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ABSTRACT 
Carrier mobility and carrier lifetime are two critical charge transport parameters in silicon solar 

cells, because, they directly impact the electrical conduction in solar cells. The optimisation of 

these parameters are paramount to the overall performance of solar cells. In this work, a 

methodology (Experimental and Semi-empirical) is designed to study how to optimise the 

carrier mobility and carrier lifetime of undoped Schottky junction silicon nanowire solar cells 

(SiNWs-SC) and the impact of the fabrication temperature on these parameters. The impact of 

the fabrication and growth conditions on the silicon nanostructures is the first real step in trying 

to understand these parameters using Plasma Enhanced Chemical Vapour Deposition 

(PECVD) Method. In this study, silicon nanowires which will be represented in this work as 

SiNWs were grown on different substrates, such as, Aluminium Doped Zinc Oxide Coated 

Glass (AZO), P-Silicon and Corning 7059 glass for structural, optical and electrical 

characterisation. SiNWs were grown  using Tin (Sn) catalyst having  a mass thickness of 5nm 

and complete synthesis through the use of Vapour-Liquid-Solid (VLS) bottom-up growth 

method by PECVD technique was  conducted at  fabrication temperature ranges between 200oC 

to 400oC in increments of  25oC  intervals while other fabrication and growth conditions remain 

fixed. From all 9 experiments conducted, SiNWs grown at 3000C and 3250C respectively 

exhibited more pronounced SiNWs growth evident from the Scanning Electron Microscopy 

(SEM) images. These SiNWs have morphologies resembling a Spaghetti and Needle like 

structure respectively. Their respective band gaps are 1.68eV and 1.55eV obtained from optical 

characterisation technique through Ultraviolet Visible Spectroscopy (UV-Vis). Impedance 

spectroscopy (IS) technique is applied for the first time to measure the intrinsic carrier 

concentration (ni) in SiNWs-SC devices by applying DC bias voltages from -0.5V to 0V at an 

AC voltage of 10mV through a frequency range of 1MHz to 20Hz and the values obtained are 

in the ranges of 109-1015cm-3 in relation to changes in the fabrication temperature. Each SiNWs-

SC device was characterised using IS technique to first find the carrier lifetime (τ) which 

corresponds to the maximum peak point on the Nyquist plot semicircle and the capacitance (C) 

value at each these points was derived from the relational  RC = τ. The corresponding CV plots 

were obtained and the 1/C2 against V Mott-Schottky plots was used to calculate the intrinsic 

carrier concentrations and built-in voltages respectively. Thomas and Caughey's mobility fit 

model was modified in this work and from this model the carrier mobility (µ) in SiNWs-SC 

devices was calculated. At low optimization fabrication temperature range between 300oC ≤ 

ToC ≤ 325oC the average values of τ = (4.96 ± 0.05) µs and µ = (1.5 ± 0.045) cm2/V-s under 

dark condition are reported respectively. 
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CHAPTER 1 

COMPENDIUM 

1.0                                BRIEF HISTORY OF SOLAR ENERGY 

The energy crisis of the 1970s had a devastating effect on the economics of countries especially 

in America, Europe, and Japan. Consequently, this led to the genuine awareness of the 

limitation posed by fossil fuels and research started into the development of alternative, clean, 

and renewable energy sources. Apart from the limitation posed by fossil fuels, the 

environmental impact was also a subject for consideration, especially with the emission of 

greenhouse gases [1]. Other factors that led to the ambitious research into solar energy are: 

1. Excessive dependence on oil imports. 

2. Unstable energy prices. 

3. Poor air quality. 

4. High financial risk. 

5. Political unrest and wars. 

6. Increase in the price of oil on the international market due to political instability.  

1.1                                               SUN’S ENERGY 

The sun is the primary source of solar energy and the radiation from the sun reaches the earth 

in the form of light and heat energy. The following are the characteristics and advantages of 

the sun by [2]. 

1. The total power radiated by the sun is about 3.8×1030 Watts.  

2. The power reaching the earth’s surface is about 1.8x1011 Megawatts, which is a 

thousand times larger than current global consumption. 

3. Abundantly available and free for use.  

4. It is an unlimited energy resource.  

However, solar energy harvesting has its peculiar challenges and these are: 

1. The challenge of providing the right technology to sufficiently store electricity 

generated from solar energy most especially for night use. 

2. Solar generation stations are location-dependent, i.e., areas where you have high 

insolation, give better efficiency.  

3. A large part of the solar emission spectrum is not yet fully utilised. 
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Photovoltaic and solar cell technology is becoming a viable alternative for meeting the energy 

needs across the globe [1]. This is mainly due to the advantages it offers, for example, silicon-

based solar cells are environmentally-friendly when compared to fossil fuel sources that emit 

greenhouse gases and also for their scalability. A photovoltaic system is a product of the 

research conducted on the photo-voltaic effect dating back to 1839 when Alexander-Edmond 

Becquerel made this astounding discovery [3]. In his experiment, he illuminated a mixture of 

silver chloride placed into an acidic solution connected to platinum electrodes. The resultant 

effect was the generation of a voltage and current. However, practical devices were only 

realised with the research and development of semiconductor materials. The first 

demonstration of a Photovoltaic silicon based solar cell was conducted at Bell Labs using a pn 

junction [4]. In 1941, the first silicon based solar cells were reported to have energy conversion 

efficiency less than 1% [5]. Nevertheless, there was rapid improvement in research to enhance 

the performance of silicon solar cell, thereby establishing silicon solar cells as a source of 

power for the early satellites in space. Different types of semiconducting materials have been 

employed and deployed in photovoltaic systems such as:  

