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ABSTRACT 

“Hot-wire chemical vapor deposition of silicon-nitride thin films” 

Abdulghaaliq Adams 

M. Sc thesis, Department of Physics, University of the Western Cape 

Amorphous silicon nitride (a-SiN:H) thin films has a multitude of applications, stemming from 

the tunability of the material properties. Plasma enhanced chemical vapour deposition (PECVD) 

is the industrial workhorse for production of device quality a-SiN:H. However, this technique 

has drawbacks in terms of film quality, rooting from ion bombardment, which then results in 

undesirable oxidation. 

Hot wire chemical vapour deposition (HWCVD) has shown to be a viable competitor to its more 

costly counterpart, PECVD. A thin film produced by HWCVD lacks ion bombardment due to the 

deposition taking place in the absence of plasma. This study will focus on optimising the MV-

systems® HWCVD chamber at The University of the Western Cape, for production of device 

quality a-SiN:H thin films at low processing parameters. The effect of these parameters on the 

structural, optical and morphological properties was investigated, for reduction of production 

costs. The films were probed by heavy ion elastic recoil detection, energy dispersive 

spectroscopy, Fourier transform infrared spectroscopy, atomic force microscopy, X-

ray diffraction, and ultraviolet visible spectroscopy. It was shown that silicon rich, device 

quality a-SiN:H thin films could be produced by HWCVD at wire temperatures as low as 

1400 °C and the films showed considerable resistance to oxidation in the bulk. 
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INTRODUCTION 

CHAPTER 1 

INTRODUCTION 

1.1.  HISTORICAL BACKGROUND 

Reports on silicon nitride date back prior to 1879, where Schrützenberger et al [1.1] reported the 

first silicon tetranitride (Si3N4) formation. This compound was produced in a blast furnace by 

heating silicon with brusque (a carbon rich paste). At this stage silicon nitride was merely a 

chemical curiosity and did not take strongly to researchers up until the mid-twentieth century, 

where engineering advances resulted in improved fabrication techniques and thus led to a new 

found interest in silicon nitride [1.2]. This interest was sparked by the excellent mechanical, 

thermal and diffusive resistivity properties of the material. These properties made it attractive for 

application in gas turbine engines where stability was required at 1200 °C. 

In 1958 silicon nitride was produced by heating silicon to around 1350 -1450 °C in a nitrogen 

(N) or ammonia (NH3) gas ambient, later termed reaction bonded silicon nitride (RBSN). This 

caused nitridation to occur within the silicon and resulted in crystalline silicon nitride formation 

with a trigonal symmetry (α-silicon nitride) and hexagonal symmetry (β-silicon nitride) [1.3]. 

This method was used by Parr et al [1.4] to investigate silicon nitride as a stator blade material in 

a diesel gas turbine engine, as an electrical insulator and as refractory supports in industrial 

processes.  

RBSN had drawbacks in terms of material porosity, which lead to limitations in mechanical 

strength. This drawback lead to the development of hot pressed silicon nitride (HPSN) during the 
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INTRODUCTION 

1960’s [1.4 – 1.5], which involved hot pressing of silicon nitride powders, with sintering 

additives, into commercially used materials with an increased density. Despite an increased 

density, HPSN had a limitation in that it could only form simple shapes such as cutting tools. 

Niihara et al presented among the earliest work on chemical vapour deposition CVD silicon 

nitride in 1976 [1.6]; where high growth rates and dense films were obtained. The films were 

prepared by reacting H2, NH3 and SiCl4 gas mixtures to investigate the effect of varying 

deposition temperatures and pressures. This work was in line with that developed for gas 

turbine engines and various other industrial applications of silicon nitride.  

In CVD, precursor gases are fed into a chamber and decomposed by various means (heating, 

microwaves and plasma) in order to produce a film on a particular substrate. In the deposition of 

silicon nitride the film produced is highly dependent on the deposition parameters such as 

substrate temperature, chamber pressure and gas flow rate among others. CVD provided a 

cheaper alternative to sintering as a result of the high deposition rates attainable.  

In the late 1970s amorphous silicon nitride (a-SiN:H) grasped the attention of material 

researchers for its application as an encapsulate against moisture penetration for silicon 

integrated circuits [1.7]. Amorphous silicon nitride has since found uses in thin film transistors 

[1.8] and as antireflective coatings in photovoltaic devices [1.9]. The high density and inert 

nature of silicon nitride films prepared by CVD resulted in it being ideal as a passivation layer in 

photovoltaic devices.  Previously SiO2 and TiO2 were the preferred materials for passivation 

coatings. However, silicon nitride has a dual purpose in acting as an antireflective coating (due to 
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INTRODUCTION 

its high refractive index) as well as a defect pacifier [1.10]. This multipurpose material results in 

drastic cost reduction in manufacturing of photovoltaic devices, which is the underlying 

motivation for accelerated interest in a-SiN:H thin films. In recent years commercially 

manufactured silicon solar cells have been making use of silicon nitride layers for antireflective 

coatings and passivation of dangling bonds [1.11]. Apart from cost reduction the silicon nitride 

layer results in drastic increases in cell efficiency due to this multifunctional role.  

1.2. SIGNIFICANCE AND APPLICATION IN SOLAR CELLS 

The dependence of the human race on “dirty” fossil fuels and nuclear power has come under 

scrutiny in recent years as a result of its environmental impact and dangers involving nuclear 

accidents, such as that observed in Fukushima in 2011. The increased demand for electrical 

power has placed an increased dependence on dirty energy. A report released by the U.S energy 

information agency in 2011 [1.12] projected that the demand will continue to rise as shown in 

figure 1.1, where a noticeable increase in coal and nuclear energy usage is observed.  

The elevated dependence on fossil fuels has been the driving force behind scientific research in 

the direction of a viable renewable alternative. A promising alternative to the dirty fossil fuels 

came in the form of the solar cell, which is based on the photovoltaic effect discovered by 

Edmund Becquerel in 1839 [1.13]. The consistent decrease in price has added to the driving force 

behind research into photovoltaic devices [1.13]. The solar cell converts abundant solar energy, 

of wavelengths ranging from 200 - 3000 nm, into electrical energy. 
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INTRODUCTION 

Figure 1.1: World energy consumption projection categorized by type [1.12]. 

In order to consider the effect of incorporation of a-SiN:H thin films in silicon solar cells it is 

important to consider the principle of operation of the solar cell. In the event of light of varying 

frequency being incident on a semiconductor, it results in the production of electron-hole pairs 

(excitons) only if the energy of the incident photon is greater than or equal to the band gap (Eg) 

of the material. This indicates that a lower band gap will theoretically result in a better 

conversion efficiency of the electromagnetic (EM) spectrum as a broader range of frequencies 

may now be absorbed by the material. The creation of excitons is essentially the excitation of an 

electron from the valence band to the conduction band and, by this excitation, the electron leaves 

behind a positively charged hole. Crystalline silicon has a band bap of around 1.1 eV, which 

theoretically allows for 50% absorption efficiency. This value however is not practical as there 

are numerous means of energy loss; namely radiative recombination and Auger recombination, 

which limits the efficiency to 29% [1.14].  
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INTRODUCTION 

Typically a solar cell device consists of a p-type and n-type semiconductor layer stack, which 

result in the formation of a p-n junction as illustrated in figure 1.2. The function of creating a 

doped semiconductor such as a p-type or n-type is to introduce holes and electrons in the 

semiconductor device. This p-n junction allows for the sustained separation of electrons and 

holes by an induced electric field and result in the flow of current, with electrons and holes 

flowing in opposite directions. This flow of current is then transferred to a load by means of 

electrical contacts deposited on the device. 

Figure 1.2: p-n junction structure in solar cell device [1.15]. 

A schematic of a crystalline silicon solar cell illustrating the incorporation of silicon nitride as 

anti-reflective surface coating (ARC) can be observed in figure 1.3.  
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INTRODUCTION 

Figure 1.3: Solar cell schematic with Si-N as A/R surface [1.16]. 

The broad wavelength operating conditions of the solar cell makes it imperative to utilize a 

wide band gap material for anti-reflective coating (ARC) in order to maximise the photo current 

and minimise photon loss at the surface of the solar cell. The silicon wafer used in the solar 

cell typically reflects around 30% of incident photons and this has serious effects on the solar 

cell efficiency. The incorporation of the a-SiN:H thin films as antireflective layers with good 

surface passivation properties has been shown to reduce incident photon losses to below 3% in 

the region 300 – 1000 nm for plasma enhanced chemical vapour deposition (PECVD) a-SiN:H 

[1.17]. 

The a-SiN:H layers can be incorporated as single and double layers, where single layers allows 

for a broad transmission range and double layer incorporation allows for increases in the 

transmission even further due to the variation in refractive index between the two top layers. The 

incorporation of single layer a-SiN:H layers has been shown to reduce fractional reflectance to 

around 0.104, however double layer incorporation of a-SiN:H with SiO2 has been shown to 

reduce the fractional reflectance further to around 0.044 [1.18]. Double layer a-SiN:H thin film 

incorporation as ARC has also been documented to elevate cell efficiency [1.19]. The optimum 

thickness (d) of the a-SiN:H layer is dependent on the refractive index (n) and wavelength (𝜆𝜆) 

and can be determined according to equation 1.1 to be around 80 nm with a refractive index 

around 2 [1.20]. 
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INTRODUCTION 

𝑑 =  𝜆
4𝑛

(1.1) 

1.3.  PROPERTIES OF AMORPHOUS SILICON NITRIDE 

1.3.1. STRUCTURAL PROPERTIES 

The structural properties of a-SiN:H are highly dependent on the bonding arrangement and 

chemical stoichiometry within the amorphous matrix. This is not the case in crystalline silicon 

nitride (c-SiN), as the silicon (Si) and nitrogen (N) are optimally arranged in a tetrahedral manner 

as illustrated in figure 1.4 where the bond lengths are also illustrated. Nitrogen is incorporated in 

a chemically ordered fashion in the production of crystalline SiN (c-SiN).  

Figure 1.4: Crystal structure of SiN [1.21]. 

In the consideration of the chemical structure of a-SiN:H, the arrangements of the atoms can vary 

considerably. The multivalent nature of the covalent, N and Si bonds results in highly complex 
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INTRODUCTION 

arrangements within the amorphous matrix and various models have been employed to describe 

these arrangements [1.22– 1.23]. Stoichiometric a-SiN:H is tetrahedrally arranged, whereas non-

stoichiometric a-SiN:H can be found in various configurations, depending on the N 

incorporation, as shown by Hasegawa et al [1.24]. The structure of a-SiN:H is illustrated in 

figure 1.5. If the Si/N ratio is above 0.6, the bonding geometry is similar to that of beta phase 

planar atoms in crystalline silicon nitride [1.25]. The manner in which N is incorporated into the 

a-SiN:H matrix is highly dependent on the amount of N present, as the N atom is surrounded by 

3 Si atoms in silicon rich films and the presence of Si decreases as the N incorporation increases 

[1.26].   

Figure 1.5: Structure of a-SiN:H [1.27]. 

There are various bonds present in a-SiN:H; namely Si-N, Si-H, Si-Si and N-H bonding units, 

where N-N bonds are not thermodynamically favoured and are thus not prominent. These bonds 

are arranged in various configurations depending on the composition of the film and have a 

certain dependence on the bond angle within the matrix. The bond length in an a-SiN:H matrix is 
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INTRODUCTION 

highly depended on the bonding unit present, which is again dependent on the nitrogen 

incorporation. Nitrogen has a greater electronegativity than Si, which results in bond angle 

deviations in the a-SiN:H matrix when excess N is present [1.28].  

The bond angle within a-SiN:H thin films plays a pivotal role in the measuring the stress 

characteristics of the film and is an important consideration for applications in solar cell 

technologies. In a-SiN:H thin films the bond angle deviation increases with increased nitrogen 

incorporation. The nitrogen has been shown to cause deviations in bond angle ranging from 6.6 – 

16.1°, which provides an indication of changes in local order within the film [1.29]. The 

coordination of the atoms are responsible for stress as the presence of 3 and 4 – fold coordinated 

atoms cause coordination mismatching and results in strain, which then introduces stress [1.29 – 

1.30]. The stress also goes from compressive to tensile depending on the N and H incorporation 

in the film [1.31]. The degree of roughness is also affected by the stress of the film.  

Understanding the surface roughness of thin films is important in order to gain insight 

into the growth mechanism and the ability to grow uniform layer stacks. The roughness 

also provides great insight into the interfacial trap density as a rougher surface tends to have 

an elevated interfacial trap density [1.32]. The surface roughness of a-SiN:H thin films 

tend to be low and are dependent on the deposition parameters and growth mechanism 

[1.33]. A rougher surface is associated with an increased amount of disorder and thus 

increased stress. Hydrogen incorporation into the amorphous matrix results in relaxation 

of stress due to the low coordination of hydrogen [1.26]. The hydrogen diffusion also 

results in passivation of dangling bonds in silicon solar cells, also reducing voids and stress 

[1.34].   
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The mass density of a-SiN:H thin films tend to be highly dependent on the deposition parameter 

and N incorporation in the films. The mass density of a-SiN:H thin films has been shown to have 

an inverse relation to the level of H present in the film [1.35], which shows that high H 

incorporation results in the production of voids and makes the film susceptible to 

oxidation. Mass density is highly dependent on the nitrogen incorporation and can range from 

1.8 g/cm3, for low nitrogen content, to 3.1 g/cm3 for stoichiometric films; it then decreases 

significantly for higher nitrogen incorporation. The high mass density and inert nature of the 

film makes this material ideally suited as a diffusion barrier for impurities such as oxygen 

[1.30, 1.33]. The hardness of these films makes it ideal for scratch resistant coatings also, for 

nearly stoichiometric films it has been shown to have a tensile strength as high as 15 GPa [1.28]. 

