra results, 
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where the sample deposited at higher MS pressure had a much wider FWHM and a 

larger red shift in the Si–C absorption band centre position. These results demonstrate 

that substrate temperature, H concentration, and MS pressure all have some impact on 

the optical energy gap of deposited a-SiC. 

6.3 Optical Properties of nc-SiC 

The plots of transmittance spectra, derived optical energy gap and derived optical 

absorption spectra for nc-SiC films deposited on fused quartz substrates are also 

given in the Appendix. The optical energy gap values and absorption coefficients 

above the Tauc edge for nc-SiC films are summarised in Table 6.3 for comparisons. 

The data reported for single crystalline 3C-SiC were used as reference [3], [4]. The 

results listed in Table 6.3 indicate that nc-SiC T850_LP_2SCCM_QZ, deposited at 

the highest temperature of 850 ºC, had the widest optical energy gap (4.2 eV) and the 

least disorder/defects existing in it, which reveals that the improvement in 

crystallinity (as discussed in section 4.2) widens the optical energy gap. SiC has many 

polytypes and they all have a wider energy gap than 3C-SiC. Therefore, the wide 

optical energy gap of sample T850_LP_2SCCM_QZ might also indicate that the film 

contains different SiC polytypes to 3C-SiC. Comparing sample 

T700_LP_9.5SCCM_QZ with sample T700_HP_9.5SCCM_QZ, it can be seen that 

the optical energy gap decreased with increasing MS pressure at a constant 

temperature, which may be due to crystallinity getting worse as discussed in section 

4.2.1. The optical energy gap of sample T700_LP_9.5SCCM_QZ was narrower than 

that of sample T650_LP_9.5SCCM_QZ, which cannot be explained by the 
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crystallinity dependence on temperature. One would expect that the optical energy 

gap widens with an increasing substrate temperature at a constant MS pressure. It is 

suggested that the change in substrate temperature might result in the variation in the 

Si/C ratio and chemical disorder, with the exception of crystallinity, which might 

cause the narrowing of the optical energy gap. The absorption coefficients of all nc-

SiC films were 10–100 times higher than that of single crystalline 3C-SiC. For the 

deposition of nc-SiC with a wider energy gap and higher absorption coefficient, 600 

and 850 ºC seem to be the optimum temperatures. 

 Table 6.3 The optical energy gap values and absorption coefficients above the Tauc 

edge for nc-SiC deposited on fused quartz substrates.  

Sample label Egopt (eV) 

Absorption coefficient above Tauc 

edge (cm-1) 

Single crystalline 3C-SiC 2.3 103

T650_LP_9.5SCCM_QZ 3.5 105

T700_LP_9.5SCCM_QZ 2.5 105

T700_HP_9.5SCCM_QZ 1.9 104

T850_LP_2SCCM_QZ 4.2 105

6.4 Summary 

The optical transmittance and/or reflectance spectra of both a-SiC and nc-SiC films 

deposited on quartz substrates were investigated using a Perkin Elmer double-beam 

Spectrometer in the wavelength range of 200–1500 nm. The optical energy gap and 

absorption spectra were derived based on these measurements. Interference fringes 

were found in the transmittance spectra in all investigated films demonstrating that 
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the thickness is quite uniform in all of them. The optical energy gap was in the range 

of 1.6–4.2 eV, with the absorption coefficient varying in the range of 103–105 cm-1 

above their Tauc edge.  

The widest optical energy gap of a-SiC films deposited at an MS pressure of 0.54 

mbar was achieved at the highest deposition temperature of 700 ºC, demonstrating 

that the optical energy gap increases with increasing substrate temperature. 

Meanwhile, sample T700_EHP_38SCCM was expected to have the lowest H 

concentration compared with other samples, indicating that Egopt widens with the 

decrease in hydrogen concentration without considering the influence of temperature. 

The optical energy gap of a-SiC films deposited at an MS pressure of 0.06 mbar at 

600 and 650 ºC were quite similar at roughly 2.5 eV. By comparing sample 

T600_HP_9.5SCCM_QZ with sample T600_EHP_38SCCM_QZ, it can be seen that 

the increase in MS pressure at a constant substrate temperature greatly reduced the 

optical energy gap; the same trend was also found in samples 

T650_HP_9.5SCCM_QZ and T650_EHP_38SCCM_QZ.  

For nc-SiC films, the film T850_LP_2SCCM_QZ, deposited at the highest 

temperature of 850 ºC, had the widest optical energy gap, revealing that the 

improvement in crystallinity widens the optical energy gap. The decrease of the 

optical energy gap with increasing MS pressure at a constant temperature was 

observed for nc-SiC films deposited at 700 ºC. The optical energy gap of sample 

T700_LP_9.5SCCM_QZ was narrower than that of sample T650_LP_9.5SCCM_QZ, 

which might be caused by the difference in Si/C ratio and chemical order.  
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All of the results demonstrate that substrate temperature, H concentration, Si/C 

ratio, chemical bonding, and MS pressure all have some impact on the optical energy 

gap of deposited SiC films. The reduction in MS pressure helps to widen the optical 

energy gap for both a-SiC and nc-SiC films deposited at a constant substrate 

temperature.  

References 

[1] J. Tauc, A. Menth, “States in the gap,” J. Non-Cryst., vol. 8-10, 1972, pp. 569–

585. 

[2] V. Srikant, and D.R. Clarke, “On the optical band gap of zinc oxide,” J. Appl. 

Phys., vol. 83, 1998, pp. 5447–5451. 

[3] L. Patrick, W.J. Choyke, “Optical absorption in n-type cubic SiC,” Phys. Rev., 

vol.186, 1969, pp. 775–777. 

[4] H.R. Philip, “Intrinsic optical absorption in single-crystal silicon carbide,” Phys. 

Rev., vol. 11, 1958, pp. 440–441. 

[5] R. Zallen, “Optical and electrical properties,” in The Physics of Amorphous 

Solids, John Wiley & Sons, Inc., 1998, pp. 252–273. 

[6] R. Swanepoel, “Determination of the thickness and optical constants of 

amorphous silicon,” J. Phys. E: Sci. Instrum., vol. 16, 1983, pp. 1214–1222. 

[7] V.I. Ivashchenko, V.I. Shevchenko, G.V. Rusakov, A.S. Klymenko, V.M.Popov, 

L.A. Ivashechenko, and E.I. Bogdanov, “Gap states in a-SiC from optical 

 136 



 
Chapter 6 Optical Properties of Unintentionally Doped SiC 

measurements and band structure models,” J. Phys.:Condens. Matter, vol. 14, 

2002, pp. 1799–1812. 

[8] T. Nguren-Tran, V. Suendo, and P.Roca i Cabarrocas, “Optical study of disorder 

and defects in hydrogenated amorphous silicon carbon alloys,” Appl. Phys. Lett., 

vol. 87, 2005, article: 011903. 

[9] V.I. Ivashchenko, G.V. Rusakov, V.I. Shevchenko, A.S. Klymenko, L.A. 

Ivashchenko, V.M. Popov, “Plausible interpretation of optical absorption spectra 

of a-SiC:H thin flims,” Appl. Surf. Sci., vol. 184, 2001, pp. 214–220. 

[10] Z. Yu, I. Pereyra, M.N.P. Carreño, “Wide optical band gap window layers for 

solar cells,” Sol. Energy Mater. Sol. Cells, vol. 66, 2001, pp. 155–162. 

 137



 
Chapter 7 Electrical Characteristics of Unintentionally Doped SiC 

CHAPTER 7 

Electrical Characteristics of Unintentionally Doped SiC 

In this chapter, the conductivity type of unintentionally doped SiC is determined using 

the hot-probe technique. The conductivity is determined using a modified four-point 

probe technique, as will be described in section 7.1. The influences of substrate 

temperature, MS pressure, MS flow rate and film crystallinity on the conductivity are 

discussed, as gained by the experimental data. Comparisons with published data on the 

conductivity of a-SiC are also performed.  

7.1 Experimental Procedure 

The conductivity type of unintentionally doped SiC was determined by the sign of the 

voltage generated by a temperature gradient in hot-probe measurements [1]. Two probes 

contact the sample surface: one at a different temperature to the other, as illustrated in 

Fig. 7.1. During measurements, the hot probe was grounded to minimise the interference 

of noise. Under the influences of temperature gradient ( )TΔ , the detection of negative 
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voltage by a voltmeter indicates that SiC film is n type conductive, and the detection of 

positive voltage by a voltmeter indicates that SiC film is p type conductive. 

TΔ

Hot Cold 
Ground 

TΔ

Voltmeter 

Si substrate 

SiC 

 

Fig. 7.1 Experimental set-up for hot-probe measurements. 

The four-point probe technique is one of the most common methods for measuring the 

semiconductor resistivity. The probes are generally arranged in line with equal probe 

spacing [2]. For probes resting on a free-standing semiconductor thin film, as shown in 

Fig. 7.2, with the current entering probe 1 and leaving probe 4, the following equation is 

used to calculate the sheet resistance [2]: 
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Fig. 7.2 Experimental set-up for collinear four-point probe measurement. 

sρ =4.532 )( 32

I
VV −                    (7.1) 

Where sρ is the film’s sheet resistance, V2 and V3 are the measured voltages at probe 2 

and probe 3 respectively, and I is the current flowing through the film. 

For SiC thin film deposited on Si substrate, four parallel strips (sputtered Al) were 

used as electrodes in the modified four-point probe measurements. The spacing between 

the four parallel strips was 70 μm, and length of each strip was 1000 μm. The width of 

inner two contact strips was 50 μm and the width of outer two contact strips was 100 μm, 

a top view of the four-parallel strips is shown in Fig. 7.3(a). The test structure is shown in 

Fig. 7.3(b). Probe 4 and Si substrate were grounded and a voltage was applied on probe 1,  

I I 
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Fig. 7.3 (a) A top view of the four-parallel strips used in the modified four-point probe 

measurements, (b) Test structure and contacts used to measure the sheet 

resistance of SiC film. 
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which produced a current IIN entering into the film from probe 1; any current leaking into 

the silicon, Is, was collected at the substrate electrode and the current IOUT flowing through 

the SiC film was measured at the grounded probe 4. The voltage difference, V2 –V3, 

between the inner two electrodes was measured. Once the conductivity type of SiC film 

was determined by hot-probe measurement, positive/negative applied voltages were used 

to ensure the junction was reverse biased, to minimise the current leakage through the 

SiC/Si heterojunction. For n-SiC/p-Si heterojunction, positive voltages were applied.  

