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ABSTRACT 
 

An increasing energy demand and growing environmental concerns regarding the use of fossil 

fuels in South Africa has led to the challenge to explore cheap, alternative sources of energy. 

The generation of electricity from Photovoltaic (PV) devices such as solar cells is currently 

seen as a viable alternative source of clean energy. As such, crystalline, amorphous and 

nanocrystalline silicon thin films are expected to play increasingly important roles as 

economically viable materials for PV development. Despite the growing interest shown in these 

materials, challenges such as the partial understanding of standardized measurement protocols, 

and the relationship between the structure and optoelectronic properties still need to be 

overcome.  

 

A key factor influencing the performance of a solar cell is the optical response of its 

components. Optical scattering has been identified as a feature that can possibly influence the 

optical properties of thin films such as transmission and reflection. Thus, a detailed 

understanding of the parameters that determine optical scattering is important for PV 

application. In this thesis, we therefore propose to investigate the relationship between the 

surface microstructure and the optical scattering of hydrogenated silicon thin films synthesised 

by hot-wire chemical vapour deposition (HWCVD). The optical properties will be probed by 

an ultraviolet-visible-near infrared spectrophotometer and the results will be analysed using the 

SCOUT software. The structural properties and elemental composition will be investigated 

using techniques based on high resolution microscopy, surface analysis, diffraction, scattering 

and dimensional measurements. 
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CHAPTER 1 

INTRODUCTION 
 

1.1 THE STATUS OF ENERGY IN SOUTH AFRICA 
 

Electricity is important for our quality of life and a country’s economy in general. South 

Africa’s is generation capacity is dominated by coal-fired generation stations with a net output 

of 35.6-Gigawatt peak (GWp) which represent over 85% of the country’s total installed 

capacity of over 44 GWp. Renewable energy accounts for 5% of generation capacity [1.1]. 

However, there is a growing concern that our increasing dependence on fossil fuels such as 

coal is harmful to the environment, e.g. greenhouse gas emissions. Like other developing 

countries, South Africa faces the dual challenge of pursuing economic growth, while at the 

same time complying with local and international obligations to protect the environment [1.2]. 

The renewable energy sources that use natural resources have the potential to provide energy 

services with zero emissions of both air pollutants and greenhouse gases.  

 

Amongst available renewable energies sources in South Africa, solar power holds the most 

potential due to its geographic location [1.3]. South Africa receives enormous quantities of 

solar radiation which is useful in solar electricity generation. The average daily solar radiation 

in South Africa varies between 5.5 and 6.5 kWh/ m2 compared to about 3.6 kWh/ m2 for parts 

of the United States and about 2.5 kW/m2 for Europe and the United Kingdom [1.4]. Compared 

to other developed solar markets, South Africa is still at a very early stage. Until 2011, the solar 

photovoltaic (PV) industry consisted mostly of small scale installations, predominantly off-

grid [1.5]. A marked increase in large commercial scale projects started in 2010 due to rapidly 
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increasing electricity costs and increasing awareness of global warming issues. Nevertheless, 

PV technology has been successfully applied to convert solar energy to an electrical current. 

Therefore, it has become the focus area of research and development within the renewable 

energy sector. 

 

1.2 PHOTOVOLTAIC TECHNOLOGY 
 

The conversion of solar radiation into a useable form of electrical energy occurs by means of 

the photovoltaic (PV) effect. This phenomenon was first observed by Edmund Becquerel in 

1839 [1.6]. He discovered that certain materials produce small amounts of electric current when 

exposed to light. However, the exact mechanism behind this phenomenon was only understood 

in 1905 when Albert Einstein defined the nature of light and explained the occurrence of 

photoelectric effect [1.7]. The first crystalline silicon (c-Si) PV cell was built at Bell 

Laboratories in 1954 by Chapin et al. and it could achieve an efficiency of 4% [1.8]. Its main 

application for many years was in space vehicle power supplies. The breakthrough for non-

space application is traced back to the global energy crisis of the 1970’s [1.9], the main 

contribution emerging from the electronics industry, especially transistor semiconductor 

technology. Further investment in PV technology was driven by the absence of greenhouse gas 

emissions. 

 

1.3 PROGRESS IN PV TECHNOLOGY  
 

The past three decades have witnessed considerable growth in the science and technologies of 

photovoltaics. During this time silicon has been a model material, as it can be modified from 

the purest single crystalline form to the amorphous and nanocrystalline states [1.10]. Several 
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PV technologies are either commercially available or undergoing development. They can be 

grouped into three categories that are also referred to as 1st, 2nd and 3rd generation. The first 

generation i.e. c-Si based PV technology, is the oldest accounting for approximately 85 – 90% 

of the PV market shares [1.11]. Commercially available systems are made from wafers of pure 

crystalline silicon. The standard design for such a device is a p-n junction, which works mainly 

by diffusion of the carriers in the bulk part and a comparatively small contribution by drift in 

the field across the junction. To achieve long charge-carrier diffusion lengths, the purity of 

semiconductors need to be increased, and the defect concentration decreased [1.12]. This result 

in expensive solar cell materials. Nevertheless, this generation is known to have relatively high 

efficiencies, able to reach around 25% for the best commercial modules. However, most 

commercial c-Si modules have efficiencies in the range of 13 to 19% [1.11]. The second 

generation of PV cells are usually called thin film technology, which is based on either 

amorphous silicon (a-Si:H) or nanocrystalline silicon (nc-Si:H). They consist of thin layers of 

semiconducting material that can be deposited onto inexpensive substrates such as glass, 

polymer or metal. They share the same performance restrictions as conventional c-Si devices 

but promise to lower the cost a device.  

 

The situation with diffusion length is more complex for thin film technology as the materials 

are defective. The required electric field is created using the p-i-n structure, instead of the 

diffusion p-n junctions [1.13]. Hence, an external electric field is created to facilitate the 

extraction of the charge carriers. Less material and lower cost manufacturing processes allow 

the manufacturing of solar panels made from this type of technology to sell at a much lower 

cost. In the laboratory, the efficiency of small thin-film cells has exceeded 13%, 16%, and 19% 

for a-Si, Cadmium Telluride (CdTe), and Copper Indium Gallium Selenide (CIGS), 

respectively [1.14]. However commercial available thin film modules offer lower efficiency of 
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4-12% [1.11]. With the goal to further improve on the solar cells in terms of efficiency and cost 

implications, the third generation has emerged. This new PV generation solar cells are 

primarily organic solar cells, dye sensitized solar cells, quantum dots, conjugated polymers and 

perovskites. It is different from the other two since it does not rely on a traditional p-n junction 

to separate photogenerated charge carriers [1.15]. It is designed to combine the advantages of 

both the first and second-generation devices, but with an added advantage of overcoming the 

Shockley–Queisser limit of power efficiency applicable to single bandgap solar cells [1.16]. 

Although attempts to improve efficiency have been recorded, most of the work has been done 

at the laboratory scale via incorporation of multi-junction cells, intermediate-band cells, hot 

carrier cells and spectrum conversion in the designs [1.17]. 

 

1.4 PROPERTIES OF SEMICONDUCTORS  
 

Different mechanisms and materials can be used to convert solar energy into electricity; e.g. 

the PV systems which use the semiconductor materials and organic solar systems which are 

based on conjugated polymers, dyes, or molecular organic glasses [1.18]. Nonetheless all 

practical devices up to the present time are based on semiconductors [1.19]; that is, material 

that act as an insulator at low temperatures, but as conductors when energy or heat is available.  

 

1.4.1 ENERGY BAND AND CARRIER CONCENTRATION 

 

The electrons of an isolated atom have a well-defined set of discrete energy levels. As atoms 

approach to form crystals, the energy levels split into separate spaced levels due to atomic 

interaction as depicted in figure 1.1 (a). As the distance decrease, the energy levels of the atoms 
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split up more and the energy bands become increasingly broad resulting in a continuous energy 

band as depicted in figure (b). 

 

Figure 1.1: Schematic indication of how the discrete energies allowed to electrons in an 

isolated atom split up into bands of allowed energies when a number of similar atoms are 

brought together in a crystal [1.20]. 

 

Thus, at a specified distance between atoms (d), there is an energy gap between the valence 

band and the conduction band, in which there can be no electrons. At T = 0 K, no bonds are 

broken and the energy levels in the conduction band are empty. However, the available energy 

levels in the valence band are occupied obeying Pauli exclusion principle i.e. at most two 

electrons, each of opposite spin can be occupied the allowed energy level. 
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1.4.2 FERMI LEVEL AND FERMI-DIRAC DISTRIBUTION 

 

When the total number of electrons per unit volume is less than the total number of energy 

levels available in the band, the electrons will occupy all energy states up to a maximum energy 

level known as Fermi level  𝐸𝐹 as illustrated in figure 1.2.  

 

 

Figure 1.2: (a) Density of energy state of free electrons in a solid, (b) and (c) Distribution of 

free electrons among energy states in the conduction band. (d) Occupation of energy states at 

a temperature different from 0 K [1.21]. 

 

As the temperature increases, some bonds are broken by the thermal vibrations and the upper 

most electrons are thermally excited, resulting in the creation of electrons in the conduction 

band and holes in the valence band. The probability 𝑓(𝐸) of occupation of an allowed electron 

state of any given energy E and temperature T is described by Fermi-Dirac distribution as given 

in equation 1.1  
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    𝑓(𝐸) =

1

1+𝑒
(𝐸−𝐸𝐹)

𝑘𝑇
⁄

.  (1. 1) 

 

Where 𝑘 is Boltzman’s constant and 𝐸𝐹 is the Fermi Level.  

 

1.4.3 INTRINSIC AND EXTRINSIC SEMICONDUCTORS 

 

Two types of semiconductors exist, the intrinsic (pure), and extrinsic (impure) or doped 

semiconductors. Naturally, intrinsic semiconductors have a Low conductivity due to the 

limited number of free electrons in the conduction band and holes in the valence band at lower 

temperatures. This behaviour can be improved by adding a suitable impurity in controlled 

proportions, a process known as doping. In this case, the semiconductor is called an extrinsic 

semiconductor. An extrinsic semiconductor can be doped to have an excess of free electron (n-

type) or an excess of holes (p-type) as depicted in figure 1.3. 

 

 

Figure 1.3: Energy band and majority carrier of n- and p-type semiconductors [1.12]. 
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For ideal intrinsic semiconductor, the number of electron in the conduction band is equal to 

that of holes in the valence band at moderate temperature and the Fermi level is calculated to 

be  

 

 
𝐸𝐹 =

𝐸𝑐+𝐸𝑣

2
+

𝑘𝑇

2
ln (

𝑁𝑣

𝑁𝑐
). (1. 2) 

 

Where 𝑁𝑐 is the effective density of electrons in the conduction band and 𝑁𝑣 is the effective 

density of hole in the valence band. 

 

In this case the ratio of 𝑁𝑣 and 𝑁𝑐 is equal to 1.  Because the second term is much smaller than 

the first, the Fermi level of an intrinsic semiconductor lies close to the middle of band gap. 

When the intrinsic semiconductor is doped, the carrier density change, consequently changing 

the position of the Fermi level. Under complete ionization condition, the electron (majority 

carrier) concentration is expressed as 𝑛 = 𝑁𝐷, where 𝑁𝐷 is the donor concentration. The Fermi 

level of n-type extrinsic semiconductor is expressed as given in equation 1.3. The Fermi level 

can be controlled by the donor concentration and is close to the bottom of the conduction band. 

 

 

𝐸𝑐 − 𝐸𝐹 = 𝑘𝑇 𝑙𝑛 (
𝑁𝑐

𝑁𝐷
) 

(1.3) 

 

Similarly, under complete ionisation condition, the hole (majority carrier) concentration is 

expressed as 𝑝 = 𝑁𝐴, where 𝑁𝐴 is the acceptor concentration and the Fermi level of the p-type 

extrinsic semiconductor is expressed as given in equation 1.4. In this case, the Fermi level 

moves closer to the top of the valence band.  
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𝐸𝐹 − 𝐸𝑣 = 𝑘𝑇 𝑙𝑛 (

𝑁𝑣

𝑁𝐴
). (1.4) 

 

1.4.4 P-N JUNCTION 

 

The operation of PV devices is based on the formation of a junction between n-type and p-type 

semiconductor materials. The most significant role of the junction is to separate the light-

generated electron hole pair [1.12]. Diverse types of junction designs are used in PV devices. 

In the case of c-Si, a p-n junction is used, which is fabricated from p- and n- type of the same 

semiconductors i.e. p-n homo junction or p- and n- type of different semiconductors, the p-n 

hetero-junction. 

 

The p-n junction is suitable for c-Si, since the diffusion length is large enough and the carrier 

transport is predominantly by diffusion [1.22]. However, for amorphous and microcrystalline 

the diffusion lengths of both minority and the majority carrier are too small to be collected by 

diffusion. Hence it is required that an intrinsic layer is sandwiched between the n-type and p-

type doped layers. The intrinsic layer act as the carrier generating region, whereas the doped 

layers define the electric field within the solar cell. Thus, carriers are collected through drift 

induced by the electric field across the junction. 

 

1.5 BASIC PRINCIPLE OF OPERATION OF A PV DEVICE 
 

When two extrinsic semiconductors (the n-type and p-type) are merged, a very large density 

gradient emerges across the junction. Consequently, the free electrons from the n-type side will 

begin to diffuse across into the p-type side leaving a positively charged ion behind. At the same 

time, the positive holes in the p-type region will diffuse towards the n-type side and leave 

negatively charged ions behind. This process proceeds until a state of equilibrium is reached, 
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producing a “potential barrier” zone near the junction as depicted in figure 1.4. The junction 

will become completely depleted of any free carriers in comparison to the n and type materials. 

 

 

Figure 1.4: The schematic structure of a p-n junction and energy band diagram [1.12]. 

 

In the absence of light, the device behaves like a simple diode [1.23] and the relationship for 

current-voltage characteristics of the p-n junction is described by the Shockley diode 

equation: 

 
    𝐼 = 𝐼0 (𝑒

𝑞𝑉

𝜂𝐾𝑇 − 1),  
(1.5) 

 

where 𝐼 is the current flowing through the diode,  𝐼0 is the dark saturation current,  𝑞 is the 

charge on the electron,  𝑉 is the voltage applied across the diode,  𝜂 is the ideality factor,  𝐾 is 

the Boltzmann constant 𝐾 = 1.38 × 10−23 and T is the absolute temperature in Kelvin. Under 

http://etd.uwc.ac.za/



21 

 

illumination, the device will generate charge carrier pairs i.e. electron and hole pairs, at the 

point where photon quanta are absorbed. Due to the electric field that exist in the depletion 

region, the electrons will drift towards the n-side and the holes towards the p-side of the 

semiconductor causing a flow of current to occur. As a result, the current I, is no longer zero 

at zero voltage but is shifted to 𝐼𝐿 [1.19], thus Shockley diode equation becomes [1.23]: 

 

 
𝐼 = 𝐼0 (𝑒

𝑞𝑉

𝜂𝐾𝑇 − 1) − 𝐼𝐿 ,   
(1.6) 

 

where 𝐿𝐿 is the light generated current. 

 

1.6 I-V CHARACTERISTICS CURVES 
 

The solar spectrum and irradiance is characterized by the air mass coefficient (AM), which is 

defined as direct optical path length through the earth's atmosphere, expressed as a ratio relative 

to the path length vertically upwards, i.e. at the zenith. The AM0 spectrum is mainly used for 

space power applications, while AM 1.5 global spectrum is used for terrestrial power -

generating panels. The energy conversion capability of a solar cell is determined from the 

current-voltage (I-V) characteristics curves obtained at the existing conditions of irradiance 

levels and temperature, often at 25℃ under the illumination of the AM 1.5 global spectrum, 

which has incident power of 100 mW cm−2 [1.24]. These curves provide useful information 

regarding the current and voltage at which the cell could be operated or loaded. As opposed to 

the resistors which have a linear relationship I-V curves, semiconductors devices have a non-

linear I-V characteristic curve. A typical I-V characteristic curve of the p-n junction under 
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illumination and darkness is schematically depicted in figure 1.5 with its most key features. 

The open-circuit voltage 𝑉𝑂𝐶 is the voltage at which no current flows through the external 

circuit i.e. at 𝐼 = 0. It corresponds to the forward bias voltage, at which the dark current density 

compensates the photocurrent density [1.25]. Hence, 𝑉𝑂𝐶 is a measure of the amount of 

recombination in the device. The short-circuit current (𝐼𝑠𝑐) density on the other hand is the 

current density when p- and n- types are externally short circuited and the voltage drops to zero 

(V=0) [1.23]. At the ‘knee’ of a normal I-V curve is the maximum power point (MMP), the 

point at which the product of the current and voltage reaches the maximum value. 

 

 

Figure 1.5: Current–voltage characteristics of p-n junction under illumination and darkness 

[1.12]. 

 

The fill factor (FF) is defined as a ratio between the maximum power generated by a solar cell 

and the product of 𝑉𝑜𝑐 with 𝐼𝑠𝑐 [1.19]: 
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 𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝑉𝑜𝑐×𝐼𝑠𝑐
=

𝑉𝑚𝑎𝑥×𝐽𝑚𝑎𝑥

𝑉𝑜𝑐×𝐼𝑠𝑐
 .   (1.7) 

 

The power conversion efficiency, η is defined as the ratio of the generated maximum electric 

output power to the input solar power of the incident light 𝑃𝑖𝑛 as given in the equation 

 

 𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝑉𝑚𝑎𝑥×𝐽𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝑉𝑜𝑐×𝐼𝑠𝑐×𝐹𝐹

𝑃𝑖𝑛
.   (1.8) 

 

Thus, if the diode under consideration behaves exactly like an ideal diode, then 𝜂 will be 1. 

However, the value of 𝜂 may decrease from 1 as the difference between the behaviours of the 

ideal diode and diode under consideration increases. Its exact value for the given diode depends 

on several factors like the type of semiconductor material, the doping levels of the p and n 

regions and the physical geometry of the diode [1.26].  

 

The current collection efficiency at the electrode per number of incident photons on the solar 

cell area at a given wavelength is defined by the spectrum response or quantum efficiency 

[1.24]. The quantum efficiency can be further subdivided into two categories, depending on 

the input light i.e. external Quantum efficiency (EQE) which is the number ratio of collected 

carriers to all the incident photons and the Internal Quantum Efficiency (IQE) which is the 

number ratio of the collected carriers to the photons absorbed by the cell. According to 

Shockley et al (1961) [1.27], the theoretical limit of photoelectric conversion efficiency for a 

single p-n junction device with a band gap of 1.4 eV is approximately 33.7% under AM 1.5G 

solar spectrum conditions. The loss in energy conversion is attributed to the non-absorption of 

photons carrying less energy than the semiconductor band gap, and the excess energy of 

photons, larger than the band gap. 
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1.7 SEMICONDUCTOR MATERIALS  
 

Elemental semiconductors have provided an opportunity for a simple method to manufacture 

thin-film solar cells. Usable materials with characteristic energies ranging between 1 and 2.6 

electron volts have been well researched for their possible use in PV technology [1.9]. Among 

these, silicon has been the most common used semiconductor material. Nevertheless, its 

characteristic energy (1.1 electron volts) and the indirect bandgap character make it a weak 

light absorber over a range of photon energies. An indirect bandgap is known to have transitions 

from valence to conduction band which requires electrons to have a minimum energy from the 

photon and a change in momentum through phonon interaction as illustrated in figure 1.6 (b). 

As a result, a thick layer of material is required to improve the effective absorption. Different 

forms of silicon are being used in PV cells, such as pure crystalline silicon, amorphous silicon 

and nanocrystalline silicon. Due to the change in the structure, it is worth mentioning their 

differences in terms of their physical properties. 

 

 

Figure 1.6: Energy of conduction and valence band as a function of crystal momentum 

[1.19].
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1.7.5  CRYSTALLINE SILICON  

 

In crystalline form, each silicon atom is covalently bonded to four neighbouring Si atoms. The 

atoms are arranged in a diamond lattice structure with a lattice constant of 5.43 Å [1.28]. The 

bond lengths and the angles between the bonds are all equal leading to a crystal structure with 

regular atomic arrangement over the long-range as illustrated in figure 1.7. The crystalline form 

of Si is the ground state (or global minimum energy) for the silicon material [1.29]. 

 

 

 

Figure 1.7: Schematic representation of the atomic structure of single crystal silicon [1.19]. 