1. Crystalline silicon(C-Si) 

2. Cadmium Telluride (CdTe) 

3. Gallium arsenide (GaAs). 

4. Copper-Indium-Selenide (CuInse2).  

5. Indium Phosphide (InP) Etc. 

1.2              SILICON, AN IMPORTANT PHOTOVOLTAIC MATERIAL 

Generally, the main challenge in solar cell technology is centered on the improvement of the 

energy conversion efficiency by enhancing various material properties or developing novel 

semiconductor materials used in the fabrication of solar cells. Silicon for over three decades 

has gained a reputation of the most widely used material in the manufacture of solar cells due 

to its abundant availability on the earth surface in form of sand and quartzite, coupled with the 

maturity of the extraction and purification technology from these raw materials [4-5].As such, 

silicon based solar cells represent 90% of the world’s solar cell market with an efficiency yield 

of at least 25% [1] and [5]. This efficiency value expressed as a percentage can be improved 

upon by the optimisation of the structural, optical and electrical properties of silicon based solar 

cells. 
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1.2.1                                          STRUCTURE OF SILICON 

Silicon over time, as become the preferred choice for the manufacture of solar cells due to its 

abundance in the earth’s crust and the widespread usage of silicon in electronic and solar cells-

based industries, coupled with its non-toxic nature. Silicon can either be classified as crystalline 

or amorphous silicon. Pure silicon materials can be produced directly through electrolysis of 

silica (SiO2).  In silicon, each atom has four nearest neighbours with a lattice constant of about 

5.431Å [6-7]. Below is listed some of its physical and chemical properties.  

1. Hardness.  

2. Bluish-grey metallic lustre. 

3. A melting point of 1414°C. 

4. A boiling point of 3265°C. 

5. Silicon has a density of 2.3296 g cm−3. 

 

 
Figure1.0 Diamond cubic crystallographic structure of silicon in which the atoms are 

symmetrically located at each corner represented with black circles and showing different 

orientation planes represented in parenthesis and adapted from [7]. 

                                        
  

Silicon can either be intrinsic or extrinsic semiconductor material. As such, an intrinsic or 

undoped semiconductor is a semiconductor that does not contain any dopant atoms, while an 

extrinsic or doped-semiconductor contains parts per million (ppm) of dopant atoms.This 

doping phenomenon can be carried out either by introducing a trivalent elements (Aluminium, 

Boron or Gallium) or pentavalent elements (Phosphorus, Arsenic or Antimony) into the silicon 

structure in order to alter its conductivity.  
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Table 1.0: Showing some trivalent and pentavalent elements from the periodic table. Extracted 

from [8] 

Group 3 

Elements 

Group  5 

Elements 

Boron (B) Phosphorus (P) 

Aluminium (Al) Arsenic (As) 

Gallium (Ga) Antimony (Sb) 

 

1.3                                                    INTRODUCTION  

In this sub-section an introduction into the research work conducted during my Ph.D. studies 

at the research laboratory facilities of the Emerging Technologies Research Centre (EMTERC), 

School of Engineering and Sustainability Development, Computing, Engineering and Media 

De Montfort University, DMU Leicester UK, as part of the Doctoral Research Programme.  

 

Research and investigations on the possibility of sustainable, viable, cost-effective and 

renewable energy sources by nations, corporations and research groups have gained some 

momentum over the last few decades as a result of many issues that have arisen from the use 

of fossil fuels. These include the adverse effects to the climate, via greenhouse gas emissions 

into the atmosphere. Consequently, photovoltaic solar cell technologies and fabrications 

methods have become the focus of many research groups targeted at the development of novel 

materials for the manufacture of solar cells. Solar cells with enhanced performance and 

improved efficiency at reduced manufacturing cost underlines the importance of investigating 

methods for achieving improvement in the optical properties, enhanced  electrical and charge 

transport properties are the fundamental essentials being investigated. All the aforementioned 

properties, i.e., structural, optical and electrical properties are mutually inclusive in the 

fabrication and realisation of good quality solar cells. In this work, all three properties are 

investigated with respect to fabricated undoped Schottky junction hydrogenated amorphous 

silicon solar cell (a-Si:H-SC) and undoped silicon nanowire solar cell (SiNWs-SC). In this 

work, an investigation is conducted on two essential material parameters, namely the carrier 

mobility and carrier lifetime.  
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These are material parameters are strictly related to the electrical and charge transport 

properties of the solar cell. In the fabrication of electronic, optoelectronic, and photovoltaic 

devices, the choice of the platform upon which they are made is essential. As such, three 

different transparent conductive oxide materials, namely Indium-Tin-Oxide (ITO), Fluorine-

Tin-oxide (FTO) and Aluminum-Doped-Zinc-Oxide (AZO) in a Schottky junction 

configuration are investigated in this work. The structural configuration is presented in Figure 

1.1 of which AZO-coated-glass acts as the bottom contact due to the conductive properties of 

this layer and the transparent window allowing light into the solar cell. A layer of SiNWs which 

is the absorber material is grown on AZO-coated-glass for light to electrical energy conversion. 

Silver is the principal top metal contact which is thermally evaporated on these SiNWs. 

 

 
Figure 1.1 The diagram of undoped Schottky junction Ag/SiNW/AZO-coated-glass adopted in 

this work with Ag Top metal contacts thermally evaporated and covering majority of the 

SiNWs. 