The resistance is related to sheet resistance using the following equation [3]:  

W
LR SO ρ=                                                                  (7.2) 

where L is the length of the resistor, and W is the width of the resistor. For the test 

structure shown in Fig. 7.3(b), L = 70 μm and W = 1000 μm. Thus Equation 7.2 can be 

written as:  

                                        
70OS R=ρ 1000                          (7.3) 

The resistance of SiC film was calculated using Ohm’s law:  

                                      
OUT

O I
R 32 VV −

=                           (7.4) 

Then the SiC film’s sheet resistance,  can be expressed as:  sρ

 142 



 
Chapter 7 Electrical Characteristics of Unintentionally Doped SiC 

                                  =Sρ )
70

)(( 32

OUTI
1000VV −                  (7.5) 

Finally, SiC conductivity was calculated using the following equations [3]: 

                                                   
tS
ρρ =                             (7.6) 

                                                   
ρ

σ =
1                               (7.7) 

ρ is the film’s resistivity, t is the thickness of SiC layer, andwhere σ is the film’s 

conductivity. All electrical measurements were conducted in a light-tight, electrically 

shielded box. 

The cleaning of deposited SiC wafers was performed using the following procedures, 

which are widely used in SiC cleaning in the published literature [4], [5]. The SiC wafers 

were first soaked in a mixture of sulphuric acid (H SO ) and peroxide (H O2 4 2 2) (4:1) at 90 

ºC for 15 minutes to remove any heavy metals resident on the surface. This also oxidises 

the surface layers and thus assists with the removal. The next HF step removed the oxide 

and left an oxide-free surface for a short time. After that, the wafers were rinsed in a 

deionised (DI) water bath for 5 minutes before they were dipped in 2 % hydrofluoric acid 

(HF) for 1 minute to etch off any remaining SiO2. After cleaning the SiC surface, Al was 

thermally evaporated and patterned into various electrodes. 
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7.2 Conductivity Type Determination and Conductivity 

Measurements 

The conductivity type of unintentionally doped SiC was determined based on the sign 

of voltage from hot-probe measurements. The detection of negative voltage from 

unintentionally doped SiC samples demonstrates that they are n type layers. 

Conductivity of the following unintentionally doped (n type) SiC films deposited on p 

type Si substrates was derived with a modified four-point probe technique using 

Equations 7.2–7.7. The measurement was performed at room temperature by applying 

positive voltage to the n-SiC/p-Si junction; the conductivity data are shown in Table 7.1. 

The conductivity of nc-SiC deposited with an MS flow rate of 2 SCCM decreased from 

1.5 s cm-1 at 850 oC to 6.3 × 10-2 s cm-1 at 700 oC. A comparison of sample 

T700_LP_2SCCM with sample T700_LP_9.5SCCM, shows that increasing MS flow rate 

made the conductivity decrease roughly 10 times. Comparing sample 

T700_LP_9.5SCCM with sample T700_HP_9.5SCCM, shows that an increase by a 

factor of 10 in MS pressure made the conductivity decrease more than one order of 

magnitude. The conductivity of SiC film increased from 2.1 × 10-3 s cm-1 in sample 

T650_LP_9.5SCCM to 4.5 × 10-3 s cm-1 in sample T700_LP_9.5SCCM when substrate 

temperature was raised up 50 oC. Both of those films contain nc-SiC grains as indicated 

by XRD analysis. This might indicate that the disorder/defect density decreases with an 

increase in substrate temperature when MS pressure is kept constant. The same 

phenomenon was also found for a-SiC films deposited with an MS pressure of 0.54 mbar, 
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where the conductivity increased from 1.1 × 10-5 s cm-1 in sample T600_EHP_38SCCM 

to 4.9 × 10-5 s cm-1 in sample T700_EHP_38SCCM. But for some reason, the a-SiC films 

deposited at 650 oC had lower conductivity data than those deposited at 600 oC, which 

cannot be explained based on the current available experimental results. 

Table 7.1 Conductivity of unintentionally doped (n type) SiC deposited on p type Si    

substrates.  

Sample label Conductivity  (S cm-1) 

T600_HP_9.5SCCM 2.1 × 10-3

T600_EHP_38SCCM 1.1 × 10-5

T650_LP_9.5SCCM 4.1 × 10-3

T650_HP_9.5SCCM 1.3 × 10-4

T650_EHP_38SCCM 2.7 × 10-7

T700_LP_9.5SCCM 4.5 × 10-3

T700_HP_9.5SCCM 8.1 × 10-5

T700_EHP_38SCCM 4.9 × 10-5

T700_LP_2SCCM 6.3 × 10-2

T725_LP_2SCCM 3.4 × 10-1

T750_LP_2SCCM 4.9 × 10-1

T800_LP_2SCCM 2.9 × 10-1

T850_LP_2SCCM 1.5  

The dark conductivity of unintentionally doped (n type) nc-SiC was found to be lower 

than 10-6 S cm-1 [6]. For n type nc-SiC doped by nitrogen and phosphorus, the dark 

conductivity was roughly 5.0 S cm-1 [7]. Comparatively, the conductivity of our 
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unintentionally doped (n type) nc-SiC ranged from 8.1 × 10-5 to 1.5 S cm-1, which is 

much higher than what was reported for unintentionally nc-SiC, and is very close to that 

of nitrogen doped nc-SiC reported in reference [5]. 

The dark conductivity of a-SiC prepared at a substrate temperature of 250 oC using MS 

as precursor in a glow discharge system was lower than 10-10 S cm-1 [8]. By adjusting the 

doping concentration of phosphorus, the conductivity of n type doped a-SiC varied from 

1.0 × 10-7 S cm-1 -3 to 5.0 × 10  S cm-1 [9]. Compared with this reported data, the 

conductivity of unintentionally doped a-SiC was quite encouraging, as it was in the range 

of 2.7 × 10-7 S cm-1 to 2.1 × 10-3 S cm-1, which is very close to what was reported for 

phosphorus doped n type a-SiC in reference [6]. 

7.3 Summary 

The conductivity type of unintentionally doped SiC samples was determined to be n 

type through the use of a hot-probe technique. The conductivity of deposited SiC film 

was derived using the modified four-point probe technique, in which the SiC film’s sheet 

resistance and thickness were employed to calculate the conductivity. This ranged from 

2.7 × 10-7 S cm-1 to 2.1 × 10-3 S cm-1 for the unintentionally doped a-SiC, and from 8.1 × 

10-5 to 1.5 S cm-1 for the unintentionally doped nc-SiC. The conductivity of 

unintentionally doped a-SiC increased with an increasing substrate temperature at a 

constant MS pressure, as does the nc-SiC, with the exception of samples prepared at 650 
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oC. The increase of MS pressure caused a decrease in the film’s conductivity, as did the 

increase of MS flow rate.  
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CHAPTER 8 

The Deposition and Microstructure of  

Al-doped SiC 

P type amorphous SixC1-x (a-SiC) and nanocrystalline silicon-carbide (nc-SiC) 

films have attracted considerable research interest as materials for constructing high 

efficiency silicon solar cells [1]–[4] and light-emitting diodes [5]. In this chapter, the 

deposition of Al-doped SiC films on Si, oxide covered Si and fused quartz substrates 

are investigated in the temperature range of 600 to 750 ºC in a horizontal hot-wall 

LPCVD reactor. The microstructure of Al-doped SiC films is analysed using XRD, 

TEM, and FTIR techniques. The average roughness of deposited SiC film is 

measured using the surface profilimitry. Comparisons of the deposition rate, 

microstructure, and roughness between Al-doped and unintentionally doped SiC films 

are made to investigate the impact of the incorporation of Al. The influence of 

substrate choice on the microstructure of deposited SiC film is also discussed. 

8.1 Processes of SiC Deposition  
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Al-doped SiC films were deposited on 6 inch Si(100) wafers (n type, with a 

resistivity of 5–15 Ω cm), 6 inch oxide covered Si wafers (underlying Si is p type, 

with a resistivity of 5–15 Ω cm), and fused quartz substrates (1 inch square, 2 mm in 

thickness). The deposition was performed using MS and trimethylaluminum 

(Al(CH3)3, hereafter abbreviated as TMA, purity ≥ 99.9999) as precursors in a 

horizontal hot-wall LPCVD reactor. Prior to being loaded into the reactor, Si wafers 

were cleaned using the standard Radio Corporation of America (RCA) cleaning 

procedures, as described in section 3.1. Oxide covered Si wafers and fused quartz 

substrates were loaded into the reactor as received. After loading the wafers into the 

LPCVD reactor, the reactor temperature was ramped up from 600 ºC to the desired 

deposition temperature in vacuum with a ramp up rate of 5 ºC/min. The deposition of 

Al-doped SiC was performed at temperatures 600, 700, and 750 ºC. The flow rate of 

MS varied from 2 to 9.5 SCCM and the flow rate of TMA was fixed at 0.15 SCCM. 

The deposition time lasted for 10 to 30 hours for different deposition processes. 

Detailed deposition conditions of Al-doped SiC films deposited on different 

substrates are summarised in Table 8.1.  
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Table 8.1 Detailed deposition conditions of Al-doped SiC films on different 

substrates. 

Sample label 

Deposition 

temperature (ºC) 

Process pressure 

(mbar) Substrate 

T600_HP_9.5SCCM_Al 600 0.06 Si 

T600_HP_9.5SCCM_OX_Al 600 0.06 Oxide covered Si 

T600_HP_9.5SCCM_QZ_Al 600 0.06 Fused  quartz 

T700_LP_2SCCM_Al 700 0.006 Si 

T700_LP_2SCCM_OX_Al 700 0.006 Oxide covered Si 

T750_LP_2SCCM_Al 750 0.006 Si 

T750_LP_2SCCM_OX_Al 750 0.006 Oxide covered Si 

8.2 Deposition Rates Comparisons between Al-doped and 

Unintentionally Doped SiC 

SiC film thicknesses (deposited on Si substrates) were measured following the 

deposition with a NanoSpec AFT 200, assuming a refractive index of 2.65. These 

thicknesses showed a strong agreement with the thicknesses shown by the TEM 

images. The deposition rate of Al-doped SiC was determined by dividing the 

deposited film thickness by the deposition time. The deposition rates (on Si substrates) 

of unintentionally doped and Al-doped SiC deposited at the same MS pressure and 

substrate temperature are listed in Table 8.2 for comparisons. It can be seen that the 

deposition rate of Al-doped SiC was lower than that of the unintentionally doped SiC 

for films deposited at 700 and 750 ºC, where the deposition rate decreased nearly 50 

% with the incorporation of Al. However, sample T600_HP_9.5SCCM_Al had a 
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higher deposition rate than that of sample T600_HP_9.5SCCM. The reason for the 

increase of deposition rate is discussed later in this chapter.  