 

In comparison with compound semiconductors, silicon is elemental, and it is not subjected to 

stoichiometry deviations [1.30]; this property allows a better controlled doping procedure of 

the material. Extrinsic silicon has a relatively small mobility of dopants. As a result, the doping 

profile remain almost constant during the life time which is advantageous for the long-term 

properties of silicon-based devices. Due to its high purity and high crystalline perfection, the 
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recombination near the center of the gap is just as unlikely as absorption, the dominating 

recombination mechanism is mostly via energy levels in the gap. Silicon is also characterized 

as a material with long charge-carrier life times, one of the factors attributed to the high 

conversion efficiency of the c-Si semiconductor material. Amongst the Si (intrinsic and alloy) 

materials, hydrogenated amorphous (a-Si:H), nanocrystalline silicon (nc-Si:H) and silicon 

nitride (SiNx, x = N/Si atomic ratio) thin films are widely researched today. In this thesis, only 

hydrogenated amorphous and nanocrystalline silicon is discussed. 

 

1.7.6  HYDROGENATED AMORPHOUS SILICON  

 

In contrast to crystalline silicon, three principal features describe the structure of a-Si:H 

semiconductors, i.e. short-range order, long range disorder and coordination defects. In fact, 

the amorphous material is not in a stable equilibrium but in a metastable state [1.29]. As 

illustrated in figure 1.8, there is a deviation in bond angles and bond lengths between 

neighbouring atoms which result in weak and strained bonds. 

 

 

 

Figure 1.8: Schematic flat representation of the atomic structure of c-Si and a-Si:H [1.31].
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These weak bonds can easily break, resulting in the formation of the dangling silicon bonds. 

Physically these dangling bonds represent defects in the continuous random network. The 

properties of the material and the junction device are severely affected by the light induced 

creation of metastable defects, known as the Staebler–Wronski effect [1.32]. By hydrogen 

incorporation into the amorphous silicon atomic network, hydrogen atoms form bonds with the 

dangling silicon atoms and the dangling bonds are passivated [1.33]. In this manner, the defect 

density in amorphous silicon is reduced resulting in improved carrier concentration and 

transport properties. A reduction of the electrical field in the intrinsic part of the cell is solved 

by reducing the a-Si:H layer thickness so that the photo-generated carriers need to move only 

a short distance before they reach the electrode [1.30]. However, thinning down the a-Si:H 

layer thickness also results in lower light absorption. Nevertheless, over a period of time, 

extensive research and development work on deposition techniques and device structure have 

resulted in development of single junction and multi-junction devices with high efficiency and 

moderately good stability. 

 

1.7.7  HYDROGENATED NANOCRYSTALLINE SILICON  

 

Generally, nc-Si:H thin films advanced from wide research focussed on a-Si: H. Under suitable 

deposition conditions and strong hydrogen dilution, a transition from hydrogenated amorphous 

to hydrogenated nanocrystalline phase occurs. Structurally, nc-Si:H is a mixed-phase material 

as depicted in figure 1.9. This material contains voids and crystals of varying sizes, shapes and 

orientation embedded in an amorphous matrix [1.34]. The growth mechanism favours 

deposition under high hydrogen dilution. The growth starts with a thin amorphous incubation 

layer, after which the material grows in the form of cones, which consist of smaller grains. 

Grain boundaries appear where the cones collide with each other and act as a source of defects 
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where recombination occurs [1.35]. The grain boundaries are composed of amorphous tissue 

passivated by hydrogen. The material is known to be a stable material and does not show 

degradation with light soaking as observed with amorphous silicon. The existence of defects,  

such as micro-voids, crystal twinning and grain boundaries, are important structural features of 

nc-Si:H thin films [1.35]. 

 

 

Figure 1.9: Schematic flat representation of atomic arrangement of a-Si:H and nc-Si:H [1.29 

31]. 

 

1.8  HOT-WIRE CHEMICAL VAPOUR DEPOSITION  
 

“Thermal Chemical Vapour Deposition” was first introduced by Wiesmann et al. [1.36] in 1979 

as a new method for a-Si:H deposition. Although this method gave a-Si: H thin films with poor 

results in terms of opto-electronic properties, it provided an alternative to the plasma-based 

techniques for the deposition of silicon layers [1.37]. Some years later, Matsumura [1.38] and 

Doyle et al. [1.39] succeeded in obtaining high quality a-Si:H using the same method, but at 

higher deposition rates. The renewed interest in the deposition method was due to Mahan et 

al.1991 [1.40] who demonstrated for the first time the possibility to produce device-quality a-
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Si:H with a low hydrogen concentration. Through these developments several names have 

since been used to describe the technique, but Hot Wire Chemical Vapour Deposition 

(HWCVD) has been the denomination most commonly found in the literature. Matsumura who 

had continued research work on this technique in parallel, demonstrated in 1991 the possibility 

of obtaining nc-Si:H films at substrate temperatures around 300ºC [1.41]. During the growth 

of the silicon thin film, the primary reaction during the HWCVD catalytic process is the thermal 

decomposition of silane into Si and H radicals on the surface of the heated refractory metal 

filament. The atomic hydrogen produced in this reaction in turn reacts with silane to give 

several radicals [1.42], of which SiH3 is probably the most important, as it is the main precursor 

for quality film growth. This can be ascribed to its low sticking co-efficient, since it can move 

across the growing surface in search of ideal growth sites. 

 

Compared to SiH3, which is highly mobile, the other radicals have high sticking co-efficient 

that allows them to stick to the first available growth sites they encounter, leading to poor 

quality films incorporating voids. Atomic hydrogen also abstracts other H atoms from the 

growing surface, forming dangling bonds that can act as ideal bonding sites for the mobile 

growth radicals [1.43]. Regardless of its relatively brief history, the HWCVD method has 

presented technological and scientific developments providing improved control of parameters 

[1.44]. By tailoring the deposition conditions, thin films ranging from a-Si: H to nc-Si:H can 

easily be obtained. In fact, nc-Si:H films prepared under high hydrogen dilution has been 

reported to be resistant to light induced degradation. Although the films have excellent 

structural and electronic properties, the nc-Si:H material properties and growth is not yet fully 

understood. Its microstructural and electronic properties depend in a complex manner on the 

deposition parameters and on the structure of the substrate [1.45]. Hence the need for research 

efforts to correlate several growth parameters with the quality of the produced films. 
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1.9 AIMS AND OUTLINE OF THE THESIS 
 

Hydrogenated nanocrystalline silicon has matured to be a most promising active material in 

thin film solar cells. The optimisation of the PV material is essential for improving the 

conversion efficiency of the solar cells, hence the understanding of the structural and optical 

properties of the material play a key role in achieving this goal. The material in this study was 

deposited by hot wire chemical vapour deposition (HWCVD) under different hydrogen 

dilutions. The main objective of this study is therefore to investigate the relationship between 

the structural and the optical properties of nc-Si:H thin films, attempting to provide an accurate 

method to optically characterize seemingly different types of nc-Si:H thin films obtained. This 

method is based on the simulation of reflectance and transmittance spectra that are fitted on 

spectroscopic measurements. Close fits of the simulated spectra on the measurement data 

reveal the optical properties that are afterwards interpreted for the films deposited at different 

hydrogen dilution, and attempts are made to correlate the material structure characteristics with 

these optical properties. The structural characteristics have been interrogated using different 

advanced characterisation tools. The thesis is organised as follows: 

 

Chapter 1 gives a background on the history of PV technology and the development of thin 

film solar cells. The fundamental properties of the well-known c-Si and a-Si:H material are 

used to explain the more complex nc-Si:H material in terms of its structural, optical and 

electrical characteristics.  

 

Chapter 2 introduces the HWCVD system and present the parameters used to deposit the nc-

Si:H thin films under investigation. Theory of the different analytical techniques used to 

characterise the structural and optical properties is discussed. This includes X-ray Diffraction, 

Raman Spectroscopy, Fourier Transform Infrared Spectroscopy, Atomic Force Microscopy, 
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High Resolution Electron Microscopy and Time of Flight-Secondary Ion Mass Spectrometry, 

and Ultraviolet-Visible spectroscopy. 

 

Chapter 3 interrogates the structural properties of the deposited nanocrystalline thin films.  

Two types of substrates are used for the deposition, glass and silicon wafer. This is mainly 

because certain characterizing techniques require a specific type of substrate. The 

nanocrystalline thin films under the investigation are deposited under 81.7 % and 95% 

Hydrogen dilution respectively. 

 

Chapter 4 gives a detailed theoretical background of the techniques used to extract the optical 

properties. Traceability of measurement as a key metrological aspect to improve accuracy of 

optical measurement of the thin film samples is highlighted. Then, models for the main 

absorber layer of solar cells, silicon, are shown, taking also into account an eventual roughness 

of the surface. Optical properties are extracted by fitting the mathematical model on the 

measured transmittance and reflectance spectra using a software package called SCOUT®. A 

close fit reveals optical parameters i.e. thickness, absorption coefficient, energy band gap and 

refractive index. The influence of evolving structural characteristics on the optical properties 

is investigated.  

 

Chapter 5 gives an overall summary of the investigation 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 
 

Accurate characterisation of nc-Si:H thin films is important for understanding the relationship 

between the structural and the optical properties of the material. As such, knowledge of the 

microstructural properties of the component layers can be used to predict the efficiency and 

properties of the PV device [2.1]. nc-Si:H thin films have a complex mixed-phase structure, 

which determines its defect nature such as grain boundaries, voids (surface cavities) and 

residing oxygen impurities from post-deposition oxidation [2.2]. These properties are known 

to be influenced by the deposition processing conditions of the thin film material. This chapter 

therefore provides a brief description of the hot-wire chemical vapour deposition (HWCVD) 

chamber used for deposition of the nc-Si:H thin films under investigation. A variety of 

characterisation techniques used to investigate the surface and bulk microstructure properties 

as well as optical properties of nc-Si:H thin films are briefly discussed. Individual techniques 

are introduced followed by their respective theoretical backgrounds. 

 

2.1 HOT-WIRE CHEMICAL VAPOUR DEPOSITION SYSTEM 

 

Hot-Wire Chemical Vapour deposition is based on the decomposition of the precursor gases, 

usually silane (SiH4) or a mixture of H2 and SiH4 gases by using a Tantalum (Ta) filament 

inside the chamber. Figure 2.1 shows the schematic cross-section of a HWCVD reaction 

chamber. 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.  
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Figure 2.1: Schematic cross-section of the MVSYSTEMS hot-wire reaction chamber [2.4]. 

 

During the depositions, the source gas is injected into the reaction chamber. The material (Ta) 

and temperature of the filament act like a catalyst to breaks the chemical bonds of the source 

gas into different forms of reactive species known as radicals (H, Si, SiH, SiH2, and SiH3). The 

hydrogen dilution ratio in the silane gas was calculated using equation 2.1: 

 

 
𝑅𝐻2

=
∅𝐻2

∅𝐻2+∅𝑆𝑖𝐻4

,  (2. 1) 

 

where ∅𝐻2
 and ∅𝑆𝑖𝐻4

 represent the flow rates of hydrogen and silane, respectively.  
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2.2  ANALYTICAL TECHNIQUES 

 

Various techniques are employed to probe the structural and optical changes in mixed phase 

silicon films. Table 2.1 gives a summarized list of techniques used to investigate the properties 

of the nc-Si:H thin films and the respective information they can provide.  

 

Table 2.1: Characteristic information obtained from the different analytical techniques. 

ANALYTICAL TECHNIQUES INFORMATION PROVIDED 

X-Ray Diffraction  Crystal structure 

Raman Spectroscopy Crystallinity Volume Fraction  

Transmission Electron Microscopy  Morphology and crystal structure 

Electron Energy Loss Spectroscopy  Compositional analysis 

Scanning Electron Microscope  
Topography, Morphology and Compositional 

analysis 

Atomic Force Microscopy  3D Surface topography 

Time-of-Flight Secondary Ion Mass Spectrometry  Elemental depth profiling (chemical film thickness) 

UV-VIS Spectrophotometer  
Spectrum data and secondary extracted optical 

functions 

 

2.2.1 X-RAY DIFFRACTION 

 

X-rays are highly energetic electromagnetic radiation of a very short wavelength ~ (10-10 m = 

1 Å). This wavelength is equivalent to the inter-atomic distances in crystals ~ (1.5 – 4.9 Å) 

and correspond to the x-ray wavelength of photon energies between 8 and 3 keV i.e. (1.5 – 4.1 

Å) [2.5]. In this energy range, three main processes describe the interaction of x-rays with 

material, namely: photoionization, Compton scattering and Thomson scattering. 

Photoionization results in electrons ejected from their bound atomic state due to the absorption 

of the incoming x-ray photons energy. In Compton scattering, the x-ray photon interacts with 
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an outer orbital electron, which receive kinetic energy and recoils from the point of impact. 

The incident photon is then scattered with a slight loss of energy. Naturally, photoionization 

and Compton scattering are called inelastic processes since the energy of the incoming photon 

is not conserved. In contrast, Thomson scattering is an elastic process and the x-rays photons 

are elastically scattered by the free electrons. In this process, the momentum of the incoming 

photon is transferred partially to the electron, without releasing the electron from the atom and 

the energy of the proceeding electron remain the unchanged. As a result, the electrons oscillate 

like a Hertz dipole at the frequency of the incoming beam and become a source of dipole 

radiation. The Thomson component in the scattering of x-rays is an important feature for the 

structural investigations of materials by X-Ray Diffraction (XRD).  

 

2.2.1.1 THEORY GOVERNING X-RAY DIFFRACTION 

 

Diffraction effects are observed when electromagnetic radiation impinges on periodic 

structures with the inter-plane distance variations on the length scale of the wavelength of the 

radiation. Although the diffracted beams interfere destructively in most directions, there are 

few specific directions in which they interfere constructively as determined by Bragg’s law 

[2.6]. This phenomenon is depicted in figure 2.2 by considering two parallel lattice planes that 

are specular reflecting incident x-rays, i.e. the wave’s incident angle is equal to its reflective 

angle which defines specular reflection. 
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Figure 2.2: Schematic representation of the Bragg principle [2.6]. 

 

The requirement for constructive interference from adjacent planes is that this path difference 

must be an integral number n of the wavelength λ [2.7], such that 

 

 𝑛𝜆 = 2𝐴𝐵, (2. 1) 

 

where AB is the distance between points A and B, and n is a natural number. The path 

difference is related to the interplanar spacing by using equations 2.2 and 2.4.  Substituting 

equation 2.3 into 2.1, equation 2.4 is achieved, which is Bragg’s law: 

 

 𝑠𝑖𝑛 𝜃 = 𝐴𝐵/𝑑 (2. 2) 

 𝐴𝐵 = 𝑑 𝑠𝑖𝑛 𝜃  (2. 3) 

 𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃 .  (2. 4) 
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2.2.1.2  STRUCTURE OF CRYSTALLINE SOLIDS 

 

The basic building blocks of crystalline solids are unit cells, which represent the smallest 

repeating unit within a crystal. When stacked together, these repeating unit cells form a space 

lattice, which is a repeating three-dimensional array of atoms as depicted in figure 2.3. 

 

 

Figure 2.3: (a) Unit cell and (b) Primitive cell of a space lattice in three dimensions [2.8]. 

 

The size and the shape of the unit cell can be described by the three vectors, a, b and c drawn 

from the one corner of the cell taken as origin. These vectors are usually called the 

crystallographic axes of the cell as they define the unit cell [2.8]. They may also be described 

in terms of their lengths and the angle between them (α, β, γ), which are the lattice parameters 

of the unit cells. Due to geometrical considerations, atoms can only have one of 14 possible 

arrangements, known as Bravais lattices as depicted in figure 2.4. Many physical properties of 

crystalline solids are dependent on the direction of measurements or planes across which the 

properties are studied. The position vector R for any lattice point in a space lattice can be 

written as 
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 𝑅 = 𝑛1𝑎 + 𝑛2𝑏 + 𝑛3𝑐 ,  (2. 1) 

 

where a, b and c are the basis vector set.  

 

 

Figure 2.4: The 14 Bravais lattices in crystallography [2.9]. 

 

The various sets of planes in a lattice have various values of interplanar spacing. The interplanar 

spacing between two closest parallel planes with the same Miller indices is designated dhkl. The 

d-spacing in different crystal systems are given in Table 2.2, where a, b, c give the length of 

the crystallographic unit cell, while 𝛼, 𝛽 and 𝛾 specify the angles between them. 
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Table 2.2: d-spacing formulas in different crystal systems [2.5].  

 

 

The orientation and interplanar spacing of these planes are defined by the three integers h, k, l 

called the Miller indices. A given set of planes with indices h, k, l cut the a-axis of the unit cell 

in h sections, the b-axis in k sections and the c-axis in l sections. A zero indicates that the planes 

are parallel to the corresponding axis. One of the most important characteristics of crystal 

lattice is symmetry i.e. the property by which certain rigid-body bring the lattice into an 

equivalent configuration indistinguishable from the initial configuration. Symmetry operations 

occur by rotation about an axis, reflections across a plane or a recombination of rotations and 

translation along axis [2.8]. The symmetry of crystals results in crystal planes labelled as (h k 

l), which are an important aspect of diffraction. Planes related by symmetry are called planes 

of a form denoted by {h k l}. Planes of a form have the same spacing but different indices and 

negative indices are written with a bar over the number.  For example, the faces of a cube, (1 

0 0), (0 1 0), (0 1  0), (1  0 0), (0 0 1) and (0 0 1)  are planes of the form {1 0 0}. Directions 
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related by symmetry are called directions of a form denoted by <u v w>. For example, the four 

body diagonals of a cube, [1 1 1], [1 1  1], [1 1  1] and [1  1 1], may all be represented by <1 1 

1>.   

 

2.2.1.3 NANOCRYSTALLINE SIZE AND STRAIN  

 

By scanning through different angles while keeping the 𝜃 − 2𝜃 geometry, peaks in the reflected 

signal appear. From these peaks, several analyses can be performed to deduce the crystalline 

size and the internal strain present in the sample. The oldest and simplest of these is the method 

proposed by Debye-Scherrer [2.10], 

 

𝑑𝑋𝑅𝐷 =
𝐾𝜆

𝐵𝐶𝑜𝑠𝜃
, (2. 6) 

 

 

where 𝑑𝑋𝑅𝐷 is the size of the particles and 𝐵 the width of the peak (in radians) taken from the 

full width at half maximum (FWHM) of the diffraction peak, and 𝜃 is the Bragg angle. The 

Scherrer constant, K depends on the shape of the crystallites, but it is often true that 𝐾 ≈ 0.9. 

However, a variation on the order of 20 % can be expected [2.6]. Nevertheless, B is calculated 

from the measured FWHM of the spectrum and that of the LaBa6 reference i.e. 

 

𝐵 = 𝐵𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑−𝐵𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒. 

 

In this method, it is assumed that the crystallite size is directly related to the width of the X-ray 

diffraction peaks. The width of the peak is usually dependent on the particle size, the strain 

within the sample and the inherent instrumental broadening.  
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The lattice strain 휀 which causes the shift in the diffraction peaks is calculated from equation:  

 

𝐵𝑠𝑡𝑟𝑎𝑖𝑛 = 4휀𝑡𝑎𝑛𝜃 .  (2.7) 

 

where 𝐵𝑆𝑡𝑟𝑎𝑖𝑛 is diffraction peaks shift (in radians) due to the lattice strain, and 𝜃 is the same 

as described in equation 2.6.  

 

A set of typical XRD patterns of a silicon thin film developing from amorphous layers to layers 

with high crystallinity volume fraction is depicted in figure 2.5. The distinct peaks correspond 

to the diffraction from the crystalline planes [2.11], and the peak position corresponds to a 

given lattice spacing that can be correlated to a crystal orientation.  