 

The choice of AZO-coated-glass as the preferred bottom contact is based on numerous 

advantages later discussed in section 6.1 of chapter 6. The most critical and distinguishing 

factor of AZO-coated-glass, is its stability in hydrogen plasma [9].  Furthermore, the adoption 

of a Schottky junction configuration in this work is based on the simplicity in the device 

fabrication process when compared to a pn junction using the same PECVD fabrication 

method. The added advantages of Schottky junction devices are reduced material usage and 

lower device turn on voltages. The choice of metal top contacts was also studied with a view 

to ascertaining which metal-semiconductor interface will form the best Schottky rectifying 

junction and diode behaviour.  



 
 

6 
 

Several metals Silver (Ag), Copper (Cu), Aluminum (Al) and Indium (In) were all 

experimented by thermally evaporating them as top metal contacts on undoped a-Si:H thin 

films and (ITO, FTO, and AZO)-coated-glass acting as the bottom contacts. This was the first 

step in the selection choice for a suitable top metal contact. The results obtained from current-

voltage (IV) characteristic curve measurements are also presented in sections 6.3-6.9 in chapter 

6 of this work. It is important to note that, the fabrication temperature is varied in this work, 

whilst, other  fabrication conditions such as, pressure, temperature, gas flow rate, RF power, 

and duration of PECVD process have been kept constant. The electrical properties of an 

undoped a-Si:H-SC is compared with undoped SiNW-SC, each fabricated on the AZO-coated-

glass using the PECVD method. 

1.3.1                                                  RESEARCH AIM  

In this work, the aim is to develop a methodology for the optimisation of two key charge 

material and charge transport parameters (carrier mobility and carrier lifetime) in Schottky 

junction silicon nanowire (SiNW-SC) fabricated at temperatures between 200oC to 4000C  at 

increments of  25oC by plasma enhanced chemical vapour deposition (PECVD) technique. It 

is hoped that a correlation between the carrier mobility, carrier lifetime and the effect of 

changes in the fabrication temperature in SiNW-SC will be established.    

1.3.2                                              RESEARCH OBJECTIVE 

An experimental and semi-empirical model was developed for the optimisation of carrier 

lifetime and carrier mobility of SiNW-SC as the fabrication temperature was changed from 

200oC to 400oC at incremental intervals of 25oC. There are nine material parameters which 

directly or indirectly impact the performance of solar cells as listed on Figure 1.2 on page 7. 

However, in this work, consideration is focused on optimisation of carrier mobility and carrier 

lifetime in SiNW-SC with a view of understanding their impact on the efficiency of undoped 

SiNW-SC. This was performed with the hope of establishing either a dependent or independent 

relationship between the carrier lifetime and carrier mobility. Furthermore, the overall 

contribution of the carrier lifetime and carrier mobility to the efficiency of the undoped SiNW-

SC as shown in Figure 1.2 is determined afterwards in this work by calculation. The red border 

lines highlighted portion at the lower bottom right in Figure 1.2 represents the primary material 

parameters of interest to be optimised, and their effects on the outcome are presented as solar 

cell efficiency at the top center of Figure 1.2 highlighted in blue border lines.  
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In this work, SiNWs are grown on AZO-coated-glass because; it does not react with hydrogen 

plasma in the PECVD chamber, hence, very stable. The adoption of AZO-coated-glass makes 

it challenging to obtain SiNWs with well-controlled growth, directional orientation, density 

and diameter. Hence, understanding the fabrication conditions and the process is essential. Tin 

metal (Sn) having 5nanometer mass thickness is the preferred metal catalyst thermally 

evaporated on AZO-coated-glass. Tin (Sn) metal possesses the unique characteristics of being 

a non-toxic material and aiding the formation of undoped nanowires [10]. The structural, 

optical, and electrical properties of the SiNWs are studied using various characterisation 

methods with all the associated measurements discussed and explained in chapter 5 from page 

126 of this work. By depositing SiNWs on AZO-coated glass, Corning 7059, and Silicon 

(N++and P) type-wafers, the relevant information was obtained about the nature of the Schottky 

junction formed. In addition to this, several metals (Silver, Copper, Aluminum and Indium) 

were also investigated with a view to understanding the nature of the junction formed with 

SiNWs and which gives a better Schottky contact on the fabricated solar cells. Silver metal 

(Ag) top contact, is the preferred metal evaporated on the SiNWs absorber layer and AZO-

coated-glass as the bottom contact. In this work as the solar cell is abbreviated as 

Ag/SiNW/AZO. 

 

 
Figure 1.2: Diagram showing the inter-relationship between material parameters and device 

performance adapted from the 1D device model under permission by [11]. 
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1.3.3                                         RESEARCH MOTIVATION 

At the moment, photovoltaic technology offers a great deal of potential in terms of electric 

power conversion and generation. However, despite the available technologies, the world’s 

energy consumption through the use of solar technology is only about 1% of the 3.6% that 

comes from renewable energy sources [12], as seen in Figure 1.3. The non-toxic nature of 

silicon-based solar cell technology has become a catalyst within the research community and 

stimulated investigations to the fabrication of solar cells that will deliver high efficiencies at a 

reduced cost for solar energy applications. For several years, bulk materials like crystalline 

silicon have attracted attention for the manufacture of solar cells with a reported efficiency of 

25% [5-6]. Other different structural configurations and optimised fabrication techniques are 

constantly investigated with a view to reducing the cost of silicon based solar cells in general. 

These research efforts has resulted is the discovery of thin-film based solar cell technologies. 

Alternatively, SiNW offers low-cost material utilisation and good light trapping properties to 

achieve higher efficiencies for solar cell application. Lower carrier mobility or higher carrier 

mobility in SiNWs which are comparable to crystalline silicon (C-Si) has been achieved based 

on pn radial junction structural configuration fabricated on silicon wafers [13]. In conclusion, 

it is important to conduct an in-depth investigation of the SiNWs properties in relation to the 

morphology, geometry, orientation of SiNWs, electrical and optical properties and the 

influence of the top metal contact on the carrier lifetime and carrier mobility in the fabricated 

SiNW-SC. 