 Table 8.2 Comparisons of the deposition rates between the unintentionally doped and 

Al-doped SiC deposited at the same MS pressure and substrate temperature. 

Sample label Deposition rate  (nm/h) 

T600_HP_9.5SCCM 5 

T600_HP_9.5SCCM_Al 8 

T700_LP_2SCCM 26 

T700_LP_2SCCM_Al 12 

T750_LP_2SCCM 62 

T750_LP_2SCCM_Al 32 

8.3 Microstructure Analysis 

The microstructure of Al-doped SiC films deposited on different substrates was 

analysed by XRD and TEM. The XRD measurements were performed with CuKα 

radiation in a Bruker D8 advance x-ray diffractometer at an incidence angle of 2 º 

(grazing) with an acquisition time of 1 º/min. The HRTEM measurements were 

carried out on cross-section TEM specimens using a FEI Tecnai F30 TEM (operating 

at 300 kV).  

8.3.1 SiC Deposited on Si Substrate 

XRD patterns for samples T600_HP_9.5SCCM_Al, T700_LP_2SCCM_Al, and 

T750_LP_2SCCM_Al are shown in Fig. 8.1. Samples T700_LP_2SCCM_Al and 
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T750_LP_2SCCM_Al had a diffraction peak located at 2θ around 35.8 º. This 

corresponds to 3C-SiC {111} reflections, which indicates that these two samples 

contain nanocrystalline SiC grains. There was a very broad diffraction peak centered 

at 2θ around 36.3 º in sample T600_HP_9.5SCCM_Al, indicating that either the film 

contains SiC grains belonging to other SiC polytypes except 3C-SiC, the 

incorporation of Al atoms causes a change in the crystal lattice constant of 3C-SiC, or 

some stress was introduced.  
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Fig. 8.1 X-ray diffraction patterns for Al-doped SiC films deposited on Si substrates. 

Figure 8.2 shows typical selected area electron diffraction (SAED) patterns and 

cross-section HRTEM images for samples T600_HP_9.5SCCM and T600_HP_ 

9.5SCCM_Al. Figure 8.2(a) and 8.2(b) are the SAED patterns and HRTEM image 

taken from sample T600_HP_9.5SCCM, while Fig. 8.2(c) and 8.2(d) were taken from 

the Al-doped sample T600_HP_9.5SCCM_Al. The diffused diffraction rings shown 

in Fig. 8.2(a) demonstrate that sample T600_HP_9.5SCCM is amorphous, which is 
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further confirmed by the HRTEM image (Fig. 8.2(b)). The regular diffraction spots in 

Fig. 8.2(a) and 8.2(c) are due to the underlying Si substrates. In the case of the Al-

doped SiC film (sample T600_HP_9.5SCCM_Al), with the introduction of TMA, 

multi-rings with spots are observed in the SAED patterns, as shown in Fig. 8.2(c), 

and lattice fringes are found in Fig. 8.2(d), indicating that it contains polycrystalline 

grains. The only difference between the two samples’ deposition processes is the 

presence of TMA. It is clear, therefore, that the introduction of TMA is responsible 

for the structural transition and the growth of nc-SiC in sample 

T600_HP_9.5SCCM_Al.   

  

  

FIG. 8.2 (a) SAED patterns of sample T600_HP_9.5SCCM, (b) HRTEM image of 

sample T600_HP_9.5SCCM, (c) SAED patterns of the Al-doped sample 

T600_HP_9.5SCCM_Al, (d) HRTEM image of the Al-doped sample 

T600_HP_9.5SCCM_Al. 
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  In this study, the mechanism of Al induced in situ crystallization of a-SiC is 

proposed based on the classic theory of nucleation in the growth rate-limited regime. 

From a theoretical point of view, the Gibbs-Thomson relation indicates that the lower 

the supersaturation, the larger the nucleus size. With increasing supersaturation, the 

critical nucleus size decreases and the activation energy for nucleation is reduced. As 

discussed in section 3.3, surface reaction is the rate-limited process. Under this 

growth regime, we believe that the introduction of TMA enhances the surface 

reaction and increases the supersaturation, resulting in the reduction of the activation 

energy of nucleation of SiC and, thus, Al-doped nanocrystalline SiC grains form at 

temperatures lower than the deposition temperature of unintentionally doped nc-SiC.  

There are experimental results to show that single-crystalline SiC epitaxial growth 

temperature was decreased by doping with acceptor atoms, such as boron and 

aluminium [6]. It was also experimentally proven that the introduction of TMA 

decreases the activation energy from 1.50 eV for the intrinsic SiC deposition to 0.38 

eV for the Al-doped SiC deposition [6], which is accompanied by the observation of 

increasing deposition rate [6], [7]. An increase of the deposition rate from around 5 

nm/h for unintentionally doped a-SiC film T600_HP_9.5SCCM to around 8 nm/h for 

the Al-doped nc-SiC T600_HP_9.5SCCM_Al was observed in our experiments, 

which supports the reduction of activation energy observation. 

The deposition of Al-doped nc-SiC films on Si substrate were experimentally 

demonstrated in the temperature range of 600 to 750 ºC, and in situ crystallization of 

a-SiC was demonstrated at 600 ºC, which is much lower than the crystallization 

temperature usually employed by other techniques [8]–[12]. For the deposition of 

crystalline SiC without any catalyst, the temperature has to be higher or equal to the 
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formation temperature of SiC crystal 670 ºC [13], [14], indicating that Al-induced 

crystallization is an efficient way to reduce the formation temperature of SiC 

crystalline nuclei. 

8.3.2 SiC Deposited on Oxide Covered Si Substrate  

XRD patterns for samples T600_HP_9.5SCCM_OX_Al and 

T700_LP_2SCCM_OX_Al are shown in Fig. 8.3. There was a diffraction peak 

located at 2θ around 35.8 º in sample T700_LP_2SCCM_OX_Al, which corresponds 

to 3C-SiC {111} reflections. This indicates that this sample contains nanocrystalline 

grains. When comparing its XRD pattern with that of sample T700_LP_2SCCM_Al, 

no obvious differences were found, demonstrating that the crystal quality deposited 

on different substrates is comparable. While for samples 

T600_HP_9.5SCCM_OX_Al and T600_HP_9.5SCCM_Al, the situation was quite 

different. No diffraction peaks can be found for the film deposited on oxide covered 

Si substrate, demonstrating Al-induced crystallization only happens to SiC film 

deposited on Si substrate. This suggests that the structure and surface state of 

substrate play a certain role in determining the microstructure of deposited SiC film.  

For better crystallinity consideration, Si substrates are preferred over oxide covered Si 

substrates. 
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Fig. 8.3 X-ray diffraction patterns for Al-doped SiC films deposited on oxide covered 

Si substrates. 

8.3.3 FTIR Spectra Comparisons between Unintentionally Doped and 

Al-doped SiC Deposited on Si Substrate  

FTIR spectrum analysis is a forceful tool used in characterising both the physical 

microstructure and chemical bonding of materials. The FTIR spectra measurements 

were performed by a NexusTM spectrometer from Nicolet in the mid-IR range from 

400 to 4000 cm-1 with a resolution of 4 cm-1. The reference FTIR spectrum of a fresh 

Si wafer was subtracted to remove the signals from substrate. The FTIR spectrum of 

samples T600_HP_9.5SCCM and T600_HP_9.5SCCM_Al, T700_LP_2SCCM and 

T700_LP_2SCCM_Al, T750_LP_2SCCM and T750_LP_2SCCM_Al are shown in 

Figs. 8.4, 8.5, and 8.6, respectively.  
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Fig. 8.4 FTIR spectra of the unintentionally doped and Al-doped SiC films deposited 

on Si substrates with an MS pressure of 0.06 mbar at 600 ºC. 
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Fig. 8.5 FTIR spectra of the unintentionally doped and Al-doped SiC films deposited 

on Si substrates with an MS pressure of 0.006 mbar at 700 ºC. 
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Fig. 8.6 FTIR spectra of the unintentionally doped and Al-doped SiC films deposited 

on Si substrates with an MS pressure of 0.006 mbar at 750 ºC. 

The microstructure differences between the unintentionally doped and Al-doped 

SiC films were obtained by comparing the FWHM values and centre positions of the 

Si–C absorption band (as summarised in Table 8.3). 

Table 8.3 The center positions and FWHM values of Si–C absorption band of the Al-

doped SiC by FTIR measurements. 

Sample label 

Centre position of the Si–C bond 

absorption band (cm-1) 

FWHM of the Si–C 

absorption band (cm-1) 

T600_HP_9.5SCCM 746 193.5 

T600_HP_9.5SCCM_Al 784 123.8 

T700_LP_2SCCM  796 42.8 

T700_LP_2SCCM_Al 792 90.5 

T750_LP_2SCCM 796 88.9 

T750_LP_2SCCM_Al 796 66.7 
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As shown in Figs. 8.4–8.6, only the Si–C absorption band was observed for all of 

these samples, however, the peak positions and FWHM values of this absorption band 

were quite different. Based on the information listed in Table 8.3, it can be seen that 

the Al-doped sample T600_HP_9.5SCCM_Al not only had a narrower FWHM value, 

but also had a closer peak position to that of single-crystalline 3C-SiC (798 cm-1) [15]. 

This indicates that the crystalllinity and chemical order of Al-doped film are improved 

greatly compared to the unintentionally doped sample T600_HP_9.5SCCM. For SiC 

films deposited at 700 ºC, FTIR spectra indicates that the quality of unintentionally 

doped SiC T700_LP_2SCCM is better than that of Al-doped SiC 

T700_LP_2SCCM_Al, because the former had a smaller FWHM value and its peak 

position was closer to that of single-crystalline 3C-SiC (798 cm-1). For samples 

prepared at 750 ºC, however, the quality of sample T700_LP_2SCCM and sample 

T700_LP_2SCCM_Al are comparable based on the FTIR spectra (they have the same 

peak position, though the latter had a slightly smaller FWHM value). These results 

indicate both temperature and the incorporation of TMA impact the quality of 

deposited SiC films. At relative lower temperature (around 600 ºC) where the 

crystallization of a-SiC occurs, Al-doped sample has much better quality than 

unintentionally doped sample, while at relative higher temperatures (no less than 700 

ºC), the quality of Al-doped nc-SiC films can either get slightly worse or exhibit little 

change compared with unintentionally doped samples. 