The properties of a-SiN:H have been shown to be thermally stable up to 400 °C [1.30] and the 

films remain amorphous at temperatures as high as 1100 °C [1.36]. The above mentioned 

composition dependence of the structural properties is also extended to optical and electronic 

properties of the a-SiN:H thin film, as will be discussed in the next sections. 

1.3.2. ELECTRONIC PROPERTIES 

In order to better understand the optical properties of a-SiN:H such as the band gap it is 

imperative to consider the electronic properties of the material. In perfectly crystalline 

semiconductors the band gap is well defined and there is a complete absence of states in the band 

gap as shown in figure 1.6. At absolute zero all occupied states are below the Fermi level in the 

Valence Band (VB), which indicates that electrical conduction is impossible since there are no 
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Introduction 

conduction electrons. The band gap tends to become more complex for amorphous 

semiconductors. 

To better understand the band gap of a-SiN:H it is important to consider the origin and role of 

dangling bonds and defect centres in the a-SiN:H matrix. The presence of dangling bonds arise 

as a result of distortions and coordination mismatching in the a-SiN:H network, which are as a 

result of the N preferential bonding to three Si atoms [1.38].  During the deposition of a-SiN:H 

thin films by CVD, Si and N dangling bonds are present in the resulting films and are dependent 

on the level of N present in the deposited film [1.39]. The Si and N dangling bonds result in 

tailing of the density of states (DOS) into the band gap, which results in a suppression of the 

band gap (Eg) by the trap states. A DOS state below the top of the valence band is observed to 

originate from the N dangling bonds around -1.8 eV and a DOS in the centre of the band is seen 

to originate from Si dangling bonds according to Lin et al [1.40]. A similar result is obtained by 

Robertson [1.41]. However a DOS is shown to be in the region 4.2 eV stemming from Si 

 Figure 1.6: Perfectly crystalline semiconductor band gap [1.37]. 
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Introduction 

dangling bonds for stoichiometric a-SiN:H thin films and is illustrated in figure 1.7, which 

results in a band gap of 4.2 eV. 

The introduction of H into the matrix has also been shown to reduce the tailing of the DOS into 

the band gap due to the monovalent nature of the H atom, which passivates the uncoordinated 

atoms as shown by Karazanov et al [1.42] in figure 1.8. The figure shows that non-stoichiometric 

hydrogenated silicon nitride has a similar density of states to that of stoichiometric 

unhydrogenated amorphous silicon nitride (a-SiN) (the dashed line). The figure also shows the 

crystalline band structure to be less complex and more defined than the a-SiN:H band structure. 

The figure clearly shows the deviation from the fundamental band gap of 5.4 eV for 

stoichiometric a-SiN as a result of the dangling bonds tailing into the band gap.  

The dependence of the electronic properties on the N incorporation provides fundamental insight 

as to the practical applicability of a-SiN:H thin films in photovoltaic devices. 

 Figure 1.7: Illustration of the density of states resulting from a) Si dangling bonds and b) 

N dangling bonds [1.41]. 
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1.3.3. OPTICAL PROPERTIES 

The prospects of a-SiN:H thin films for the application in photovoltaic devices warrants 

investigation into the optical behaviour of the material. The optical properties, such as the band 

gap and refractive index, are key factors in the industrial applicability of the material; as the band 

gap distinguishes the amount of photons that passes through the material without being absorbed 

and a coating with a refractive index that differs from the active layer allows for reduction in the 

optical reflectivity.  Commercially 90% of ARC consist of a-SiN:H as top layer due to the 

tunability of the band gap and refractive index based on the material properties [1.43]. The 

Figure 1.8: Illustration of effect of passivation of dangling bonds by incorporation of H into the  

matrix. [1.42] 

13 

 

 

 

 



Introduction 

optical properties may be obtained from Ultraviolet visible (UV-vis) spectroscopy in either 

transmission or reflection geometry.  

Three fundamental processes are used to describe a material optically; namely electronic 

transitions, lattice vibrations and free carrier effects. The dominance of a particular process 

within an optical material is dependent on the spectral region of measurement and the material 

under study [1.45]. 

The refractive index is one of the properties under study in this work as it is a measure of the 

distortions the speed of light undergoes when passing through a particular medium. The 

refractive index (n) can be described by the ratio of the velocity of light through the medium (v) 

and the speed of light in a vacuum (c) as: 

𝑛 =  𝑐
𝑣

(1.2) 

The N content dependence of the properties of a-SiN:H thin films extends to the optical 

properties also. The refractive index of the a-SiN:H can be tuned by varying the 

deposition parameters and N/Si ratio. The refractive index of a-SiN:H thin films have an inverse 

proportionality to the N/Si ratio as shown by Verlaan et al  in figure 1.9 [1.46].  The refractive 

index can be varied from around 3 for silicon rich a-SiN:H thin films to ~1.7 for nitrogen rich 

thin films. 
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Figure 1.9: Refractive index as a function of N content [1.46]. 

The compositional dependence of the refractive index can be understood using the Lorenz-

Lorenz equation which relates the polarizability (α) of a medium to its refractive index as: 

𝑛2−1
𝑛2+2

= 4𝜋
3
∑𝑘 M𝑘𝛼𝑘 (1.3) 

This equation indicates that films containing similar N content will have a depressed 

refractive index that is attributed to a variation in mass density; where M is the atomic 

density of atom k [1.46]. 

The band gap (Eg) of a-SiN:H thin films is an important parameter to consider for application, as 

an ARC with maximum transparency being required. The band gap of a-SiN:H thin films can 

vary considerable depending on the stoichiometric concentration of the thin film, where low N 

content films are observed to have low band gaps approaching the band gap of a-Si and high N 

content films have elevated band gaps. The Eg values of a-SiN:H thin films have been seen to 

vary from around 2.7 eV for silicon rich films to around 5 eV for stoichiometric films [1.47]. The 
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variation of the band gap can be attributed to varying levels of defect states introduced into the 

band gap by Si and N dangling bonds as shown in figure 1.10. It can be seen from figure 1.10 

that the band gap saturates at a stoichiometric N/Si ratio of 1.33. The effect of the N dangling 

bond defect state can be seen to be more prevalent at elevated N content where the band gap is 

wider. The films used in the construction of figure 1.10 were a-SiN thin films without H in the 

matrix. The defect states introduces by the dangling N and Si bonds can be reduced by the 

introduction of H into the matrix, however this comes at the expense of density of the films. 

Figure 1.10: Band diagram with varying N content [1.48], where Eg, Ec and Ev is the band 

gap, conduction band and valence band, respectively. 

1.4. PREPARATION TECHNIQUES 

The versatility of silicon nitride has been a catalyst for investigating a-SiN:H thin films by a 

multitude of techniques including; thermal CVD [1.49], photo assisted CVD [1.50], electron 

cyclotron resonance [1.51], hot wire CVD [1.52] and plasma enhanced CVD [1.53]. Production 
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of a-SiN:H thin films by these techniques usually involve SiH4 and NH3 as precursor species. 

The current industrial workhorse for production of a-SiN:H thin films is PECVD, due to the 

reproducibility and low temperature deposition [1.53]. However, HWCVD has gained increased 

interest due to ease of upscale for large area deposition and superior film quality being attainable. 

The PECVD and HWCVD techniques will now be considered in more detail. 

The deposition of thin films by PECVD is possible when an electrical voltage is supplied to a gas 

in a low pressure ambient, typically in the region of 13.3 – 13332.24 µbar. The process results in 

the production of a plasma consisting of electrons and ions. The electrons in the plasma result in 

the activation of source gas molecules into film forming radicals [1.54]. A schematic of the 

activation process can be viewed in figure 1.11. 

Figure 1.11: Schematic of activation process in PECVD [1.54]. 

The process described in figure 1.11 takes place in the presence of a potential difference, where 

the substrate is part of the grounded electrode. The potential difference results in acceleration of 

the plasma produced ions into the film, which causes degradation in film quality due to ion 
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bombardment of the film and substrate and results in films with high H content and defects. The 

plasma process has a low gas decomposition efficiency which results in low deposition rates.  

HWCVD provides a means of eliminating the shortcomings of PECVD due to the mechanism of 

deposition eradicating the production of film bombarding ions and superior deposition rates 

being attainable due to elevated decomposition efficiencies [1.55 – 1.56]. The first patent for 

HWCVD was granted to Weismann et al [1.57] in 1979 where tungsten and graphfoil was 

resistively heated to about 1600 °C while SiH4 was directed at the heated foil. A substrate was 

placed in the vicinity of the foil where the reacted species were collected to form a-Si thin films 

in order to study the photoconductivity of the deposited thin films. The technique was dubbed 

Catalytic-CVD (Cat-CVD) in 1986 by Matsumura et al [1.58] due the fact that the heated 

filament plays the role of a catalyser in the decomposition of the source gasses, Cat-CVD and 

HWCVD are used interchangeably. A HWCVD reactor can be viewed in figure 1.12, where the 

simplicity of the HWCVD method can be seen. The method leads to ease of up scaling, since a 

larger filament area and gas supply system is the only requirement. Since the substrate does not 

form part of the deposition process, it can easily be moved and handled. 

During deposition by HWCVD the source gasses are decomposed over the heated tungsten 

filament and results in the production of film forming radicals in a process similar to that shown 

in figure 1.11. However, the radicals are not produced by ionized electrons in HWCVD. Since 

there are no ions produced in HWCVD, the ion damage is eliminated, which implies dense, low 

H content films produced by HWCVD. 
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Figure 1.12: HWCVD reactor illustrating all the components [1.59]. 

Matsumura et al [1.59] deposited among the earliest a-SiN:H thin films by HWCVD in 1989, 

where N2H4, N2 and SiH4 were used as source gasses at a wire temperature of ~1300 °C and 

substrate temperature of around 300 °C. It was shown in this work that device quality a-SiN:H 

thin films with good step coverage can be produced by HWCVD [1.59].  

Another promising factor that HWCVD brings to the deposition of a-SiN:H is the decomposition 

efficiency. This parameter is prevalent since the main purpose of the a-SiN:H thin films 

production is to increase sustainability. The gas decomposition efficiency in HWCVD is shown 

to be superior to PECVD with the addition of H2 to the NH3 and SiH4 gas mixture [1.60]. In the 

absence of H2, the decomposition efficiency of NH3 has been shown to decrease considerably as 

a result of poisoning of the filament [1.61].  
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The technique of HWCVD is highly versatile and has since been shown to be useful in the 

deposition of nano-structured materials such as nano-crystalline diamond films for dental 

applications [1.62] and silicon nanowires for implementation in electronic and photovoltaic 

materials [1.63]. 

1.5. AIMS AND OUTLINE 

Presently PECVD is used industrially as a means for deposition of a-SiN:H thin films for device 

applications. However, the HWCVD technique has gained increased interest from researchers 

worldwide, as a result of high deposition rates, ease of upscale and low cost deposition of device 

quality a-SiN:H thin films. The deposition parameters play a pivotal role in the quality and 

versatility of the a-SiN:H thin films produced by HWCVD. This makes it desirable to understand 

and optimise the a-SiN:H deposition process. The MV-systems® HWCVD chamber at the 

University of the Western Cape will be optimised for deposition of a-SiN:H thin films under low 

processing parameters, in order to investigate the possibility of low cost deposition of device 

quality a-SiN:H thin films. This will be achieved by depositing a series of a-SiN:H thin films 

under varying deposition parameters such as pressure, NH3, H2 and total flow rate. The effect of 

these parameters will be investigated on the structural, optical and morphological properties of 

the a-SiN:H thin films. This will also provide insight into the deposition mechanism of a-SiN:H 

thin films by HWCVD. 

Chapter 1 will discusses some historical aspects, structural, electronic and optical properties of a-

SiN:H thin films prepared in literature. The deposition technique of choice, HWCVD will also be 
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discussed and the advantages will be highlighted as compared to the currently used industrial 

technique, PECVD. 

The experimental techniques such as UV-vis, FTIR, XRD, HIERD, ERDA, EDS and AFM will 

be discussed in some detail in chapter 2. The method of measurement, calibration and the 

deposition conditions will be divulged in chapter 2. The practicality of the technique of choice 

will also be illustrated. 

The results and discussion will be shown in chapter 3, where the effect of the pressure, NH3, H2, 

total flow rate and N/Si ratio on the structural, optical and morphological properties will 

discussed and investigated. A detailed rendition of the deposition mechanism will also be 

discussed. 

A summary of all the results obtained is shown in the section following chapter 3. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

2.1 THE HOT-WIRE CVD SYSTEM 

A single chamber ultra-high vacuum hot wire chemical vapour deposition (HWCVD) system 

manufactured by MV-Systems was used for the deposition of the a-SiN:H thin films in this 

study. The system is capable of achieving vacuum in the order of 10-9 mbar. A comprehensive 

description of the system can be found in work done by Arendse et al [2.1]. The reaction 

chamber is constructed from welded 304-stainless steel, with CF flanges and copper gaskets to 

connect the pumps, heater well, gate valve, gas supply and exhaust, view ports and 

instrumentation. The system has a 1250 W substrate heater, mounted in a well on the top flange 

of the chamber. A panel-mounted controller with a type K thermocouple attached to the bottom 

of the heater well controls the temperature of the substrate heater. A stainless steel backing plate, 

placed against the back of the substrate holder, is used to ensure a homogeneous substrate 

temperature. 