 
                             Figure 1.3: World energy consumption adapted from [12]. 
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1.4                                              THESIS ORGANISATION 

This thesis is arranged in the following chapters. 

Chapter 2 

Presents a full background to the general working of solar cells, their fundamental principles 

of operation and the physics of solar cells, coupled with charge carrier transport in solar cells 

concerning mobility and carrier lifetime. This chapter also discusses design rules in a solar cell 

and Schottky junction solar cells and it touches on deposition techniques. 

Chapter 3 

This chapter provides general overview of types of silicon nanostructures such as amorphous 

silicon and crystalline silicon (monocrystalline and polycrystalline). These structures, with 

their corresponding optical and electrical properties are explained and discussed. 

Chapter 4 

Within this chapter, a review of literature of SiNWs are studied and appropriately articulated. 

The possible methods of fabrication are discussed and in addition to this, the advantages and 

disadvantages of these methods and an in-depth explanation of the Vapour-Liquid-Solid (VLS) 

growth method. Further discussed is the geometry of the SiNWs in relation to the optical and 

electrical properties, the carrier lifetime and carrier mobility.  

Chapter 5 

An in-depth discussion on the experimental procedures and methodology adopted in the 

fabrication of hydrogenated undoped a-Si:H and undoped SiNWs. Various characterization 

techniques are explained such as, Scanning Electron Microscopy (SEM), X-Ray Diffraction 

(XRD), Fourier Transform Infrared Spectroscopy (FTIR), Ultra-Violet Visible Spectroscopy 

(UV-vis), Current-Voltage (IV), Capacitance-Voltage (CV) and Impedance Spectroscopy (IS) 

along with the theories governing their respective operations. 

Chapter 6 

The results of experiments are presented in this chapter starting first, with a report on the choice 

of substrates and metal top contact used for the fabricating hydrogenated undoped a-Si:H and 

undoped SiNWs. The effects of the fabrication conditions with emphasis on the fabrication 

temperature changes on the morphology of SiNWs structures are examined and conclusions 

are drawn based on the data analysis.  

Chapter 7 

The results of the optical properties with regards to the energy band gap of the fabricated solar 

cells, i.e., hydrogenated undoped a-Si:H and undoped SiNWs based on characterisation results 

obtained from Ultra-violet visible spectroscopy (UV-vis) is presented.  
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Chapter 8 

This chapter discusses the results obtained from measuring the carrier lifetime and carrier 

mobility of SiNWs-SC based on the modification of the original mobility fit model by Thomas 

and Caughey. The influence of the fabrication temperature on these parameters is also 

examined. A conclusion is presented on the performance of the solar cells, as it relates to the 

optimisation of charge carrier parameters to the temperature.                                 

Chapter 9 

This chapter presents a conclusion, the contribution of the research work undertaken during 

this doctoral study and the significant aspects of the work. Additionally, future 

recommendations are presented as a basis for further research work to be carried out. 
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CHAPTER 2 

2.0                             FUNDAMENTALS OF SOLAR CELLS 

This chapter introduces general information about the solar cells fundamental principles 

associated with pn and Schottky solar cell operations, the formation of junctions, band 

diagrams, classification of solar cells according to technology and materials used in the 

fabrication of solar cells.  A solar cell is simply a device that works on the principles of photon-

matter interactions in which a photon of light with energy equal to or higher than the band gap 

of the material causes electrons to be excited to a higher energy level which is the difference 

between the initial and final state (photo-voltage generation) within the material leading to 

charge separation and collection at the contacts [1-2].The energy conversion process in a solar 

cell are summarized below:- 

1. Absorption of photon energy from sunlight into the absorber or active layer of the solar 

cell.  

2. Generation of charge carriers in the device by the process of electron excitation due to 

photo absorption. 

3. Separation of charge carriers at the cell junction or interface. 

4. Collection of charge carriers at the contacts.  

 

2.1         PRINCIPLE OF OPERATION IN PN JUNCTION SOLAR CELLS 

Solar cells produce electricity by a process generally termed the photovoltaic effect. Sunlight 

which is the primary source of solar energy consists of photons which are basically packets of 

energy corresponding to different wavelengths of light. When these photons represented in 

yellow with white borders are incident on a pn junction solar cell in Figure 2.0, these photons 

will be absorbed, reflected or transmitted through the thinner n-layer of the semiconductor 

material represented in blue. The process of photon absorption in a solar cell leads to the 

generation of electron–hole pairs (EHP) represented by black and white circles respectively.  

A depletion layer (a region in for which  there is an absence of mobile carriers)  represented in 

brown is formed, due to the diffusion of electrons and holes from n and p layers across the 

junction and leaving behind on each layer ionized acceptor and donor impurities (fixed positive 

and negative charges) manifesting at the pn junction. A built-in voltage is established across 

this junction of the solar cell as a result of charge separation of fixed positive and negative 

charges. The presence of an electric field causes current to flow into an external circuit 

connected to the solar cell.    
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It is worth mention that, the main principle governing the separation of EHP at the junction of 

the solar cell is the existence of energy levels within the semiconductor material. The difference 

in these energy levels results in an increase in the potential energy of electrons causing the 

excited electrons to remain at a higher energy level (conduction band) for a longer time than 

its relaxation time to the ground state (valence band).This process increases the chance of 

charge carrier separation [3]. As mentioned earlier, separation of charge carriers results in the 

delivery of electricity to the load represented by the green rectangle because of the flow of 

electrons represented with the black arrow to the front contacts.  