8.4 Roughness Comparisons between Unintentionally Doped 

and Al-doped SiC 
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The average roughness (Ra) of deposited SiC films was measured using a DEKTAK 

150 surface profiler, the stylus of which has a diameter of 2.5 μm. The measured 

results for both the unintentionally doped and Al-doped SiC films are shown in Table 

8.4 for comparisons. The Ra of Al-doped SiC film was in the range of 1–5 nm, quite 

comparable to those of unintentionally doped samples prepared at the same MS 

pressure and substrate temperature, demonstrating that Al incorporation produces 

little effect on films’ average roughness. 

Table 8.4 Roughness comparisons between the unintentionally doped and Al-doped 

SiC deposited on Si substrates. 

Sample label Microstructure Ra (nm) 

T600_HP_9.5SCCM a-SiC 1.4 

T600_HP_9.5SCCM_Al nc-SiC 1.7 

T700_LP_2SCCM nc-SiC 5.6 

T700_LP_2SCCM_Al nc-SiC 3.2 

T750_LP_2SCCM nc-SiC 3.4 

T750_LP_2SCCM_Al nc-SiC 4.4 

8.5 Summary 

The deposition of Al-doped SiC films was demonstrated on Si, oxide covered Si 

and fused quartz substrates in the temperature range of 600 to 750 ºC using a 

horizontal hot-wall LPCVD reactor, with MS and TMA used as precursors. The 

incorporation of TMA caused in situ crystallisation of SiC film deposited on Si 

substrate at 600 ºC (revealed by the microstructure analyses conducted by XRD, TEM 

and FTIR), which is much lower than the crystallization temperature usually 
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employed by other techniques. No significant microstructure differences were 

observed between Al-doped and unintentionally doped SiC films deposited on Si 

substrate at 700 and 750 ºC. Al-induced crystallisation was observed for SiC film 

deposited on Si substrate, but not for SiC film deposited on oxide covered Si substrate 

at 600 ºC, indicating that the microstructure and surface conditions of substrate play a 

role in determining the microstructure of the film deposited on top of it. The average 

roughness of Al-doped SiC film is very similar to that of unintentionally doped SiC 

film deposited at the same temperature and MS pressure, demonstrating that Al 

incorporation produces little effect on films’ average roughness. 
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CHAPTER 9 

Composition, Chemical Bonding, and Optical 

Properties of Al-doped SiC 

In this chapter, the composition and chemical bonding of the Al-doped SiC films 

deposited on both Si and quartz substrates at 600 ºC are investigated by means of x-

ray photoelectron spectroscopy. The optical properties including transmittance, 

optical energy gap, and absorption edge of the Al-doped SiC deposited on fused 

quartz substrate (T600_HP_9.5SCCM_QZ_Al) are studied based on the optical 

transmission spectra measured by a Perkin Elmer double-beam Spectrometer (Lamda 

950, UV/Vis light) in the wavelength range of 200–1500 nm. Comparisons of 

chemical bonding and optical properties between the Al-doped and the 

unintentionally doped SiC films are made to ascertain the impact of Al incorporation.  

9.1 Experimental Procedure 

X-ray photoelectron spectroscopy was employed to characterise the composition 

and chemical bonding of the deposited SiC films. XPS analyses were performed 

using a nonmonochromatic Mg Kα1,2 x-ray source (1253.6 eV) with a Perkin-Elmer 
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PHI model 560 XPS surface analysis system incorporating a hemispherical electron 

analyser. Ar sputtering was used to slowly remove the top surface layer; it has an etch 

rate around 1 nm/min. After 10 min etching, a rough scan in a wide binding energy 

range was performed first, and then multiple high resolution scannings were 

performed in the binding energy ranges of interest for each element with a pass 

energy of 25 eV.  The core level spectra for Si 2p, C 1s, O 1s, N 1s and Al 2p were 

then recorded. The sensitivity factors for Si 2p, C 1s, O 1s, N 1s and Al 2p were 

0.328, 0.278, 0.780, 0.477, and 0.193, respectively. The detection limit of an element 

by XPS was 0.1 atomic %. The concentrations of these five elements were calculated 

by taking into account their sensitivity factors and the area below the measured 

curves. In order to distinguish the chemical bonding, deconvolution of the XPS 

spectra was performed. The original XPS spectra were deconvolved by fitting the 

spectra according to a Gaussian distribution function and by fixing the chemical bond 

positions and making the Si–C bond number in tetrahedral SiC4 configuration equal 

to the C–Si bond number in tetrahedral CSi4 configuration. All spectra were charge 

compensated to the C–Si bond at 283.4 eV to account for surface charging. The 

concentration of each chemical bond structure was then calculated from the area 

below the deconvolved curve by taking into account the sensitivity factor of the 

element.  
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9.2 Composition and Chemical Bonding Investigation of Al-

doped SiC by XPS  

In order to understand the composition and chemical bonding configuration in 

deposited Al-doped SiC films, XPS analyses were performed on samples 

T600_HP_9.5SCCM_Al and T600_HP_9.5SCCM_QZ_Al.  

Following the same deconvolution procedure used in sample T600_HP_9.5SCCM 

in Chapter 5, the deconvolution of Si 2p, C 1s, N 1s, and O 1s XPS spectra (shown in 

Fig. 9.1–9.3) of sample T600_HP_9.5SCCM_Al was performed. High resolution Al 

2p XPS spectrum is shown in Fig. 9.4. Two components were fitted to the Al 2p 

spectrum, labelled as Al-1and Al-2 respectively. The Al-1, located at 74.1 eV, was 

assigned to Al–C bond in the monomer Al–CHn (n = 0, 1, 2, 3) configuration 

(FWHM = 2.0 eV) [1]; Al-2, located at, 74.7 was assigned to the bridging Al–C bond 

in the Al–CHn (n = 0, 1, 2, 3) dimmer configuration (FWHM = 3.0 eV) [1]; and the 

corresponding carbon component was C-5, located at 281.5 eV, which was assigned 

to C–Al bond (FWHM = 1.8 eV) [2]. The broadening of Al–C was possibly caused 

by the cleavage of C–H bonds [1]. No component corresponding to Al–Al bond was 

observed. 
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Fig. 9.1 High resolution Si 2p and C 1s XPS spectra of sample 

T600_HP_9.5SCCM_Al. 
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Fig. 9.2 High resolution N 1s XPS spectrum of sample T600_HP_9.5SCCM_Al. 
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Fig. 9.3 High resolution O 1s XPS spectrum of sample T600_HP_9.5SCCM_Al. 
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Fig. 9.4 High resolution Al 2p XPS spectrum of sample T600_HP_9.5SCCM_ Al. 

 Following the same deconvolution procedure used in sample 

T600_HP_9.5SCCM_Al, the deconvolution of Si 2p, C 1s, N 1s, O 1s, and Al 2p 

XPS spectra (shown in Fig. 9.5–9.8) of sample T600_HP_9.5SCCM_QZ_Al was 

performed. The detailed deconvolution data of samples T600_HP_9.5SCCM_Al and 

T600_HP_9.5SCCM_QZ_Al are shown in Table 9.1 for comparisons. The relative 

atomic concentrations of Si, C, N, O, and Al in those two samples given by XPS 

analyses are shown in Table 9.2.  
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Fig. 9.5 High resolution Si 2p and C 1s XPS spectra of sample 

T600_HP_9.5SCCM_QZ_Al. 
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Fig. 9.6 High resolution N 1s XPS spectrum of sample T600_HP_9.5SCCM__QZ_Al. 
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Fig. 9.7 High resolution O 1s XPS spectrum of sample T600_HP_9.5SCCM_QZ_Al. 
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Fig. 9.8 High resolution Al 2p XPS spectrum of sample T600_HP_9.5SCCM_QZ_Al. 

Al–Al metallic bonds were detected only in SiC film deposited on fused quartz 

substrate. Meanwhile, the Al concentration was also different in those two samples, 

increasing slightly when the sample was placed further away from the gas inlet, from 

a b o u t  4 . 1  a t .  %  i n  T 6 0 0 _ H P _ 9 . 5 S C C M _ A l  t o  6 . 3  a t .  %  i n 

T600_HP_9.5SCCM_QZ_Al.  According to the microstructure analysis conducted on 

the Al-doped SiC films in Chapter 8, the incorporation of Al results in the 

crystallisation of a-SiC, which was deposited on Si substrate at 600 ºC, while no 

crystallisation happens for the a-SiC film deposited on quartz substrate with all other 

conditions remaining the same. This might indicate that the concentration of Al plays 

an important role in crystallising the a-SiC, in that a too high concentration of Al 

results in a metallic Al–Al bond and does not contribute to the crystallisation process. 

It has been reported that Al induced increased crystallisation of a-Ge:H up to a  
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Table 9.1 The deconvolution data of Si 2p, C 1s, N 1s, O 1s, and Al 2p XPS spectra 

of samples T600_HP_9.5SCCM_Al and T600_HP_9.5SCCM_QZ_Al. 

Sample label Chemical bonding 
Binding 

Energy (eV) 

FWHM 

(eV) 

T600_HP_9.5SCCM_Al Si–C bond in tetrahedral SiC 100.5 1.5 
 Si bond to sp2 C–C/C–H 101.0 1.2 

 
Si–O–C/O–Si–C bond in oxycarbide 

Si bond to sp3 C–C/C–H 
O–Si–N bond in oxynitride 

102.0 1.5 

 Si–O bond in substoichiometric 
silicon  oxide 103.1 1.2 

 C–Si bond in tetrahedral SiC 283.4 1.6 
 sp2 C–C/C–H bond to Si 284.6 1.4 

 C–O–Si/C–Si–O bond in oxycarbide 
sp3 C–C/C–H bond to Si 285.6 1.6 

 sp2 C–C/C–H satellite 
C–N/C≡N/C=N 287.0 1.8 

 C–Al 281.5 1.8 
 N–Si–O bond in oxynitride 397.8 1.8 
 C–N/C≡N/C=N 399.7 1.8 
 O–Si–N in oxynitride 531.9 1.7 
 C–O–Si/O–Si–C in oxycarbide 532.6 1.8 

 O–Si in substoichiometric silicon 
oxide 533.9 1.8 

 Monomer Al–C 74.1 2.0 
 Bridging Al–C 74.7 3.0 

T600_HP_9.5SCCM_QZ_Al Si–C bond in tetrahedral SiC 100.5 1.4 
 Si bond to sp2 C–C/C–H 101.0 1.1 

 
Si–O–C/O–Si–C bond in oxycarbide 

Si bond to sp3 C–C/C–H 
O–Si–N bond in oxynitride 

102.0 1.0 

 C–Si bond in tetrahedral SiC 283.4 1.3 
 sp2 C–C/C–H bond to Si 284.6 1.6 

 C–O–Si/C–Si–O bond in oxycarbide 
sp3 C–C/C–H bond to Si 285.6 1.3 

 sp2 C–C/C–H satellite 
C–N/C≡N/C=N 287.0 1.5 

 C–Al 281.5 1.8 
 N–Si–O bond in oxynitride 397.9 1.8 
 C–N/C≡N/C=N 400.0 1.8 
 O–Si–N in oxynitride 531.9 1.4 
 C–O–Si/O–Si–C in oxycarbide 532.6 2.0 
 Monomer Al–C 74.1 1.8 
 Bridging Al–C 74.7 1.8 
 Al–Al 72.9 1.8 
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Table 9.2 The relative atomic concentrations of Si, C, N, O, and Al in samples 

T600_HP_9.5SCCM_Al and T600_HP_9.5SCCM_QZ_Al. 