 

 

Figure 2.5: XRD pattern of the samples prepared at different Silane to Hydrogen ratio (%) 

[2.11].  
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2.2.2 RAMAN SCATTERING 

 

The Raman scattering process involves a net exchange of energy between the incident 

monochromatic light source and the vibrational modes of system of atoms or a molecule. The 

total photon energy plus molecular energy is conserved, but the vibrational energy changes and 

frequency shifts occur in the scattered radiation. In semiconductors, the crystal vibrations are 

reflected in the behaviour of phonons which can be observed in the spectra [2.12]. Generally, 

the obtained spectra can provide information on the structural characteristics which includes 

the crystallinity, crystallographic orientation, superlattice of mixed crystals, defects and 

stacking faults [2.12]. Spherical  

 

2.2.2.1  THEORY  

 

When monochromatic radiation of frequency ω1 interacts with matter, its photons may be 

absorbed, scattered, or passed through without any interaction. The condition for absorption to 

occur requires that the energy of an incident photon corresponds to the energy gap between the 

ground state of a molecule and an excited state [2.13]. As a result, the molecule is promoted to 

the higher energy state. It is this change which is measured in absorption spectroscopy, by the 

detection of the loss of that energy of radiation from the light. It is also possible for the photon 

to interact with the molecule and scatter from it as depicted in figure 2.6.  
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Figure 2.6: Diagrammatic representations of Rayleigh and Raman scattering [2.14]. 

 

The scattered light consists of two components [2.14], (i) the Rayleigh scattering, which is 

elastic and has the same frequency as the incident beam and strong intensity and (ii) Raman 

scattering, which is inelastic and exhibits a weaker intensity at higher and lower frequencies 

than the incident beam. There are two types of Raman scattering phenomena which are 

distinguished by whether the frequency of incident light is shifted up or down. When the 

incident radiation is shifted to a lower frequency i.e. (𝜔1 − 𝜔𝑀), the scattered light is called 

Stokes scattering, where 𝜔1 is the frequency of the incident beam and 𝜔𝑀 is the amount by 

which 𝜔1 will be altered due to the scattering. In this type of scattering, energy is transferred 

to the vibrational mode of the molecule which ends up in a higher vibrational energy state. 

Similarly, when the incident radiation is shifted to a higher frequency (𝜔1 + 𝜔𝑀), the scattered 

light is called anti-Stokes scattering. In this type of scattering energy is transferred from a 

vibrationally excited molecule, which ends up in a lower vibrational state after the scattering 

event. Figure 2.7 illustrates the energy levels and transitions that are responsible for Rayleigh, 

Stokes, and anti-Stokes scattering. The new frequencies in the spectrum of the scattered 

radiation are termed Raman lines or bands and collectively constitute the Raman spectrum 

[2.14]. 
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Figure 2.7: Energy-level diagram showing Rayleigh (I), Stokes (Raman) (II), and anti-Stokes 

(Raman) (II) scattering as well as IR-absorption (IV) [2.14]. 

Raman spectroscopy is recognised as a powerful technique for the characterisation of Si 

structures. Figure 2.8 depicts a typical Raman spectrum measured on c-Si and on various 

silicon films. The Raman spectrum of an a-Si:H layer exhibits a broad peak centred at 480 

cm−1 [2.16 5]. For c-Si, the Raman spectrum exhibits a narrow peak centred at 520 cm−1. The 

Raman spectrum of a highly nc-Si:H layer is closely related to that of c-Si. However, the main 

peak is centred at a frequency slightly lower than 520 cm−1, usually around 518 cm−1 . The 

width of this peak is slightly larger than that of the c-Si peak. Additionally, the peak 

characteristic of the nc-Si:H, is not symmetrical as it is the case for c-Si, but always exhibits a 

tail towards smaller wave number.  This tail can be attributed to the defective part of the 

crystalline phase. 
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Figure 2.8: Typical Raman spectra (a) c-Si wafer, (b) a highly 𝜇c-Si:H sample, (c) a sample 

deposited near nc-Si:H / a-Si:H transition, and (d) an a-Si:H sample [2.15].  

 

A summarised explanation of the displayed shapes of the peaks is as follows [2.11], in a 

crystalline structure, the local bonds have well-defined energies. As a result, Raman resonances 

have a narrow line width, corresponding to the narrow distribution of bonding energies. 

However, amorphous structures have a wide distribution of bonding energies and 

consequently, the phonon energies have an inhomogeneous broadening, resulting in a 

broadening of the Raman scattering signals. Moreover, the signals appear to be shifted in 

energy. With the nanocrystalline silicon as a phase mixture, one can expect superposition of 

the signals from the amorphous phase and those from the crystalline phase. The crystalline 

volume fraction, 𝑓𝑐 specifies how much of nc-Si:H components are in the crystalline phase 
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[2.16, 2.17]. Typically, this parameter is obtained by deconvolution of Raman spectra and 

evaluation of the scattered intensities assigned to amorphous and crystalline parts using the 

equation suggested by Broguerria et al [2.18]: 

 

 𝑓𝑐 =
𝐴510+𝐴520

𝐴480+𝐴510+𝐴520
 ,   (2.8) 

 

where 𝐴480, 𝐴510 and 𝐴520 are the integrated intensities corresponding to the respective 

Gaussians. The crystallite size (dRaman) is empirically calculated from equation 2.10 9 [2.19]: 

 

 

𝑑𝑟𝑎𝑚𝑎𝑛 = 2𝜋√
2𝑐𝑚−1

∆𝜔
 ,  

(2.9) 

 

 

where Δω is the peak shift of the 517 cm-1 peak relative to the crystalline silicon (c-Si) peak. 

 

2.2.3 TRANSMISSION ELECTRON MICROSCOPY  

 

Optical microscopy uses light and optics to obtain a magnified image of an object. The 

resolution of the imaging is limited by the minimum focus of the light due to diffraction [2.20]. 

The diffraction limit for optical microscopy, is ~ 1 𝜇𝑚 (10−6𝑚), thus particles smaller than 

this size cannot be observed by using optical radiation. Nonetheless, it is possible to achieve 

imaging at higher resolution by using an electron beam, which has a diffraction limit of ~ 1 

Å (10−10𝑚). The image formation is dependent on the acquisition of signals produced from 
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the electron beam and specimen interactions. The scattered electrons beams can provide 

crystallography and chemical information about the material. 

 

2.2.3.1  THEORY 

 

A detailed treatment of diffraction and its application to the diffraction of x rays in the crystal 

has been discussed in section 2.3.1. Similar considerations apply to electrons interacting with 

atoms or ions, although the practical details are slightly different [2.21]. Electrons are much 

less penetrating than x-rays and the intensity of electron diffraction decreases with increasing 

2𝜃 more rapidly than for XRD and the entire observable diffraction pattern is limited to an 

angular range of about 2𝜃. The angle 2𝜃 is very small due to the small wavelength of the 

electrons. Thus, for electron diffraction, 𝑠𝑖𝑛𝜃 ≈ 𝜃 and consequently Bragg’s Law reduces to 

 

 2𝑑𝜃 ≈ 𝜆.   (2.10) 

 

Figure 2.9 depicts a simplified ray diagram of a Transmission Electron Microscope (TEM). 

The sample is illuminated with a beam of electrons which passes through and interacts with 

atoms of the sample. The main part of the electron beam transmitted by the sample consists of 

forward-scattered, diffracted and primary electron waves that passes through the thin sample 

without interaction. Thus, the final image will contain an interference pattern between these 

components of the beam. When the objective aperture is placed, and the diffraction aperture 

removed the microscope can be changed from the diffraction mode to image mode [2.22]. This 

requires adjustment of the lens focus to obtain the image. Nevertheless, in this mode, the 

transmission electron microscope can be operated under a variety of contrasting mechanisms. 

The basic principle of image formation in a High-Resolution Transmission Electron 

http://etd.uwc.ac.za/



Chapter 1 

52 

Microscopy (HRTEM) works in a comparable manner to TEM. However, in HRTEM mode 

no objective apertures are used, and the objective lenses define the resolution of the microscope 

[2.23]. 

 

 

Figure 2.9: A simplified ray diagram of TEM image mode and diffraction mode [2.24]. 

 

2.2.3.2 RESOLUTION OF THE MICROSCOPE 

 

Resolution is defined as the minimum distances by which two structures can be separated and still 

appear as two distinct objects [2.25]. The limit of resolution depends on the wavelength of the 

illumination source [2.26]. Due to the diffraction, a parallel beam of light which will otherwise be 

a dot when focus to point, is transformed into a series of cones seen as circles known as airy disk 

as depicted in figure 2.10. Generally, the radius of Airy disk is defined as the distance between the 

first-order peak and the first-order trough, as shown in Fig. 1.13 (b). When the centre of two primary 
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peaks are separated by a distance equal to the radius of the Airy disk, the two objects can just be 

distinguished from each other. The theoretical resolution of TEM is based on the wavelength, or 

peak to peak distance of the waveform of the electron beam. 

 

 

Figure 2.10: Illustration of resolution in (a) Airy disk and (b) wave front [2.25]. 

 

Resolving power will increase with increasing acceleration voltage because of the reduction in 

wavelength [2.27]. Resolution limit in a perfect optical system is described mathematically by Ernst 

Abbe’s equation [2.28]: 

 
𝑑 = 0.612

𝜆

𝑛
𝑠𝑖𝑛 𝛼 ,  (2.11) 

 

 

which is based on diffraction theory. Here 𝑑 is the resolution, 𝜆 is the wavelength of imaging 

radiation, n is the index of refraction of the medium between the point source and the lens relative 

to free space, 𝛼 is half the angle of the cone of light from specimen plane accepted by the objective 

(half aperture angle in radians) and n sin α is often called the numerical aperture (NA). 
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2.2.3.3 ELECTRON ENERGY LOSS SPECTROSCOPY 

 

One of the advanced techniques accompanying modern HRTEMs is electron energy loss 

spectroscopy (EELS) in which the energy distribution of electrons that have interacted with a 

specimen and lost energy due to inelastic scattering is measured. The scattered beam of 

electrons is spectroscopically analysed to provide the electron energy spectrum after the 

interaction, as depicted in figure 2.11.  

 

Figure 2.11: Spreading of an electron beam within a thin specimen [2.29]. 

 

The energy loss corresponds to the electron arrangement of the solid. By collecting the electron 

energy loss information, the bonding, oscillation, or vibrational information of the solid can be 

obtained [2.30]. A typical spectrum of EELS is depicted in figure 2.12. The first zero loss or 

elastic peak represents electrons which are transmitted without suffering any measurable 

energy loss, including those which have scattered elastically in the forward direction. A low 

loss peak is visible as a peak in the 5 – 50 eV region of the spectrum. This is due to the non-

resolvable inelastic electron scattering which activates phonon modes in the sample. Other 
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features in the low loss region are due to plasmon formation [2.30]. Plasmons are quantized 

collective oscillation modes of the electrons in a solid. They are easily excited in materials with 

weak binding energy for the outer electrons such as alkali metals. Another constituent of low 

loss structure are the excitation of individual valence and other outer-shell electrons. The low 

loss region thus contains much information about the valence band structure of a material 

[2.30].  

 

 

Figure 2.12: Electron energy loss spectrum of a thin layer of aluminium oxynitride spattered 

onto a carbon support film [2.29]. 

 

The high energy loss region contains features due to excitations of the inner shell electrons. 

The sharp rise occurs at the ionization threshold, whose energy-loss coordinate is 

approximately the binding energy of the corresponding shells of an atom, i.e. K, L, M shells 

[2.29]. Since inner-shell binding energies depends on the atomic number of the scattering atom, 

the ionization edges depend on the atomic number of the scattering atom. Thus, the ionization 

edges present in an energy- loss spectrum indicate which elements occur within the specimen. 
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The background of the energy loss spectrum has a smooth logarithmic decay with increasing 

energy loss, indicating the reduced probability of higher energy inelastic interactions [2.30]. 

 

2.2.4 SCANNING ELECTRON MICROSCOPY 

 

The Scanning Electron Microscope (SEM) is one of the most versatile instruments available 

for the examination and analysis of the microstructure morphology and chemical composition 

characterisation. The technique uses a focused beam of electrons to scan across the surface of 

the specimen, producing large numbers of signals as depicted in figure 2.13.  

 

 

Figure 2.13: a) A simplified ray diagram of Scanning Electron Microscope [2.31]. 

The electron signals are eventually converted to a visual signal displayed on a cathode ray tube 

(CRT). In modern instrument, the CRT is replaced with the digital screen. 
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2.2.4.1 THEORY 

 

Generally, the interaction of a focused beam of electrons with the sample is divided into two 

major categories i.e. the elastic and inelastic interactions. Elastic scattering results from the 

deflection of the incident electron by the specimen atomic nucleus or by outer shell electrons 

of similar energy [2.25]. Backscatter electrons are primarily scattered by the nuclei in target 

material in all directions. With their high energy, they can come quite deeper below the surface. 

The BSE detector only picks up those scattered in the backwards direction, usually at an angle 

much greater than 90°. On the other hand, interaction of the incident electrons with the outer 

electrons of the atoms leads to inelastic scattering and removal of the outer electron from the 

atom.  

 

Electrons ejected from the conduction band are known as slow SEs. They are not tightly bound 

and do not need much energy to be ejected. Usually they comprise of energies below 50 eV. 

Due to their low energy, slow SEs can only escape from a region within a few nanometres of 

the material surface and are principally used for topographical contrast for the visualisation of 

surface texture and roughness. Strongly bound inner- shell are tightly bound and need more 

energy to be ejected. As a result, the ejected electron has a significant fraction of beam energy. 

The signal from these electrons is known as fast SEs and it comprises of electrons with energies 

lying between approximately 50 -200 keV. Fast SEs are generally both unavoidable and 

undesirable as they lower the quality of the image. These secondary electrons have a lower 

energy and only those close to the surface can escape as secondary electrons to be picked up 

by the detector.  

 

http://etd.uwc.ac.za/



Chapter 1 

58 

Additional to this signal, several other signals are produced which includes emission of 

characteristic x-rays, Auger electrons, and cathodoluminescence as depicted in figure 2.14. 

Nevertheless, the most widely used signal produced by the interaction of the primary electron 

beam with the specimen is the secondary electron emission signal [2.25].  

 

 

Figure 2.14: Illustration of several signals generated by the electron beam–specimen 

interaction and the regions from which the signals can be detected [2.32]. 

 

The resolution in SEM images, as in TEM, is also based on the wavelength of the electron 

beam and the design of the electromagnetic lenses [2.27].  

 

2.2.4.2 DEPTH OF FIELD AND WORKING DISTANCE 

 

The depth of field is defined by as in figure 2.15. Assuming a perfect lens, the specimen is 

placed a distance Q from the centre of the lens. The depth of the field defines the distances that 
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the specimen surface can be displaced from the point Q without affecting the performance of 

the instrument, that is, without the specimen going out of electron optical focus [2.33].  

 

 

Figure 2.15: Schematic drawing showing depth of the field [2.33]. 

 

If Q’ and Q’’ represents the limits of this displacement, then the field of view or depth of the 

field is defined by the distance Q’Q”. Thus, a rough surface examined by the SEM will remain 

in focus as long as its features lie within Q’ and Q’’. At the margins of Q’ or Q’’ a disk of 

confusion is obtained rather than a point, whose radius is equal to Q’Q”. If 𝛿 is the smallest 

distance that the eye can resolve on the SEM photograph and M is the total magnification of 

the image, then 

 

 

𝑄′𝑄𝛼 = 𝑄𝑄′′ =
𝛿

2𝑀
 

(2.12) 

 

 

and the total depth of field 𝑄′𝑄′′ is 
𝛿

𝑀𝛼
. In the limit as 

𝛿

𝑀𝛼
 approaches the electron optical 

resolution of the instrument 𝑑𝑝, we have 

http://etd.uwc.ac.za/



Chapter 1 

60 

 

 

𝑄′𝑄′′ =
[

𝛿
𝑀 − 𝑑𝑝]

𝛼
⁄

 

(2.13) 

 

 

since any point resolution of the instrument must be at least 𝑑𝑝 wide. Due to the long working 

distance and narrow electron beam, (small alpha), the depth of field for SEM is quite large, in 

difference to an optical system where the incident light beam is very wide (large alpha) leading 

to very small depth of field 

 

2.2.5 ATOMIC FORCE MICROSCOPY  

 

Atomic Force Microscopy (AFM) is a useful technique for obtaining three-dimensional 

topographic and morphology information. Relative to the other microscopy techniques 

discussed above, it does not use radiation to achieve atomic-scale resolution. Instead it uses a 

very sharp tip or probe.  

 

2.2.5.1  THEORY  

 

The technique provides a 3D profile of the surface on a nanoscale, by measuring forces between 

a sharp probe and a surface at very short distances. A cantilever with a sharp tip is positioned 

above a surface as illustrated in figure 2.16. Depending on this separation distance, long range 

or short-range forces will dominate the interaction. The deflection of the probe is typically 

measured by a “beam bounce” method [2.31]. A semiconductor diode laser is bounced off the 

back of the cantilever onto a position sensitive photodiode detector. This detector measures the 

bending of the cantilever as the tip is scanned over the sample. Small forces between the tip 

http://etd.uwc.ac.za/



Experimental Techniques 

61 

 

and sample will cause less deflection than large forces. By raster-scanning the tip across the 

surface and recording the change in force as a function of position, a map of surface topography 

and other properties can be generated. 

 

 

Figure 2.16: Cantilever with a sharp tip [2.31]. 

 

The magnitude of the force between the probe and the sample is dependent on the spring 

constant of the cantilever and the distance between the probe and the sample. This force can be 

described using Hooke’s Law 

 𝐹 = −𝑘𝑥,   (2.14) 

 

where F = force, k = spring constant (stiffness) and x = cantilever deflection. The dominant 

interactions in the AFM are mostly the Van der Waals interactions [2.34]. Repulsive Van der 

Waals forces are experienced when the tip of the cantilever is in close contact with the sample. 
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When the tip moves further away from the surface the attractive Van der Waal force is 

dominant. 

 

2.2.5.2  PRIMARY MODES OF IMAGING  

 

There are three types of AFM imaging modes, namely: (1) contact mode, (2) tapping 

(intermittent) mode and (3) noncontact mode. In contact mode, the AFM tip is forced down 

into surface until the repulsive contact with the core electrons of the surface atoms is obtained. 

The repulsive force between the tip and sample is measured based on the cantilever deflection. 

The spatial variation of the tip-sample force or that of the tip height is converted into an image. 

In tapping mode, the tip is vertically oscillated at its resonance frequency. When the sample 

approaches the vibrating tip, they come into intermittent contact (tapping) thereby lowering the 

vibrational amplitude. By maintaining constant oscillation amplitude, a constant tip-sample 

interaction is maintained, and an image of the surface is obtained. When operated in the non-

contact mode, the AFM tip does not touch the surface. Instead it is influenced by the long range 

attractive Van der Waals forces. 

 

Surface height imaging and roughness characterisation of electrically conducting surfaces are 

carried out using AFM in tapping mode [2.34]. The characterization of surface measurement 

determines surface topography, which includes but is not limited to surface roughness. Several 

parameters and function are used to characterise roughness i.e. height parameters, wavelength 

parameters, spacing and hybrid parameters (Gadelmawla et al.,2002) [2.35]. The most 

significant parameters in case of roughness are the Height Parameters [2.36]. Nevertheless, for 

analysis of the AFM in this thesis, Root Mean Square (rms) roughness is used. The function 

(rms) roughness is defined as  
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𝑟𝑚𝑠 = √

1

𝐿
(∫ |𝑍2(𝑥)|

𝐿

0
𝑑𝑥),   

(2.15) 

 

where 𝑍(𝑥) is the function that describes the surface, profile analysed in terms of height (𝑍) 

and the position (𝑥) of the sample over the evaluation length L.  

 

2.2.6 SECONDARY ION MASS SPECTROMETRY  

 

Secondary ion mass spectrometry (SIMS), is the mass spectrometry of ionised particles which 

are emitted when a solid surface is bombarded with energetic primary particles which may be 

atomic, small cluster or polyatomic ions e.g. 𝐴𝑟+, 𝐺𝑎+, 𝐶𝑠+, 𝑂2
−, 𝐴𝑢3

+ , 𝐵𝑖3
+, 𝑆𝐹5

+, 𝐶60
+ , 𝐴𝑟2000

+ . 

[2.37] This process provides a detailed chemical analysis of the uppermost layer of a sample 

and at a depth below the initial surface. In many ways, SIMS is a complementary technique to 

AFM and SEM. Its ability to acquire chemical information, together with depth profiling 

capabilities makes it a useful technique to analyse the depth distribution of elements with sub-

nanometre depth resolution. 