 

In solar cells, the generated current flow is directly proportional to the intensity of light falling 

on the solar cell [4]. Electrically, a solar cell can be considered as a diode producing voltage 

and current when exposed to light [5]. The band diagram under illumination conditions shown 

in Figure 2.1, further demonstrates the motion of the generated carriers (electrons and holes) 

in the pn junction and the resultant electricity flow in the solar cell. 

 

 
Figure 2.0: A diagram of a pn-junction solar cell connected to an external load adapted from 

[3]. 
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Figure 2.1 Band diagram and a demonstration of charge carrier (electrons and holes) movement 

under illumination condition and photo generated current direction and adapted from [6].  

 

Generation of charge carriers under illumination conditions will occur at the depletion layer or 

space charge region. Generated carriers can also be produced at the quasi neutral regions of the 

solar cell. Minority carriers in the form of holes in the n-layer and electrons in the p-layer 

generated in the depletion layer represented by the white circles and black circles will migrate 

towards the p and n layers respectively. These minority charge carriers for example, electrons 

moving from the p-layer moving to the n-layer, will leave behind them a positively charged 

hole and vice versa [6]. In the quasi neutral region, the EHP generated will move about in a 

randomized motion, due to the absence of an electric field.  Some of these charges will come 

close to the edge of depletion layer or space charge layer and migrate out of each layer, because 

of the force of the electric field at the junction.  Electrons from the p-layer will travel downhill 

because of the energy changes in the n-layer. Hence, based on this transport phenomenon, there 

is a net increase in positive charges on the p-layer and negative charges on the n-layer. A 

potential difference then appears across the pn junction as a result of the light incident on the 

solar cell, giving rise to the generation of a photo-voltage by a process termed the photoelectric 

effect. The generated photo-voltage under illumination tends to bias the pn junction in the 

forward bias mode, thereby, reducing the potential energy barrier leading to a diffusion current 

flowing in the opposite direction to the light generated current represented by the red line with 

the arrow (IL) in Figure 2.1 above. The magnitude of (IL) is larger than the forward biased diode 

current and electricity will flow in the opposite direction of the photo generated voltage. Now, 

not all the minority carriers generated in the quasi neutral region will cross over the pn junction. 
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Some will only travel an average distance before they undergo recombination. The average 

distances travelled by these minority carriers (electrons and holes) before recombination with 

their opposite charge is termed the diffusion length depicted in the diagrams as Ln and Lp on 

the p and n layers respectively. Typically, the carriers that contribute to the delivery of photo-

voltage in the solar cell is the sum of the diffusion lengths and the width of the depletion layer 

which is mathematically expressed in Equation 2.0 based on investigations [6].                                          

      Ln + W + Lp                                                          [2.0] 

In pn junction solar cells large diffusion lengths corresponds to low charge carrier 

recombination. The minority carrier generation rate is a function of the intensity of light falling 

on the solar cell. A significant rise in the minority carrier concentration is evident under 

illumination conditions and the majority carrier concentration remains unchanged [7].  The 

carrier concentration still remains at a steady value in the quasi neutral layers, because of the 

generation and recombination processes within these layers. The carrier lifetime (τ) must be 

high with respect to the diffusion length (L), as stated in Einstein’s relationship mathematically 

expressed as in Equation 2.1 [8]. 

       L = √Dτ                                                            [2.1] 

Where, 

• L is the diffusion length in cm 

• D is the diffusion constant of the material in cm2/s 

• τ is the charge carrier lifetime in s. 

Solar cells must be designed so that one or several key parameters are optimised in order to 

maximise the light to energy conversion. These parameters are structural, optical, and electrical 

and if adequately optimised they, will deliver higher cell performance and enhanced efficiency 

[9]. The top metal contacts in solar cells principally serve as the points of current extraction to 

the external circuit. The Schottky junction type of solar cell is adopted in the fabrication of 

SiNW-SC in this work and they are structurally made from a metal-semiconductor 

configuration.  In the next section, the structure and the operational principles of Schottky 

junction solar cells using both n-Si and p-Si are enumerated and described. 
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2.2             ELECTROSTATICS ANALYSIS OF PN JUNCTION DIODE 

The electrostatic analysis of a pn junction diode provides an understanding of the charge and 

field behaviour in the depletion layer of the solar cell. It provides relevant information about 

the charge carrier density and electric field behaviour within the depletion region. In addition 

to this, the capacitance-voltage characteristic of the diode is obtained from this analysis. The 

equations representing this charge-field density relationship are given in Equations 2.2 and 2.3. 

This expression is insufficient to give the full detail because it is assumed that the depletion 

region is completely devoid of charges and that no charge carriers are present in the adjacent 

quasi-neutral region. By using the full approximation depletion model, an accurate estimation 

of the electric field distribution and the potential in the semiconductor material can be deduced 

[10]. 

−d2V
dx2

=  
𝜌𝜌
𝜀𝜀

=
𝑃𝑃
𝜀𝜀

(p0 − n0 + ND − NA)                                         [2.2]  

Where, 

• ρ is the charge density.    

• no is the electron density,  

• po is the hole density  

• ND+ is the donor densities. 

• NA- is the acceptor densities.  

• V is the potential across the semiconductor. 