The principle of operation of the system is based on catalytically decomposing precursor gases 

over the Tungsten filament. The Tungsten filament breaks down the inlet gases and produces 

film forming precursors. These precursors then adhere to the substrate surface and result in the 

growth of the required film by HWCVD, also known as Cat-CVD. There are various parameters 

that can be controlled during the deposition in order to tune the material properties to the 

required application. These parameters include, but are not limited to, chamber pressure, gas 
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flow rate, substrate heater temperature, wire temperature and distance to the filament. These 

parameters will have varied effects on the outcomes of the thin films deposited and it is of 

utmost importance to optimize them for deposition of the required thin films. A schematic of the 

deposition process can be viewed in figure 2.1, adapted from Arendse et al [2.2].  

Figure 2.1: Schematic of HWCVD chamber used [2.2]. 
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2.2 SAMPLE PREPARATION 

The samples prepared were deposited on corning 7059 glass and <100> crystalline silicon 

substrates cut in 2.5 cm × 2.5 cm squares. The substrates were ultrasonically cleaned in acetone 

for 5 min followed by a sonication in ethanol for an additional 5 min. The silicon substrates were 

dipped in a 1% HF solution for 1 min in order to eradicate the native oxide layer.  

Films were only deposited once a background pressure of 10-7 mbar was attained in the 

deposition chamber. The wire configuration consisted of 7 parallel Ta wires connected to an AC 

power supply. The filament was treated with H2, to etch the contaminated Ta wire surface for a 

period of around 3 min. the distance between the substrates and the Ta filament was 18 mm.  

Once the samples were loaded the chamber was pumped down and the substrates were covered 

with a shutter. The precursor gases were allowed into the chamber and the chamber was allowed 

to equilibrate before the shutter was opened and the deposition could start. The duration of each 

deposition was 30 min. A total of four sample series were deposited namely; pressure variation, 

NH3 gas flow rate variation, H2 flow rate variation and total flow rate variation. The details of 

the deposition parameters will be shown in detail in chapter 3.2.  
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2.3 ANALYTICAL TECHNIQUES 

2.3.1 INTRODUCTION 

The effective characterization of a-SiN:H requires an array of sensitive techniques to investigate 

the behavioural characteristics of the deposited films. The table below displays the techniques 

used in this study and the information attained from the analysis. 

Table 2.1: Analysis techniques used. 

Technique Information 

Reflectance 
• Thickness
• Band Gap
• Refractive index

FTIR 
• SiN bonds
• Total bonded H

EDS • N/Si ratio

AFM 
• Surface morphology
• Roughness

ERDA • H depth profiling

TOF-HIERD 
• N depth profiling
• N/Si ratio

XRD • Phase

2.3.2 REFLECTANCE 

The efficient deposition of a-SiN:H by HWCVD is of utmost importance in the production of 

cost effective thin film solar cells. The use of the a-SiN:H thin film as anti-reflective coating 

(ARC) warrants investigation into the reflection of the deposited a-SiN:H thin films. Reflection 

measurements are essential in the event that films are deposited on thick absorbing substrates 

like <100> silicon, as in this study. This application makes it important to understand certain 
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optical properties of the material such as the refractive index and band gap. These values are 

strongly dependent on the material properties and deposition parameters and hence the 

investigation into the effect of N incorporation on the band gap and refractive index. 

THEORY 

The optical reflection spectra of a thin film illuminated at normal angle of incidence by 

monochromatic radiation can be described by standard optics. In the presence of a film with 

thickness df throughout, it can be characterized by the complex refractive index: 

𝑁1 = 𝑛1 − 𝑖𝑘1      (2.1) 

And the substrate can be described by (with substrate thickness >> df ): 

𝑁2 = 𝑛2 − 𝑖𝑘2  (2.2) 

Where n1, n2 is the real parts of the refractive index and k1, k2 is the imaginary part, also known 

as the extinction coefficient. The reflectance, according to Müllerová et al [2.3], can be 

described as follows: 

𝑅(𝜆𝜆) =  𝐴 + 𝐵𝑥 + 𝐶𝑥2

𝐷 + 𝐸𝑥 + 𝐹𝑥2
(2.3) 

Where absorbance is given by x = exp(-αdf), and absorption coefficient is given by   

α = (4πn1df)/𝜆𝜆,  

𝐴 = [(1 − 𝑛1)2 +  𝑘12][(𝑛1 + 𝑛2)2 +  (𝑘1 +  𝑘2)2] 

𝐵 = 2[𝐴′ cos𝜙𝜙 +  𝐵′ sin𝜙𝜙] 

𝐶 = [(1 + 𝑛1)2 +  𝑘12][(𝑛1 − 𝑛2)2 +  (𝑘1 −  𝑘2)2] 

31 

 

 

 

 



EXPERIMENTAL METHODS 

𝐷 = [(1 + 𝑛1)2 + 𝑘12][(𝑛1 + 𝑛2)2 +  (𝑘1 +  𝑘2)2] 

𝐸 = 2[𝐶′ cos𝜙𝜙 +  𝐷′ sin𝜙𝜙] 

𝐹 = [(1 − 𝑛1)2 +  𝑘12][(𝑛1 − 𝑛2)2 +  (𝑘1 −  𝑘2)2] 

𝐴′ = (1 −  𝑛12 −  𝑘12)(𝑛12 −  𝑛22 +  𝑘12 −  𝑘22) + 4𝑘1(𝑛1𝑘2 −  𝑛2𝑘1) 

𝐵′ = 2(1 −  𝑛12 −  𝑘12)(𝑛1𝑘2 −  𝑛2𝑘1) − 2𝑘1(𝑛12 −  𝑛22 +  𝑘12 −  𝑘22) 

𝐶′ = (1 −  𝑛12 −  𝑘12)(𝑛12 −  𝑛22 + 𝑘12 −  𝑘22) − 4𝑘1(𝑛1𝑘2 −  𝑛2𝑘1) 

𝐷′ = 2(1 −  𝑛12 −  𝑘12)(𝑛1𝑘2 −  𝑛2𝑘1) + 2𝑘1(𝑛12 −  𝑛22 + 𝑘12 −  𝑘22) (2.4) 

A fitting procedure is required to determine the refractive index from the equation below: 

𝑅(𝜆𝜆𝑖,𝑛1,𝑘1,𝑑) −  𝑅𝑒𝑥𝑝 = 0 (2.5) 

Where R(λi,n1,k1,d) is the calculated spectrum and Rexp is the experimental reflectance spectra. 

When consideration is given to the optical band gap determination it is important to consider the 

photo conductivity and density of states and the role they play in the optical behaviour of 

the amorphous material at hand. The thin film photoconductivity is given by R. Zallen [2.5]: 

𝜎(𝜔) =  2𝜋𝑒
2ℏ3Ω

𝑚2ℎ𝜔 ∫{𝑓(𝐸) − 𝑓(𝐸 +  ℏ𝜔} 𝑁(𝐸) |𝑃(𝜔)|2 𝑁(𝐸 +  ℏ𝜔)𝑑𝐸 (2.6) 

N(E) and N(E +ℏω) are the conduction and valence band density of states respectively, in the 

event of interband transitions. Ω is the size of the volume element containing one electron while 

f(E) is the Fermi-Dirac distribution. P(ω) is the constant momentum matrix element for 

absorption. This equation reduces for the approximation when T = 0 for the Fermi-Dirac 

distribution, which is a good approximation for the interband transitions. 
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𝜎(𝜔) =  2𝜋𝑒
2ℏ3Ω

𝑚2ℎ𝜔 ∫  𝑁(𝐸) |𝑃(𝜔)|2 𝑁(𝐸 +  ℏ𝜔)𝑑𝐸 (2.7) 

The absorption coefficient as a function of photoconductivity is given by: 

𝛼(𝜔) =  𝜎(𝜔)
𝜀0𝑛(𝜔)𝑐

(2.8) 

This allows for the expression of equation 2.8 in terms of the absorption coefficient as below: 

𝜎(𝜔) =  2𝜋𝑒2ℏ3Ω
𝑚2ℎ𝜔𝜀0𝑛(𝜔)𝑐 ∫  𝑁(𝐸) |𝑃(𝜔)|2 𝑁(𝐸 +  ℏ𝜔)𝑑𝐸 (2.9) 

Figure 2.2: Density of states of an amorphous material [2.5]. 

The density of states can be determined by: 

𝑁(𝐸) = 𝑁𝑣 �
𝐸𝑎−𝐸
𝐸𝑎−𝐸𝑣

�
𝑃

  for E ≤ Ea (2.10) 
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𝑁(𝐸) = 𝑁𝑣 �
𝐸𝑎−𝐸
𝐸𝑎−𝐸𝑣

�
𝑃

  for E≥ Eb (2.11) 

Ea and Eb can be observed in figure 2.2. Substitution of the density of states into equation 2.9 

and integrating over all possible transitions produces the following equation, where Γ is the 

gamma function and the angular brackets are an average over E: 

𝜎(𝜔) =  2𝜋𝑒2ℏ3Ω
𝑚2ℎ𝜔𝜀0𝑛(𝜔)𝑐

Γ(𝑝+1)Γ(𝑞+1)
Γ(𝑝+𝑞+2)

× 𝑁𝑣𝑁𝑐
(𝐸𝑎−𝐸𝑣)𝑝(𝐸𝑐−𝐸𝑏)𝑞

〈|𝑃(𝜔)|2〉(ℏ𝜔 − 𝐸𝑔)1+𝑝+𝑞 (2.12) 

For the assumption that P(ω) is independent of ω then equation 2.13 arises: 

[𝛼(𝜔)𝑛(𝜔)ℏ𝜔]
1

1+𝑝+𝑞 = 𝐵𝑔�ℏ𝜔 −  𝐸𝑔� (2.13) 

Where Bg and Eg is a constant and optical band gap respectively. If the DOS is assumed to be 

parabolic in the conduction and valance band then the Tauc band gap is attained [2.7], which was 

used as the band gap in this study: 

[𝛼(𝜔)𝑛(𝜔)ℏ𝜔]
1
2 = �ℏ𝜔 −  𝐸𝑔(𝑇𝑎𝑢𝑐)� (2.14) 

EXPERIMENTAL SET-UP 

The optical measurements were performed with a Semiconsoft inc [2.6], MProbe 

Thin-film measurement system with a resolution of 1 nm and in the range from 200 nm – 

1000 nm. The set-up is displayed in figure 2.3. 
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Figure 2.3: Schematic of set-up [2.4]. 

The optical reflectance spectra were modelled using Scout® software, which implemented a 

model for a theoretical amorphous semiconductor, developed by O’Leary et al (OJL) [2.8]. A 

typical modelled reflectance spectrum of the HWCVD a-SiN:H thin film is displayed in figure 

2.4. The red line is the experimental spectrum and the blue is the calculated spectrum using the 

OJL model.  
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Figure 2.4: Typical reflectance spectrum after applying the OJL fit. 

Once the fitting process was completed the data was extracted and the static refractive index and 

Tauc band gap was determined from the dispersion plots displayed below. Figure 2.5 illustrates a 

plot of 1/n2-1 vs. hυ2 where n is the static refractive index and is determined from the fit 

indicated on figure 2.5. The plot in figure 2.6 illustrates the Tauc plot and the fit shown in this 

plot is used for determination of the optical band gap. 
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Figure 2.5: Plot for determining static refractive index. 

Figure 2.6: Tauc plot for band gap determination. 

Fit for determining 
n0

Fit for determining 
Tauc band gap 
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2.3.3 FOURIER TRANSFORM INFRARED SPECTROSCOPY 

Fourier Transform Infrared FTIR spectroscopy is a commonly used technique for bond 

quantification in a-SiN:H. This comes as a result of the ease and non-destructive nature of 

measurements that can be performed by FTIR. The spectra also allows for the determination of 

the bond orientation in the a-SiN:H thin film matrix. The a-SiN:H thin films were deposited on 

c-Si substrates for FTIR measurements as a result of the transparency of c-Si to IR radiation. The 

FTIR spectra were fitted and corrected using an IDL program called “FIT Version 4.05.2” by 

C.T.A.M. de Laat. 

THEORY 

FTIR was performed using a Perkin Elmer Spectrum 100 spectrophotometer from 400 – 4000 

cm-1 with a resolution of 4 cm-1 and the spectrometer was set to transmission mode. Prior to each 

measurement a background measurement was obtained from a clean c-Si substrate in order to 

account for the substrate. In the event of infrared radiation being incident on a molecule with a 

dipole moment, the molecule will vibrate at a frequency unique to that bonding orientation. If a 

dipole moment is not present the molecule will not vibrate and it will not be detected by FTIR, 

hence the inability of FTIR to detect molecular hydrogen present in a-SiN:H thin films. 