Sample label Si (at. %) C (at. %) N (at. %) O (at. %) Al (at. %) 

T600_HP_9.5SCCM_Al 31.8 46.6 2.6 14.9 4.1 

T600_HP_9.5SCCM_QZ_Al 32.9 52.5 2.3 6.0 6.3 

maximum Al/Ge of 1.8 at. % [3]. However, the surface conditions were also different 

for Si substrate and oxide covered Si substrate, which may also play a certain role in 

influencing the crystallisation process. Substoichiometric silicon oxide bonds were 

only detected in SiC deposited on Si substrate, not on fused quartz substrate. The O 

atomic concentration showed a significant difference for SiC films deposited on 

different substrates, being roughly 14.9 at. % in sample T600_HP_9.5SCCM_Al, but 

only roughly 6.0 at. % in sample T600_HP_9.5SCCM_QZ_Al. This indicates that 

substrate does have an influence on the chemical composition and substoichiometric 

silicon oxide bonds disappearing when O concentration is reduced to certain level. 

The fraction of Si and C atoms incorporated into tetrahedral Si–C bond in the Al-

doped samples deposited on different substrate was quite similar, in the range of 66–

69 %. 

The Si to C ratio for both the unintentionally doped and Al-doped SiC films 

deposited on different substrates at 600 ºC given by XPS analysis is shown in Table 

9.3. The Si to C ratio for the Al-doped samples T600_HP_9.5SCCM_Al and 

T600_HP_9.5SCCM_QZ_Al was 0.68 and 0.63, respectively. Compared with the 

unintentionally doped sample, the incorporation of Al atoms resulted in a significant 

decrease in Si/C ratio, the reason being that Al atoms replace Si atoms in SiC. 
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Table 9.3 Silicon to carbon ratio for the unintentionally doped and Al-doped SiC 

deposited at 600 ºC. 

Sample label Si/C ratio 

T600_HP_9.5SCCM 0.99 

T600_HP_9.5SCCM_OX 0.91 

T600_HP_9.5SCCM_Al 0.68 

T600_HP_9.5SCCM_QZ_Al 0.63 

The detailed deconvolution data of Si 2p, C 1s, N 1s, and O 1s XPS spectra of 

samples T600_HP_9.5SCCM_ Al and T600_HP_9.5SCCM are shown in Table 9.4 

for comparisons. It can be seen that the Si–C bonds’ percentage is slightly larger in 

the partly crystallised sample, T600_HP_9.5SCCM_Al, than that in the 

unintentionally doped sample, T600_HP_9.5SCCM. The fraction of sp2 C–C/C–H 

bonds greatly reduced from 20.3 in sample T600_HP_9.5SCCM to 11.2 % in sample 

T600_HP_9.5SCCM_ Al. The incorporation of Al reduced the fraction of sp2 C–

C/C–H bonds and increased the fraction of sp3 C–C/C–H bonds, which in turn 

reduced the structural and chemical disorder in SiC films, and finally contributed to 

the crystallisation process in sample T600_HP_9.5SCCM_Al. The relative atomic 

concentration of oxygen was also reduced by roughly 5.0 at. % in the Al-doped 

samples compared with the unintentionally doped samples. 
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Table 9.4 The deconvolution data of Si 2p, C 1s, N 1s, and O 1s XPS spectra of 

samples T600_HP_9.5SCCM_Al and T600_HP_9.5SCCM. 

Sample label Chemical bonding 

Binding 

Energy (eV) 

FWHM 

(eV) 

T600_HP_9.5SCCM_Al Si–C bond in tetrahedral SiC 100.5 1.5 
 Si bond to sp2 C–C/C–H 101.0 1.2 

 
Si–O–C/O–Si–C bond in oxycarbide 

Si bond to sp3 C–C/C–H 
O–Si–N bond in oxynitride 

102.0 1.5 

 Si–O bond in substoichiometric 
silicon  oxide 103.1 1.2 

 C–Si bond in tetrahedral SiC 283.4 1.6 
 sp2 C–C/C–H bond to Si 284.6 1.4 

 C–O–Si/C–Si–O bond in oxycarbide 
sp3 C–C/C–H bond to Si 285.6 1.6 

 sp2 C–C/C–H satellite 
C–N/C≡N/C=N 287.0 1.8 

 C–Al 281.5 1.8 
 N–Si–O bond in oxynitride 397.8 1.8 
 C–N/C≡N/C=N 399.7 1.8 
 O–Si–N in oxynitride 531.9 1.7 
 C–O–Si/O–Si–C in oxycarbide 532.6 1.8 

 O–Si in substoichiometric silicon 
oxide 533.9 1.8 

T600_HP_9.5SCCM Si–C bond in tetrahedral SiC 100.5 1.5 
 Si bond to sp2 C–C/C–H 101.0 1.8 

 
Si–O–C/O–Si–C bond in oxycarbide 

Si bond to sp3 C–C/C–H 
O–Si–N bond in oxynitride 

102.0 1.5 

 Si–O bond in substoichiometric 
silicon  oxide 103.1 1.8 

 C–Si bond in tetrahedral SiC 283.4 1.3 
 sp2 C–C/C–H bond to Si 284.6 1.5 

 C–O–Si/C–Si–O bond in oxycarbide 
sp3 C–C/C–H bond to Si 285.6 1.2 

 sp3 C–N bond in β-C3N4
sp2 C–C/C–H satellite 287.0 1.6 

 N–Si–O bond in oxynitride 397.9 1.6 
 sp3 N–C bond in β-C3N4 399.2 1.4 
 O–Si–N in oxynitride 531.9 1.0 
 C–O–Si/O–Si–C in oxycarbide 532.6 1.7 

 O–Si in substoichiometric silicon 
oxide 533.8 1.8 
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9.3 Optical Properties of Al-doped SiC 

The optical transmittance spectrum of sample T600_HP_9.5SCCM_QZ_Al was 

measured using a Perkin Elmer double-beam Spectrometer in the same way as what 

was described in section 6.2. The optical energy gap (Egopt) was determined from 

optical transmittance according to Tauc’s procedure using normalised transmittance 

data. Its absorption coefficient was calculated using equation 6.2 listed in Chapter 6. 

 The transmittance spectrum of samples T600_HP_9.5SCCM_QZ_Al is shown in 

Fig. 9.9 and its derived optical energy gap based on this measurement is shown in Fig. 

9.10. The appearance of interference fringes in Fig. 9.9 indicates that the thickness of 

deposited SiC film was very uniform and the peak positions depended on the film 

thickness [4]. The optical energy gap of sample T600_HP_9.5SCC_QZ_Al was 

roughly 1.5 eV (as shown in Fig. 9.6), which was narrower than that of the 

unintentionally doped sample T600_HP_9.5SCCM_QZ (2.6 eV). This indicates that 

the incorporation of Al narrows the optical energy gap, which is in accordance with 

what has been reported by other researchers [5]–[7].   The derived optical absorption 

edge is shown in Fig. 9.11. The absorption coefficient was in the order of 104 cm-1 at 

photon energies higher than its Tauc edge, which was about 10 times lower than that 

of the sample T600_HP_9.5SCCM_QZ. Below the region of the Tauc edge, there 

was an absorption tail, which is generally associated with the intrinsic disorder 

present in an amorphous solid [8].   

 178 



Chapter 9 Composition, Chemical Bonding, and  
Optical Properties of Al-doped SiC 

 

Photon energy (eV)

2 3 4 5

Tr
an

sm
itt

an
ce

 (%
)

0

10

20

30

40

50

 

Fig. 9.9 Experimentally measured transmittance spectrum of sample 

T600_HP_9.5SCCM_QZ_Al. 
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Fig. 9.10        Plot of (αhv)1/2 versus hv for sample T600_HP_9.5SCCM_QZ_Al. 
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Fig. 9.11 Derived optical absorption spectrum of sample 

T600_HP_9.5SCCM_QZ_Al. 

9.4 Summary 

The percentage of Si–C bonds of the Al-doped samples deposited on different 

substrates was in the range of 66–69 %, slightly higher than that of the 

unintentionally doped SiC. The relative Al atomic concentration increased slightly 

when the sample was placed further away from the gas inlet, from about 4.1 at. % in 

sample T600_HP_9.5SCCM_Al to 6.3 at. % in sample T600_HP_9.5SCCM_QZ_Al. 

C–Al bonds were found in Al-doped samples deposited on different substrates, while 

Al–Al metallic bonds were detected only in SiC film deposited on quartz substrate, 

due to a higher Al concentration, which may have exceeded the Al solubility limit in 

SiC. This might indicate that the concentration of Al plays an important role in 
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realising the crystallisation of a-SiC. The O relative atomic concentration showed a 

significant difference for SiC films deposited on different substrates; it was around 

14.9 at. % in sample T600_HP_9.5SCCM_Al, but only roughly 6.0 at. % in sample 

T600_HP_9.5SCCM_QZ_Al, which indicates that substoichiometric silicon oxide 

bonds disappear when O concentration is reduced to a certain level. The incorporation 

of Al reduced the fraction of sp2 C–C/C–H bonds and oxygen atomic concentration 

and increased the fraction of sp3 C–C/C–H bonds compared to the unintentionally 

doped SiC deposited at 600 ºC. It reduced the structural and chemical disorder in SiC 

films, and finally contributed to the crystallisation process. Because Al atoms replace 

Si atoms in SiC, the Al-doped samples had a smaller Si to C ratio value compared 

with unintentionally doped SiC films.  