 

2.2.1                                 FULL DEPLETION APPROXIMATION  

Equation 2.5 and 2.6 gives a simplistic expression for determining the electric field and electric 

potential of a metal-semiconductor junction. For example, if this is applied to a metal and n-

type semiconductor Schottky junction, then a definition of the depletion region between the 

metal-semiconductor interface x = 0, while the edge of the depletion region x = xd. The 

depletion layer width, xd, is unknown at this point, which is expressed as a function of the 

applied voltage and in calculating the width of the depletion layer as a function of the depletion 

of mobile charge carriers within the depletion region, the charge density in that region is found, 

due to the ionised donors [10].  Beyond the depletion region, the semiconductor is assumed to 

be neutral, yielding Equations 2.4 and 2.5 for the charge density at specified boundary 

conditions. A full ionisation process is assumed here for the charge carrier and in this case, an 

n-type semiconductor which is a donor atom (ND).  
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By applying the Gaussian law, the electric field of the Schottky junction is determined as a 

function of the position. The same assumption mentioned earlier is applied again, in which the 

electric field is zero beyond the depletion region, because, an electric field would cause the 

mobile charge carriers to redistribute until there is no field. The depletion region does not 

contain mobile charge carriers; hence, an electric field exists [10]. The largest (absolute) value 

of the electric field is obtained at the interface and is given by Equation 2.6. The potential is 

obtained by integrating the equation for the electric field, yielding:      

ρ(x) = eND                                                  [2.3] 

                                                        If, 0 < 𝑥𝑥 < 𝑥𝑥𝑑𝑑                                      

  ρ(x) = 0                                                       [2.4] 

                                                        If, 0 = x 

E(x = 0) = −e 𝑁𝑁𝐷𝐷
𝜀𝜀𝑠𝑠

 𝑋𝑋𝐷𝐷
𝜀𝜀𝑠𝑠

                                   [2.5] 

ɸ(x) = 0) =  −𝑒𝑒𝑁𝑁𝐷𝐷  
2𝜀𝜀 𝑠𝑠

xD                                  [2.6] 

Where 

• ρ is the charge density, and ND is the donor density. 

• εs is the dielectric constant of the semiconductor. 

• ɸ(x) is the potential as a function of position. 

• VBi is the built-in potential at the semiconductor. 

• VA is the applied voltage bias on the device. 

•  Cj is the junction capacitance.  

•  ND is the donor concentration. 

•  E is the electric field. 

Assuming the potential across the metal is very small due to the very high density of free charge 

carriers in the thin metallic layer, therefore, the potential across the semiconductor is far more 

significant than the potential in the metal by several orders of magnitude even though the total 

amount of charge is the same in both layers [10]. The built-in potential(VBi) existing at thermal 

equilibrium is either reduced or increased by the application of a positive or negative DC 

voltage which is applied to the metallic region as described in Equations 2.6 and 2.7. An 

application of the boundary condition provides the following relationship between the 

depletion layer width, the semiconductor potential at the surface and the applied voltage. 

Lastly, the expression for the depletion layer width XD and the junction capacitance, Cj derived 

from the combination of the Equations 2.8 and 2.9 is also presented.             
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VBi − VA = -ɸ(x=0) = -eNDXD2                        [2.7] 
                                                                          2εs     

                                        XD = �2εs(VBi−VA)
eND

                                       [2.8] 

                                        Cj = �2𝜀𝜀𝑠𝑠(e𝑁𝑁𝐷𝐷)
𝑒𝑒𝑉𝑉𝐵𝐵𝐵𝐵−𝑉𝑉𝐴𝐴

                                                                [2.9] 

 

2.3   PRINCIPLE OF OPERATION IN SCHOTTKY-JUNCTION SOLAR CELL 

In this work, the fabrication of several silicon-based metal-semiconductor solar cell structures 

were fabricated for preliminary analysis and testing a hypothetical model for estimating charge 

carrier mobility and lifetime. The choice of Schottky solar cells was informed by the simplicity 

of the design and fabrication process, coupled with a reduction in material cost compared to 

other forms of silicon structures like pn and p-i-n structures. A Schottky junction solar cell is 

a majority carrier device because, no minority carrier injection occurs at its junctions. When a 

metal and semiconductor are brought into electrical contact, a junction is formed. The junction 

can either behave as a Schottky contact or an Ohmic contact depending on the characteristics 

of the interface which is majorly influenced by the work function and electron affinity of the 

metal and semiconductor respectively [11-12]. Additionally, surface states can also affect the 

nature of the junction formed. Currently, Schottky solar cell present an attractive advantage 

over pn junction solar cell, such as lower forward turn-on voltage, coupled with the non-

complexity of the fabrication of these devices. Figure 2.2 depicts the schematic diagram of a 

typical Schottky junction solar cell. 

 
Figure 2.2 Schematic diagram of a Schottky junction solar cell showing the flow of electrons 

to the external load represented by the green rectangle adapted from [12].Photon of light shone 

at the metal and semiconductor junction to facilitate electron flow. 
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The operational principle of Schottky solar cells is such that, when photon absorption occurs 

in the Schottky solar cell, with energies greater than the band gap of the semiconductor, EHP 

pairs are created in the device and charge separation occurs at the Schottky interface. There is 

a sweeping effect of the minority carriers (holes h) into the metal region, resulting in the 

charging of the semiconductor by the majority carriers left behind. The quasi–Fermi level of 

the majority carriers in the semiconductor tends to shift as depicted in Figure 2.3, and  it will 

be observed that, the quasi-Fermi level of the electrons for instance an n-type semiconductor 

is some distance away from the junction and increases with illumination intensity. This quasi-

Fermi level becomes higher than the Fermi level of the metal. A photo-voltage is thereby 

produced in the external load connected to the solar cell, due, largely to the splitting of the 

Fermi energy level [12]. The tendency of the semiconductor layer to sustain the difference in 

the quasi-Fermi level in the Schottky junction is crucial to maintaining the photovoltaic to 

electrical energy conversion. 