The absorption coefficient α(ω) as a function of transmission T(ω) spectrum is given by: 

𝛼(𝜔) = − ln [𝑇(𝜔)]
𝑑

 (2.15) 

The a-SiN:H thin film thickness is given by d. 
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Reflections which occur within the c-Si substrate (incoherent reflections) have to be corrected 

for as they result in interference fringes in the FTIR spectrum. A correction procedure for 

incoherent reflections was introduced by Brodsky et al [2.9]. This method is based on the 

assumption that the a-SiN:H thin film and the substrate has equal refractive indices. The 

corrected absorption coefficient αBCC and measured transmission spectrum can be related by: 

𝑇(𝜔) = 4𝑇0𝑒−𝛼𝐵𝐶𝐶𝑑

�(1+𝑇0)2−(1−𝑇0)2𝑒−𝛼𝐵𝐶𝐶𝑑�
(2.16) 

Where T0 is the baseline transmission when α(ω) = 0 and T0 = 0 for c-Si. 

A procedure to account the effects of coherent reflections was introduced by Maley et al [2.10]. 

The procedure introduced by Brodsky was modified by Maley as follows: 

𝛼𝑇𝑅𝑈𝐸 =  𝛼𝐵𝐶𝐶
1.72−12𝜔𝑑

; For ωd ≤ 0.06 

; For ωd ≥ 0.06 𝛼𝑇𝑅𝑈𝐸 = 𝛼𝐵𝐶𝐶        (2.17)

A typical a-SiN:H transmission spectrum before correction is shown in figure 2.7 and the 

corresponding spectrum after correction for incoherent and coherent reflection is displayed in 

figure 2.8. 

Table 2.2: Peak assignments 

Region (cm-1) Assignment 
~ 640 SiH wagging 
~ 840 SiN stretching 
~ 1100 Si-O-Si stretching 
~ 1200 NH bending 
~ 2100 SiH stretching 
~3340 NH stretching 
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Figure 2.7: Raw FTIR spectrum after measurement from spectrometer. 

Figure 2.8: Corrected and fitted FTIR spectrum. 
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On completion of the correction, the FTIR spectra are deconvoluted by means of Gaussian fits 

and the integrated absorption is determined for bond quantification. The integrated absorption Iω 

is given by: 

𝐼𝜔 = ∫ 𝛼(𝜔)
𝜔

𝑑𝜔+∞
−∞  (2.18) 

The integrated absorption allows for bond quantification by means of the proportionality factors 

from the following equation: 

[𝑋] = 𝐴𝐼𝜔 (2.19) 

Where [X] is the bond concentration and A is the proportionality factor associated to that 

specific bonding arrangement. There is considerable controversy surrounding the proportionality 

constants as they depend highly on the composition of the film and thus all bond quantities in 

this study will be displayed as the integrated absorption.  

2.3.4 ENERGY DISPERSIVE SPECTROSCOPY 

Microcharacterization analysis has been revolutionized by the developments made in Energy 

Dispersive Spectroscopy (EDS). Since the measurements performed for this study were done 

using a Scanning Electron Microscope (SEM), only the EDS detector orientation in the SEM will 

be illustrated and discussed.  

The interaction of the electron beam in the SEM with the specimen results in the emission of 

electrons from the sample in various ways and with differing energy. These electrons include 

Auger, backscattered and secondary electrons, which can be viewed in figure 2.9. 
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Figure 2.9: Electron beam interaction with specimen. 

When an electron is ejected from an atom, the atom is left in an excited state, which is 

undesirable and to restore equilibrium an electron from the outer shells will fill the hole left by 

the ejected electron. Since the process results in de-excitation of the atom, energy is given off in 

the form of electromagnetic radiation. If this process occurs in the innermost electrons of the 

atom then an X-ray, characteristic of the specimen will be emitted. A schematic of the process is 

described in figure 2.10.   

Sample 

e--Beam Characteristic X-
Rays 

Backscattered e- 

Cathodoluminescence 

Secondary e-

Auger e-

Transmitted e-

Figure 2.10: Atomic de-excitation resulting emission of characteristic X-rays [2.11]. 
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The inner most electron orbitals are labelled K, L and M as shown in the diagram, in the event of 

a de-excitation from the L level to the K level then a Kα characteristic X-ray is emitted and if the 

de-excitation takes place from the M level to the K level then the characteristic X-Ray is deemed 

Kβ. 

The X-rays described above are detected by means of a semiconducting material such as silicon 

and germanium. The semiconducting material is oriented in such a manner as to maximize the 

emitted X-ray interaction. It is possible to place the detector 20 mm from the sample in SEM in 

order to maximize detector-X-ray interactions. The orientation of the detector in the SEM can be 

viewed in figure 2.11. The incoming X-rays result in the excitation of the semiconducting 

detector in the form of electron-hole pairs. The energy of the incoming beam is proportional to 

the number of electron-hole pairs created in the semiconductor. The electron-hole pairs are 

perceived as short pulses by the detector and these pulses are then amplified and passed through 

the Multi-Channel Analyser (MCA) for sorting, which produces a histogram. The Histogram is 

then converted, through computer processing, to the spectra shown in figure 2.12 for a-SiN:H.  

Figure 2.11: Detector set-up for SEM [2.12]. 
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Figure 2.12: Illustration of EDS spectra for sample containing elevated levels of N. 

2.3.5 ATOMIC FORCE MICROSCOPY 

The a-SiN:H thin films deposited on c-Si substrates were studied by Atomic Force Microscopy 

(AFM) in order to gain insight into the surface morphology of the thin films prepared for this 

study. The investigation of the a-SiN:H thin films by AFM is warranted by the continued 

downscaling of semiconductor devices. In the investigation of thin films the surface morphology 

becomes important as rough surface results in elevated interfacial trap density and makes 

subsequent depositions non-uniform [2.13 – 2.15]. 

N 

Si 

C 
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AFM images are a measure of the interaction forces between the tip and the sample surface. This 

allows for atomic resolution images to be attainable. The images are attained by "feeling" 

rather than looking at the sample under study. There are three regimes for tip surface 

interactions namely; contact, intermittent contact and non-contact. These regimes can be 

viewed in figure 2.13.

Figure 2.13: contact modes for obtaining AFM images [2.16]. 

When operation occurs in the non-contact region van de Waals forces are dominant and the 

separation distance is in the region 10 – 100 Å. Intermittent contact is in the region 5 – 20 Å and 

contact distance is less than 5 Å where repulsive forces are dominant. 
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The current study was performed in constant force tapping mode, which was in the non-contact 

region. This is the most common operating mode and in this system the tip intermittently taps the 

sample surface at the cantilever resonance frequency. The Force is described by the equation 

below: 

𝐹 = 𝑘∆𝑧 (2.20) 

Where F is the force, k is the cantilever spring constant and ∆z is the tip displacement. During 

the constant force tapping mode ∆z is adjusted in order to maintain a constant F throughout the 

measurement. 

A schematic of the experimental set-up can be viewed in figure 2.14. The tip mounted on the 

cantilever probes the sample surface. The laser beam is directed toward a reflective surface on 

the back of the cantilever during the lateral movements of the cantilever. The reflected laser 

beam is then received by the photodiode detector. The detector is in a feedback loop with the 

piezoelectric scanner and relays signals to the piezoelectric scanner regarding the movement of 

the tip. The tip is moved using a piezoelectric movement system and these movements constitute 

the image produced during AFM measurements.   

Figure 2.14: Schematic of experimental set-up for AFM measurements [2.17]. 
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2.3.6 ELASTIC RECOIL DETECTION ANALYSIS 

INTRODUCTION 

Elastic Recoil Detection Analysis (ERDA) is a technique widely used for elemental analysis 

within the thin films industry. This comes as a result of the absolute nature of the technique. The 

detection system and projectile may vary depending on the type of element being analysis, but 

the underlying principle remains the same. In the current study normal ERDA was performed 

using alpha particles and a semiconductor detector for H quantification and Time of Flight 

Heavy Ion ERDA (TOF-HIERD) was performed in order to quantify Si and N in the a-SiN:H 

thin films.  

THEORY 

It can be seen from figure 2.14 that a collimated beam of charged projectile atoms are incident on 

the target/sample. As a result of the incident projectile (M1), with energy E0, having a greater 

mass than sample atom (M2), the target atom is recoiled with energy E2.    

Figure 2.15: Schematic of the kinematics on the lab scale. 

The yield of detected atoms can be described by equation 2.21. 

𝜙𝜙 

M1, E0 
M2 

M2 , E2 
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𝑌 = 𝑄Ω𝑁𝑠 ∫
𝑑𝜎
𝑑Ω

(𝐸,𝜙𝜙) �𝑑𝐸
𝑑𝑥
�
−1
𝑑𝐸𝐸0

0 (2.21) 

ERDA 

H content was determined using a 3 MeV mono-energetic and collimated beam of 4He+ ions 

accelerated by a van de Graaff accelerator, where the recoiled H atoms were detected at an angle 

of 30° with respect to the incident ion beam. The H depth-profile was simulated using the 

SIMNRA simulation software for hydrogen quantification. 

An aluminium range foil (surge foil) was used to stop any forward scattered alpha particles from 

inflating the recoil signals to the detector. The range foil had thickness 7 µm and was sufficient 

to allow H atoms to the detector. The particles were detected by a solid state detector mounted in 

the plane of the beam. A schematic of the experimental set-up can be viewed in figure 2.16. 

Figure 2.16: Schematic of ERDA set-up performed on samples 

3 MeV 4He+ beam projectile 

Solid state 
detector 

Aluminum foil 

15° 

30° 
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The projectile energy and the recoiled atom energy can be related by the kinematic factor as 

follows [2.18 – 2.19]. 

𝐸2 = 𝐾𝐸0 (2.22) 

Where; 

𝐾 =  4𝑀1𝑀2
(𝑀1+𝑀2)2

 𝑐𝑜𝑠2𝜙𝜙 (2.23) 

The variables M1, M2, and 𝜙𝜙 in equation 2.23 are the mass of projectile, mass of target and 

scattering angle respectively. The energy of the projectile, kinematic factor and energy of 

forward scattered atom is given by E0, K and E2 respectively. If the kinematic factor, projectile 

mass and scattering angle is known then the mass of the target atoms can be determined and thus 

the identity of the target atom.  

The Rutherford differential cross section is another important parameter in ERDA as this allows 

determination of the probability of the projectile recoiling a target atom in the direction of the 

solid state detector. The Rutherford differential cross section can be determined by [2.18-2.19]: 

𝑑𝜎
𝑑Ω

= �
𝑍1𝑍2𝑒2(1+𝑀1

𝑀2
)

2𝐸0
�
2

1
𝑐𝑜𝑠3𝜙

(2.24) 

Where Ω is the detector solid angle and e is the electron charge. 

After passing through the aluminium foil the recoil atoms from the sample hit and dissipate their 

energy in the solid-state detector. This results in a series of electronic signals being generated, 

which are then interpreted and amplified by the electronics of the detection system. The signals 
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are then sorted by means of a multi-channel analyser according to their energy and the resulting 

spectrum is displayed in figure 2.17. 

Figure 2.17: ERDA spectrum of a-SiN:H sample containing  ~9 at.%  H. 

ToF – HIERD 

The underlying principles for ToF-HIERD are similar to that described for normal ERDA, 

however the detector system varies. The kinematics is still described by the schematic shown for 

figure 2.15. Thus in order to shed light on the technique the method of detection will be 

discussed. The projectile used for determining the N and Si content was 73Cu7+ at 26.3 MeV with 
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a 10 nA current. The projectiles were produced in a 6 MV tandem accelerator at iThemba labs 

Gauteng. A schematic of the detector system is shown in figure 2.18. 

Figure 2.18: Schematic of ToF detector system used in present study [2.20]. 

The detector consists of two timing detectors labelled T1 and T2 as shown in figure 2.18. In the 

current study the flight distance was 0.6 m and at the point SBD there was a PIPS detector 

located behind T2. The timing detectors consist of a 9.0 µcm-2 carbon foil positioned 5 cm from 

a micro channel plate (MCP) in Chevron configuration. The recoil atoms pass through the carbon 

foils and at each passing results in the ejection of electrons from the foil.  The electrons are then 

accelerated from the foil to the MCP by means of an applied electric field, where the signal is 

amplified to allow rapid timing signal [2.20-2.21]. 

The time of flight is measured by the timing detectors which allows for determination of velocity 

and from this information the mass of the species can be obtained from the kinetic energy as in 

equation 2.25. 
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𝑚𝑖 = 2𝐸𝑖 �
Δ𝑡
𝑙
�
2

(2.25) 

The variables mi, Ei, ∆t and l are the mass, energy, time of flight and distance travelled of the 

recoiled atoms respectively. The depth profile of the sample can be obtained from the effective 

energy loss per unit depth as in equation 2.26. 

[𝑆]𝑒𝑓𝑓 = 𝑑𝐸𝑓
𝑑𝑥

(2.26) 

The data acquisition software was MIDAS and a typical spectrum of ToF-HIERD for a-SiN:H is 

shown in figure 2.19. 

Figure 2.19: Raw spectrum obtained from MIDAS software for film containing N/Si = 
0.17. 
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2.3.7 X-RAY DIFFRACTION 

X-Ray Diffraction (XRD) is a technique widely used in the materials research society. This 

comes as a result of the invaluable information attained about long range order within the 

material structure and elemental identification [2.22]. The use of this technique however would 

not be possible if not for the X-Ray diffracting property of crystals discovered by von Laue in 

1912. For the purpose of this study XRD was performed on a-SiN:H thin films deposited on 

corning 7059 glass to confirm the amorphous nature of the films. 

THEORY 

A crystal is a solid state material that has long range order in the atomic arrangements that 

compose the material. When X-Rays are incident on them they will diffract the X-Rays in a 

manner unique to that specific material and orientation. The principles of XRD can be 

understood by considering the following concepts; Point lattice, unit cell, Bravais lattice, Miller 

indices and Bragg’s law. 