 

2.2.6.1  THEORY  

 

2.2.6.2 BASIC PRINCIPLES 

 

A schematic diagram of the Secondary Ion Mass Spectroscopy (SIMS) process is depicted in 

figure 2.17. The energetic primary ions interact with the solid surface of the investigated 

material. It then results in the emission of the secondary particles i.e. electrons, neutral species 
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atoms, or positive and negatively charged secondary ions from the analysed sample. Most 

species emitted are neutral. However, it is secondary ions which are detected and analysed. The 

ascending secondary ions are directed to the mass analyser, where they are accelerated to a 

given kinetic energy and mass analysed on the basis that ions of the same energy that have 

different masses have different flight times towards the detector. From the exact mass and 

intensity of the SIMS peak, chemical analysis of a surface or solid can be performed [2.38].  

 

 

Figure 2.17: A schematic diagram of the SIMS process [2.38]. 

The secondary ions are extracted from the sample surface by acceleration in an electric field 

with a nominal kinetic energy  

 𝐸𝑘 = 𝑒𝑉0 =
𝑚𝑣2

2
, (2.16) 

 

where 𝑉0 is the accelerating voltage, m the mass of ion, v the flight velocity of ion, and e its 

charge. 
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2.2.6.3 THE BASIC EQUATION OF SIMS 

 

The emission of ions can be described by using the basic SIMS equation shown below,  

 

 𝐼𝑠
𝑚 = 𝐼𝑝𝑦𝑚𝛼+𝜃𝑚𝜂 , (2.17) 

 

where 𝐼𝑠
𝑚 = positive secondary ion current of species m, 𝐼𝑝 = primary ion flux, 𝑌𝑚 = sputter 

yield of species m, 𝛼+ = ionisation probability of the species m to positive ions, 𝜃𝑚 = fractional 

concentration of species m in the surface layer and 𝜂 = transmission of the analysis system. 

 

The Sputter yield and Ionisation probability plays key roles in determining how a sample will 

behave under SIMS analysis [2.38]. The yield depends on the crystallinity and topography of 

the bombarded material, as well as the mass, charge, energy and the current of primary ion 

beam. The primary ion flux is operator dependent and the transmission is generally constant 

for a system. SIMS can be operated in two modes of operations, dynamic SIMS (DSIMS) for 

obtaining compositional information as a function of depth below the surface, and static SIMS 

(SSIMS) for sub-monolayer elemental analysis. In principle, DSIMS directs a high flux of 

primary ions to the sample surface, eroding the surface rapidly. In contrast, SSIMS directs a 

primary ion beam with a very low current density to the outmost surface to maintain the surface 

integrity for an extended period more than the analysis time. There are three basic types of 

SIMS instruments that are used most commonly, each employing a different mass analyser, i.e. 

the quadrupole RF mass filter, the magnetic sector and the time-of-flight (ToF) instruments. 

The present work is limited to the ToF analyser. 
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2.2.6.4 TIME OF FLIGHT SECONDARY ION MASS SPECTROMETRY 

 

In ToF-SIMS the secondary ions are extracted into a field-free tube, and travel along a known 

flight path to the detector. Before reaching the detector, the ions in the drift tube are separated 

according to their velocity using an energy focusing reflector [2.39]. Ions with heavier mass 

travel slower and are therefore delayed compared to lighter mass ions. The flight time t is 

expressed by the equation 

 

 𝑡 =
𝐿

√(
2𝑒𝑉0

𝑚
)

 , (2.18) 

 

where L is the effective length of the mass spectrometer.  

 

ToF-SIMS instruments can be used for both surface analysis, depth profiling and trace analysis. 

It consists of two ion guns which operates simultaneously, one for depth profiling and one for 

eroding the sample surface. Depth profiling is used to determine the concentration of elements 

as a function of perpendicular distance (z direction) from the surface (the x-y directions) as 

depicted in figure 2.18. Sputter depth profiling is the most widely used method to obtain a 

compositional depth profile of layered samples. In principle, it provides a means for atomically 

micro-sectioning the solid and the sputtering time can be related to the depth [2.40]. The 

composition is obtained from analysing the surface in the middle portion of the crater. 
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Figure 2.18: Depth profile of thin-film multilayers (a) Ideal and b) schematic experimental of 

ideal [2.40].  

 

The depth resolution, Δ𝑧, is the depth or thickness range over which the signal increase or 

decrease between 15.87% and 84.13% when profiling an atomically sharp interface between 

two media as depicted in figure 2.19 [2.39, 2.40]. There are two factors related to the sputtering 

process which influence the depth resolution of a profile, i.e. atomic mixing effects, and non-

uniformity sputtering within the analysed area due to an inhomogeneous primary ion current 

density [2.40 41]. 
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Figure 2.19: Parameters for depth resolution [2.40] 

 

Atomic mixing results from the energetic interaction of the primary ion with the sample lattice 

atoms. When a primary ion undergoes a small impact-parameter collision with the sample 

atom, the struck atom may recoil into the solid. When large impact-parameter collisions occur 

between the primary ion and the sample atoms, those atoms are displaced from the lattice 

position and in turn strike neighbouring atoms which are also displaced. The net effect of this 

process is a general homogenization of all atoms in the near-surface region of the sample which 

are affected by the collision cascade. Non-uniform erosion of the sample surface will affect 

depth resolution by exposing various depths to the analysing ion beam.  

 

2.2.7 ULTRAVIOLET-VISISIBLE SPECTROSCOPY 

 

The most cost-effective, and non-destructive experimental technique often used to measure the 

optical constants of the thin films is Ultraviolet-Visible (UV-VIS) spectroscopy. The optical 

spectrum of a semiconductor provides a fundamental source of information on its electronic 
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structure [2.42]. Photons can excite electrons from the filled valence band to the empty 

conduction bands or from the valence band to empty defect states.  

 

2.2.7.1  THEORY 

 

In principle, a light source is the key component of any spectrophotometer. It is required to be 

extremely stable in terms of the brightness and the lifespan, so that it does not affect the 

measurements due to its own variation. Figure 2.20 depicts the optical diagram of the double 

dispersing spectrophotometer. The two most commonly used light sources for 

spectrophotometers analysis are Deuterium and Tungsten. The useful spectral emission of the 

Deuterium source is mostly in the ultraviolet (UV) region while Tungsten covers the visible 

region extending to the Near Infrared Region. The light produced by the light sources is focused 

and directed by a concave mirror towards the monochromator where it is split up into a 

spectrum. The separated wavelengths then propagate towards the sample compartment which 

is used to hold the sample in the path of monochromatic light.  

 

Once the light beams have passed through the samples, they will continue onwards to the 

entrance port of the sample and reference integrating sphere where the two will be detected and 

compared. An integrating sphere is an ideal optical diffuser, which is suitable for photometric 

measurements where uniform illumination or angular collection is essential. It has a unique 

ability which allows the integration of the incoming optical radiation regardless of whether it 

is directional or scattered.  
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Figure 2.20: Optical diagram of the Hitachi U-3400 recording spectrophotometer [2.43]. 

 

When a sample is placed in the sample beam, the equality of the two beams is broken and the 

detector senses the difference and relates that to the transmittance of the sample at that 

wavelength. Any attenuation of radiation other than that of the sample, such as lenses, mirrors, 

prisms, gratings and so on; are cancelled out because of the relativity of the measurement. The 

readout is displayed graphically with the percentage of transmittance/reflectance plotted as a 

function of wavelength. There are two types of detectors are used for the measurement of 

ultraviolet and visible region of the spectrum namely photomultiplier tube and solid-state 

detector respectively. All these detectors are mounted in such a way that the system can easily 

alternate between them depending on the region where the measurement is performed. 
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2.2.7.2 TRANSMISSION AND REFLECTION  

 

In the investigation of linear optical properties, a transmission spectroscopic technique, based 

on the Beer – Lampert law is utilised. The material properties are investigated by the inspection 

of height, width, and location of the spectral peaks. When light impinges on a semiconductor 

with a band gap 𝐸𝑔, the photons of energy ℎ𝜈 ≥ 𝐸𝑔 are absorbed while those of energy less 

than the bandgap are transmitted. The intensity and power of the incident beam is decreased 

according to the Beer-Lampert law equation: 

 

 𝐼(𝑥) = 𝐼0𝑒−𝛼𝑥 (2.19) 

 

where 𝐼0 is the intensity of the incident beam (at position x = 0) and 𝛼 is the absorption 

coefficient in 𝑐𝑚−1. The transmittance and reflectance are defined as the ratio of the 

transmitted or reflected light's intensity to the incident light's intensity as described in equations  

 

 
𝑇𝑆𝑎𝑚𝑝𝑙𝑒 =

𝑆𝑆𝑎𝑚𝑝𝑙𝑒(𝜆)

𝑆𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜆)
  (2.20) 

 and  

 
𝑅𝑆𝑎𝑚𝑝𝑙𝑒 =

𝑆𝑆𝑎𝑚𝑝𝑙𝑒(𝜆)

𝑆𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜆)
 . (2.21) 
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Here 𝑇𝑆𝑎𝑚𝑝𝑙𝑒(𝜆) is the transmittance of a material, 𝑅𝑆𝑎𝑚𝑝𝑙𝑒(𝜆) is the reflectance of a material, 

𝑆𝑆𝑎𝑚𝑝𝑙𝑒(𝜆) is the intensity that has been reflected or transmitted by the sample and 

𝑆𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜆) is the intensity that has been reflected or transmitted by a reference. 

 

2.2.7.3 INTERFERENCE IN THIN FILM OF UNIFORM THICKNESS 

 

When light is incident on a thin film, a small portion gets reflected from the upper surface and 

a major portion is transmitted into the film. On the lower interface, a small portion of the 

transmitted component is reflected into the film by the lower surface and the rest of it emerges 

out of the film. A small portion of light thus gets partially reflected in succession several times 

within the film. Figure 2.21 depict the transmission and reflection of a thin film of thickness t 

and refractive index 𝜇, bound by two plane surfaces. When the thickness of the film is 

exceedingly thin as compared to the wavelength of light, the interference occurs between the 

multiple reflections and transmissions [2.44]. The measured reflection and transmission 

spectrum is important for the determination of the optical constants of a semiconductor 

material.  
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Figure 2.21: Transmission and reflection of light at a two-interface system [2.45]. 
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CHAPTER 3 

STRUCTURE-PROPERTY 

CHARACTERISATION OF nc-Si:H THIN FILMS 
 

This chapter1 examines the correlation between the chemical and nano-structural properties of 

nanocrystalline silicon thin films fabricated by hot-wire chemical vapour deposition at 81.7% 

and 95% hydrogen dilutions. The locations of voids and the incubation layer of the thin film 

can be monitored by tracking the SiH2 and SiH signals, using time of flight secondary ion mass 

spectrometry. High resolution transmission electron microscopy shows that the mean nano-

crystallites size is larger along the growth direction. Electron energy loss spectroscopy reveals 

a reduction in the intensity of the Si L-edges spectra, i.e. reduced transitions from the silicon 

2p band to the conduction band, within the incubation layer and a subsequent recovery moving 

along the crystalline cone regions. This indicates the reduction of the density of states at the 

conduction minimum band. Despite the presence of porosity, the oxygen within the 

nanocrystalline silicon thin film is predominantly at the surfaces of the film and the interface 

region of the crystalline silicon substrate. 

 

 

 

1The contents of this Chapter were published in Phys. Status Solidi A, 1–7 (2016) / DOI 10.1002/pssa.201532950. 
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3.1 INTRODUCTION 
 

Hot-wire chemical vapour deposition (HWCVD) has received considerable attention as an 

alternative deposition method for the synthesis of nanocrystalline silicon (nc-Si:H) thin films. 

The process involves the catalytic cracking reaction of the feed gases at the surface of a 

resistively heated filament followed by the deposition of a layer on a substrate kept in an 

evacuated chamber [3.1].  This technique allows the deposition of nanocrystalline silicon thin 

films at high deposition rates with improved stability against light induced degradation effects 

attributed to a low level of hydrogen concentration [3.2]. The hydrogen dilution ratio controls 

the concentration and distribution of hydrogen, and it has been reported to have an influence 

on the nano-structural features such as crystallites size and crystalline volume fraction [3.3]. 

More often, the increased hydrogen dilution result in a decreased hydrogen concentration due 

to the high gas utilization nature of the HWCVD. The reduced hydrogen concentration 

introduces changes in the material structure and promotes a more ordered Si network resulting 

in nanocrystalline materials with smaller defect density and more stability against light 

degradation.  

 

Thus, under suitable deposition conditions i.e. chamber pressure, gas flow rate, substrate heater 

temperature and strong hydrogen dilution ratio, a nanocrystalline thin film material with 

appropriate properties may be tailored to achieve the desired degree of crystallinity [3.4, 3.5]. 

This is attributed to the increase of the relative amount of atomic hydrogen and silicon, 

subsequently inducing the etching effect of the weak Si-Si bonds from the surface and 

subsurface regions [3.6]. Atomic H on, or near the growing surface plays a key role in the 

amorphous-to-nanocrystalline transition phase. Increased hydrogen dilution triggers the 

amorphous to nanocrystalline transition phase which is required for a high-quality material 
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[3.7, 3.8]. In fact, the best conversion efficiency has been reported for nc-Si:H solar cells 

deposited near the transition between nc-Si:H and a-Si:H [3.9, 3.10]. Further increase of 

hydrogen dilution beyond the amorphous-to-nanocrystalline transition may impact the optical 

and the electrical properties as it will increase the grains size and result in a material full of 

voids and grain boundaries [3.11]. Grain boundaries surrounding the crystalline grain was 

reported to act as a barrier to the carrier transport of the material [3.12], whilst interconnected 

microvoids may induce post-oxidation of the material after the deposition of the silicon layer 

[3.13, 3.14].  

 

The presence of monohydride SiHx (x=1), dihydride SiHx (x>1) and polyhydrides (SiH2)n (n>1) 

species in an as-deposited nanocrystalline thin film are prominent features to determine the 

density of the material. In nc-Si:H hydrogen is located on the surface of the crystal, mainly in 

the form of polyhydrides [3.15]. However, in a-Si, spatial distribution of hydrogen is not 

homogeneous. The material is described by two-phase model, (a) a phase of low defect density 

with hydrogen bonded mainly in the form of SiHx (x=1) group corresponding to a fraction of 

monohydride that are well separated from each other and (b) a phase of poor quality with high 

defect density containing large amounts of hydrogen, which is bonded not only in the form of 

SiHx (x=1), but also as SiHx (x>1) and as (SiH2)n chains. These hydrides also represent 

disordered and porous material, which is vulnerable to incorporation of oxygen after the 

deposition of the silicon layer. The interference of oxygen with nc-Si:H may be reduced by 

optimising the material in a way such that a dense a-Si:H network with a minimal 

interconnected void fraction is obtained [3.16]. Generally, nc-Si:H thin film is a mixed-phase 

material that is composed of columnar crystallites of various size, amorphous fractions, and 

voids [3.9]. as shown in Figure 3.1. The classification of the grain size is sometimes ambiguous 

and terms like polycrystalline or microcrystalline are often used in the literature referring to 
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nanocrystalline films [3.17]. The microstructure varies as the growth of the film proceeds. 

Initially, the amorphous incubation layer is dominant, followed by the microcrystalline phase, 

which consists of pencil like conglomerates made of spherical nanocrystals with a diameter of 

a few tens of nanometres. It is evident that the complex microstructure of nc-Si:H thin films 

require more advanced characterisation tools compared to amorphous thin films for the 

determination of the relationship between the nano-structural and the optoelectronic properties. 

 

 

Figure 3.1: Schematic representation of a nc-Si:H layer: pencil-like conglomerates formed by 

a multitude of nanocrystals and their corresponding boundaries [3.18]. 

 

Gajovic et al. [3.19] combined ‘local’ and ‘bulk’ probing methods to extract complementing 

results related to the optical and structural properties of nc-Si:H thin films. In his approach, 

high resolution transmission electron microscopy with electron energy loss spectroscopy 

(EELS) were used to extract the local electronic structure of crystalline and amorphous silicon 
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interfaces, revealing important findings such as quantum confinement and the structural quality 

of amorphous silicon [3.20, 3.21]. In the same manner this thesis reports on a detailed study of 

the nanostructure of an nc-Si:H thin film fabricated by hot-wire chemical vapour deposition 

(HWCVD). The combination of ‘bulk’ characterisation tools such as X-ray diffraction (XRD) 

and ‘local’ probing methods such as high-resolution transmission electron microscopy 

(HRTEM) with EELS is used to determine the correlation between the nanostructure and the 

resulting chemical, electronic and optical properties of the thin film.  

 

3.2 EXPERIMENTAL DETAILS 
 

3.2.1 DEPOSITION OF nc-Si:H THIN FILMS  

 

The nanocrystalline silicon thin films were deposited simultaneously on 2.5 cm x 2.5 cm 

Corning® glass 7059 and Si (100) substrates using a high vacuum MV System® HWCVD 

reactor described elsewhere [3.22]. The substrates were cleaned for 5 min in an ultrasonic bath 

of acetone followed by sonication in methanol for an additional 5 min. The silicon substrates 

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

pressure amounted to 1×10-5 Pa. A summary of deposition parameters is given in table 3.1.  
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Table 3.1: Deposition parameters employed for synthesis of nc-Si: H films by HWCVD. 

PARAMETER Condition 1 Condition 2  

Deposition pressure 6 Pa 6 Pa 

Substrate temperature 240 °C 240 °C 

Filament temperature 1600 °C 1600 °C 

H2 flow rate (ΦH2) 28.5 sccm* 24.5 sccm 

SiH4 flow rate (ΦSiH4) 1.5 sccm 5.5 sccm 

Deposition time 60 min 60 min 

Hydrogen dilution 95 % 81.7 % 

*Standard cubic centimeter per minute (sccm) 

 

3.2.2 MATERIAL CHARACTERISATION 

 

The nano-structural information is quantitatively related to the average nano-crystallite size 

and the crystalline volume fraction [3.13]. To obtain information about the relative amount of 

crystalline and amorphous phases within the nc-Si:H thin films, the Raman spectra of the nc-

Si:H deposited on Corning 7095 glass were recorded in backscattering geometry in the region 

100 – 800 cm-1 with a spectral resolution of 0.4 cm-1, using a Jobin-Yvon HR800 micro-Raman 

spectrometer housed at the CSIR Nano centre. The spectrometer was operated at an excitation 

wavelength of 514.5 nm. The power of the Raman laser was kept below 5 mW to avoid laser 

induced crystallisation. The Raman spectra were deconvoluted in the range 400 – 540 cm−1 

into a sharp peak centred at ~ 517 cm-1 (c-Si transverse optical mode), and broad bands at ~ 

480 cm-1 (amorphous Si transverse optical mode) and ~ 505 cm-1 (grain boundary contribution). 
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The crystalline volume fraction was estimated from the integrated areas of the respective peaks 

using equation 2.9 in chapter 2. 

 

The XRD was used as a complimentary technique to Raman spectroscopy to investigate the 

crystal structure and the preferred orientation in the nc-Si:H thin films. The XRD patterns in 

the nc-Si:H deposited on Corning glass 7095 were obtained in reflection geometry at 2θ-values 

ranging from 10° to 90° with a step size of 0.02° using a PANalytical Xpert diffractometer 

housed at Council for Scientific and Industrial Research (CSIR) Nano-centre, together with a 

Rigaku SmartLab diffractometer housed at the University of South Africa (UNISA). The X-

ray tube was operated at the voltage and current of 45 kV and 40 mA, respectively. A copper 

anode material was used as X-ray source with a wavelength (λ) of Cu Kα emission line of 

1.54056 Å. Polycrystalline silicon and a NIST SRM 660 LaB6 reference sample were used to 

obtain the corrected 2θ-peak position and the instrumental broadening, respectively.  