The optical energy gap of sample T600_HP_9.5SCC_QZ_Al was around 1.5 eV, 

which was narrower than that of unintentionally doped sample 

T600_HP_9.5SCCM_QZ, indicating that the incorporation of Al narrows the optical 

energy gap.   The absorption coefficient of the Al-doped sample was in the order of 

104 cm-1 at photon energies higher than its Tauc edge, which was 10 times lower than 

that of the unintentionally doped sample T600_HP_9.5SCCM_QZ.  
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CHAPTER 10 

Electrical Characteristics of Al-doped SiC 

In Chapter 8, a novel method was presented to deposit SiC films using a standard low 

pressure CVD reactor, where the introduction of TMA resulted in the crystallisation of 

amorphous SiC. In this chapter, the conductivity type of Al-doped SiC is determined 

using hot-probe and capacitance-voltage (C-V) techniques. The carrier concentration of 

Al-doped SiC is derived from C-V curve characteristics and the conductivity of Al-doped 

SiC is derived using the modified four-point probe technique. The influences of substrate 

temperature and film crystallinity on the conductivity are discussed based on those 

results, and comparisons with the published data are also made. The dominant 

conduction mechanism is determined from the I-V characteristics and further 

investigation is made to ascertain whether traps in the energy gap that form so called 

‘band tails’ are present and affecting the film conductivity of Al-doped SiC films.  

10.1 Experimental Procedure 
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The conductivity type of Al-doped SiC was determined based on the sign of the 

voltage generated by a temperature gradient in hot-probe measurements, as described in 

Chapter 7. The cleaning of deposited SiC wafers was performed following the 

procedures described in section 7.1. After cleaning the SiC surface, Al was thermally 

evaporated and patterned into various electrodes. For C-V measurements, small area 

rectangles (0.001 cm2) were surrounded by large area electrodes for top-top 

measurements. The conductivity was derived from modified four-point probe 

measurements using the equations described in section 7.1. Once the conductivity type of 

Al-doped SiC was confirmed to be p type, negative applied voltages were used to 

minimise the current leakage through the p-SiC/n-Si heterojunction, with the back of the 

silicon substrate grounded so that the junction was reverse-biased. The film’s resistance, 

RO, was calculated using Eq. 7.4. The sheet resistance and SiC conductivity were then 

calculated using Equations 7.5–7.7. The current-voltage characteristics of Al-doped SiC 

film were measured in the temperature range of 23 oC to 120 oC using the technique 

explained in section 7.1. All electrical measurements were conducted in a light-tight, 

electrically shielded box equipped with a hotchuck plate and probe station. 

10.2 Conductivity Type Determination 

The conductivity type of Al-doped SiC was determined by the results from the hot-

probe measurements. The detection of positive voltage from Al-doped SiC samples 

demonstrated that they are p type conductive. 
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Capacitance-voltage techniques were used to determine the SiC doping type and 

carrier concentration. The top-top C-V curve of the Al-doped sample 

T600_HP_9.5SCCM_Al is shown in Fig. 10.1. At positive applied voltages, the n-Si 

substrate surface was accumulated and, thus, the observed decrease in capacitance seen 

in Fig. 10.1 was due to the increase in SiC depletion width at the SiC/Al contact. (A/C)2 

versus gate voltage plot based on the C-V data is shown in Fig. 10.2. From the slope, we 

find that the carrier concentration was roughly 2.0 × 1018 cm-3, and the intercept voltage 

on the gate voltage axis at negative value indicates that Al-doped sample was p type, 

where A was the device (or electrode) area.  
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Fig. 10.1 Top-top C-V curve of the Al-doped sample T600_HP_9.5SCCM_Al. 
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Fig. 10.2 (A/C)2 versus gate voltage plot based on the C-V data shown in Fig. 10.1 for 

sample T600_HP_9.5SCCM_Al. 

Based on the log characteristics of the C-V plot, it would appear that the free carrier 

concentration was even in depth and of sufficient magnitude to demonstrate the presence 

of the chemical concentration of p type doping species. The only difference in deposition 

processes for unintentionally doped and Al-doped SiC is the presence of TMA and, thus, 

the active free carriers at room temperature were due to the incorporation of Al. 

Therefore, the aforementioned results indicate that Al atoms not only act as a catalyst to 

contribute to the in situ crystallisation of deposited SiC, but also act as effective 

acceptors to make SiC become p type conductive at a substrate temperature of 600 oC. 
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10.3 Conductivity and Conduction Mechanism of Al-doped 

SiC 

10.3.1 Conductivity Measurements of Al-doped SiC 

Conductivity of the following Al-doped (p type) SiC films deposited on n type Si 

substrates measured at room temperature is shown in Table 10.1. 

Table 10.1 Conductivity of the Al-doped (p type) SiC deposited on n type Si substrates. 

Sample label Conductivity  (S cm-1) 

T600_HP_9.5SCCM_Al 7.0 × 10-3

T700_LP_2SCCM_Al 1.0  × 101

T750_LP_2SCCM_Al 7.6 × 10-1

The conductivity of Al-doped nc-SiC deposited with an MS flow rate of 2 SCCM 

increased from 7.6 × 10-1 s cm-1 at 750 oC to 1.0 × 101 s cm-1 at 700 oC, which seemed to 

indicate that the conductivity of sample T700_LP_2SCCM_Al was more than one order 

of magnitude higher than that of sample T750_LP_2SCCM_Al, in contrast with what 

was found from the unintentionally doped samples T700_LP_2SCCM and 

T750_LP_2SCCM. Structural analyses conducted in Chapter 8 demonstrated that Al 

incorporation improves the crystallinity in sample T750_LP_2SCCM_Al and deteriorates 

the crystallinity in sample T700_LP_2SCCM_Al based on FTIR spectra. If the film’s 
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conductivity increases with improving crystallinity, one would expect sample 

T750_LP_2SCCM_Al to have higher conductivity than that of sample 

T700_LP_2SCCM_Al, which is in contrast with what the conductivity results shown 

above. It is impractical to ascertain the reasons causing the decrease of conductivity in 

sample T750_LP_2SCCM_Al based on the current available experimental results. The 

conductivity of sample T600_HP_9.5SCCM_Al was around 7.0 × 10-3 s cm-1, which was 

much lower than those of samples prepared at 700 and 750 oC with lower MS pressure 

and flow rate. These results might indicate that Al atoms are more active acceptors at 

relative higher substrate temperatures. When these Al-doped samples were compared 

with those unintentionally doped samples (as shown in Table 10.1), it was found that 

TMA is an effective acceptor source for the deposition of p type conductive SiC. The 

optimum substrate temperature for the deposition of highly conductive p type nc-SiC was 

700 oC, under our experimental conditions.  

Boron was more widely used as a p type dopant than Al in the deposition of p type a-

SiC and nc-SiC [1]–[9]. Aluminium-doped a-SiC had a dark conductivity of 10-7 S cm-1 

with a low activation energy of 0.20 eV [1]. Aluminium-doped hydrogenated nc-SiC was 

deposited by HWCVD using TMA as the dopant, the dark conductivity of as-deposited 

film was found to be below 10-7 S cm-1 [2]. For p type nc-SiC doped by aluminium, the 

dark conductivity was only around 7.7 × 10-4 S cm-1 [3]. Compared with the reported 

data, the conductivity of our Al-doped SiC is quite encouraging, as it was in the range of 

7.0 × 10-3 S cm-1 to 1.0 × 101 S cm-1. 
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10.3.2 Electrical Conduction Mechanism in Al-doped SiC 

The current-voltage characteristics of the sample T600_HP_9.5SCCM_Al were 

measured in the temperature range of 23 oC to 120 oC (shown in Fig. 10.3), using the 

technique and test structure discussed in section 7.1. The linear I-V characteristic in such 

a voltage range and the relatively high conductivity compared to other Al-doped films 

reported in the literature demonstrate that conduction is by a drift of holes in the valence 

band. Space charge limited currents with I∝ V2 relationships or hopping via traps in the 

energy gap were not evident [10], [11].  
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Fig. 10.3 Current-voltage characteristics of the Al-doped sample 

T600_HP_9.5SCCM_Al in a temperature range of 23 to 120 oC. 
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The following equations are presented as a method to model the electrical properties of 

the film. If the concentration of ionised acceptors  is determined by the Fermi-Dirac 

distribution function [12]: 

−
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where  with a typical value of 4 is the degeneracy factor for the impurity level of 

acceptors in SiC [12], N  is the total acceptor chemical concentration, E  is the Fermi 

energy,  is acceptor energy, k is Boltzmann’s constant, and T is absolute temperature, 

and if 
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where p is the hole concentration in the valence band,  is effective density of states in 

the valence band, A is 2.23 × 10

VN

15 cm-3K-3/2, and EV is the energy of the top of the valence 

band. With the help of Equations 10.2 and 10.3, EF is eliminated from Eq. 10.1 and the 

concentration of ionised acceptors at temperature T can be expressed as 
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If we consider that in single crystal 3C-SiC, Al is a deep acceptor located 0.20 eV above 

the valence band edge, and 

                                                                            (10.5) 2/3+= ATNV

where A is 2.23 × 1015 cm-3K-3/2. X-ray photoelectron spectroscopy (XPS) analysis 

indicated that the chemical doping concentration of Al in our film was 4.1 × 1021 cm-3. 

Therefore, the calculated ionisation percentage at room temperature was around 0.06 %. 

High frequency C-V measurements of an Al-SiC Schottky contact and hot-probe 

measurements indicated that the SiC film was a p type with a carrier concentration of 2.0 

× 1018 cm-3 at room temperature, corresponding to an ionisation percentage of 0.06 %, 

which is very close to that calculated using Eq. 10.5. Thus, our measured electrical 

doping concentration agrees well with the proportion of ionised acceptors we would 

expect from a level of 0.20 eV above the valence band edge [13].  

The temperature dependence of the conductance, σ is comprised of an active doping 

concentration component AN − and a mobility component μ  given by Eq. 10.6 [14]: 

−= ANqμσ                           (10.6) 

where q is the charge of an electron, and at room temperature the calculated mobility is 

µ300 = 0.02 cm2/V·s. The proportion of ionised acceptors, , and, hence p, will 

increase with temperature according to Eq. 10.5. If we assume that at these higher doping 

concentrations ionic impurity scattering limits the mobility, then mobility depends on 

temperature, according to Eq. 10.7 [15]: 

−
AN
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2/3
300 )

300
( +=

Tμμ      (10.7) 

where µ300 is the mobility at 300 K. Using the parameters  )( VA EE − = 0.20 eV, AN  = 4.1 

× 1021 cm-3, and the single fitting parameter µ300 = 0.02 cm2/V·s, the conductivity was 

calculated at various temperatures and plotted (line) in Fig. 10.4 as a function of 1/kT. 