CRYSTALLOGRAPHY 

The point lattice shown in figure 2.20 is a simple representation of the actual material, where 

each point on the lattice represents an atom or molecule from the real material lattice. The point 

lattice is used as a coordination system when an origin is defined. A specific vector, plane and 

point in the lattice can be described by the convention [u v w]. The coordinate convention can be 

better understood by considering a unit cell. 
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The unit cell (illustrated in figure 2.21) consists of one segment of the point lattice and when 

repeated infinitely will form the point lattice. The unit cell can be described by the three vectors 

shown as a, b and c extended from the origin. These vectors form the crystallographic axis of the 

crystal and are described by their magnitude a, b and c; and direction/ angle α, β and γ 

respectively. The scalar quantities described here are known as the lattice constants for the unit 

cell and are instrumental in the identification of the orientation and make-up of a specific 

crystalline material. The position vector r can be described using the position vectors shown in 

figure 2.21 by [2.23]: 

𝒓 = 𝑢𝒂 + 𝑣𝒃 + 𝑤𝒄 (2.27) 

Where u,v and w are integers and allow for the simple description of the direction vector as 

[u v w]. The system shown in figure 2.21 is known as triclinic and there exist other systems 

(as shown in table 2.3) that vary depending on the orientation and position of the points in the 

lattice system. When symmetry operations are performed on a lattice point in these systems 

and the lattice remains invariant, this gives rise to the Bravais lattices as shown in table 2.3. 

Figure 2.20: simple unit cell of an arbitrary material 
[2.22]. 

Figure 2.21: unit cell [2.22]. 
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Planar orientations within a lattice can be represented according to the miller indices h, k and l as 

(h k l). The sketch in figure 2.22 shows the vector n = a1/h + a2/k + a3/l to be normal to the (h k 

l) plane and intercepting the unit cell at a1/h, a2/k and a3/l where a1, a2 and a3 are the

crystallographic axis. Planes of similar form are denoted by {h k l}. 

Table 2.3 : Various Bravais lattices. 
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Figure 2.22: Reciprocal lattice vector and crystal plane. 

BRAGG’S LAW 

Bragg’s law describes the parallel planes that allow x-rays to undergo specular reflection. 

Consider figure 2.23 where two waves that are in-phase are incident on a crystal lattice. The 

angle of incidence is given by θB and the planes are separated by a distance d. The path 

difference, CB + BD for constructive interference to occur, must be an integer multiple of the 

wavelength 𝜆𝜆. The Bragg’s law equation allows for the determination of the interplanar spacing 

if the angle of incidence and wavelength is known by: 

2𝑑𝑠𝑖𝑛𝜃𝐵 = 𝑛𝜆𝜆  (2.28) 

56 

 

 

 

 



EXPERIMENTAL METHODS 

The notion of reciprocal lattice stems from the inverse relation between incident angle and 

interplanar spacing illustrated in equation 2.28. The reciprocal lattice describes each plane of the 

real lattice as point in the reciprocal lattice as illustrated in figure 2.22. The reciprocal lattice 

vector g* extended from the origin of the reciprocal lattice is given by equation 2.29: 

𝒈∗ = ℎ𝒂∗ + 𝑘𝒃∗ + 𝑙𝒄∗ 

Where  |𝒂∗| = 1
𝑎
 

 |𝒃∗| = 1
𝑏
 

 |𝒄∗| = 1
𝑐
 (2.29) 

Figure 2.22: Illustration of Bragg's law [2.23] 
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The concept of the reciprocal lattice is important in the consideration of the structure factor. This 

is the sum of all the scattered radiation from all atoms in the unit cell. The structure factor can be 

related to intensity by: 

𝐼 =  |𝐹ℎ𝑘𝑙|2 (2.30) 

Where: 

𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑛𝑒𝑥𝑝2𝜋𝑖(ℎ𝑢𝑛 + 𝑘𝑣𝑛 + 𝑙𝑤𝑛)𝑁
1  (2.31) 

The summation of equation 2.31 spans all atoms in the unit cell N and fn form factor. The form 

factor is used as a measure of the scattering efficiency of any given crystallographic atom. The 

form factor is described in equation 2.32. 

𝑓𝑛 = 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑤𝑎𝑣𝑒 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑏𝑦 𝑎𝑛 𝑎𝑡𝑜𝑚
𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑤𝑎𝑣𝑒 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑏𝑦 𝑎𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

(2.32) 

EXPERIMENTAL SET-UP 

A schematic of a typical XRD set-up is illustrated in figure 2.24. The diffractometer consists of a 

an X-ray source at point S in the sketch, which incidents monochromatic x-rays toward the 

sample mounted at point C. The specimen mount H can rotate the specimen and throughout 

rotation a constant 2θ proportionality angle is maintained between H and E. A and B are beam 

collimator slits that define and collimate the beam after leaving the sample and before entering 

the detector.  
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Figure 2.24: schematic of diffractometer [2.22] 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 INTRODUCTION 

Hot wire chemical vapour deposition (HWCVD) a-SiN:H has a vast amount of applications, 

including thin film transistors, anti-reflective coatings in thin film solar cells, passivation layers 

and oxidation barriers [3.1]. The variety of applications is attributed to the tunability of the 

material properties such as the optical band gap, refractive index and mass density. Thin film a-

SiN:H has a distinct advantage in photovoltaic applications as opposed to oxide layers, as it can 

perform a dual function as an anti-reflective and a passivation layer [3.2]. This material duality 

provides an excellent means for reduction in production costs. 

Plasma enhanced chemical vapour deposition (PECVD) is the industrial technique of choice for 

the production of device quality a-SiN:H thin films; mainly due to its reproducibility. However, 

PECVD has its drawbacks in terms of film quality caused by ion bombardment, which results in 

void formation and undesirable oxidation [3.3]. The production of radicals in the deposition 

process of HWCVD a-SiN:H results in film damage being lessened and thus better quality films 

being produced. HWCVD also has the advantage of ease-of-upscale as indicated by Lederman et 

al [3.4]. The absence of plasma in HWCVD also results in the elevation of thin film growth rate, 

since there is increased gas decomposition efficiency in HWCVD. 
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The properties of the a-SiN:H thin films produced by HWCVD are highly dependent on the 

deposition process and conditions. The source gases used in this study are NH3, SiH4 and H2; 

and the film properties have been shown to be highly dependent on the flux of these precursor 

gases. These parameters have been shown to vary the N/Si content, which in turn leads to 

variations in the structural and optical properties [3.5]. Thus, in the chapter to follow, the 

deposition process will be investigated by varying the deposition parameters such as deposition 

pressure, NH3 flow rate, Total flow rate and H2 flow rate. The successful optimization of 

HWCVD a-SiN:H can lead to it becoming a viable, cheaper alternative to PECVD a-SiN:H thin 

films for photovoltaic application. This is the motivating factor for studying the effect of low 

processing parameters on the structural and optical properties of a-SiN:H thin films. In the case 

of many studies, filament temperatures were in excess of 1700 °C [3.5 - 3.7], where in this study 

the filament temperature used was as low as ~1400 °C, which allows for significant reduction in 

the possibility of film contamination by the wire [3.8].  

3.2 EXPERIMENTAL DETAILS 

3.2.1 DEPOSITION PARAMETERS 

Table 3.1 shows the deposition parameters used for this study. For the preparation of series one 

and two all parameters were kept constant, such as wire temperature, substrate temperature and 

pressure and the NH3 (ΦNH3) and SiH4 (ΦSiH4) flow rate were varied, respectively. Similar 

parameters were used for series 3 and 4; however the deposition pressure and total flow rate was 

varied with no substrate heating and a wire temperature of 1650°C. 
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Table 3.1: Deposition parameters; N.B. for series 4 the H2/NH3/SiH4 ratio was constant 

P (µbar) 
ΦSiH4 

(SCCM)

ΦNH3

(SCCM)

ΦH2 

(SCCM)

ΦTotal 

(SCCM)
Twire (°C) 

TSubstrate 

(°C) 

Series 1 100 5 1 – 7 20 NA 1400 259 

Series 2 100 2.5 3.5 10 – 30 NA 1400 259 

Series 3 20 – 120 2.5 3.5 10 NA 1650 Wire only 

Series 4 100 2.5 - 5 3.5 - 7 10 - 20 16 - 32 1650 Wire only 

3.2.2 CHARACTERIZATION 

FTIR was performed using a Perkin Elmer Spectrum 100 spectrophotometer from 400 – 4000 

cm-1 with a resolution of 4 cm-1. The spectra were corrected for coherent and incoherent 

reflections according to Brodsky et al [3.9] and Maley et al [3.10]. The integrated absorption of 

SiH and NH was used as an indication of bonded hydrogen and the integrated absorption of SiN 

stretching mode was used as an indication of bonded N. UV-VIS was performed using a 

Semiconsoft thin film spectrometer in reflection geometry in the range 200 – 900 nm with a 

resolution of 1 nm. The optical spectra were modelled using Scout® software, which 

implemented a model for a theoretical amorphous semiconductor, developed by O’Leary et al 

[3.11] to determine the thin film thickness, band gap and refractive index. AFM was performed 

with a Veeco Atomic Force Microscope (AFM) in tapping mode to determine the surface 

roughness. 

Elastic recoil detection analysis (ERDA) was conducted using a 3 MeV mono-energetic and 

collimated beam of 4He+ ions, where the recoiled H atoms were detected at an angle of 30° with 
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respect to the incident ion beam. The H depth-profile was simulated using the SIMNRA 

simulation software for hydrogen quantification. Time of flight Heavy ion ERD (ToF-HIERD) 

was performed using a 26 MeV Cu7+ beam at a scattering angle of 30o using a time of flight 

detector system. X-ray diffraction (XRD) was performed using a PANalytical Xpert 

diffractometer at 2θ-values ranging from 5 – 90°, with a step size of 0.02°. Copper Kα1 radiation 

with a wavelength of 1.5406 Å was used as the x-ray source. EDS was performed using an 

Oxford INCA energy system attached to a 1525 Leo FEGSEM. The accelerating voltage was 6 

kV, aperture size 30 microns and a working distance of 8 mm.  

3.3 DEPOSITION RATE AND MORPHOLOGY 

In this section the deposition rate of hot wire chemical vapour deposited (HWCVD) a-SiN:H will 

be investigated. The deposition rate, defined as the film thickness per unit deposition time, forms 

a vital role in the industrial applicability of hot wire chemical vapour deposited a-SiN:H. In this 

thesis, the film thickness was determined optically using UV-vis spectroscopy. It is of utmost 

importance to consider the deposition process when the deposition rate is under question. The 

deposition process can be considered as three simultaneous processes; namely (a) 

decomposition of inlet gases at the filament surface, (b) secondary gas phase chemistry of 

radicals produced by the decomposition of inlet gases and (c) film growth at the substrate 

surface, resulting from radicals produced by secondary gas phase reactions. In a system 

where purely SiH4 is present in the chamber silicon and atomic hydrogen is produced at the 

filament according to the following sequential reactions [3.12]:  

SiH4 → SiH3 + H (3.1) 

SiH3 + H → SiH2 + 2H (3.2) 
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SiH2 + 2H → SiH + 3H (3.3) 

SiH + 3H → Si + 4H (3.4) 

The hydrogen atoms produced in equation 3.4 react in the gas phase with SiH4 molecules, that 

were not decomposed over the filament, to form SiH3 as in equation 3.5 [3.13 – 3.14]. The SiH3 

produced, results in the production of film forming species in the following manner; 

(3.5) 

(3.6) 

H + SiH4 → H2 + SiH3  

SiH3 + SiH3 → SiH2 + SiH4   

SiH3 + SiH3 → H2 +HSiSiH3  

SiH3 + SiH3 → Si2H6  

Ammonia was decomposed at a tungsten filament by Umemoto et al. [3.15] and the primary 

radicals formed at the filament were NH2 and H, which then reacted in the gas phase to produce 

stable species like H2 and N2. The H2 species are formed by the reaction; 

NH2 + H → NH + H2 (3.9) 

 In the presence of NH3 and SiH4 the reactions in the three phases tend to be complex and 

dependent on the NH3/SiH4 ratio in the chamber. The two inlet gases compete for active sites at 

the filament surface where SiH4 is the more dominant species at the tantalum filament and 

ammonia is scarcely dissociated, as observed by Eustergerling et al [3.16]. The dissociation 

efficiency of NH3 is drastically decreased by the addition of SiH4 [3.17]. This stands to reason 

for the high NH3 flow rates required for the production of device quality a-SiN:H thin films. The 

dissociation of SiH4 and NH3 at the filament surface, brings about the products shown in 
67 

(3.7)

  (3.8)

 

 

 

 



RESULTS AND DISCUSSION 

equations 3.5 – 3.9, which react in the gas phase to produce triaminosilanes (Si(NH2)3) and 

tetra-aminosilanes (Si(NH2)4) in the following manner [3.18]; 

NH2 + SiH3-x(NH2)x → H + SiH2-x(NH2)1+x    (x = 0 - 2) (3.10) 

SiH2-x(NH2)1+x + H → SiH3-x(NH2)1+x    (x = 0 – 2)  (3.11) 

NH2 + Si(NH2)3 → Si(NH2)4 (3.12)  

In the presence of low NH3:SiH4 ratios, the chamber chemistry tends to be dominated by Si2H6 

and the behaviour is similar to cases where pure SiH4 is decomposed over the heated filament, as 

in equation 3.8. This result for low flow ratios was observed by Eustergling et al. [3.19], which 

yields thicker, silicon rich films for a NH3:SiH4 ratio of 1. In the presence of elevated NH3:SiH4 

ratios (above 49), Si(NH2)4 radicals are the dominant species produced, resulting in nitrogen rich 

films and decreased growth rate as a result of the decrease in silicon precursors.  