 
Figure 2.3 Simplified band diagram of a metal and n-type semiconductor Schottky solar cell 

depicting the thermionic emission across the Schottky junction under illumination condition 

adapted and drawn from [12]. 

 

A Schottky junction is formed when the metal and semiconductor are brought into electrical 

contact with each other. Charge carrier (electrons or holes) will diffuse from the higher 

concentration region to a lower concentration region. This mechanism occurs due to the two-

way exchange of charge carriers between the metal and semiconductor. Thus at zero bias 

condition, some electrons will flow from the metal to the semiconductor and vice versa. 

However, since the height of the barrier is higher on the metal layer, more electrons will transfer 

from the semiconductor to the metal than in the opposite direction.  
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Several scenarios will be discussed in this section to highlight the electrical properties of 

Schottky junctions using different band diagrams. Under the condition of thermal equilibrium, 

the Fermi energy level of the Schottky junction is constant in each layer of the material, since 

no external electric DC bias voltage is applied across the solar cell [13]. This is shown in the 

diagram in Figure 2.4.   

 

Figure 2.4 Band diagram of a metal and p-type semiconductor Schottky junction device just 

before coming into contact adapted from [13]                                                                                        

 

2.3.2     CHARACTERISTICS OF N and P TYPES SCHOTTKY CONTACTS                                                                                                                                                                                                                                                                                     

Let us considering the case in which a metal with an n-type semiconductor seen in Figure 2.5. 

Assume the work function of the semiconductor (Фs) is lower than that of the metal (Фm), 

presented  by (Фs < Фm), electrons will flow from the semiconductor to the metallic layer, 

thereby leaving a region of uncompensated donor or positive charges ND+, resulting in the 

formation of a depletion region with a built in voltage (eVBi) in the semiconductor layer. 

Assuming the (Фs > Фm) in the n-type semiconductor shown in on the left in Figure 2.5, the 

electrons will flow from the metal to the semiconductor layer, resulting in some donor or 

positive charges ND+, being left behind in the semiconductor layer and the formation of a 

depletion layer with a built-in-voltage (eVBi ) [13-14]. The metallic layer has a large amount of 

electrons, meaning that there is no depletion region in the metal layer. A barrier is formed on 

the metallic layer, which prevents more charge carriers in both cases from flowing from the 

semiconductor layer into the metallic layer. The barrier height created at the metal-

semiconductor interface is the difference between the Fermi energy level of the metal and the 

band edge where the majority carriers are located in the Schottky diode [14].   
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At this junction, it is proper to define the work functions (eɸm) and (eɸs). This is the energy 

difference between the vacuum energy level and Fermi energy level of the metal and 

semiconductor respectively and the energy required for transporting an electron from the Fermi 

energy level to a vacuum level. During the process of the charge carrier movement from 

semiconductor to metal, a layer devoid of free charges is created in the semiconductor. This 

layer is termed depletion layer or space charge region. The depletion region contains donor or 

acceptor atoms depending on the type of semiconductor used.  A built-in voltage (eVBi) is 

established in the depletion layer.This built-in-voltage in the semiconductor equals the 

potential across the depletion region at thermal equilibrium and thermal equilibrium therefore 

implies that the Fermi energy is constant throughout the device; therefore, the built-in voltage 

must be equal to the difference between the Fermi energies of each layer [13].The symbol 

expressed as 𝜒𝜒 is the electron affinity, which is the difference between the Fermi energy level 

and the edge of the conduction band in the semiconductor. Eg, represents the bandgap, 

consequently, the barrier height for each type of Schottky junction can be computed using 

Equations 2.10 and 2.11. 

e∅B = e (ɸM- χ) n-type semiconductor                                  [2.10] 

e∅B = Eg - e (ɸM- χ) p-type semiconductor                            [2.11] 

 

It was mentioned earlier that in a metal and n-type semiconductor Schottky junction given that 

the work function of the semiconductor is lower than that of the metal, its Fermi level is higher, 

and the electrons in the semiconductor’s conduction band begins to travel to the empty spaces 

above the Fermi level of the metal. Electron migration occurs both at the surface and deep 

within the semiconductor material primarily due to low charge carrier density. In 

semiconductors, its work function varies with the doping concentration since it directly affects 

the Fermi level position. The built-in-voltage formed, prevents the further migration of 

electrons from the semiconductor to the metal. The barrier formed at the metal side is the barrier 

height.  
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Figure 2.5 The energy band diagram of n-type on the left and p-type metal-semiconductor 

junction on the right. Both diagrams reveal the band bending process after the metal-

semiconductor junction comes into contact adapted from [13]. 

 

2.3.3       SCHOTTKY JUNCTIONS CURRENT-VOLTAGE CHARACTERISTIC 

The contact potential between the metal and semiconductors at thermal equilibrium creates a 

balance in charge carrier transport, so that the net current flow is zero. In an attempt to 

understand the current-voltage characteristic of the Schottky junctions, let us give a 

consideration to two scenarios. These are forward and reverse voltage bias conditions. The 

current flow depends on the type of bias and the amount of applied external potential [14]. 

Now, using an illustration of a metal-and n-type semiconductor diode in forward bias, the 

semiconductor layer is connected to the negative region, and a positive voltage is applied to 

the metal layer. The external potential applied opposes the built-in voltage within the depletion 

layer. Hence, the Fermi levels are therefore no longer at equilibrium but shifted with respect to 

one another based on the magnitude of the applied voltage as shown on the left side in Figure 

2.6. 
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Figure 2.6 Metal and n-type Schottky junction solar cells in positive DC voltage bias and 

negative DC voltage bias conditions on the left and the right respectively Adapted from [13]. 