The experimental conductivity data derived from Eqs. 7.4–7.7, using a modified four-

point probe technique over the temperature range of 23 oC to 120 oC, was plotted as dots 

in the Arrhenius plot of Fig. 10.4. 
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Fig. 10.4 Measured temperature dependence of conductivity in sample 

T600_HP_9.5SCCM_Al (dots), and theoretical data (line) as discussed in 

the text. 
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The measured and theoretical data matched very well, proving that conduction in the 

SiC film occurs via holes in the valence band originating from ionised Al acceptors 

located at 0.20 eV above the valence band edge, and the mobility is limited by ionised 

impurity scattering. No interference from traps in the energy gap was observed.  

10.4 Summary 

The conductivity type of Al-doped SiC samples was determined to be p type 

conductive by both hot-probe and capacitance-voltage techniques, indicating that TMA is 

an effective p type dopant. The free carrier concentration of sample 

T600_HP_9.5SCCM_Al, given by C-V measurements, was roughly 2.0 × 1018 cm-3 at 

room temperature. The conductivity of those Al-doped SiC were derived using a 

modified four-point probe technique; it was in the range of 7.0 × 10-3 S cm-1 to 1.0 × 101 

S cm-1. The Al-doped sample prepared at 700 oC had the highest conductivity compared 

with other two samples, demonstrating that 700 oC was the optimum substrate 

temperature for the deposition of highly conductive p type nc-SiC under our 

experimental conditions in a temperature range of 600 to 750 oC. The current-voltage 

characteristics of the sample T600_HP_9.5SCCM_Al were linear over the temperature 

range 23 oC to 120 oC, and the temperature dependence of the conductivity could be 

modelled by acceptors 0.20 eV above the valence band edge, with the mobility limited by 

ionic impurity scattering. It was proposed, therefore, that conduction is via a drift of 

holes in a clearly defined valence band and not via a defect hopping mechanism.  
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CHAPTER 11 

Conclusions and Recommendations 

This chapter concludes the research work detailed in the previous chapters and 

gives suggestions for future work.  

11.1 Conclusions 

In Chapter 3, deposition of unintentionally doped amorphous and nanocrystalline 

SiC was demonstrated using a standard hot-wall LPCVD reactor in a substrate 

temperature range of 600 to 850 oC, using MS as the single precursor; the pressure of 

MS varied from 0.006 to 0.54 mbar. The Arrhenius activation energy of SiC 

deposition varied with MS pressure, in a range of 2 to 2.8 eV. Surface reaction was 

considered as the rate-determining process for SiC deposition at temperatures below 

700 ºC. Both surface reaction and mass transport processes control the rate-

determining process in the temperature range of 700 to 850 ºC with an MS flow rate 

of 2 SCCM. The deposition rate of SiC was relatively insensitive to the substrate 

surface conditions as deposition rates on Si and SiO2 covered Si substrates are very 

similar.  
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The microstructure of unintentionally doped SiC films was investigated using XRD, 

HRTEM, and SAED techniques in Chapter 4, with results from the different 

characterisation methods showing good agreement. The crystallinity of deposited SiC 

film improved with a reduced MS pressure and elevated substrate temperature. As the 

MS pressure was increased and/or the substrate temperature decreased, grain size 

firstly became smaller and then structural transition from crystalline to amorphous 

phases occurred. No significant differences were identified in the microstructure of 

SiC films deposited at the constant MS pressure with different MS flow rates. The 

average roughness of the deposited SiC films was measured using a surface 

profilimitry technique; it was in the range of 1–40 nm, depending on the film’s 

microstructure and deposition conditions. For nc-SiC, it was found that the film 

deposited on Si substrate had better crystallinity and larger roughness than that 

deposited on oxide covered Si substrate. For a-SiC, the film deposited on Si substrate 

was smoother than that deposited on oxide covered Si substrate. 

Chemical composition and chemical bonding of unintentionally doped SiC were 

investigated in Chapter 5. Hydrogen concentration was gained using a SIMS depth 

profile; it ranged from 17 at. % to less than 1 at. %, decreasing at elevated substrate 

temperatures and increasing MS pressure. For SiC films deposited at MS pressures of 

0.006 and 0.06 mbar, the Si–C absorption band was the only peak in FTIR spectra in 

the range of 400 to 4000 cm-1. For a-SiC deposited at an MS pressure of 0.54 mbar, 

with the exception of the Si–C absorption band, a tiny peak corresponding to Si–H 

absorption band was found in the FTIR spectra.  No contribution by Si–H/Si–Si 

bonds was identified in XPS Si 2p spectrum for all a-SiC, which proves that even 

though there are some Si–H bonds, their concentration is below the detection limit of 
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XPS. FTIR is a more sensitive technique for diagnosing Si–H bonds than XPS.  The 

chemical bonding analysis was conducted by XPS, with the results indicating that the 

fraction of Si and C atoms in Si–C bonds ranged from 60 to 70 % in all a-SiC films, 

and slightly increases with an increasing substrate temperature, which indicates that a 

higher substrate temperature facilitates the formation of Si–C bond regardless of 

whether the substrate is crystalline Si or oxide covered Si. By comparing samples 

deposited at 650 ºC and 600 ºC at a constant MS pressure, it can be seen that a-SiC 

deposited at higher temperature had higher Si–C bond percentage and less O 

concentration, and its chemical composition was less sensitive to the substrate type. 

The Si to C ratio in all deposited a-SiC was in the range of 0.88–0.99. The oxygen 

atomic concentration decreased greatly (more than 10 at. %) when substrate 

temperature was raised from 600 ºC to 650 ºC. Substoichiometric silicon oxide bonds 

were only detected in a-SiC films deposited at 600 ºC, but not in films deposited at 

650 and 700 ºC, indicating that substoichometric silicon oxide bonds vanish when 

oxygen atomic concentration is lower than a certain level.  The presence of sp2 C–

C/C–H bonds in all a-SiC films indicates that the network of a-SiC studied in this 

thesis is neither fully chemically ordered nor does it completely follow the tetrahedral 

structure. All of the results indicate MS is a very promising precursor for the 

deposition of highly chemically ordered near-stoichiometric a-SiC using a 

conventional LPCVD method.  

The optical transmittance and reflectance spectra of unintentionally doped a-SiC 

and nc-SiC films deposited on quartz substrates were investigated in Chapter 6 using 

a Perkin Elmer double-beam Spectrometer in the wavelength range of 200–1500 nm. 

The optical energy gap and absorption coefficient were derived based on these 
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measurements. Interference fringes were found in the transmittance spectra in all 

investigated films demonstrating that the thickness is quite uniform. The optical 

energy gap was in the range of 1.6–4.2 eV with absorption coefficient varying in the 

range of 103–105 cm-1. The widest optical energy gap of a-SiC films deposited at an 

MS pressure of 0.54 mbar was achieved at the highest deposition temperature of 700 

ºC, demonstrating that the optical energy gap increases with an increase in substrate 

temperature. Meanwhile, sample T700_EHP_38SCCM was expected to have the 

lowest H concentration compared with other samples, indicating that Egopt widens 

with a decrease in hydrogen concentration without considering the influence of 

temperature. The optical energy gap of a-SiC films deposited at an MS pressure of 

0.06 mbar at 600 and 650 ºC were quite similar at roughly 2.5 eV. By comparing 

sample T600_HP_9.5SCCM_QZ with sample T600_EHP_38SCCM_QZ, it was seen 

that an increase in MS pressure at a constant substrate temperature greatly reduced 

the optical energy gap; the same trend was also found in samples 

T650_HP_9.5SCCM_QZ and T650_EHP_38SCCM_QZ. For nc-SiC films, the film 

T850_LP_2SCCM_QZ deposited at the highest temperature of 850 ºC had the widest 

optical energy gap, revealing that the improvement in crystallinity widens the optical 

energy gap. The decrease of the optical energy gap with an increase in MS pressure at 

a constant temperature was also observed for nc-SiC films deposited at 700 ºC. The 

optical energy gap of sample T700_LP_9.5SCCM_QZ was narrower than that of 

sample T650_LP_9.5SCCM_QZ, which might have been caused by the differences in 

Si/C ratio and chemical order. All of these results demonstrate that substrate 

temperature, H concentration, Si/C ratio, chemical bonding, and MS pressure all have 

some impact on the optical energy gap of deposited SiC. The reduction in MS 
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pressure helps to widen the optical energy gap for both a-SiC and nc-SiC films 

deposited at a constant substrate temperature.  

Various electrical properties of unintentionally doped SiC were investigated in 

Chapter 7. The conductivity type of the unintentionally doped SiC was determined to 

be n type by hot-probe technique. The conductivity of the unintentionally doped SiC 

was derived from modified four-point probe technique. It ranged from 2.7 × 10-7 S 

cm-1 to 2.1 × 10-3 S cm-1 for the unintentionally doped a-SiC and from 8.1 × 10-5 to 

1.5 S cm-1 for the unintentionally doped nc-SiC. The conductivity of a-SiC increased 

with increasing substrate temperature at a constant MS pressure, as did the nc-SiC. 

The increase of MS pressure caused a decrease in the film’s conductivity, as did the 

increase of MS flow rate. These results indicate that the film’s conductivity increases 

with a decrease in the density of defects/disorder and/or the improving of crystallinity.  

In Chapter 8, the deposition of Al-doped SiC films was demonstrated on Si, oxide 

covered Si and fused quartz substrates in a temperature range of 600 to 750 ºC, using 

a horizontal hot-wall LPCVD reactor, with MS and TMA as precursors. The 

incorporation of TMA caused in situ crystallisation of SiC film deposited on Si 

substrate at 600 ºC (revealed by the microstructure analyses conducted by XRD, 

TEM and FTIR), which is much lower than the crystallisation temperature usually 

employed by other techniques. No significant microstructure differences were found 

between the Al-doped and the unintentionally doped SiC films deposited on Si 

substrate at 700 and 750 ºC. Al-induced crystallisation was observed for SiC film 

deposited on Si substrate but not for SiC film deposited on quartz substrate at 600 ºC, 

indicating that the microstructure and surface state of substrate might play a certain 
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role in determining the microstructure of the film deposited on top of it. The average 

roughness of the Al-doped SiC film was very similar to that of the unintentionally 

doped SiC film deposited at the same temperature and MS pressure, demonstrating 

that Al incorporation produces little effect on films’ average roughness. 