 

Cross-sections of the thin films were prepared using a FEI Helios Focused Ion Beam Scanning 

Electron Microscope (FIBSEM) housed at the University of Western Cape, equipped with a 

Ga ion source for milling. The cross-sections were mounted onto a Cu TEM grid for HRTEM 

analysis. HRTEM provides information relating to the atomic structure of the nc-Si:H thin 

films. It revealed that distinct phases of materials make up the film [3.19]. Individual grains 

that make up the film can be isolated, and their sizes and orientation estimated. HRTEM 

accompanied by electron energy loss spectroscopy (EELS) was used to obtain additional 

information relating to the chemical composition and band structure of the sample. HRTEM 

and EELS studies of nc-Si:H deposited on the silicon substrates were performed in a JEOL 

ARM 200F TEM housed at the University of Western Cape in scanning transmission electron 
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microscopy mode at 200 kV. The Gatan Quantum GIF energy filter was used to acquire the 

EELS element maps at a collection angle of 41.7 mrad. Electron diffraction studies were 

performed in a FEI Tecnai F20 TEM housed at the University of Western Cape at an 

acceleration voltage of 200 kV. EELS spectra were collected in STEM mode using a Gatan 

Image Filter (GIF2001) at an energy dispersion of 5eV/channel and resolution of 1.3 eV. The 

spectra were collected using a 0.72 nm probe and at a probe current of 0.22 nA to minimise 

radiation damage of the sample. All spectra were collected in STEM mode using a convergence 

angle of 1.5 mrad and an EELS acceptance angle of 5 mrad. 

 

Scanning Electron Microscopy can be used to observe the cross section of a film to determine 

the film thickness, deduce the film growth rate, or investigate the growth mechanism. With the 

SEM it is also possible to observe the cross section of a multi-layered film. Cross-sectional 

SEM micrographs of the nc-Si:H thin films deposited on the c-Si substrates were recorded 

using a LEO 1525 field emission gun SEM housed at the National Metrology Institute of South 

Africa (NMISA). It was operated at an accelerating voltage of 3 to 5 kV.  

 

Topography 3D images of the nc-Si:H thin films deposited on the c-Si substrates were collected 

using a Veeco ® NanoScope IV Multi-Mode housed in the CSIR Nano centre. It was operated 

in tapping mode in air at room temperature with a tip size of ≈ 10 nm. The (rms) roughness 

values were then determined from the AFM software. The elemental profiling was investigated 

using Time of Flight - Secondary Ion Mass Spectrometry (TOF-SIMS). TOF-SIMS spectra of 

nc-Si:H deposited on the c-Si substrates were acquired using an ion TOF.SIMS5 machine 

housed at the NMISA. It was operated in negative polarity mode using Cs ions as sputtering 

sources. H, O, O2, SiO2, Si, SiH and SiH2 species were monitored as a function of depth. 
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3.3 RESULTS AND DISCUSSION 

 

Figure 3.2 (a) compares the Raman spectra of the nc-Si:H samples deposited on glass at 81.7% 

and 95% hydrogen dilutions, showing the deconvolution of the spectrum into its amorphous 

and crystalline contributions. At a higher hydrogen dilution value, the peak positions are at 

higher wavenumber values and the full-width at half maximum (FWHM) of the nc-Si TO peak 

reduces with an increase in hydrogen flow rate, as shown in Figure 3.2(b). Additionally, the 

intensity of a-Si peaks situated at the wavenumber range of ~ 150 cm-1 to 480 cm-1 reduce as 

the hydrogen dilution increases. 

 

Figure 3.2: (a) Raman spectrum (with deconvolution) nc-Si:H thin films and (b) comparison 

between nc-Si:H films deposited at different hydrogen dilutions and SiH4 flow rates.  

 

This indicates an enhanced ordering within the amorphous and crystalline regions of the nc-

Si:H thin films. The shift to higher wavenumbers can be indicative of film stress [3.22], i.e. the 

presence of porosity and larger crystallite sizes which lead to tensile film stress and 

consequently the blue shift of the Raman peaks. Table 3.2 present the quantitative Raman 

analysis of the nc-Si:H samples. The crystallite size calculated from equation 2.7, is increasing 
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from 2.6 nm to 5.1 nm with an increase in hydrogen dilution. The FWHM of the a-Si TO peak 

becomes narrower at hydrogen dilution, indicating possible ordering in the amorphous silicon 

network. 

 

Table 3.2: Summary of the Raman analysis data.  

Feature ΦH2 = 81.7 %  ΦH2 = 95 %  

nc-Si TO peak position 508.2 cm-1 516.9 cm-1 

a-Si TO peak position 467.1 cm-1 483.9 cm-1 

dRAMAN 2.6 nm 5.1 nm 

FWHMa-Si/2 29.9 cm-1 18.6 cm-1 

Crystalline volume fraction 51.8 % 78.0 % 

 

The crystalline volume fraction calculated from equation 3.2 increases from 51.8 % to 78.0 % 

with the increase in hydrogen dilution. This is attributed to the improved overall film ordering. 

In fact, the nc-Si:H thin film deposited at a hydrogen dilution factor of 81.7 % has a crystallite 

size of 2.6 nm and a volume fraction of 51.8 %, which is the characteristic of a silicon thin film 

during the amorphous to crystalline transition state [3.23]. Figure 3.3 shows the XRD patterns 

of the nc-Si:H thin film at 81.7% and 95% hydrogen dilutions. The appearance of three 

prominent peaks at 2θ values of 28.4°, 47.28° and 56.8° indicates Si <111>, <220> and <311> 

reflections respectively, which points to an increase in the Si nano-crystalline size. Both the 

nc-Si:H thin films seem to show preferential crystal orientation in the <111> direction. 
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Figure 3.3: XRD patterns of nc-Si:H films deposited at different hydrogen dilution.  

 

The narrowing of the Si <111> peaks observed at a higher hydrogen dilution is an indication 

of an enhanced crystallinity, which supports the Raman analysis. Interestingly, the relative 

intensities of the <220> and <311> peaks compared to the <111> reflection are larger at a ΦH2 

= 81.7 %. The average crystallite size of the nc-Si:H thin films was estimated by using the 

Debye-Scherrer formula i.e. equation 2.7, corrected for instrumental broadening. The lattice 

strain was calculated from equation 2.8. The positions, FHWM, size-strain analysis of different 

XRD peaks are shown in Table 3.3. The calculated crystallite size values range from 9.8 to 

45.3 nm and 16 to 31.8 nm for 95% and 81.7% hydrogen dilution, respectively. The comparison 

of measured (FWHM strain) and the calculated (휀) lattice strain shows that the values are the 

same order of magnitude. The lattice strain value decreases at the <111> peak from 0.344o and 

0.587% to 0.263o and 0.447%. Thus, the crystallite size (dXRD) increases and the lattice strain 

(ε) decreases with an increasing hydrogen dilution. The increase in crystallinity within the nc-

Si:H thin films with an increasing H2 gas dilution has been observed for HWCVD [3.24]. 
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Table 3.3. The size-strain analysis of the nc-Si:H samples 

Hydrogen 

dilution 

Planes 2θ (°) Rel. 

intensity  

FWHM 

size [°] 

dXRD 

[nm] 

FWHM strain 

[°] 

ε x 100 

(%) 

81.7% (111) 28.65 1 0.258 31.8 0.344 0.587 

(220) 47.694 0.42 0.422 20.6 0.504 0.498 

(311) 56.516 0.19 0.544 16.6 0.619 0.502 

        

95% (111) 28.75 1 0.181 45.3 0.263 0.447 

(220) 47.696 0.11 0.729 11.9 0.814 0.804 

(311) 56.496 0.07 0.918 9.8 0.995 0.808 

 

Specifically, the H2 gas molecules are catalytically dissociated into atomic hydrogen by the 

heated tantalum filament. Atomic hydrogen is known to preferentially etch weakly bonded Si-

Si [3.25] and induces a relaxation within strained bonding networks [3.26], ultimately leading 

to an enhanced ordering. Due to this ordering, the crystallites with a Si<111> orientation 

experiences an increase in size and a corresponding decrease in lattice strain. The improving 

preferred orientation with an increasing hydrogen dilution indicates the presence of texturing 

within the film. A similar observation was reported by van der Werf et al. [3.27] in their study 

of the influence of the filament temperature on the microstructure of microcrystalline silicon 

wherein the <220> orientation was favoured at lower hydrogen dilution values. However, the 

XRD data was acquired in the traditional powder (Bragg-Brentano) configuration, which is not 

ideal for analysing textured samples as the observed diffraction is limited along the diffraction 

plane. It may be possible that some crystallite orientations are diffracting outside the plane of 

the incident beam, which will not be observed in the XRD optics set-up used in this study. 
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Figure 3.4 shows the HRTEM image of nc-Si:H deposited at 81.7 % hydrogen dilution on c-Si 

substrates, depicting the crystal growth spreading outwards from the nucleating site in a 

prearranged system. Convincingly, the film deposition process does not result in a homogenous 

material. Instead small local nucleation and subsequent growth patterns cause inhomogeneities 

such as columnar or cone-shaped growth of crystallites, voids, grain-boundary collisions, and 

surface roughness due to a phase transformation from the vapour to solid state. Similar 

observations were made by reference [3.12] under similar conditions. Voids may expose the 

nc-Si-H thin film to post-deposition oxidation. According to H Liu et.al [3.28], the 

incorporation of oxygen has been reported to introduce defects and disordered structures in the 

thin film material. In their study, they also linked oxygen to the broadening of the band gap 

and hindering of the crystalline Si growth resulting in a porous material. 

 

Figure 3.4: a) HRTEM images of the middle region of the crystalline cone regions of the nc-

Si:H film deposited at 81.7% hydrogen dilution (b) HRTEM cross section in low 

magnification. 
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The crystallite size and shape vary along the growth direction. Specifically, at the crystalline 

cone tips the crystallites are scattered, and the size is within the range of 2 nm to 5 nm. The 

size then increases to about 15 nm to 20 nm and coalesce, moving inwards to the crystalline 

cone regions. The crystallite size tends to be larger (~ 18 nm) along the growth direction, which 

is generally true for nc-Si:H thin films. The presence of nanosized crystallites can lead to a 

widening band gap due to quantum confinement effects [3.21]. This is due to the changes in 

the atomic structure as a result of the direct influence of the ultra-small length scale on the 

energy band structure. The electron-hole pair (i.e., exciton) has a finite size within the crystal 

defined by the Bohr exciton diameter, which can vary from 1 nm to more than 100 nm 

depending on the material [3.29]. If the size of a semiconductor nanocrystal is smaller than the 

size of the exciton, the charge carriers become spatially confined and experience a periodic 

potential caused by the atoms in the crystal lattice, which increases their energy. A shift of the 

absorption band gap energy into the blue region of the spectrum can also be attributed to the 

quantum confinement effect [3.30]. 

 

Figure 3.5 shows the HRTEM images of the nc-Si:H films deposited at 95% hydrogen dilution, 

revealing the presence of porosity and crystalline regions indicated by circle and a square shape 

respectively. The porosity is present throughout the film, but varies in extent, with the 

maximum pore presence within the region where the crystallite cone structures merge. Initially, 

the film growth starts with an incubation layer which can clearly be seen growing on the surface 

oxide. This indicates that the cleaning method was not successful in eliminating the surface 

oxide before the deposition. The oxide may have grown back during the transfer to the 

chamber. Figure 3.6 shows the area of the crystal conical region at higher magnification. 

Noticeable within the crystalline cone (indicted with a square mark in Figure 3.4), there is 

evidence of well-defined regions that are not as ordered as the rest of the cone. These regions 

http://etd.uwc.ac.za/



  Chapter 3 

92 

correspond to regions within the surrounding a-Si network that are slightly more ordered, an 

indication that the growth within the crystalline conical regions is influenced by the 

surrounding a-Si network. 

 

 

Figure 3.5: (a) HRTEM image of the nc-Si:H sample deposited at 95% hydrogen dilution and 

(b) corresponding SAED pattern.  

 

 

Figure 3.6: HRTEM image of the marked area in figure 3.5.  
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The influence of hydrogen dilution on the evolving nano-structural features has been reported 

previously [3.31 – 3.34]. The etching effect of atomic hydrogen terminates the weak Si-Si bond 

from the surface and subsurface regions, favouring a more ordered structure. Additionally, the 

increased hydrogen dilution improves the nucleation of smaller nano-crystallites. Figure 3.7 

shows HRTEM micrographs of nc-Si:H sample deposited at 81.7% hydrogen dilution, 

revealing the presence of a porous amorphous incubation layer. The porosity decreased moving 

from the film/substrate region to the surface of the film. Coalescence and coordination between 

a-Si and nc-Si regions leads to ordering within the a-Si.  

 

Figure 3.7: HRTEM image of the nc-Si:H sample deposited at 81.7% hydrogen dilution (a) 50 

nm and (b) 100 nm resolution. 

 

Figure 3.8 shows Energy Filtered TEM (EFTEM) maps for Si and O (sensitive to about 1%), 

disclosing that the average film thickness amounted to 1467 ± 6 nm. The crystallite size and 

shape vary along the growth direction as seen in figure 3.4. Specifically, at the crystalline cone 

tips the crystallites are scattered, and the size is within the range of 2 to 5 nm. The size then 

increases to about 15 to 20 nm and merges, moving inwards to the crystalline cone regions. 

Incubation layer 

Cone coalescence  

Cone middle 

Cone top 
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The crystallite size tends to be larger - (~18nm) along the growth direction, which is generally 

true for nc-Si:H thin films. 

 

 

Figure 3.8: EFTEM showing the (a) Si and (b) O maps of nc-Si:H sample deposited at 81.7% 

hydrogen dilution. 

 

Electron energy loss spectroscopy (EELS) was performed along the length of the crystallite 

cone regions as shown in Figure 3.9 to monitor the Si-L edges spectra within the different 

regions of the nc-Si:H film. The Si-L edges display a drop in the intensity moving from the 

substrate to the interface layer and then recover to similar heights along the length of the cone. 

The Si-L edges represent the transition from the Si 2p band to the conduction band [3.35]. The 

reduction in the Si-L edge intensity within the highly amorphous incubation layer can be 

ascribed to a reduction of the density of states at the conduction minimum band, most likely 

due to the inherent defects within the a-Si:H network. The density of states then increase as the 

crystallinity (order) enhances moving further into the film, similar to the observations made by 

Substrate/film interface 
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Yan et al. [3.35] in their EELS investigations of a c-Si/a-Si interface. The Si-L edge shifts 

systematically from 102.9 eV within the c-Si/SiOx interface to 99.8 eV at the top of the 

crystalline cone.  

 

 

Figure 3.9: Si L-edge spectra taken from different regions of the nc-Si:H film shown in Figures 

3.7-3.8.  

 

The red shift in the Si-L edge can be attributed to a combination of a change in the band gap 

and a chemical shift due to the changing bonding environment [3.36]. Specifically, the presence 

of oxygen and hydrogen at the film/substrate interface results in Si-H and Si-O chemical 

networks, which can lead to a larger band gap within those regions [3.36, 3.37]. Figure 3.10 

show the SEM analysis of the nc-Si:H film deposited at 81.7% hydrogen dilution, disclosing 

that the nc-Si: H film thickness amounted to 1464 nm ± 10 nm. The so-called incubation layer 

from which nanocrystals are reportedly grown amounted to ~ 190 nm (from SEM), comparing 
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well with the value determined from the TOF-SIMS SiH signal (~ 180 nm). This is to be 

expected given the fact that the incubation layer is typically a mixed phase, porous silicon 

structure [3.38]. Figure 3.11 show the SEM micrograph of the nc-Si:H film deposited at 95 % 

hydrogen dilution. The film thickness amounted to 455 nm ± 10 nm. In this instance, it not 

easy to see the incubation layer as the thickness of the nc-Si:H film is relatively small.  

 

 

Figure 3.10: SEM cross-sectional analysis of the nc-Si:H film deposited at 81.7% Hydrogen 

dilution. 

 

 

Figure 3.11: SEM cross-sectional analysis of the sample deposited at 95% hydrogen dilution. 

1464 nm ± 10 nm 

Si-Substrate 

nc-Si:H 

Incubation layer 

~190 nm 

nc-Si:H 

455 nm ± 10 nm 

Incubation layer 

Si-Substrate 
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Figure 3.12 presents 3D AFM topography images of the nc-Si:H thin films deposited at 

different hydrogen dilutions. The images are presented at the magnification scale of x 100 and 

x 400 for the nc-Si:H thin film deposited at 95 % and 81.7 % respectively. Due to the magnitude 

of the scale at which the images were obtained, the visual analysis of the roughness will not 

provide the correct measure of surface roughness. Hence the calculated value of the rms is used 

to compare the surface roughness of the two nc-Si:H films.  

 

 

Figure 3.12: AFM micrographs of the nc-Si:H films (a) 95% hydrogen dilution (b) 81.7% 

hydrogen dilution. 

 

The (rms) roughness values amounted to 5.89 nm and 3.32 nm at 81.7 % and 95 %, hydrogen 

dilutions respectively. The presence of atomic hydrogen on the growing surface promotes the 

amorphous to nanocrystalline transition phase of the material for the hot wire method. Due to 

its physical dimension and solubility, atomic hydrogen can penetrate several layers below the 

growing surface and promote the network propagation reactions [3.39]. Subsequently, the 
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dangling bonds are passivated, unstable Si-Si bonds are removed, and stable Si-Si bonds are 

formed. This results in a material with minimum disordered and less strained bonding sites, 

thereby promoting the structural orientation for a favourable energy configuration. The 

evolving microstructure varies with the growth process which is influenced by the deposition 

parameters and substrate material [3.12]. The growth starts with the amorphous incubation 

layer and progresses into the nanocrystalline phase consisting of crystals of varying sizes. The 

hydrogen dilution has also been reported as a key process parameter that can affect the surface 

morphology. The crystal size increases with the increase in hydrogen dilution. As reported 

previously in table 3.2, it is also observed in this case that the surface roughness of the nc-Si:H 

thin films reduces as the hydrogen dilution increases, evidence that the surface of the films may 

be passivated by the hydrogen. For a hydrogen dilution of 81.1%, the surface of the film is 

formed by elongated grains (the columnar grains observed in TEM), surrounded by a relatively 

smooth amorphous phase. As the hydrogen dilution is increased to 95%, the amorphous phase 

decreased as observed in the Raman analysis. The number of elongated grains increased, 

resulting in a nc-Si:H film with an improved crystallinity i.e. higher crystalline volume fraction, 

larger crystallite sizes, and lower strain values. 

 

Figure 3.13 displays the TOF-SIMS elemental depth profile revealing the relative distribution 

of ion species within the nc-Si:H film. The monohydride (SiH), dihydride (SiH2), hydrogen 

and oxygen species are important from a solar cell performance point of view. Specifically, the 

SiH signal corresponds to hydrogen bonded in an amorphous silicon network, which represent 

better device quality material [3.40]. Contrarily, the hydrogen bounded to voids and/or grain 

boundaries correspond to the SiH2 signal, which represent reduced device quality. The oxygen 

species are limited to the surface and substrate/film interface regions. The TOF-SIMS analysis 

therefore reveals a relative increase in porosity and oxygen content moving from the surface 
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inward, with maximums reached at the substrate/film interface. The hydrogen content reduces 

within the film relative to the c-Si/SiOx/film interface. During the initial stages of nc-Si:H film 

growth by HWCVD, the high amounts of atomic hydrogen enhances crystallinity by etching 

away weakly bonded Si-Si bonds and relaxing the strained silicon network. This leads to an 

enhancing crystallinity with an increasing hydrogen dilution factor. 

 

 

Figure 3.13: TOF-SIMS sputter depth profile of nc-Si:H film showing the distributions of key 

species as a function of depth nc-Si:H for sample deposited at 81.7% hydrogen dilution. 

 

The TOF-SIMS and HRTEM results revealed that negative effects of high levels of hydrogen 

etching appeared in the form of higher porosity and SiH2 fraction for the high amorphous 

content film, deposited at a hydrogen dilution of 81.7 %. The XRD and Raman measurements 

showed that the nc-Si:H film deposited at a hydrogen dilution of 81.7 % possessed a higher 

amorphous fraction and strained bonds. Consequently, at this low hydrogen dilution for the 

current HWCVD conditions, nc-Si:H films are deposited with higher fractions of porosity. The 
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crystallinity increases with film thickness, resulting in a decreasing amorphous fraction and 

porosity. Profilometry was used to determine the physical penetration depth of the beam into 

the film used during TOF-SIMS analysis. The optical image from the TOF-SIMS and the 

corresponding crater profile are depicted in figures 3.14 and 3.15 respectively. The crater depth 

amounted to about 2400 nm corresponding to a sputter time of approximately 159.5 minutes, 

i.e. a sputter rate of about 15 nm/min. The TOF-SIMS elemental profile was then converted 

from time to nm. 

 

 

Figure 3.14: Optical image from the TOF-SIMS crater with analysis area (green square).  