Figure 3.1 represents the deposition rate as a function NH3 flow rate and shows a decrease in 

deposition as NH3 flow rate increases. Silicon precursors resulting from the decomposition of 

SiH4 over the tantalum filament are responsible for film growth [3.21]. As the NH3 flow rate is 

increased, silicon containing radicals are consumed to form aminosilanes, such as Si(NH2)3 and 

Si(NH2)4. The formation of aminosilanes is a-SiN:H film forming precursor and result in the 

formation of Si-N bonds at the expense of Si-Si. The result obtained in figure 3.1 was also 

observed by Verlaan et al [3.20]. 
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Figure 3.1: Deposition rate as function of NH3 flow rate. 

Despite the scarcity of literature, the effect of H2 on the a-SiN:H thin film is significant. The 

effect of H2 on the deposition rate is illustrated in figure 3.2. The increase in H2 flow rate causes 

a sudden decrease in the deposition rate of the a-SiN:H thin films. Since NH3 is dissociated in 

the gas phase by atomic hydrogen released by the dissociation of SiH4 [3.22], the presence of 

H2 in the chamber results in an increased atomic hydrogen presence, which in turn 

proliferates the dissociation of NH3. The increased dissociation of NH3 produces elevated 

amounts of Si(NH2)3 and Si(NH2)4 at the expense of silicon film forming precursors. Ansari 

et al [3.23] observed NH3 dissociation efficiency to increase from around 50% to 80%, with 

the addition of H2. The presence of H2 at the filament surface also has an etching effect on 

the silicide contaminated filament surface, which also has a positive effect on the dissociation 

of NH3. The decrease in deposition rate observed in figure 3.2 was also observed by Liu et al 

[3.24] and was ascribed to the etching effect hydrogen has on the a-SiN:H thin film surface. 
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Figure 3.2: Deposition rate as a function of H2 flow rate. 

The gas phase reaction kinetics is highly dependent on the chamber pressure and thus it becomes 

a vital parameter in the deposition of a-SiN:H. The effect of pressure on the deposition rate is 

shown in figure 3.3 and is observed to increase as pressure increases. Since these a-SiN:H thin 

films have been deposited at low NH3 flow rates, the reaction mixture is dominated by silicon 

containing radicals, as in equation 3.8. The increase in pressure results in an increase in the rate 

of formation of these radicals, and thus, an increase in the growth of the a-SiN:H film at the 

substrate surface. This results in thick, silicon rich films being produced, and confirms with the 

work of Stannowski et al [3.25]. 
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Figure 3.3: Deposition rate as a function of pressure. 

Figure 3.4 shows the effect of total flow rate on the deposition rate and it is observed to increase 

as the total flow rate is increased. A common misconception is that if the SiH4:NH3:H2 ratio and 

pressure is kept constant, the deposition rate will remain constant, as at any given time the 

amount of molecules in the chamber is constant. This was not the case, as indicated in figure 3.4, 

as the gas flow rates are increased, all precursor species such as; Si(NH2)3, Si(NH2)4 and Si2H6 

are also increased due to the more rapid replenishment of inlet gases over the tantalum filament. 

Since the silicon radicals such as Si2H6 are responsible for film growth, their increased presence 

results in an increase in the growth rate of the a-SiN:H films.  
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Figure 3.4: Deposition rate as a function of total flow rate. 

The thin film application of a-SiN:H in silicon Photovoltaic (PV) devices warrants investigation 

into the morphology of the deposited films, due to the surface roughness of the a-SiN:H layer 

playing a vital role in light trapping and also its passivation ability. When depositing on a rough 

surface the resulting layer will be non-uniform [3.27] and AFM studies are required for 

reproducibility. The AFM three dimensional (3D) images of the films prepared at various 

deposition parameters are displayed below in figure 3.5 – 3.8. 

Figure 3.5 shows the AFM images of the series prepared by increasing the NH3 flow rate and it 

is apparent that as the NH3 flow rate is increased the grain sizes tend to decrease and the films 

appear smoother and less columnar. Since these films are not of comparable thicknesses (as can 

be seen from the deposition rate in figure 3.1), the increase in grain size and also roughness can 

be attributed to the variation in film thickness. Yu et al [3.27] investigated the effect of 
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deposition time on the surface roughness and found that as films get thicker they tend to get 

rougher.  

The AFM images showing the effect of increasing the H2 flow rate is shown in figure 3.6. This 

shows a similar result to that observed in figure 3.5, as the H2 flow rate increases the film tends 

to become smoother and less columnar. Since Figure 3.6 (c), (d) and (e) are of samples of 

comparable thickness, the apparent increased smoothness can be attributed to the increased H2 

flow rate resulting in increased nitrogen incorporation, which then leads to a decrease in the 

roughness of the film [3.22, 3.28]. Figure 3.6 (c) and (e) exhibits several columnar structures 

present on the surface, which indicates that at this point in the growth the film is in a transition 

phase between the initial growth phase and final growth phase, which will be discussed in detail 

for figure 3.9. 
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Figure 3.5: AFM images for films prepared by increasing NH3 gas flow in order of increasing 

NH3 flow rate. 

a) 

e) 

d) c) 

b) 

b) a) 

e) 

d) c) 

NH3 = 1 sccm 

NH3 = 3 sccm 

NH3 = 2 sccm 

NH3 = 7 sccm 

NH3 = 5 sccm 
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Figure 3.6: AFM images for increasing H2 flow rate in order of increasing H2 dilution. 

a) 

c) 

e) 

d) 

b)H2 = 5 sccm H2 = 15 sccm

H2 = 20 sccm H2 = 25 sccm 

H2 = 30 sccm 
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The effect of pressure on the surface morphology can be seen in figure 3.7, where the pressure is 

increased from 20 - 120 µbar. As the pressure is increased the a-SiN:H thin films become 

thicker, as shown in figure 3.3. Since the thickness of the sample increases considerably with 

pressure, the elevated roughness can thus be attributed to the increase in thickness. The effect of 

roughness on thickness will be discussed in some detail for figure 3.9.  

Figure 3.8 shows the AFM images of samples prepared by increasing the total flow rate and 

illustrates that as the total flow rate is increased the film tends to become smoother. Since the 

variation of the thickness for this series is ~30 nm and thicknesses are well below 300 nm, the 

effect of thickness variation on roughness can be negated. The increased smoothness with total 

flow rate is speculated to be as a result of an elevated N content since higher N is associated with 

denser, smoother a-SiN:H thin films [3.20]. This is a clear indicator that nitrogen incorporation 

can be the dominating influence on the surface morphology.   
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Figure 3.7: AFM images for pressure series in order of increasing pressure. 

a) b) 

c) d) 

e) f) 

P = 20 µbar P = 40 µbar 

P = 60 µbar P = 80 µbar 

P = 100 µbar P = 120 µbar 
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Figure 3.8: AFM images for total flow rate series in order of increasing total flow rate. 

a) 

d) c) 

b) 
Total flow rate = 16 sccm Total flow rate = 20.85 sccm 

Total flow rate = 24.05 sccm Total flow rate = 32 sccm 
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The thickness plays a pivotal role in the surface morphology of the film, and herewith the effect 

of film thickness on the roughness is displayed in figure 3.9. As shown with the 3D AFM 

images, the morphology was dominated by both the chamber chemistry and the thickness of the 

films. The roughness evolution with thickness will now be discussed. 

 

When considering the chamber reaction mechanism and deposition rate; the process can be 

separated into 3 parts namely; decomposition at the filament, secondary gas phase reactions and 

adhesion to the substrate surface. The final stage can again be divided into two stages; namely 

shadowing and surface diffusion [3.30 – 3.32]. When diffusion dominates the deposition process, 

the film forming species tend to diffuse on the substrate surface and result in smooth, dense 

films. This surface diffusion is more dominant when species have sufficient kinetic energy 

Figure 3.9: Roughness evolution with film thickness. 
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(elevated substrate temperatures) and when less sticky species such as disilene is dominant at the 

substrate surface. When the growth is dominated by shadowing, the films tend to rapidly become 

rougher as the film becomes thicker. This process usually dominates under low diffusion 

conditions and results in columnar structures. The presence of columnar structures under these 

low diffusion conditions results in shadowing of valleys and thus instabilities in the growing 

film.   

In a model presented by Bales et al. [3.32] for films grown by sputtering, the two growth 

mechanisms are proposed to compete. In the initial growth phase (below 300 nm) the film was 

found to be dominated by surface diffusion and then later by shadowing. This was also observed 

by Xu et al. for radio frequency magnetron sputtering [3.33]. This result can also be observed 

in the case of this study. The result shows that at thicknesses below 350 nm the roughness 

distribution tends to be erratic and non-linear. This is an indication of the surface 

diffusion mechanism being dominant at these thickness values. As the thickness increases 

above 350 nm the roughness distribution becomes linear and increases considerably as the 

thickness increases. This now can be attributed to the dominance of the shadowing coming into 

effect at these higher thicknesses. The correlation between the present study and Xu et al [3.33] 

is indicative of the film growth (at the substrate) having little dependence on the deposition 

method.  
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3.4 COMPOSITIONAL PROPERTIES 

Depth profiling is a powerful technique as it provides a means of elemental quantification 

throughout the film depth. The level of oxidation in the bulk can also be investigated by depth 

profiling, which gives insight to the material applicability as barrier diffusion coatings. It has 

been shown by X-ray photoelectron spectroscopy (XPS) depth profiling that a-SiN:H thin films 

tend to be resistant to oxidation in the bulk and oxidation occurs at the film-substrate interface 

[3.34]. HWCVD a-SiN:H thin films have been shown to have uniform stoichiometric 

composition in the bulk and depth profiling by sputtering indicated that oxygen had the tendency 

to be incorporated as silicon oxynitride [3.35]. 

Literature investigating the depth profiles of a-SiN:H by ToF-HIERD tends to be scant, despite 

the absolute nature of the technique. The growth process and post deposition processes, such as 

surface and bulk oxidation, can be investigated by ToF-HIERD [3.36]. In this work the effect of 

different deposition parameters, such as NH3 flow rate, H2 flow rate, total flow rate and pressure, 

on the film compositional uniformity and resistance to oxidation will be investigated.  

Figure 3.10 shows the extracted concentration profiles of the deposited a-SiN:H thin films for 

series 1. The nitrogen content is observed to increase as the NH3 flow rate is increase. These 

films show surface oxidation with an absence of oxidation in the bulk. This is indicative of the 

sample having oxidised after removal from the HWCVD chamber. At the surface it is clear that 

Si-O and Si-OH bonds are present since the silicon-oxygen ratio is 1, Si-O-Si bonds appear 

further into the surface layer as observed by the decreased silicon-oxygen ratio. Oxidation occurs 
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at the expense of less thermodynamically stable N-H bonds [3.37].  Since these films show no 

oxidation in the bulk it is expected that these films exhibit an increased presence of Si-H bonds 

in the bulk. This result is supported by Stannowski et al [3.25] where oxygen content is observed 

to increase as the N-H bond density increases. 

a) 

c) 

e) 

d) 

b) 

Figure 3.10: TOF-HIERD depth profile for samples in order of increasing NH3 flow rate. 

NH3 = 1 sccm 

NH3 = 3 sccm 

NH3 = 2 sccm 

NH3 = 7 sccm 

NH3 = 5 sccm 
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Figure 3.11 elucidates the effect of H2 flow rate on the structural uniformity of the a-SiN:H thin 

films prepared. This figure shows the films to be uniform throughout. The oxidation levels have 

increased at the surface of the films since there is an increased presence of nitrogen, which in 

turn indicates an increase in N-H bonds. As discussed for figure 3.10 the oxidation effects tend to 

be prominent in films with high levels of N-H bonds and voids present. These films show 

minimal oxidation in the bulk, which indicates that these films have a dense, non-porous a-SiN:H 

network [3.21]. At elevated nitrogen contents (above 0.2 atomic fraction) these films show 

nitrogen diffusion into the substrate, this could indicate a nitridation effect during or post 

deposition of the silicon substrate. This layer, known as a Si-Si and Si-N interlayer was also 

observed by Fakih et al [3.38] where N was also observed to diffuse into the silicon substrate, for 

PECVD a-SiN:H thin films. 

Literature portraying the effect of pressure on the structural uniformity of a-SiN:H remains 

limited. The pressure effects are pivotal in the uniformity of the films and are illustrated in figure 

3.12. The figure shows that at low pressures (below 100 µbar) the films tend to have low levels 

of uniformity, with the appearance of carbon at the substrate interface and in the bulk. This 

carbon appears in figure 3.12 a, b and e, since this carbon appears at the interface and in the bulk 

it is possible that chamber contamination occurred [3.39], substrates were not cleaned effectively 

or post deposition diffusion of C occurred. Since low levels of oxygen appear at the substrate 

interface for these a-SiN:H films, it is apparent that the HF dip was effectively performed to 

eradicate any native oxides on the substrate surface.  
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a) 

c) 

e) 

d) 

b) 

Figure 3.11: TOF-HIERD depth profile for samples in order of increasing H2 flow rate. 