In Chapter 9, investigation on both chemical bonding and optical properties of the 

Al-doped SiC were carried out. According to the XPS analyses, the fraction of Si and 

C atoms incorporated into Si–C bonds in the Al-doped samples deposited on different 

substrates was in the range of 66–69 %, slightly higher than that of the 

unintentionally doped SiC. The Al concentration increased slightly when the sample 

was placed further away from the gas inlet, from about 4.1 at. % in the first sample 

T600_HP_9.5SCCM_Al to 6.3 at. % in the last sample T600_HP_9.5SCCM_QZ_Al. 

Al–Al metallic bonds were detected only in SiC film deposited on quartz substrate 

due to higher Al concentration, which might already exceed the Al solubility limit in 

SiC. This may indicate that the concentration of Al plays an important role in 

crystallizing the a-SiC. The O atomic concentration shows a significant difference for 

SiC films deposited on different substrates, with the concentration being roughly 14.9 

at. % in sample T600_HP_9.5SCCM_Al, but only roughly 6.0 at. % in sample 

T600_HP_9.5SCCM_QZ_Al. This indicates that substrate does have an influence on 

the chemical composition and substoichiometric silicon oxide bonds disappear when 

O concentration is reduced to a certain level. The incorporation of Al reduced the 

fraction of sp2 C–C/C–H bonds and oxygen atomic concentration and increased the 

fraction of sp3 C–C/C–H bonds compared to the unintentionally doped SiC deposited 

at 600 ºC.  It reduced the structural and chemical disorder in SiC films, and finally 

contributed to the crystallisation process. Because Al atoms replace Si atoms in SiC, 
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the Al-doped samples had a smaller Si to C ratio value compared with the 

unintentionally doped SiC films.  

The optical energy gap of the Al-doped sample T600_HP_9.5SCC_QZ_Al was 

around 1.5 eV, which is narrower than that of the unintentionally doped sample 

T600_HP_9.5SCCM_QZ, indicating that the incorporation of Al narrows the optical 

energy gap.   The absorption coefficient of the Al-doped sample was in the order of 

104 cm-1 at photon energies higher than its Tauc edge, which was 10 times lower than 

that of sample T600_HP_9.5SCCM_QZ.  

Characterisation of the electrical properties of Al-doped SiC were performed in 

Chapter 10. The conductivity type of the Al-doped SiC samples was determined to be 

p type by both hot-probe and capacitance-voltage techniques, indicating that TMA is 

an effective p type dopant. The carrier concentration of sample 

T600_HP_9.5SCCM_Al given by C-V measurements was around 2.0 × 1018 cm-3 at 

room temperature. The I-V characteristics of the Al-doped SiC were measured using a 

modified four-point probe technique. The conductivity was in the range of 7.0 × 10-3 

S cm-1 to 1.0 × 101 S cm-1. The Al-doped sample prepared at 700 oC had the highest 

conductivity compared with the other two samples, demonstrating that 700 oC was the 

optimum substrate temperature for the deposition of highly conductive p type nc-SiC, 

under our experimental conditions in a temperature range of 600 to 750 oC. The 

current-voltage characteristics of sample T600_HP_9.5SCCM_Al were linear over 

the temperature range 23 oC to 120 oC, and the temperature dependence of the 

conductivity could be modelled by acceptors 0.20 eV above the valence band edge 

with the mobility limited by ionic impurity scattering. It was proposed that 
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conduction was via a drift of holes in a clearly defined valence band and not via a 

defect hopping mechanism.  

In summary, the deposition of highly conductive p type and n type a-SiC and nc-

SiC was demonstrated at medium deposition temperatures in a standard LPCVD 

reactor. The optical energy gap of these SiC films was in the range of 1.6–4.2 eV, 

which demonstrates that SiC films studied in this thesis are possibly suitable for 

applications as p type window layer in solar cell and fabrication of electronic devices. 

The amorphous SiC studied in this thesis are highly chemically ordered with a Si to C 

ratio in the range of 0.88–0.99, indicating that these amorphous SiC are promising 

materials for applications as wear-resistant layers and diffusion barriers against metal 

diffusion. 

11.2 Suggestions for Future Work 

In this thesis, fundamental research of deposition techniques and properties of 

amorphous and nanocrystalline SiC were performed. According to the results 

presented, the application of SiC as a p type window layer in solar cell and p-n 

junction in different electronic devices is quite promising. In order to make further 

progress in these directions, some outstanding issues, listed below, need to be 

investigated further. 

11.2.1 The Deposition of SiC p-n Stack 
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For the application of LED and memory devices, a p-n or p-n-p stack is required in 

the device structure fabrication. The deposition of both p type and n type conductive 

SiC has been demonstrated separately in this thesis, while if Al was employed as the 

p type dopant, especially when the deposition process is conducted at a relative lower 

temperature, the history effect of Al has to be resolved to achieve an abrupt SiC p-n 

junction interface to enable the deposition of p-n-p stack in one process run. In future, 

the employment of hydrochloric and/or tetrachlorosilane (SiCl4) gases to remove the 

history effect of Al is worth investigating, rather than depositing n type and p type 

SiC in separate reactors. 

11.2.2 Which Atom/Defect Acts as the n Type Dopant in 

Unintentionally Doped SiC 

The reason why unintentionally doped SiC is n type conductive still remains 

unclear up to this date, however, many possible contributing factors have been 

proposed. In single-crystalline SiC, it is proposed that carbon vacancy acts as n type 

dopant and Si vacancy acts as p type dopant [1], while others suggested that the 

presence of high density stacking faults results in n type conductive [2]. To gain a 

better control on the doping concentration of n type SiC, the aforementioned factors, 

as well as other possible reasons which give n type conductivity in unintentionally 

doped SiC, should be investigated. 
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Appendix 

Transmittance Spectra, Optical Energy Gap and 

Absorption Spectra of Unintentionally Doped SiC 

The plots of transmittance spectra, derived optical energy gap plots and derived 

optical absorption spectra of some amorphous and nanocrystalline SiC based on 

optical transmittance measurements are given in this appendix. The transmittance 

spectrum of sample T600_EHP_38SCCM_QZ is shown in Fig. A.1, the derived 

optical energy gap is shown in Fig. A.2, and the derived optical absorption spectrum 

is shown in Fig. A.3. 
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Fig. A.1 Experimentally measured transmittance spectrum of sample 

T600_EHP_38SCCM_QZ. 

   A-1



 
Appendix  

Photon energy (eV)

1.5 2.0 2.5 3.0
0

100

200

300

400

500

Experimental data
Extrapolation

(α
hv

)1/
2  (e

V
/c

m
)1/

2

 

Fig. A.2 Plot of (αhv)1/2 versus hv for sample T600_EHP_38SCCM_QZ. 
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Fig. A.3 Derived optical absorption spectrum of sample T600_EHP_38SCCM_QZ. 
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The transmittance spectrum of sample T650_EHP_38SCCM_QZ is shown in Fig. 

A.4, its derived optical energy gap is shown in Fig. A.5, and the derived optical 

absorption spectrum is shown in Fig. A.6. 
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Fig. A.4 Experimentally measured transmittance spectrum of sample 

T650_EHP_38SCCM_QZ. 

   A-3



 
Appendix  

Photon energy (eV)

1.2 1.4 1.6 1.8 2.0 2.2 2.4

(α
hv

)1/
2  (e

V
/c

m
)1/

2

0

50

100

150

200

250

Experimental data 
Extrapolation

 

Fig. A.5 Plot of (αhv)1/2 versus hv for sample T650_EHP_38SCCM_QZ. 
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Fig. A.6 Derived optical absorption spectrum of sample T650_EHP_38SCCM_QZ. 
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The transmittance spectrum of sample T700_EHP_38SCCM_QZ is shown in Fig. 

A.7, its derived optical energy gap is shown in Fig. A.8, and the derived optical 

absorption spectrum is shown in Fig. A.9.  
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Fig. A.7 Experimentally measured transmittance spectrum of sample 

T700_EHP_38SCCM_QZ. 
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Fig. A.8  Plot of (αhv)1/2 versus hv for sample T700_EHP_38SCCM_QZ. 
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Fig. A.9 Derived optical absorption spectrum of sample T700_EHP_38SCCM_QZ. 
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The transmittance spectrum of sample T650_LP_9.5SCCM_QZ is shown in Fig. 

A.10, its derived optical energy gap is shown in Fig. A.11, and the derived optical 

absorption spectrum is shown in Fig. A.12.  
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Fig. A.10 Experimentally measured transmittance spectrum of sample 

T650_LP_9.5SCCM_QZ. 
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Fig. A.11 Plot of (αhv)1/2 versus hv for sample T650_LP_9.5SCCM_QZ. 
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Fig. A.12 Derived optical absorption spectrum of sample T650_LP_9.5SCCM_QZ. 
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The transmittance spectrum of sample T700_LP_9.5SCCM_QZ is shown in Fig. 

A.13, its derived optical energy gap is shown in Fig. A.14, and the derived optical 

absorption edge is shown in Fig. A.15. 
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Fig. A.13 Experimentally measured transmittance spectrum of sample 

T700_LP_9.5SCCM_QZ. 
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Fig. A.14 Plot of (αhv)1/2 versus hv for sample T700_LP_9.5SCCM_QZ. 
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Fig. A.15 Derived optical absorption spectrum of sample T700_LP_9.5SCCM_QZ. 
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The transmittance spectrum of sample T700_HP_9.5SCCM_QZ is shown in Fig. 

A.16, its derived optical energy gap is shown in Fig. A.17, and the derived optical 

absorption spectrum is shown in Fig. A.18.  
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Fig. A.16 Experimentally measured transmittance spectrum of sample 

T700_HP_9.5SCCM_QZ. 
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Fig. A.17 Plot of (αhv)1/2 versus hv for sample T700_HP_9.5SCCM_QZ. 
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Fig. A.18 Derived optical absorption spectrum of sample T700_HP_9.5SCCM_QZ. 
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The transmittance spectrum of sample T850_LP_2SCCM_QZ is shown in Fig. 

A.19, its derived optical energy gap is shown in Fig. A.20, and the derived optical 

absorption edge is shown in Fig. A.21.  
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Fig. A.21 Experimentally measured transmittance spectrum of sample 

T850_LP_2SCCM_QZ. 
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Fig. A.22 Plot of (αhv)1/2 versus hv for sample T850_LP_2SCCM_QZ. 
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Fig. A.23 Derived optical absorption spectrum of sample T850_LP_2SCCM_QZ. 
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