 

Figure 3.15: Corresponding crater profile for nc-Si:H sample deposited at 81.7% hydrogen   

dilution. 
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Figure 3.16 depict the thickness value deduced from the TOF-SIMS depth profile at the time 

before the onset of the substrate surface oxide. The chemical thickness values from TOF-SIMS 

amounted to approximately 1450 nm and the incubation layer where nanocrystals are 

reportedly grown corresponds to a thickness of approximately 180 nm. 

 

Figure 3.16: TOF-SIMS depth profile of key hydride species for sample deposited at 81.7% 

hydrogen dilution. 

3.4 CONCLUSION 

 

The relationship between the nanostructure, morphology and chemical composition of the nc-

Si:H thin film synthesised by hot-wire CVD at different hydrogen dilution was investigated. 

Raman spectroscopy and XRD reveals the influence of hydrogen dilution on the crystallinity, 

bonding strain, crystalline size and volume fraction. The sample deposited at high hydrogen 

dilution shows increased structural order, crystalline size and volume fraction. AFM confirms 

the change of surface features of the material such as roughness with hydrogen dilution. The 

HRTEM analysis from Figure 3.7 reveals the presence of smaller crystallites at the start of the 

~ 190 nm  
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cones/incubation layer. The nanocrystals formed within the micron sized crystalline cone 

regions and their size increased moving along the growth direction. Additionally, HRTEM 

analysis from figure 3.7 reveals a film with porosity that decrease when moving from the 

incubation layer to the film surface. The trend in the porosity matches that of the SiH2 signal, 

confirming the correlation between HRTEM and TOF-SIMS.  

 

The chemical thickness value obtained from SEM i.e. ~1460 nm corresponds with the depth 

profiling from secondary ion mass spectrometry (~1450 nm). The incubation layer where 

nanocrystals are reportedly grown from amounted to ~190 nm (from SEM), comparing well 

with the value determined from the TOF-SIMS SiH signal (180 nm). This is to be expected 

given the fact that the incubation layer is typically a mixed phase, porous silicon structure. 

Energy Filtered TEM (EFTEM) maps for Si and O (sensitive to about 1%) reveal that the 

average film thickness amounted to 1467 ± 6 nm, corresponding well with the SEM and 

secondary ion mass spectrometry analysis. The electronic structure of the nc-Si:H varies along 

the growth direction of the film and was influenced by the crystallinity and the chemical 

composition (H- and O-content). The presence of oxygen and hydrogen at the film/substrate 

interface results in Si–H and Si–O chemical networks, which can lead to a larger band gap 

within those regions. As seen in the TOF-SIMS analysis, the hydrogen content reduces within 

the film relative to the c-Si/SiOx/film interface. 
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CHAPTER 4 

OPTICAL PROPERTIES OF nc-Si:H THIN 

FILMS 
 

The structural and chemical properties as discussed in Chapter 3 are expected to influence the 

optical response of the nc-Si:H thin films. Knowledge of the evolving features is taken into 

consideration when constructing the optical model, which is based on the effective mass 

approximation. The measured UV-Vis spectra are modelled by SCOUT® simulation software 

to extract thickness as well as information relating optical properties i.e. the band gap, 

refractive index and absorption coefficient. A theoretical amorphous semiconductor host 

material function, called the O’Leary, Johnson and Lim (OJL) model for an amorphous 

semiconducting material was created, with its fitting parameters including the film thickness. 

The silicon crystallites and voids were embedded inside the host material. The mixing of the 

individual dielectric functions to create an effective dielectric function of the thin film was 

achieved using the Bruggeman Effective Media Approximation (BEMA). The optical analysis 

reveals that the thickness of the thin film deposited on Corning 7095 glass substrates is thicker 

relative to the thickness derived from the film deposited on silicon substrate. Additionally, the 

determined optical properties i.e. absorption coefficient, band gap energy and the refractive 

index shows some dependency on features introduced by the hydrogen dilution. This 

information correlates well with the structural properties, morphology and compositional 

analysis seen in chapter 3. 
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4.1 INTRODUCTION 

 

Hydrogen dilution plays a significant role in controlling the structural properties of silicon thin 

films. It has been observed from Raman analysis in chapter 3 that, as the dilution increases, the 

film goes from completely amorphous, to a mixture of amorphous and crystalline, to 

nanocrystalline. Research interest within this regime has shown that the influence of hydrogen 

dilution on the structural properties is often manifested on the optical constants of the material, 

such as absorption coefficient (α), energy gap (Eg), refractive index (n) and the electrical 

conductivity (𝜎). Features such as increase in surface roughness [4.1] and presence of residual 

amorphous fraction [4.2] tend to increase the absorption coefficient of the nc-Si:H material. 

The improved optical absorption is attributed to the diffuse light scattering at the surface and 

the absorbing characteristic of the amorphous silicon. It has a direct band gap, which makes it 

more efficient in absorbing the incoming light photons. 

 

Factors such as quantum confinement effect [4.3, 4.4], improvement of short and medium range 

order [4.5], and the presence of the larger number of nanocrystalline grains [4.6] have 

previously been attributed to widening of the band gap. Very recent, Oliphant et.al [4.7] have 

also reported the influence of hydrogen dilution on the band gap of nc-Si:H material prepared 

by HWCVD using the Bruggeman Effective Medium Approximation. Their results have shown 

that the increase in hydrogen lead to an increase in the band gap of the material and this was 

attributed to the quantum confinement effect. In summary, the quantum confinement effect 

occurs due to the decrease in crystallites size induced by the increase in hydrogen dilution. As 

the size of a crystallites decreases to nanoscale, the decrease in confining dimension makes the 

energy levels discrete and result in the increase of the energy band gap. An increase in hydrogen 

dilution has also been reported to favour a dense material with an improved structural ordering 
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[4.8]. This consequently increases the refractive index of the material. However, it is worth 

mentioning that excess dilutions have been associated with incorporation of voids in the film 

material [4.9], which result in the dilation of Si-Si bonds and thus decreasing the density of 

material. Low density material has been reported to reduce the refractive index of the film and 

shift the discontinuity of absorption spectrum (absorption edge) towards the blue region of the 

spectrum [4.10, 4.11]. Accurate determination of the optical constants of thin-film materials is 

a key factor in technological applications. The refractive index plays a significant role in 

designing anti-reflection coating of solar cells, and for understanding the material properties of 

active layers, while the choice of a proper thickness minimises the recombination of the carriers 

and ensures that optimal absorption of almost all incident light occurs [4.12]. In most studies, 

optical properties of nc-Si:H thin films are investigated using the transmission spectrum or 

reflection spectrum or both. Recording of the wavelength-dependent optical spectrum is 

generally the most useful tool in the analysis of the different structure constituents of a material. 

Thus, accurate spectral measurement of transmittance and the reflectance can only be affirmed 

if the measurements are traceable. 

 

 Traceability ensures that the measured quantities are comparable irrespective of the instrument 

used or the institution where the measurements are performed. A basic tool in ensuring 

traceability and comparability of a measurement is by determining the performance 

characteristics (calibration) of an instrument using traceable reference standards. Two 

quantities in spectrophotometry require the physical standards i.e. photometric scale (or 

intensity) scale and wavelength scale. As it will be noticed, the transmittance and reflectance 

of the material are ratio-metric measurements and thus they are not ultimately traceable to any 

of the seven fundamental SI units [4.13]. Thus, the traceability of the reference material is 

usually achieved through comparison of reference standards by a national standards laboratory. 
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Reference standards should be recalibrated at regular intervals at an appropriate accredited 

laboratory that can demonstrate traceability to the national standards. The calibration 

determines the performance characteristics of an instrument or system before its use, while the 

reference material calibrates the instrument or system at time of use. Figure 4.1 depict the 

traceability chain of UV-Vis spectrophotometer via reference standards from the national 

laboratory to the end users.  

 

 

Figure 4.1: The traceability chain for spectrophotometric standards.  

 

4.2 TRACEABILITY OF THE OPTICAL MEASUREMENTS 

 

The reflection and transmission of the nanocrystalline thin films link the experimental 

measurements to the optical properties of the material. Thus, accurate spectral measurement of 

transmittance and the reflectance is crucial for the determination of the optical constants and 
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thickness of the films. The traceability of measurements to the national reflectance scale is 

assured by a comparison of the transfer instrument to a reference instrument, using the 

equations below [4.14]: 

 

 
𝑅𝑠𝑎𝑚𝑝𝑙𝑒(𝜆) = 𝑅𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜆) × (

𝑆𝑠𝑎𝑚𝑝𝑙𝑒(𝜆)−𝑆𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑(𝜆)

𝑆𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜆)−𝑆𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑(𝜆)
)  

(4. 1) 

 

 
𝑇𝑠𝑎𝑚𝑝𝑙𝑒(𝜆) = 𝑇𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜆) × (

𝑆𝑠𝑎𝑚𝑝𝑙𝑒(𝜆)−𝑆𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑(𝜆)

𝑆𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜆)−𝑆𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑(𝜆)
) , 

(4. 2) 

 

 

where, 𝑅𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜆) or 𝑇𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜆) is the reflectance or transmittance of a reference 

standard obtained from the calibration certificate, 𝑆𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑(𝜆) is the background 

measurement of the system, 𝑆𝑠𝑎𝑚𝑝𝑙𝑒(𝜆) and 𝑆𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜆) are the measured transmittance or 

reflectance of the sample and reference respectively. 𝑅𝑠𝑎𝑚𝑝𝑙𝑒(𝜆) or 𝑇𝑠𝑎𝑚𝑝𝑙𝑒(𝜆) are the 

corrected reflectance or transmittance of the sample respectively. 

 

4.3 INTERACTION OF LIGHT WITH THE MEDIUM 

 

The optical properties of a semiconductor are defined as any property that involves the 

interaction between electromagnetic radiation or light and the semiconductor. Linear optics 

provides a complete description of matter interaction with weak radiation. More powerful 

radiation sources are described by non-linear optics and the phenomena of interaction is much 

more complex. Generally, optical properties of material include absorption, diffraction, 

polarization, reflection, refraction, and scattering effects. These properties are usually 

described by the optical constants. The two most important optical constants used in the 
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characterisation of semiconductors are absorption coefficient (𝛼), and the real part and 

imaginary part of the complex refractive index. The refractive index (𝑛) provides the 

information about the phase shift or dispersion of the wave while the extinction coefficient 

gives the attenuation of the wave as it propagates through the medium. Interaction of light with 

matter is determined by the ability of electrons to interact with the incoming electromagnetic 

field. Conversely, the conductivity which is related to the existence of band gap and band 

filling, provide useful information in classifying the optical response of the material. The 

electronic properties of the solid materials are better explained by Maxwell's equations using 

the fundamental microscopic approach [4.15]. In this regard, the optical properties of matter 

are introduced in these equations as constants characterizing the medium such as the dielectric 

constant, magnetic permeability and electrical conductivity. In this study, the semiconductor 

material is described using the dielectric function (𝜖) and it is related in a fundamental way to 

the crystal’s refractive index n and extinction coefficient k by means of the Kramer’s-Kröning 

dispersion relations.  

 

4.4 KRAMER’S-KR�̈�NING DISPERSION RELATIONS  

 

Material generally have dispersion, i.e. their indices of refraction are functions of wavelength, 

and often absorb light which can be modelled with indices of refraction that have an imaginary 

term. A pulse of light for example, is composed of a range of wavelengths with a Fourier 

transform relationship between the temporal and spectral widths. Transmission spectroscopy 

analysis which is based on the Beer-Lampert law is often used in the investigations of linear 

optical properties. The material is investigated by inspection of the height, width, and the 

location of spectral peaks. However, in some applications the Beer-Lampert law does not 
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usually provide all the optical properties of the sample investigated. A typical example is the 

inability to obtain a measurement of the refractive index of a medium with a transmission 

spectroscopy setup. In this situation, the requirement of space-time causality in the optical 

response of any medium is crucial. The space-time causality provides linear optical functions 

with general properties which can be exploited to extract the maximum amount of information 

from the experimental data on the optical properties of the medium [4.16]. In causal theory of 

electromagnetism, the absorption and dispersion of light are closely connected. If the material 

absorbs light, it needs also to be dispersive. The real and imaginary part of a frequency domain 

linear causal response functions are related such that [4.17],  

 

 
𝑛(𝜔) = 1 +

2

𝜋
𝑃 ∫

𝜔′𝑘(𝜔′)

(𝜔′2−𝜔2)

∞

0
𝑑𝜔′,  (4.3) 

and 

 
𝑘(𝜔) = −

2

𝜋
𝑃 ∫

𝑛(𝜔′)

(𝜔′2−𝜔2)

∞

0
𝑑𝜔′, (4.4) 

 

where P denotes the principal part of the intergral. 

 

These are Kramer’s-Kröning relations. Physically, they express the real part of susceptibility 

in terms of the imaginary part and vice versa. Since the real and the imaginary part represent 

the dispersion and absorption respectively, it means that if you know either you can find the 

other. Thus, Kramer-Kroning relations constitute the fundamental theoretical tools of general 

validity which allow us to widen our knowledge of linear optical phenomena. The relations 

describe a fundamental connection between the real and the imaginary parts of linear complex 

http://etd.uwc.ac.za/



Optical properties 

114 

optical functions descriptive of light-matter interaction phenomena [4.16]. Thus, by applying 

Kramer-Kroning relations, it is possible to perform the inversion of optical data, i.e. to acquire 

knowledge on dispersive phenomena by measurements of absorptive phenomena over the 

whole spectrum (e.g., with transmission spectroscopy) or vice versa. In reflection spectroscopy, 

Kramer – Kroning relation couples the measured reflectance and the phase of reflectivity thus 

allowing retrieval of the phase [4.16]. 

 

4.5 MAXWELL EQUATIONS 

 

Theoretically, Maxwell’s equations have two variants which describe how electric charges and 

electric currents act as sources for the electric and magnetic fields. The microscopic equations 

describe the microscopic electromagnetic field produced by the microscopic charge and current 

density considering the contribution from the individual charged particle. In contrast, the 

macroscopic equations define the large-scale behaviour of matter without having to consider 

atomic scale details. However, treatment of optical problems for real systems, does not allow 

electrons to be treated as distinguishable charged particles [4.18]. It requires that the electron 

charge density be specified in terms of the spatial probability distribution and the atomic 

nucleus considered as a smoothed-out, positive distribution. In this manner, net charge effects 

are cancelled, and the magnetic effects are negligible. Nevertheless, the interaction of light with 

any medium may described by using the following simplified Maxwell’s equations,  
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                   𝛻. 𝑬 = 0   (4. 5) 

 

 
       𝛻 × 𝑬 = −

𝜇

𝑐

𝜕𝐻

𝜕𝑡
   (4. 6) 

 

                   𝛻. 𝑯 = 0   (4. 7) 

 

 
𝛻 × 𝑯 = −

𝑐
 
𝜕𝐸

𝜕𝑡
+

4𝜋𝜎

𝑐
𝐸,  (4. 8) 

 

 

where 𝐇 is the magnetic field, 𝐄 the electric field, 휀 the product of permittivity 휀0 of vacuum 

multiplied by a dimensionless number 휀𝑟  called the relative permittivity, and 𝜇 = 𝜇𝑟𝜇𝑜 the 

magnetic permeability, while 𝑐 is the speed of light in a vacuum. Eliminating the magnetic 

field in these equations the wave equation for plane wave propagation in an energy-absorbing 

medium is described such that, 

 

 
𝛻2𝐸 = −

𝜇

𝑐2
 
𝜕2𝐸

𝜕𝑡2
+

4𝜋𝜎𝜇

𝑐2
 
𝜕𝐸

𝜕𝑡
 .  (4.9) 

 

4.6 THE CONCEPT OF ELECTRONIC DENSITY OF STATE  

 

The optical and electronic properties of semiconductors are described using the concept of 

electronic density-of-state. Semiconductor materials possess different atomic structures which 

lead to different distributions of allowed energy states. In crystalline silicon, the periodic 

atomic structure and interatomic spacing results in ranges of allowed energy states for outer-

shell electrons, i.e. energy bands. The valence and the conduction band are separated by a well-

defined energy gap Eg, and there are no allowed energy states in the band gap. At a temperature 
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of absolute zero its valence band is filled with electrons and the conduction band completely 

empty i.e. all electrons are bonded to their atoms and no electrical conduction is possible. The 

number of holes in the valence band is equal to the number of electrons in the conduction band 

and the probabilities of occupation of energy levels (Fermi level) are equal. Thus, the Fermi 

level for nanocrystalline silicon lies in the middle of the band gap. However, as the temperature 

increases, some states near the top of the valence band are vacant, while some states near the 

bottom of the conduction band are occupied. The number of holes in the valence band depends 

on the density of states in the valence and the distance of the Femi level from the valence band.  

 

Many features of semiconductors are caused by the fact that the number of electrons in the 

conduction band increases rapidly with increasing temperature, especially if the forbidden gap 

is narrow [4.19]. In contrast, a-Si: H has a continuous distribution of density of states and the 

band gap between the valence band and the conduction band is not well-defined. This is due to 

the long-range disorder in the atomic structure of a-Si:H. The energy states of the valence band 

and the conduction bands spread into the band gap and form regions that are called band tail 

states as illustrated in figure 4.2. The band tail states represent the energy states of electrons 

that form the strained bonds in the a-Si: H network and the width of the band tails is a measure 

for disorder in a-Si: H material. Additionally, the dangling bonds introduce allowed energy 

states in the central region between the valence band and conduction band states, the localised 

states.  
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Figure 4.2: Schematic representation of density of state in amorphous silicon [4.20]. 

 

Nanocrystalline silicon has similar optical features to c-Si. Just as in a-Si: H, dangling bonds 

are present and substantially affect the performance of the solar cells. The dangling bond states 

act as very effective recombination centres and affect the lifetime of the charge carriers. The 

tail states act as trapping centres and build up a space charge in a device [4.21]. As a result, the 

mobility that characterises the transport of carriers through the localised states is strongly 

reduced. 

 

4.7 REFRACTIVE INDEX 

 

The semiconductor absorbing layer has strong ionic or directed covalent bonds, which in most 

cases are transparent to visible and infrared light. Since the wavelength of the light is always 

very much larger than the interatomic dimensions, the optical properties within the layer are 

described macroscopically in terms of the optical constants [4.22]. The absorption of energy is 

due to the electronic transition accompanying photon absorption. Since the experiments on the 

optical properties of the solids are usually conducted with monochromatic light, the 

propagation of a single wave within the isotropic medium is written as, 
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 𝐸 = 𝐸0 𝑒𝑥𝑝 𝑖(�̂�. 𝑟 − 𝑤𝑡),    (4.10) 

 

 

where 𝐸0 is perpendicular to the wave vector �̂�. Substituting equation 4.8 into 4.7, it follows 

that, 

 

 
�̂�2 = 𝜇

𝜔2

𝑐2
(휀 + 𝑖

4𝜋𝜎

𝜔
) .  (4.11) 

 

 

The complex refractive index �̂� is defined such that  

 

 
�̂� = (

𝜔

𝑐
) �̂� =

𝜔

𝑐
(𝑛 + 𝑖𝑘),    (4.12) 

 

 

where n and k are the refractive index and the extinction coefficient respectively. The refractive 

index (𝑛) is the ratio of the velocity of light in vacuum to the velocity of light of wavelength 

(λ) in the material.  

 

Applying Snell’s law, it gives the phase shift of the wave upon refraction. Now equation (4.8) 

can be written as 
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𝐸 = 𝐸0 [𝑒𝑥𝑝 − (

𝜔

𝑐
𝑘. 𝑟)] 𝑒𝑥𝑝 𝑖 (

𝜔

𝑐
𝑛. 𝑟 − 𝜔𝑡) .  (4.13) 

 

 

The first exponential factor in Equation 4.13 describes the attenuation of the wave amplitude 

with distance and the second exponential factor describes a wave travelling with phase velocity, 

𝑐/𝑛. These constants are described by the complex index of refraction(𝑛 + 𝑖𝑘). The real part 

(𝑛) is the ratio of the velocity of light in the vacuum to the velocity of light of wavelength (λ) 

in the material and is used to calculate the deflection of light beams upon refraction, applying 

Snell’s law.  

 

The extinction coefficient (𝑘) measures the absorption of light with distance and is related to 

the optical absorption coefficient 𝛼 by equation 4.14, 

 

 𝛼 =
4𝜋𝑘

𝜆
 ,    (4.14) 

 

 

The optical absorption 𝛼 is very useful to understand the basic mechanism of optically induced 

transitions in the material. It also provides information about the band gap, which in most cases 

is proportional to the thickness of the material [4.23]. 

