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INTRODUCTION

CHAPTER 1

INTRODUCTION

1.1. HISTORICAL BACKGROUND

Reports on silicon nitride date back prior to 1879, where Schriitzenberger et al [1.1] reported the
first silicon tetranitride (SizsN4) 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 (o-silicon nitride) and hexagonal symmetry (B-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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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 Hp, NHszand SiCl, 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 SiO; and TiO, 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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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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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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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.
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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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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 SiO, 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 (1)
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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d= = (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).

SisNy

2.75A

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

N dangling bonds [1.41].

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.
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of a-SiN:H thin films by these techniques usually involve SiH, 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 pbar. 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.

radecal "
gas malecula
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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].

Gas supply

Matsumura et al [1.59] deposited among the earliest a-SiN:H thin films by HWCVD in 1989,
where NoH4, 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 H, to the NH3 and SiH,4 gas mixture [1.60]. In the
absence of H,, 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, NHs, H, 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

20
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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, NHs, Hy,

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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