H2 = 5 sccm H2 = 15 sccm 

H2 = 20 sccm H2 = 25 sccm 

H2 = 30 sccm 
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a) 

c) 

e) 

d) 

b) 

f) 

Figure 3.12: TOF-HIERD depth profile for samples in order of increasing chamber pressure 

P = 20 µbar P = 40 µbar 

P = 60 µbar P = 80 µbar 

P = 100 µbar P = 120 µbar 
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The effect of total flow rate on the depth profile is observed in figure 3.13. At flow rates above 

16 sccm the films appear to be uniform with oxygen present only on the surface. These films 

exhibit low levels of O in the bulk, which means they are low in N-H bonds and dense [3.25]. It 

is apparent that these films do not exhibit an interlayer as for the series prepared by varying the 

hydrogen content, which is expected since these films have low N content. 

The N/Si ratio is the main contributing factor to the tunability of a-SiN:H thin films. The N/Si 

determines the application of the a-SiN:H thin film, which includes, active components in thin 

film transistors [3.40], gate dielectrics in thin film transistors [3.41] and antireflective and 

a) 

c) d) 

b) 

Figure 3.13: TOF-HIERD depth profile for samples in order of increasing total flow rate. 

Total flow rate = 16 sccm Total flow rate = 20.85 sccm 

Total flow rate = 24.05 sccm Total flow rate = 32 sccm 
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passivation coatings  in solar cells [3.42 - 3.43]. The N/Si ratio was determined using the bulk 

depth profiles shown in figure 3.10 – 3.13, with the standard deviation being an indication of the 

N/Si uniformity in the bulk. For the purpose of this study, the N/Si of the a-SiN:H thin films will 

be investigated for the purpose of passivation and anti-reflective coatings. The effect of NH3 

flow rate, H2 flow rate, deposition pressure and total flow rate on the N/Si ratio was investigated.  

The influence of NH3 gas flow rate is illustrated in figure 3.14 and the N content is observed to 

intensify as the NH3 flow rate increases. When considering variation in NH3 flow rate; the result 

can be explained as the increased presence of ammonia results in an increased presence of 

nitrogen containing radicals, such as Si(NH2)4. These aminosilanes are the species responsible 

for the incorporation of N into the a-SiN:H thin films. Since NH3 is mainly dissociated by 

secondary gas phase reactions from the decomposition of SiH4 [3.25], the increased presence of 

NH3 enhances these secondary gas phase reactions, which in turn enhances the aminosilanes 

presence and thus results in an increased N incorporation. The relationship shown in figure 3.14 

was also observed by Romijin et al [3.29]. The figure illustrates that these a-SiN:H films are in 

the silicon-rich regime, where silicon is the dominant species in the amorphous matrix.  
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Figure 3.14: Effect of NH3 flow rate on the nitrogen content in the deposited a-SiN:H thin 

films from ToF-HIERD.  

Figure 3.15: Effect of H2 flow rate on the nitrogen content in the deposited a-SiN:H thin 

films from ToF-HIERD.  
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The H2 dilution effects are observed in figure 3.15, where it can be seen that H2 dilution has a 

positive effect on the incorporation of N into the a-SiN:H thin films. The upsurge in N 

integration can be explained by considering the reaction mechanism. Efficient dissociation of 

NH3 is the foremost contributing factor in the incorporation of N into the film. As previously 

discussed NH3 is mainly dissociated in the gas phase by atomic hydrogen. The addition of H2 to 

the chamber has an etching effect at the filament, freeing up silicide contaminated active sites to 

allow for more efficient dissociation of SiH4 [3.23], which in turn leads to more efficient 

dissociation of NH3. The results obtained in figure 3.15 are in agreement with results obtained 

by Mahan et al [3.22] 

Figure 3.16: Effect of pressure on the nitrogen content in the deposited a-SiN:H thin films 

from ToF-HIERD.  
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The N/Si dependence on pressure is shown in figure 3.16, where there is no discernible 

dependence on pressure, as the values are within error of each other. At a pressure of 80 and 40 

µbar the error bars are excessively large, this can be attributed to the films being non-uniform, 

which can be seen in figure 3.12 b and d. In the case of this experiment, the NH3/SiH4 flow ratio 

was low at 1.4. Since the gas flow rate was kept constant, the radical ratios in the chamber were 

constant also. In the event of an increase in pressure the rate of reaction of the desorbed radicals 

now surges, as the mean free path now decreases. This means that the ratio of N incorporation is 

minimally dependant on the pressure. However, an increase in pressure results in increased 

deposition rate as in figure 3.3, which is indicative of the amplified chamber reactions of the film 

forming species. As the film forming species are increased, so too are the secondary gas phase 

reactions, this results in thicker films with a consistent nitrogen incorporation.  The result shown 

in figure 3.16 is in agreement with observations made by Stannowski et al [3.25]. This result 

however is dissimilar to what was observed by Verlaan et al [3.44], where the N/Si ratio 

increased considerably with pressure. The discrepancy can be attributed to the differences in 

flow ratios, as in the work performed by Verlaan et al, flow ratios were above 13. 

Literature surveying the effect of total flow rate, to our knowledge, is non-existent in HWCVD 

a-SiN:H. Figure 3.17 illuminates the effect of total flow rate on the N/Si ratio, where it can be 

seen that the N/Si ratio increases as the total flow rate increases. The amplified N incorporation 

must indicate an increased dissociation of NH3 at elevated total flow rates. The increase in 

deposition rate observed in figure 3.4 indicates increased dissociation of SiH4, which in turn 

indicates amplified NH3 dissociation and hence an increased N incorporation. At elevated total 

flow rate there is an increase in the chamber gas replenishment, which means that increased 

amounts of source gas is now present for reaction and formation of a-SiN:H film.   
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The verification of results across techniques becomes important to increase confidence levels in 

results obtained. In this section the EDS technique will be compared to the ToF-HIERD for 

analysis of N content in a-SiN:H thin films.  EDS is a valuable technique for analysis of a-SiN:H 

thin films as it provides a cheap, non-destructive means of quantifying the N/Si ratio present in 

the film and the technique requires little to no sample preparation for measurement. 

A plot of N/Si determined from EDS vs. N/Si determined by ToF-HIERD is indicated in figure 

3.18, where a clear linear relation is observed between the techniques. The linearity shows that 

the N/Si ratios from each technique corroborate well. The circled area on the plot indicates a 

region of deviation, where the EDS N/Si ratio is depressed. This discrepancy was attributed to 

Figure 3.17: Effect of Total flow rate on the nitrogen content in the deposited a-SiN:H thin 

films from ToF-HIERD.  
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film thickness, as this was prominent in films having low thickness values. This prompts 

investigation into the penetration depth of the 6 kV electron beam used for EDS analysis.  

Figure 3.18: N/Si from EDS vs. N/Si from ToF-HIERD 

The electron accelerating voltage used in the SEM where EDS was performed was 6 kV. A 

Monte Carlo simulation of the electron beam path in an a-SiN:H thin film with thickness 120 nm 

is shown in figure 3.19 [3.45]. The simulation shown in figure 3.19 indicates that the beam 

penetrates into the silicon substrate with total depth in the region of ~360 nm.  This image clearly 

shows that the depressed N/Si ratios observed for EDS measurements can be attributed to the 

inability of the EDS technique to resolve the a-SiN:H thin film from the c-Si substrate. This 
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shows that EDS can be used as a cheaper, more accessible means of N/Si ratio determination, as 

opposed to Tof-HIERD. 

The hydrogen content present in a-SiN:H allows for the passivation property of the material. 

This comes as a result of the high levels of H present in the film, reaching values greater than 

20% [3.46]. Upon annealing hydrogen is released and passivation of defects is induced in silicon 

solar cells by the a-SiN:H layer [3.2]. In this section the effect of nitrogen incorporation on the 

hydrogen content of the prepared films will be investigated. Elastic recoil detection analysis 

(ERDA) was the technique of choice for total hydrogen quantification, since it eliminates the 

need for proportionality constants and is a totally independent technique. 

 Figure 3.19: Monte Carlo simulation of EDS penetration depth profile of 120 nm sample from 

pressure series prepared at 20 µbar [3.45].  
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The fitted ERDA spectra, in order of increasing N content, of the samples are illustrated in figure 

3.20. It is apparent from the spectra displayed in figure 3.20 that there is no observable trend. 

However, the spectra indicate some loss of hydrogen at the surface and substrate, which is 

apparent from the lack of H at the film surface and H tailing into the substrate, respectively. 

Thicker films such as figure 3.20 b, c, d, e, h, p, q and r showed uniformity of H in the bulk, with 

H loss at the surface and interface, whereas thin films showed limited [H] uniformity with H 

content increasing to a maximum then decreasing in the same manner. The lack of H at the 

surface can be explained by the high levels of oxygen at the surface as shown in the ToF-HIERD 

depth profiles (figure 3.10 – 3.13). Hydrogen bonded as Si - H and N – H results in these bonds 

being broken for the formation of more stable SiO2 bonds [3.25]. N-H bonds are associated with 

a more porous layer and since these films show no oxidation in the bulk, it can be assumed that 

these films contain H bonded mainly as Si – H [3.25]. The spectra in figure 3.20 also indicate H 

loss into the substrate, which stems from the passivation property of the material where H is 

released and passivates the underlying a-Si:H active layer dangling bonds.  
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a) 

c) 

e) 

d) 

b) 

f) 

Figure 3.20: ERDA spectra of samples in order of increasing N content. 

Film surface 

Film/substrate 
interface 

N/Si = 0.11 N/Si = 0.12 

N/Si = 0.17 N/Si = 0.22 

N/Si = 0.23 N/Si = 0.24 
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g) 

i) 

k) 

j) 

h) 

l) 

Figure 3.20: ERDA spectra of samples in order of increasing N content.

N/Si = 0.25 N/Si = 0.26 

N/Si = 0.28 
N/Si = 0.28 

N/Si = 0.31 N/Si = 0.3 
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m) 

o) 

q) 

p) 

n) 

r) 

Figure 3.20: ERDA spectra of samples in order of increasing N content. 

N/Si = 0.34 N/Si = 0.39 

N/Si = 0.43 N/Si = 0.50 

N/Si = 0.62 N/Si = 0.79 

N/Si = 0.85 

s) 
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The hydrogen content as a function of nitrogen incorporation can be viewed in figure 3.21. In 

this section new insight into the dependence of H content on the N/Si ratio will be presented. 

This comes as a result of the scant nature of literature investigating H contents at low nitrogen 

incorporation (below N/Si ~0.25).  

Silicon nitride thin films with the lowest H content appear at stoichiometry, which is around 9 

at.% according to Verlaan et al [3.44]. The graph in figure 3.21 shows that the films prepared 

have a supressed H content reaching a minimum around 3 at.% for N/Si ratio of ~0.8. The 

Figure 3.21: H content vs. N/Si ratio for all prepared samples. 

a) Silicon
rich

b) Approaching
stoichiometry
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reduced H content seems to be unique to low flow rates as similar low H content films were 

attained by Lui et al [3.24] in the region with low N content. 

It can thus be seen, from this graph that the H content as a function of N/Si ratio, tends to be 

complex can be divided into three regimes namely; a) silicon rich, b) approaching stoichiometry 

and c) nitrogen rich. The result shown in figure 3.21 clearly shows that for the current study we 

are working in regimes (a) and (b) and thus regime (c) is not indicated, but is commonly shown 

in literature [3.47]. In the silicon rich regime there is an increase in H content as the N content 

elevates, reaching a maximum at N/Si ratio of ~0.35.  The H in the silicon rich region is mainly 

incorporated as SiH with a minimal amount of H being bonded to N; this can be seen from the 

films low oxygen presence in the bulk and will be discussed in detail with FTIR [3.25]. The 

region approaching stoichiometry shows a suppression of relative H content as the N 

incorporation increases, reaching a minimum for the film with N/Si ratio of ~0.8. In this regime 

the [H] will decrease and reach a minimum around stoichiometric N/Si [3.44]. In the N rich 

region the H content will increase again and the increased H content will be incorporated mainly 

as N-H and these films are shown to be porous and prone to oxidation, as a result of the low 

binding energy of the N-H bond [3.20]. The H incorporation is shown to have an inverse 

proportionality to the film density [3.48] and thus it can be assumed that the films that have very 

low H content (~3 at.%) are dense and suitable for permeation barrier applications.   

The ease of measurement allows for FTIR to be commonly used in the analysis of bonding 

arrangements and quantities for a-SiN:H thin films. There is however certain controversy 

surrounding the proportionality constants used for quantification, as these are highly dependent 

on the composition of the a-SiN:H thin film [3.49]. As a result of this controversy, we have 
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chosen to represent trends in Si-N and total H bond quantification by means of the integrated 

absorbance of the fitted FTIR peaks. For the purpose of this study we will focus only on the Si-N 

asymmetric stretching vibration located at ~830 cm-1, SiH stretching vibration centred at ~2100 

cm-1 and the N-H stretching vibration at ~3400 cm-1 [3.50]. The deposited films show presence 

of Si-H wagging, N-H bending and Si-O-Si stretching modes at 640 cm-1, 1200 cm-1 and 1100 

cm-1, respectively [3.24]. However these peaks were not used for quantification as a result of the 

high noise levels and errors associated with them for the measured spectra. 

The FTIR spectra of a-SiN:H thin films tend to be dominated by the prominent peak around 600 

cm-1 - 1200 cm-1. This can be replicated by performing a Gaussian fit for components at around 

640 cm-1, 750 cm-1, 830 cm-1 and 940 cm-1. In this section we will consider the 750 cm-1,    

830 cm-1 and 940 cm-1 peaks for the purpose of quantifying SiN bonds. 