 

4.8 DIELECTRIC FUNCTION 

 

The dielectric functions of a material describe the microscopic properties of a solid. The most 

general property of a solid, which modifies the electromagnetic wave of light, is the dielectric 

function (휀). It contains all the information about direct or indirect optical transitions or 
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fundamental excitations in a solid, like phonons, plasmons, etc. which can be derived from 

absorption, reflection or transmittance experiments. The fundamental electronic excitation 

spectrum of solids is generally described as the complex dielectric function 휀, which is defined 

in equation 4.15 

 휀̂ = 휀1 + 𝑖휀2 = �̂�2 𝜇⁄  ,  (4.15) 

 

where μ is the magnetic permeability. 

 

The real and imaginary parts of the dielectric function are directly related to each other through 

the Kramers-Kröning relation. The complex reflectance spectrum is mathematically 

decomposed into two separate spectra i.e. the extinction coefficient and refractive index 

spectrum as defined in equation 4.16 and 4.17:  

 

 휀1 = (𝑛2 − 𝑘2)
𝜇⁄    

(4.16) 

 

 휀2 = 2𝑛𝑘
𝜇⁄ = 4𝜋𝜎

𝜔⁄  .  (4.17) 

 

   

4.9 BAND GAP ENERGY 

 

The optical band gap is a basic property of the optically active material. It depends on structural 

characteristics of the material such as crystallinity and stoichiometry. In a defect-free 

crystalline semiconductor, the absorption spectrum abruptly terminates at the energy gap. In 

contrast, the absorption spectrum in amorphous semiconductor crosses over into the empty gap 
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region [4.24], which makes it difficult to define the bandgap experimentally. Thus, the 

description of electronic transitions using the standard Bloch theorem is no longer valid [4.25]. 

There are several optical methods used to determine an effective bandgap in a-Si.  The most 

common approach is to analyse measurements of the optical absorption coefficient 𝛼 as a 

function of energy, which yield either the optical or “Tauc” bandgap (𝐸𝑇). This technique 

depends on the absorption of photons with the energies greater than the band gap energy by 

carriers undergoing transitions from occupied states in the conduction band [4.26]. Generally, 

two types of optical transitions may occur at the band edge of the materials, namely: the direct 

and indirect transitions as given in equation (4.18) and (4.19) respectively:  

 

 

𝛼(𝐸) =  𝛼0 (
𝐸−𝐸𝑔

𝐸𝑔
)

2

   
(4.18) 

 

 
𝛼(𝐸) =  𝛼0√

𝐸−𝐸𝑔

𝐸𝑔
    ,   

(4.19) 

 

 

where 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 is the energy of photon given by ℎ𝑣 =
ℎ𝑐

𝜆
, λ is the wavelength of light, 𝐸𝑔 is 

the energy band gap and 𝛼0 is the Constant with the value ranging from 105- 106cm−1. 

 

Both the transitions involve the interaction of an electromagnetic wave with an electron in the 

valence band, which is raised across the band gap to the conduction band [4.27]. Comparatively 

less absorption takes place for energies below the bandgap due to Urbach absorption and free 

carrier absorption. This behaviour is caused by phonon-assisted absorption and other 

mechanisms that introduce a potential fluctuation which leads to local variations of the band 
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edges [4.27]. The indirect transitions also involve simultaneous interactions with the lattice 

vibrations and thus less absorption takes place for energies below the bandgap due to Urbach 

absorption and free carrier absorption [4.28]. A useful method to describe absorptions at 

energies below the interband absorption edge is the one proposed by Wemple-DiDomenico 

[4.30]. With this method, the refractive index dispersion data could be described to a good 

approximation by using a single-effective-oscillator fit given in equation 4.20: 

 

 𝑛2 − 1 =
𝐸𝑑𝐸0

𝐸0
2−(ℎ𝜈)2 ,  (4.20) 

 

where ℎ𝜈 is the incident photon energy, 𝐸0 is the single oscillator energy i.e. an average 

excitation energy coinciding with the energy corresponding to the maximum of the imaginary 

part of the complex-dielectric constant 휀2 in the 휀2 − 𝐸 spectra, and 𝐸𝑑 is described as the 

dispersion energy, which is proportional to the volume density of the valence electrons 

involved in the transition at 𝐸0. 

 

By plotting 
1

(𝑛2−1)
 against (ℎ𝜈)2, the oscillator parameters may be determined by fitting a 

linear regression to the data points. In contrast to Tauc and other fitting methods used to 

describe the refractive index dispersion data, the parameters obtained have fundamental 

physical significance. A physical meaning to 𝐸0 is that it has been extended to measure the 

energy difference between the centre of the valence and conduction bands, an indication of an 

average gap of the material that is quantitative information on the overall band structure, 

differing from the conventional optical gap such as the Tauc gap, which probes optical 
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properties near the fundamental band gap of the material. Localized states near the conduction 

or valence band (tail states) may have a strong effect on the optical absorption and subsequently 

on the optical gap [4.29], whereas if they have a small polarizability they will increase the 

Urbach tail but have insignificant effect on the average gap. 

 

4.10 MATHEMATICAL MODELLING OF THE DIELECTRIC 

FUNCTIONS 

 

Generally, by knowing the optical quantities that describe the absorption and the dispersion of 

light in the material, many other quantities may be calculated. The optical constants of the 

material i.e. refractive index (𝑛) and extinction coefficient (k), which are related to the 

dielectric function (휀), can be computed over a range of wavelengths [4.30]. Presently, several 

mathematical models exist to describe the dielectric functions used to determine the optical 

constants and thickness of the material. Amongst them, the Swanepoel method [4.31] has been 

widely used to extract especially the thickness from spectrophotometric data. The successful 

application of this method requires a measurement of the transmittance spectrum and the 

presence of interference fringes, which are essential for the calculation of the thickness. 

Moreover, difficulties occur when inhomogeneities such as crystallites and voids are present. 

In this case, the effective medium theory comes in as proposed solution to this classical 

problem, which is used in this study in combination with an interband transition model. An 

overview of the modelling approach required to extract the optical functions will now be given. 
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4.10.1 THE OJL INTERBAND MODELLING  

 

The electronic interband transitions excited by light absorption are observed in the UV- visible 

part of the spectrum and are considered here. The strong absorption is because the energy of 

the photons is higher than (or equal to) the bandgap of the material [4.32]. The photons can 

then be absorbed to excite an electron from the valence into the conduction band. Several 

models can be used to describe this phenomenon and in this study the O'Leary-Johnson-Lim 

(OJL) interband transition model is considered [4.33]. This model is preferred because it can 

consider both the distribution of electronic states of (a) an amorphous structure with the tail 

states that decay into the band gap, and (b) the defect-free crystalline structure which terminate 

abruptly at the band edge. It has built-in density-of-states-parameters which can predict the 

optical spectra (reflectance and transmittance) that can be compared directly to the measured 

data [4.34]. The band gap energy characterizing the extended states and the exponents of the 

tail state distributions appear as direct parameters in the OJL’s dielectric function model. In 

contrast to the Swanepoel method [4.31], the OJL can describe the dielectric function of any 

amorphous semiconducting material and is proficient in calculating the optical constants of 

measurements taken in either reflection or transmission mode, even for very thin films that do 

not exhibit interference fringes. The interference of electromagnetic waves is a key effect for 

the diffraction of light and for the optical layer thickness determination as it causes 

characteristic deviations in the optical spectrum of a thin film. The OJL model adopts an 

elementary empirical model for the distribution of electronic states [4.35] and assumes that the 

density of states (DOS) for the conduction band is given as in equation 4.21: 
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𝑁𝑐(𝐸) =
√2𝑚𝑐

∗3
2⁄

𝜋2ℎ3
{

√𝐸 − 𝑉𝑐                               , 𝐸 ≥ 𝑉𝑐 +
𝛾𝑐

2

√
𝛾𝑐

2
𝑒𝑥𝑝 (−

1

2
) 𝑒𝑥𝑝 (

𝐸−𝑉𝑐

𝛾𝑐
)        , 𝐸 < 𝑉𝑐 +

𝛾𝑐

2
        

}, 

  

(4.21) 

 

 

where 𝑚𝑐
∗ represents the DOS effective mass for the conduction band, 𝑉𝑐 is the disorderless 

band edge of the conduction band and 𝛾𝑐 reflects the breadth of the conduction band tail or 

Urbach energy. 𝑉𝑐 +
𝛾𝑐

2
 is the transition point between the square root and the linear exponential 

distribution of states, while 𝑁𝑐(𝐸) denotes the continuous first derivative at the transition point  

𝑉𝑐 +
𝛾𝑐

2
. 

 

Similarly, the DOS function for the valence band is given equation 4.22: 

 

 

𝑁𝑣(𝐸) =
√2𝑚𝜈

∗3
2⁄

𝜋2ℎ3 {
√

𝛾𝜈

2
𝑒𝑥𝑝 (−

1

2
) 𝑒𝑥𝑝 (

𝑉𝑣−𝐸

𝛾𝑣
)         , 𝐸 ≥ 𝑉𝜈 −

𝛾𝜈

2

√𝑉𝑣 − 𝐸                                      , 𝐸 < 𝑉𝑣 −
𝛾𝑐

2

} ,  

(4.22) 

 

 

where 𝑚𝑣
∗  represents the DOS effective mass for the valence band, 𝑉𝑐 is the disorderless band 

edge of the valence and 𝛾𝑐 reflects the breadth of the valence band tail. 𝑉𝑐 −
𝛾𝑐

2
 is the transition 

point between the square root and the linear exponential distribution of states, while 𝑁𝑣(𝐸) 

denotes the continuous first derivative at the transition point, 𝑉𝑐 −
𝛾𝑐

2
. From these expressions 

of the density of states it is possible to calculate the imaginary part of the susceptibility. The 

real part is obtained through a Kramers- Kröning transformation [4.36]. The fitting parameters 

associated with this interband model are the energy bandgap 𝐸𝑔, Urbach energy, 𝛾𝑣, strength 
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of the transition and a decay parameter that is added to drag the imaginary part down for high 

frequencies. These parameters can be used in the software as variables together with the 

thickness in order to obtain a fit of the spectrum of an amorphous semiconducting thin film in 

general. 

 

4.10.2 EFFECTIVE-MEDIUM THEORY 

 

The effective-medium approximation is a method of treating a macroscopically 

inhomogeneous medium, i.e., a medium in which quantities such as the conductivity 𝜎, 

dielectric function 𝜖, or elastic modulus vary in space [4.37]. Several dielectric models can be 

used to describe some of the characteristic phenomena that occur when light travels through 

inhomogeneous media. Theoretically they are similar and differ basically in the consideration 

of the host medium. They can also consider diverse types of mixture i.e. spheres of both 

materials, spherical inclusions in a matrix, etc. and adapted to other physical situations, like the 

description of surface roughness [4.37]. If a material consists of separate regions, each with 

their own dielectric functions and the sizes of the regions are insignificant compared to the 

wavelength of light, then the material is considered to be a uniform effective medium. Thus, 

the material will have an equivalent uniform dielectric function that consider the effect of 

screening charges that accumulate on boundaries between microscopically different regions of 

a composite material. To describe the EMA in a simplest scenario case, let us suppose a mixture 

of two grains, denoted by 𝑎 and 𝑏, is present in relative volume fractions𝑓𝑎 and 𝑓𝑏 , where 

 

 𝑓𝑎 + 𝑓𝑏 = 1      .   (4.23) 
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Then the effective dielectric function is deduced from the dielectric functions of the two phases 

(𝜖𝑎, 𝜖𝑏) and the corresponding volume fractions (𝑓𝑎, 𝑓𝑏) as: 

 

 𝜖𝑒𝑓𝑓 = 𝑓𝑎𝜖𝑎 + 𝑓𝑏𝜖𝑏,   (4.34) 

which is the optical equivalent of capacitors in parallel, and where 𝜖𝑏 is the dielectric function 

of a material. Correspondingly, the optical equivalent of capacitors in series is given by 

equation 4.25: 

 

 1

𝜖𝑒𝑓𝑓
=

𝑓𝑎

𝜖𝑎
+

𝑓𝑏

𝜖𝑏
 .  (4.25) 

 

 

The most commonly used effective-medium theory models are the Maxwell-Garnett Theory 

[4.38] and the Bruggeman model [4.39]. The Maxwell-Garnett Theory assumes spherical 

inclusions in a homogeneous host material without any interaction of neighbouring particles 

[4.40]. This is expressed as 

 

 𝜖−𝜖𝑏

𝜖+2𝜖𝑏
= 𝑓𝑎

𝜖𝑎−𝜖𝑏

𝜖𝑎+2𝜖𝑏
    ,   (4.26) 

 

 

where 𝑓𝑎 =
(4𝜋

3⁄ )𝑟𝑎
3

𝑉
⁄  , is the volume fraction occupied by the phase 𝑎 and 𝑉 is the total 

volume of the system.  
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The effective-medium expression has the general form 

 

 𝜖−𝜖ℎ

𝜖+2𝜖ℎ
= 𝑓𝑎

𝜖𝑎−𝜖ℎ

𝜖𝑎+𝑠𝜖ℎ
+ 𝑓𝑏

𝜖𝑏−𝜖ℎ

𝜖𝑏+𝑠𝜖ℎ
 .  (4.27) 

 

In the Maxwell-Garnett expression, the volume fraction gives preference to phase 𝑎 and 

assumes that the volume fraction of material 𝑏 is smaller. Thus, the resulting values of 𝜖 will 

be different for the two materials. The Bruggeman model, often called Effective Medium 

Approximation (EMA) resolved these inherent difficulties in the Maxwell-Garnett expression 

by proposing that neither phase should be given a preference, but that inclusions should be 

treated as being embedded in the effective medium itself [4.41]. The general expression then 

becomes 

 

 0 = 𝑓𝑎
𝜖𝑎−𝜖ℎ

𝜖𝑎+𝑠𝜖ℎ
+ 𝑓𝑏

𝜖𝑏−𝜖ℎ

𝜖𝑏+𝑠𝜖ℎ
 ,  (4.28) 

 

where 𝑎 and 𝑏 denotes distinct types of particles in consideration and h the host material itself.  

 

Generally, if the composite is isotropic in three-dimensions, then s = 2. While the Maxwell-

Garnett model describes an isotropic matrix containing spherical inclusions that are isolated 

from each other (cermet microstructure), the Bruggemann model allows similar materials to be 

in contact and therefore accounts for correlations due to the self-consistent determination of 

the dielectric properties (aggregate microstructure). 
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4.11 OPTICAL MODELLING SOFTWARE 

 

The modelling of the transmittance and reflectance spectra is performed using Scout® 3.83 

software. The SCOUT software is a Windows-based 98/200/NT/XP/Vista computer program 

for analysis of optical spectra by comparison of measurements and computer simulation.  The 

software can model the dielectric function of the nano- or microcrystalline thin film by 

including crystallites and voids in the amorphous semiconductor OJL matrix, described above. 

Hence, the parameters can be set up to describe semiconductor thin film material in terms of 

the shapes of conduction and valence band densities of states, the energy gap between the band 

edges and the width of the exponential band tails, together with film thickness and volumes of 

particle inclusions, whether voids or crystallites. The inhomogeneities caused by the formation 

of voids and crystallites containing varying dielectric functions as the host matrix are described 

using Bruggeman Effective Medium Approximations (BEMA). These volume fractions of the 

inhomogeneities, for example such as the crystalline volume fraction and the void fraction can 

be returned to zero if the material is completely amorphous and void-free. 

 

4.11.1 DESCRIPTION OF SEMICONDUCTOR MATERIAL IN THE 

SOFTWARE 

 

The optical modelling of the dielectric function of nc-Si:H using Scout® is discussed 

comprehensively elsewhere [4.42]. In Scout® the dielectric functions of various materials 

which allows the calculation of a theoretical spectrum can be combined in the Effective 

Medium Approximations (EMA) as matrix and particles. The parameters are set up in such a 

way that they describe a semiconductor thin film material in terms of the shapes of conduction 

and valence band densities of states, the energy gap between the band edges and the width of 
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the exponential band tails. The optical constants for all relevant inhomogeneous materials were 

obtained in a materials list and the optical constant models are composed of susceptibility terms 

which are managed in susceptibility lists. The heterogeneous material (mixed-phase 

composite) is then a mix of optical constants for an OJL amorphous semiconductor, air, and 

crystallites of silicon achieved by using the Bruggeman effective medium. 

 

4.12 EXPERIMENTAL DETAILS 

 

Transmittance measurements were carried out using a UV/VIS/NIR Hitachi U-3400 double 

beam spectrophotometer housed at the National Metrology institute of South Africa (NMISA), 

and the reflectance measurements were carried out using a PerkinElmer Lambda 7505 double 

beam spectrophotometer housed at the CSIR Nano-Centre. The baseline correction on both 

spectrometers was performed using a Spectralon reflectance standard at the exit port as 

described in section 4.4.1. In this manner, the obtained spectra from the two 

spectrophotometers could be analysed together regardless of the instrument or location. It is 

recommended that the recording of T and R spectra be recorded at the same spot, however this 

was practically difficult due to the design of the optical components of the spectrophotometers 

used. Although effort was taken to ensure reproducible positioning of the sample, there was 

uncertainty included when the sample is rotated. 
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4.12.1 BASELINE SCAN AND BACKGROUND CORRECTIONS 

 

A baseline scan was performed prior to the measurement process using a calibrated Spectralon 

reflectance standard at the exit port and air as a transmission medium. The 100% level is 

measured with no sample in the beam, i.e. through air. The 0% level is set with an opaque 

sample that is the same size and shape as the test specimen and blocks the instrument sample 

beam. The measured zero level must be subtracted from all subsequent readings. The system 

baseline scan was performed every two hours to limit the influence of any system drift due to 

prolonged usage. 

 

4.12.2 MEASUREMENT TECHNIQUES FOR TRANSMITTANCE SPECTRA 

 

The transmittance measurements of samples deposited on Corning 7095 glass substrates were 

performed in the spectral range from 350 nm - 850 nm and the bandwidth was set to 2nm. The 

nc-S:H thin film was positioned at the entrance port of the integrating sphere, normal to the 

incoming “sample” beam as depicted in figure 4.3. The sample was illuminated at the centre 

with the active layer facing towards the incoming beam. The engraved identification mark on 

the sample was used to reference the orientation in which the sample was aligned with the 

beam. The sample was then rotated through 3600 in a step of 900 as depicted in figure 4.4. 
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Figure 4.3: Set-up for the total transmittance measurement. 

 

 

Figure 4.4: Rotation of the sample through 3600. 

 

4.12.3 MEASUREMENT TECHNIQUE FOR REFLECTANCE SPECTRA 

 

The reflectance measurements of nc-S:H thin film deposited on Corning 7095 glass substrates 

were performed in the spectral range from 350 nm - 850 nm and the bandwidth was set to 2nm. 

Two sets of the spectral reflectance of the thin film sample were measured: the total reflectance 

and the diffuse reflectance measurement of the sample, respectively and with similar sample 
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orientation as the one described in section 4.4.2 was used to perform these measurements. Total 

reflectance was measured with a wedge attached on the exit port of the integrating sphere to 

tilt the thin film by approximately 5°. This is to prevent any reflected light from escaping the 

integrating sphere through the entrance port, thus allowing the total reflectance from the sample 

to be measured as depicted in figure 4.5. The amount of refracted light at the exit port could 

not be quantified, but it was assumed to be minimal. 

 

 

Figure 4.5: Set-up for the total reflectance measurement. 

 

To perform the diffuse reflectance measurement, the wedge was removed, and the sample was 

attached to the entrance port of the integrating sphere in such a way that it is aligned normal to 

the incoming beam as illustrated in figure 4.6. This setup allows both the transmitted beam and 

the specular reflected beam to escape the integrating sphere via the exit port exit and the 

entrance port without being integrated in the measured diffuse light, thus allowing only the 

diffuse part of the beam to be measured. The specular reflected beam was calculated by 

subtracting the corrected diffuse component of the reflectance from the corrected total 

reflectance. 
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Figure 4.6: Set-up for the diffuse reflectance measurement. 