The Gaussian fit of the SiN peak at low N/Si ratio (a) and elevated N/Si ratio (b) can be viewed 

in figure 3.22. Figure 3.22 (a) shows that the peak at 750 cm-1, which is as a result of isolated 

SiN bonds with Si as nearest and next nearest neighbour [3.51 – 3.52], wanes at elevated N/Si 

ratio. This disappearance is trivial, since as N incorporation increases the a-SiN:H matrix 

becomes more populated with N atoms and hence the probability of finding isolated SiN bonds 

decreases considerably. This result was also observed by Lin et al [3.53] for PECVD a-SiN:H. 

The disappearance of the 750 cm-1 peak gives rise to a Gaussian peak centred around 940 cm-1 

(figure 3.22 b), which arises as a result of Nn-Si-H bonds that originates from the elevated N 

replacement of H and Si in the a-SiN:H matrix [3.52]. 
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The SiN integrated absorption as a function of the N/Si ratio can be viewed in figure 3.23, which 

again shows the multiphase behaviour observed for the [H] at.% vs. N/Si ratio, inserted in figure 

3.23. A distinctive transition phase can be seen at around N/Si ≈ 0.32 where there is a shift from 

the silicon rich regime to the region approaching stoichiometry. This behaviour, to our 

knowledge, has not been documented as it is common for Si-N integrated absorption to be 

linearly dependent on N/Si ratio [3.54-3.55]. This linear behaviour is observed in the region 

approaching stoichiometry. The origin of this multiphase behaviour has been ascribed to the fact 

that, in the silicon rich regime Si-Si bonds are preferentially incorporated, hence the decrease in 

Figure 3.22: FTIR spectra indicating the presence of a) the 750 cm-1 and 830 cm-1 peak at low 

N/Si ratio and b) the 830 cm-1 and 940 cm-1 absorption peaks at elevated N/Si ratios. 

a) 

b) 
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the Si-N bond density. This is also confirmed by the presence of the peak around ~750 cm-1, at 

low N/Si ratios, where N is bonded to Si as nearest and next nearest neighbours. The inverse 

relation between the H content and Si-N integrated absorption shown in figure 3.23, indicates 

that the incorporation of bonded N atoms comes at the expense of H in the a-SiN:H matrix.  

 

 

Si-H and N-H bonding 

The incorporation of nitrogen into a-SiN:H thin films has significant effects on the material 

properties and the case of the Si-H peak position is no different. Figure 3.24 shows the effect of 

N incorporation on the position of the Si-H stretching absorption peak, where it can be seen that 

Figure 3.23: The dependence of Si-N integrated absorption on the N/Si ratio, with N/Si vs. %H 

as the insert. 
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the peak increases linearly from 2075 cm-1 for low N content to around 2180 cm-1 for elevated N 

content. The increase in wavenumber is attributed to the increased presence of N in the 

environment surrounding the SiH bond. The electronegativity of an N atom is greater than that of 

a Si atom and thus results in the blue shift in the SiH stretching peak position [3.22]. This linear 

relation was also seen by Mäckel and Ludermann et al [3.56] for PECVD a-SiN:H thin films. 

The linear relation in figure 3.24 can be used for determination of the N/Si ratio if the SiH peak 

position is known from the equation below, where ω is the wavenumber; 

𝜔 = 135.004 �𝑁
𝑆𝑖
� + 2072 𝑐𝑚−1   (3.13) 

This relation was attained by fitting the plot of N/Si vs. SiH peak position as shown in figure 

3.24, where ω is the Si-H stretching peak position. 

Figure 3.24: Graph illustrating the effect of N incorporation on the Si-H stretching peak position 
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The increase in wavenumber corresponds well with bonding units observed by Busterret et al 

[3.57] illustrated in table 2, where bonding unit evolution with wavenumber and increased N 

incorporation can be viewed. The table shows explicitly the increased N presence at high 

wavenumbers. 

Table 3.2: Table illustrating bonding units, showing increased N presence [3.57] 

Wavenumber 
(cm-1) Attribution 

2005 H-Si-Si3 
2065 H2-Si-Si2 
2100 H-Si-NSi2 
2140 H-Si-N2Si, H2-Si-NSi 
2175 H2-Si-N2 
2220 H-Si-N3 

The addition of the N-H and Si-H stretching integrated absorption was used as an indicator for 

showing the effect of N/Si ratio on the total bonded H. For the purpose of this study, only trend 

analysis will be performed using the integrated absorption. The effect of N incorporation can be 

observed in figure 3.25 where again there is no simple relation between the H content and N 

incorporation as observed from ERDA analysis. The trend is clearly the same as in figure 3.21, 

which is confirmation of the 3 phase behaviour of H incorporation into the a-SiN:H thin films. In 

previous work, a monotonic relationship has been observed between nitrogen content and H 

content [3.20, 3.58], which is contrary to that observed in this study. 
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Figure 3.25: Total bonded SiH and NH stretching integrated absorption as a function of N/Si 

ratio. 
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3.5 STRUCTURAL PROPERTIES 

In order to confirm the amorphous nature of the a-SiN:H, XRD was performed and conclusively 

indicates the deposited films are amorphous. Figure 3.26 shows a representative spectrum of the 

a-SiN:H thin films produced and it can be seen that there is no crystallinity present in the 

prepared films. The broad peaks observed around ~40° and ~25° in figure 3.26 are as a result of 

the amorphous corning 7059 substrate. 

 Figure 3.26: XRD spectrum of representative samples indicating the absence of crystallinity 
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3.6 OPTICAL PROPERTIES 

The incorporation of a-SiN:H thin films in photovoltaic devices warrants the investigation into 

the optical properties of the material. The dual functionality of the a-SiN:H layer as passivating 

and antireflective coating gives it an added advantage over conventional antireflective coatings. 

In order to better understand a-SiN:H optically, the effect of structural and compositional 

changes on the optical properties must be understood. The Tauc band gap, static refractive index 

and refractive index dispersion and absorption coefficient dispersion as a function of N content 

will be investigated. 

The dispersion plots shown in figure 3.27 serve as a representation of the effect of N content. 

The absorption coefficient as a function of photon energy is illustrated in figure 3.27a, where it 

can be seen that there is a dramatic decrease in absorption in the visible region as the N content 

increases. The decreased absorption is testament to an increased band gap resulting from the 

replacement of Si-Si bonds with thermodynamically more stable Si-N bonds. The result shown in 

figure 3.27a was also observed by Mei et al and showed to be consistent even after annealing 

[3.59]. 

a) b) 

Figure 3.27: Effect N incorporation on the a) Absorption coefficient and b) Refractive index. 
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Figure 3.27b illustrates the refractive index with varying energy in the visible region for varying 

N content, which shows the refractive index to decrease as N content increases. The relationship 

between refractive index and band gap can be described by the following equation derived by 

Gupta et al [3.60] and Ravindra et al [3.61]: 

𝜂 = 4.084 +  𝛽𝐸𝑔 (3.14) 

Where η is the refractive index, β is a constant, β = -0.62 eV-1 and Eg is the band gap. This 

equation is only valid for the region 1.1 ≤ η ≤ 4.1. The relationship from equation 3.14 clearly 

shows this inverse linear trend to be true for the a-SiN:H thin films prepared in this study, shown 

in figure 3.28 (a) and (b). 

The Tauc band gap is instrumental in the applicability of the a-SiN:H thin films as antireflective 

coating in photovoltaic applications. The band gap illustrated in figure 3.28 (b) shows a clear 

increasing trend as N content intensifies.  This figure shows that there is a strong dependence of 

the band gap on the N content within the a-SiN:H film. This increased band gap can be attributed 

to the increased presence of stable SiN bonds in the matrix as these bonds have a high binding 

a) b) 

Figure 3.28: Effect of the N incorporation on the a) static refractive index and b) Tauc band gap. 
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energy the electron excitation energy also increases, which in turn results in a band gap increase 

[3.58]. This band gap increase was also observed by Hasegawa et al [3.62]. 

The refractive index provides invaluable information pertaining to the density of the deposited a-

SiN:H thin films. Figure 3.29 shows the refractive index as a function of total H content from 

ERDA, where it can be seen that the refractive index is inversely related to the H content. Since 

density is directly proportional to refractive index [3.63] and inversely proportional to H 

content [3.47 – 3.48] it is expected that the refractive index and H content have an inverse 

relation. Thus, figure 3.29 provides confirmation that the density and H content are inversely 

proportional. 

Figure 3.29: Static refractive index as a function of H content. 
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3.7 CONCLUSION 

Silicon rich a-SiN:H thin films were deposited by HWCVD in order to study the effect 

of pressure, NH3, H2 and total flow rate on the film structural, optical and compositional 

properties. The depositions were performed at generally low processing parameters in the light 

of recent emphasis on financial and environmental sustainability. 

The thicknesses obtained indicated that satisfactory deposition rates were attainable, despite the 

low processing parameters. A direct linear relation was observed between film thickness and 

roughness. The films were seen to be dominated by two growing regimes at the substrate surface 

namely; surface diffusion and shadowing. 

The ToF-HIERD depth profiles indicated that the films were dense, uniform and resistant to 

oxygen permeation into the bulk. The N/Si ratio determined by ToF-HIERD was compared to 

that measured by EDS and this indicated that EDS can be used as a cheaper, more accessible 

alternate to ToF-HIERD for thick a-SiN:H thin films. 

The total H-content determined from ERDA showed a complex, 3 regime relationship between 

N/Si and H content. The total bonded H, determined by FTIR confirms this three phase 

behaviour. A direct proportionality was observed for Si-H stretching peak position vs. N/Si, 

which can be used for N/Si ratio determination. 
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A direct proportionality was observed for the Tauc band gap vs. N/Si ratio and an inverse 

relationship was observed for the refractive index vs. N/Si plot. The refractive index had a 

minimum around ~ 1.5 and the Tauc band gap peaked at around 3.6 eV. The absorption 

coefficient dispersion plot indicated that the films had depressed absorption in the visible region 

as the N content increased, which is desirable for applications as antireflective coatings. 
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SUMMARY 

SUMMARY 

Hydrogenated amorphous silicon nitride thin films were deposited by hot wire chemical vapour 

deposition (HWCVD). The effect of various parameters such as the NH3 flow rate, H2 flow rate, 

pressure and total flow rate was investigated. The purpose of this study was to optimize the MV 

System HWCVD for the deposition of a-SiN:H thin films at The University of the Western Cape, 

under low processing parameters. 

The results were discussed in chapter 3. The thickness of the films were determined by optical 

reflection measurements and showed to have an inverse relation to addition of H2 and NH3 gas 

to the chamber and a direct relation to an increase in total flow rate and pressure. The maximum 

deposition rate attained was in the region of ~31 nm/min. This deposition rate is considerably 

high since the deposition parameters were generally kept low. 

The effect of the deposition parameters on the surface morphology was also investigated by 

AFM and the results showed that the roughness had a strong dependence on the thickness after 

~300 nm. This illustrated the two growing regimes at the substrate namely surface diffusion and 

columnar growth, the latter comes in to play as films reach thicknesses above 300 nm, hence the 

films become rougher. 

The N/Si ratio was investigated by HIERD and EDS and the results attained were compared and 

show to correspond well. The results of HIERD and EDS did not correspond well for films that 

had thickness values below 300 nm which was attributed to the inability of the EDS technique to 

distinguish between the substrate and the a-SiN:H thin film. The HIERD depth profiles showed 

the films to generally have a uniform distribution of Si and N, with little to no oxidation in the 
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bulk despite the HIERD measurements taking place 3-5 months post deposition. This indicated 

that the films were dense and not prone to oxidation. 

The result attained by HIERD was supported by the H content attained by ERDA as the films 

had low H content; and elevated H content is associated with density degradation in a-SiN:H thin 

films. The H content of the deposited films had a minimum of 3 at.% at N/Si ratio of 0.85. The 

relationship between N/Si and H content showed interesting results which led to the insight that 

the N/Si ratio and H content plot has three regimes namely; silicon rich, approaching 

stoichiometry and nitrogen rich. A general relationship between N and H content cannot be 

obtained across all N content as each regime must be considered individually.    

The total bonded H content was determined by FTIR and a result similar to that shown for N/Si 

vs [H] at.% was attained. This serves as confirmation of the three regime relationship between 

the N content and H incorporation in a-SiN:H thin films. A linear relationship was illustrated for 

the relationship between N content and Si-H stretching peak position, which enables determining 

the N/Si ratio from the peak position using equation 3.13. 

The optical properties of the films were determined by reflectance measurements and an inverse 

relation was observed between the band gap and refractive index with respect to the N content. 

The band gap reached a maximum at around 3.6 eV and the refractive index had a minimum 

around 1.6. Since refractive index is directly related to the density it was expected that refractive 

index should have an inverse relation to H content, which was confirmed by a plot of H content 

vs. static refractive index.  
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The a-SiN:H thin films deposited showed to be of relatively good quality since the films did not 

oxidize deep into the bulk and the band gap attained was considerably high. It can therefore be 

concluded that the HWCVD system, at The University of the Western Cape may be used for 

attaining device quality films at low processing parameters.   

In future work this low temperature deposition parameters may be further decreased and possibly 

applied to organic photovoltaic devices as these devices tend to be unstable at elevated 

temperatures. 
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