 

4.13 OPTICAL MODELLING OF THE OBTAINED SPECTRA  

 

4.13.1 DEFINING LAYER STACKS OF THE STRUCTURE  

 

As highlighted in the theory section of this study, the nanocrystalline thin films are a mixed-

phase material consisting of crystallites and voids embedded in an amorphous matrix. Thus, 

material of such complexity requires many parameters to be defined, so that it can approximate 

the realistic optical behaviour of the material. The samples were virtually split into 6 layers of 

total thickness d in an attempt to account for profiling in the thin film, on an infinite transparent 

layer that has a thickness several orders of magnitude larger than d, as depicted in figure 4.7, 

each containing the adapted model that is inclusive of a-Si, polycrystalline Si and voids. The 

volume fraction of voids and crystallite materials were assigned to the layer stack using the 

built-in dielectric functions in the database of software as depicted in figure 4.7. Thus, a two-

phased mixture of amorphous silicon and nano-crystallites of silicon embedded in the 

amorphous silicon were initially defined using the effective medium approximation (EMA). 

Subsequently, an EMA was also used to mix air into this new layer to approximate the presence 
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of voids. A rough surface was simulated by applying a mathematically defined function to 

allow for light scattering that occurs from the surface of the material, considering that scattering 

is higher at longer wavelengths than at shorter wavelengths. It is also worth mentioning that 

underneath the rough surface a thin silicon oxide layer was defined to account for surface 

oxidation effects. 

 

 

Figure 4.7: Virtual layer stack consisting of voids and a rough interface correction with the 

scattering formula for surface features. 

 

4.13.2 SELECT THE FIT PARAMETERS 

 

After the definition of all optical constants and layer stacks, the spectrum was loaded, and the 

fit parameters were defined. The simulation of the spectrum was then executed, and the 

software could adjust the fitting parameters by default to reach optimal agreement between 
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simulation and measurements. The program calculates the simulated R and T spectra together 

with the associated optical constants over the specified energy range. The program then 

changes the initial fit parameters and calculates new R and T spectra such that if the comparison 

with the measured spectra results in a smaller deviation, then the program replaces the initial 

fit parameters. This iterative process was repeated until no further improvement of the 

deviation can be achieved. It was also necessary to adjust the parameters manually in a case 

where the fit was not good enough in order to bring the simulation ‘closer’ to the data, from 

which the automatic fit then proceeded again. The goodness of fit value was expressed as the 

deviation of the simulated spectra from the measured spectra and the values of goodness of fit 

for various categories are given as indicated in table 4.1. The virtual layers are only used in the 

model, the absorption coefficient, film thickness, energy band gap and refractive index values 

for the complete real film are extracted from the model using the theoretical equations derived 

earlier in this chapter.  

 

Table 4.1 Rating classification levels according to the deviation of the simulation from spectra. 

Rating description Excellent Good Acceptable Bad Rejected 

Value 10-5 10-4 10-3 10-2 10-1 

 

4.14 RESULTS AND DISCUSSION 

 

4.14.1 MEASURED AND SIMULATED SPECTRA 

 

Figure 4.8 and Figure 4.9 present the measured and simulated transmittance spectra of the two 

nanocrystalline thin films deposited at 95% and 81.7% hydrogen dilutions respectively. The 
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transmittance intensities in the y-axis are reported in absolute values i.e. 
𝑇

100
 . Due to internal 

multiple reflections occurring within the film, the interference patterns are observed.  

 

Figure 4.8: Measured and simulated transmittance spectra at 95% hydrogen- dilution. 

 

Figure 4.9: Measured and simulated transmittance spectra for a) 81.7% Hydrogen- dilution. 
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From the interference patterns of the two films, one can immediately predict visually whether 

the sample is thick or thin. The interference patterns of a thin sample are spread far apart from 

each, while for a relatively thick sample are closely spaced. Thus, from visual assessment, the 

nanocrystalline film deposited at 95% hydrogen dilution is thinner relative to the film deposited 

at 81,7 %. It is also evident that no transmission is observed from the wavelength of <450 nm 

and <600 nm in the respective transmittance spectra, which implies that the light is completely 

absorbed in these regions. The cut-off for strong light absorption occurs at different wavelength 

for the two respective spectra i.e. at λ=450 nm and λ = 600nm for 95% and 81.7% hydrogen 

dilution respectively. The blue shift in absorption with increased hydrogen dilution is related 

to the domination by the quantum confinement effect on the optical properties of nc-Si:H 

deposited at 95% hydrogen dilution [4.40]. The results from XRD and Raman has confirmed 

the increased in crystalline volume fraction and enhanced crystallinity at high hydrogen 

dilution. As the number of nanosized crystallites increase, the electronic density of state is 

decreased and expected to reduce the absorption coefficient values of the material. 

 

Beyond the cut-off for strong absorption i.e. at approximately λ > 450 nm for 95% hydrogen 

dilution and λ > 600 nm for 81.7% hydrogen dilution, a gradual increase in transmittance is 

observed. A very small portion of light is absorbed, and the film is almost transparent. The 

absence of absorption in this region is attributed to the fact that photons have insufficient 

energy to cause electronic transitions from the valence band to a higher energy state. The 

transmittance for the respective films increases gradually to a maximum value of 0.8 and 0.6 

respectively. 
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Figure 4.10 and figure 4.11 present the measured and simulated specular reflectance spectra of 

the two nanocrystalline thin films at 95% and 81.7% hydrogen dilutions respectively. When 

the transmittance and reflectance spectra of the respective nanocrystalline thin films are 

compared, a drop in both transmittance and specular component is observed. This is attributed 

to the surface roughness. AFM has confirmed that the nanocrystalline thin film deposited at 

81.7% has a higher (rms) roughness value which is agreeing with the observation.  

 

Figure 4.10: Measured and simulated specular reflectance spectra at 95% Hydrogen-dilution. 
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Figure 4.11: Measured and simulated specular reflectance spectra at 81.7% Hydrogen – 

dilution. 

 

Another interesting feature is observed when the sample is rotated from 0° through to 360°, 

ensuring that the incident beam is maintained at the same spot. The results (not shown) reveals 

that the shape of both reflectance and transmittance spectra (i.e. measured at 90° and 180°) of 

nanocrystalline thin film deposited at 81.7% appears distorted and the intensity decrease to a 

level where it is difficult to perform the simulation. This behaviour is attributed to the 

orientation of the crystallites with respect to the incident light. Thus, rotating the sample places 

the crystallites at various positions relative to the incident beam. As a result, the incoming light 

interacts differently with the material. Additionally, some of the orientations scatter or transmit 

light more relative to the other and in some instances, the spectra appear to be distorted which 

makes the fitting of the spectra difficult, more especially for the thicker sample. To avoid this 

limitation, transmittance and reflectance spectra at “0°” and “270°” rotations were used for the 

fitting to determine the optical constants. 

http://etd.uwc.ac.za/



Chapter 4 

141 

 

Contrary to the transmittance spectra, for high energies, where absorption is high the intensity 

of the specular reflected light increases. Since light is scattered by particles that are smaller 

than the light wavelength, the shorter wavelength is scattered much more than the longer 

wavelengths, which result in an increased intensity of the reflectance. In fact, when the 

reflectance spectra of nc-H:Si thin films are compared with the c-Si reflectance spectra, it can 

be seen that nc-H:Si thin film deposited at 95%  hydrogen dilution approximate the c-Si spectra 

better that the nc-H:Si thin film deposited at 81.7% in this region confirming that nc-H:Si thin 

film deposited at 95% is more crystalline. 

 

Figure 4.12: Comparison of measured specular reflectance spectra with c-Si. 
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Figure 4.13: Comparison of measured specular reflectance spectra with c-Si. 

 

4.14.2 DETERMINATION OF ABSORPTION COEFFICIENT 

 

Light traveling in an absorbing medium is attenuated. The attenuation of the medium is related 

to the absorption coefficient (α). A plot of absorption coefficient as a function of energy shows 

high values in the high-energy region and low values as it approaches the low-energy region. 

The spectral dependence of the absorption coefficients α(ν) calculated from the transmittance 

spectrum at “0°” and “270°” is depicted in Figure 4.14. 
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Figure 4.14: Absorption coefficient curves obtained from transmittance spectrum of nc-Si:H 

thin films deposited at 81.7% and 95% hydrogen dilution. 

 

The absorption coefficient was determined directly where the photon energy is 2 eV which is 

the useful range of the visible spectrum. This correspond to photons energy of wavelength at 

620 nm. Table 4.2 present the determined absorption coefficient of the two nanocrystalline thin 

film at different hydrogen dilution revealing that the absorption coefficient decreases with the 

increase of the hydrogen dilution. The average absorption coefficient (0° and 270°) for 

individual nanocrystalline thin films deposited at 81.7% and 95% hydrogen dilutions amounted 

to  1.40 × 104 cm-1 and 1.36 × 104 cm-1 respectively revealing that the light absorption of the 

two nc-Si:H is comparable, and the absorption coefficient value is within the expected order of 

magnitude i.e. ~ 104. 
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Table 4.2: Absorption coefficient determined from transmittance spectra at 0° and at 270° 

sample rotations. 

Hydrogen 

dilution 

Spectrum 0°  

(×104 cm-1) 

270°  

(×104 cm-1) 

Average Absorption 

coefficient (×104 cm-1) 

95% T 1.34 1.37 1.36 

81.7 % T 1.38 1.42 1.40 

 

As it has already been reported in chapter 3, surface roughness, the thickness and amorphous 

volume fraction for nc-Si:H with hydrogen dilution 81.7% is relatively higher than nc-Si:H 

with hydrogen dilution 95%. This may lead to more light being internally reflected and favour 

the diffuse light scattering at the surface, all of which contribute to the increase in absorption 

of the light. 

 

4.14.3 DETERMINATION OF FILM THICKNESS 

 

The reflectance spectrum was used to determine the thickness of the film. From the initial 

fitting parameters, the program calculates the simulated R spectrum together with the 

associated thickness and the optical constants over the specified energy range. The deviation 

of the simulated spectra from the measured spectra results were in the ‘good’ to ‘excellent’ 

categories. The extracted thicknesses from the reflectance spectra at respective hydrogen 

dilution is presented in table 4.3. 
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Table 4.3: Determined thickness (nm) for the respective sample hydrogen dilution. 

Hydrogen dilution (%) Spectrum 0° 270° Average  

95 R 460.3  453.2 456.8 

81.7 R 1910.9 1905.4 1908.2 

 

The determined thickness of nanocrystalline thin film deposited at 95% hydrogen dilution was 

456.8 nm compared to 1905.4 nm determined at 81.7% hydrogen dilution. These results agree 

with the absorption coefficient reported in section 4.11.2 which shows that thicker sample 

exhibits stronger absorption. It is also observed that the optical thickness of nc-Si:H sample 

with 95% hydrogen compares well with the physical thickness determined from SEM on the 

silicon substrate i.e. 455 ± 10 nm. However, this was not the case for sample deposited at 

81.7% hydrogen dilution. A physical thickness of 1464 ± 10 nm and a chemical thickness of 

1550 nm was reported from SEM and TOF-SIMS respectively which is in the same order of 

magnitude to the determined optical thickness. This observation may be attributed to variation 

in surface roughness of the two films. It has been confirmed from AFM that surface roughness 

on the nanocrystalline thin film deposited at 81.7% is relatively higher than nanocrystalline 

thin film deposited at 95%. As a result, the incident light is diffusely reflected off the surface 

in many directions and influencing the measured specular reflectance component and distorts 

the spectrum compared to the other sample. 
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4.14.4 DETERMINATION OF ENERGY BAND GAP AND REFRACTIVE 

INDEX 

 

The determination of energy band gap and refractive index was obtained from the specular 

reflectance spectrum measurements. Detailed analysis was performed using the model 

suggested by Wemple and Didomenico [4.29]. The value of dispersion parameters i.e. 𝐸0, 𝐸𝑑 

and static refractive index 𝑛0 were determined from the linear fitting parameters of the graphs 

in figure 4.15. Summarized values of the dispersion parameters calculated from equation 4 are 

depicted in table 4.4.  

 

 

Figure 4.15: Extrapolation of refractive index data obtained from specular reflectance 

spectrum. 
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Table 4.4: Calculated values of dispersion parameters and static refractive index.  

Hydrogen dilution (%) Orientation E0 (eV) E0/2 (eV) Ed n0 Ave (n0) 

95         0° 3.87 1.94 31.89 3.04 

3.07 

95         270° 3.97 1.98 34.01 3.09 

   81.7         0° 3.71 1.86 27.78 2.92 2.92 

    81.7         270° 3.72 1.86 27.99 2.92 

 

The obtained values of 𝐸0 measured at 0° increases from 3.71 to 3.87 with increasing hydrogen 

dilution and the values measured at 270° increases from 3.72 to 3.97 with the increase in 

hydrogen dilution. As explained by Tanaka [4.43], the oscillator energy (𝐸0) is an average 

energy gap and to a good approximation, scales with the optical band gap (𝐸𝑔) i.e. 𝐸0 ≈ 2𝐸𝑔. 

The calculated values of band gap energy (𝐸𝑔) using this argument are given in table 4.6. The 

approximated values calculated from the modelling of the spectra measured at 0° are 1.86 and 

1.94 eV at 81.7% and 95% hydrogen dilutions respectively. The values obtained at 270°  are 

1.86 and 1.98 eV for 81.7% and 95% dilutions respectively. 

 

Depending on the process parameters, the typical band gap values of a-Si:H are expected to lie 

between 1.6 and 1.7 eV, whereas 1.1 eV is reported for crystalline silicon [4.44]. In the case of 

hydrogenated nanocrystalline silicon which is a mixed phase of crystalline and amorphous the 

band gap value lies normally at 2 eV or much higher. Nevertheless, the calculated energy gap 

values are consistent with the predicted Tauc energy gap values for amorphous and 

nanocrystalline material. These values confirm that the sample deposited at 95% hydrogen 

dilution exhibit the optical properties of a nanocrystalline thin film. The bandgap > 1.7 eV for 

sample deposited at 81.7% dilution indicates that the material is in transition to the 
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nanocrystalline phase. Also shown in Table 4.4 is the average refractive index at different 

hydrogen dilutions. Comparison of the two nc-Si:H shows that the refractive index n0 increases 

on average from 2.92 to 3.07 with the increase in the hydrogen dilution ratio. The refractive 

index n(m) of a material is directly related to the density [4.45]. Theoretically, the light wave 

bends more when travelling through the material with high density. Thus, dense material 

exhibits relatively higher refractive index (n0) values. The results obtained from XRD, Raman 

and HRTEM analysis have already confirmed that the nc-Si:H deposited at 95% hydrogen 

dilution has a high crystalline volume fraction, hence denser than the nc-Si-H deposited at 

81.7%. The increased refractive index due to the increase in crystallite size and coalescence of 

smaller nano-crystallites have also been reported in the work done by Arendse et.al [4.46]. The 

low refractive index observed at nc-Si-H deposited at 81.7 % is due to the more disordered and 

porous material.  

 

4.15 CONCLUSION  

 

The reflectance and transmittance spectra of the nc-SiH thin films has been successfully 

measured using distinct double beam UV-VIS spectrophotometers. Through traceability, the 

respective spectra could be compared and used in the modelling of the optical functions. This 

was possible by using a traceable calibrated reflectance standard to perform the baseline 

measurements of the instruments. The study has proven that the UV-VIS technique, could be 

used as a fast and inexpensive method of characterising nc-Si:H thin films. Interference 

patterns maybe used to predict the thickness of the sample. Fewer interference fringes indicate 

a thin sample whilst more interference implies thicker sample. A prior attempt to use a virtual 

film made up of 3 layers with varying features (i.e. voids, crystals, a-Si) could not allow 

accurate fitting of the spectra. Thus, the accuracy of the fitting was improved by using 6 layers 
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in the virtual film. The optical thickness of the nanocrystalline thin film deposited at 95% 

hydrogen dilution (457 nm) corresponds well with SEM (455 nm) and HRTEM (466 nm). 

However, the optical thickness for nanocrystalline thin film deposited at 81.7 % (1908 nm) is 

higher than that predicted in chapter 3. Although the thickness is in the same order of 

magnitude, it is slightly higher than what is predicted by SEM (1461 nm), HRTEM (1467 nm) 

and TOF-SIMS (1450nm). Surface roughness and the non-uniformities at the sampling area 

distorting the spectra were attributed to be the cause this observation. The evolving structural 

features due to the variation in hydrogen dilution influences the optical properties of the 

nanocrystalline thin film material. The transmittance spectra reveal a blue shift of absorption 

edge with increasing hydrogen dilution. This shift was attributed to the quantum confinement 

effects. The increased number of nanosized crystallites with hydrogen dilution which lead to 

quantum confinement effect was confirmed by Raman spectroscopy and XRD results. 

 

Specular reflectance spectrum shows an increased reflectance intensity at high photon energies 

and the effect is more with hydrogen dilution confirming that nanocrystalline thin film 

deposited at 95% has more crystalline components. The absorption coefficient decreases with 

the increase in hydrogen dilution confirming that nanocrystalline deposited at 81.7 % hydrogen 

dilution is relatively amorphous. The static refractive index n0 increases with hydrogen 

dilution, revealing that 95% has a high crystalline volume fraction as confirmed by the results 

from XRD, Raman and HRTEM and denser relative to the 81.7% hydrogen dilution sample. 

The density of material affects the refractive index. The determined energy gap value confirms 

that 81.7% is amorphous and 95% is nanocrystalline. These values are consistent with the 

predicted Tauc values. The nano-sized crystallites lead to the widening of the band gap at the 

beginning growth stages of the film due to the quantum confinement effect. 
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CHAPTER 5 

A SUMMARY 
 

The modelling of the nc-Si:H transmittance and reflectance spectra was successfully achieved 

by using SCOUT® software. This work extends the built-in capabilities of the Scout® software 

such that material description in the software program correlates more clearly with the actual 

physical material under investigation. The relationship between the nano-structural and the 

chemical, electronic and optical properties of an nc-Si:H thin film synthesised by hot-wire 

CVD was investigated. Secondary ion mass spectrometry depth profiling was used to track the 

presence of porosity and the incubation layer. HRTEM analysis reveals a film with porosity 

that decrease in extent moving from the incubation layer to the film surface. The nanocrystals 

formed within micron-sized crystalline cone regions and their size increased moving along the 

growth direction. The electronic structure of the nc-Si:H varies along the growth direction of 

the film and was influenced by the crystallinity, porosity and the chemical composition (H- and 

O-content). An optical model was developed based on the nano-structural and chemical 

properties of the nc-Si:H film to extract an optical thickness based on UV–Vis measurements.  

 

Analysis of optical thickness for the nanocrystalline thin film deposited at 95% hydrogen 

dilution correspond well with the physical and chemical thickness obtained from SEM and 

HRTEM respectively. However, the optical thickness derived from nanocrystalline thin film 

deposited at 81.7% nanocrystalline thin film agrees to an order of magnitude to the thickness 

determined from TOF-SIMS, SEM and HRTEM, but was not as closely in agreement compared 

to the 95% dilution sample. This was attributed to surface roughness and non-uniformity on 
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the area where the thin film sample was obtained. The optical band gap agrees with the 

theoretical Tauc band gap revealing that thin film deposited at 95% hydrogen dilution is more 

nanocrystalline. The refractive index increases with the hydrogen dilution revealing increased 

density of the material with hydrogen dilution. The light scattering due to a rough surface and 

bulk inhomogeneity is of crucial importance for solar cell thin films. Scattering effects leads to 

an improved absorption of light. In this study, it has been shown that complex nanostructured 

materials such as nc-Si:H can be accurately characterised by considering a combination of 

techniques probing the material from the atomic to the micron scale. The careful correlation 

between independent techniques provides a better understanding of the growth and properties 

of the nanomaterial. This shows that there is yet opportunity to improve on the analysis of well-

established research materials.  

 

Suggested further work is the determination of (rms) roughness and Haze factor from the 

reflectance spectra using scalar scattering theory suggested by Bennet and Porteus [5.1]. This 

approach requires accurate determination of beam’s angle of incident. The possibility of using 

reflectance spectra to determine the (rms) roughness value of the nc-Si:H thin film could be 

validated by AFM. The determined (rms) roughness may also be used to correlate surface 

features such as crystallinity and density as obtained from XRD and Raman spectroscopy. On 

the other hand, haze meter for measuring haze factor of nc-Si:H thin film need to be considered 

as this could provide a solution for rapid determination of (rms) roughness.  
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