 

With the application of a positive DC bias voltage seen on the left of Figure 2.6, the fermi 

energy level (Efm) of the metal layer is lowered with respect to the fermi level of the 

semiconductor layer (Efs). As such, there is a reduction in the built–in-potential (VBi), and the 

depletion layer so that electrons from the semiconductor layer can migrate to metal layer having 

to surmount a lower barrier before reaching the metal. Consequently, if the applied voltage is 

equivalent or greater than to the (VBi), then, a positive current termed the forward current begins 

to flow at the Schottky junction.  

J= Joexp � eV
nKT

� − 1                                           [2.12] 

J0= AT2 exp (−ФB)
kT

                                               [2.13] 

Where  

• J is the current density in mA/cm2. 

• V is the applied DC voltage in volts V. 

• J0 is the dark or reverse saturation current in mA/cm2. 

• (ɸB) is the Schottky barrier height for the system in eV. 

• A is a Richardson constant for thermionic emission in A/cm2K2.      

• kT is the Boltzmann’s constant in eV.          

• n is the ideality factor of the diode.  

• e is the electron charge in C. 

• VBi is the built in voltage V. 
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For the second scenario, using the same illustration of a metal and an n-type semiconductor, 

shown on the right of Figure 2.6. On the application of a negative DC bias, the fermi level of 

the metal layer Efm increases with respect to the fermi level of the semiconductor layer Efs 

making the depletion layer to widen and the built in electric field larger at the Schottky junction 

interface. The barrier height remains constant so small leakage current can flow in the junction 

which is totally not a function of the applied DC negative bias voltage [13]. This condition only 

hold true provided the breakdown voltage of the Schottky junction is not reached or exceeded. 

Schottky junctions are mainly majority carrier device. The dominant transport mechanism in 

Schottky junctions is the thermionic emission mechanism. Other mechanisms that are 

responsible for charge carrier transport are field-effect thermionic emission or tunnelling of 

charge carriers through the Schottky barrier and drift-diffusion of charge carriers from the 

semiconductor to the metal [13-14]. From analytical representation as expressed by Equations 

2.12 and 2.13, it is noticeable that the current in forward bias is far higher than in reserve bias, 

because of the exponential relationship between the applied voltages and the forward current. 

This makes the Schottky junction act as a rectifier conducting in forward bias but not in reverse 

bias. The  I-V characteristic curve in semilog scale of a Schottky junction solar cell fabricated 

at the EMTERC laboratory is shown in Figure 2.7 and a small current in reverse bias exists in 

the negative current axis and an exponential increase in current in the forward bias is observed 

on the positive current axis. 

 

 
Figure 2.7 Current-Voltage curve of a Schottky junction Al/p-Silicon solar cell device in semi- 

logarithmic scale, fabricated at the EMTERC laboratory in DMU, Leicester. 
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Table 2.0 some measured barrier height and work functions for selected metal-semiconductor 

junctions are listed [10].  

                                                    
Barrier Height ФB 

 

 
Metals 

Work 
Function 

 
n-Ge 

 
p-Ge 

 
n-Si 

 
p-Si 

    
   n-GaAs 

 
p-GaAs 

Silver (Ag)    4.3   0.54  0.5 0.78 0.54 0.88 0.63 
Aluminium(Al)   4.25   0.48 None 0.72 0.58 0.8 None 
Gold(Au)   4.8   0.59 0.3 0.8 0.34 0.9 0.42 
Chromium(Cr)   4.5   None None 0.61 0.5 None None 
Nickel(Ni)   4.5   4.5 None 0.61 0.51 None None 
Platinum(Pt)   5.3   5.3 None 0.9 None 0.84 None 
Tungsten (W)   4.6   4.6 None 0.67 0.45 0.8 None 

 

2.3.4              SCHOTTKY STRUCTURE ADOPTED IN THIS WORK     

The structural configuration adopted for this work is a Schottky junction. The structural 

arrangement comprises of an AZO-coated-glass upon which undoped SiNWs and undoped a-

Si:H are grown and deposited respectively. AZO-coated-glass serves as the bottom contact for 

the fabricated devices. Four different metals, namely silver (Ag), copper (Cu), aluminium (Al) 

and indium (In) was used as the top metal contacts were thermally evaporated on the absorber 

layers (undoped a-Si:H and undoped SiNWs) as seen in Figures 2.8 and 2.9 respectively.  

 

 
Figure 2.8 Schematic diagram of the structural configuration of Schottky SiNW-SC on AZO-

coated-glass and Ag top metal contact covering majority of the SiNWs. 
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Figure 2.9 Schematic diagram of the structural configuration of Schottky junction undoped  

a-Si:H on AZO-coated-glass substrate and Ag top metal contact. 

 

2.4                                CLASSIFICATION OF SOLAR CELLS. 

Solar cells can be classified in a number of ways. For example, they can be categorised by the 

kind of junction formed and the chronology of the technology. In this section, a brief 

description of these junctions and generations are discussed.  

1. Homo-junctions: these are junctions formed between two similar materials. For 

example, wafer-based silicon solar cells. In most practical cases, a homo-

junction occurs at the interface between an n-type (donor doped) and p-type (acceptor 

doped) semiconductor such as silicon having similar band gaps [15].This is called a pn- 

junction. 

 
Figure 2.10 A homo-junction solar cell used under permission from [15]. 
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2. Hetero-junctions: these are solar cell junctions formed as a result of the combination of 

different semiconductor technologies (crystalline and amorphous) into one structure with each 

semiconductor material possessing different band gaps [16]. The major challenge with hetero-

junction structures is the crystal or lattice mismatch between the different layers of the device. 

However, the difference in the band gap has led to the fabrication of many interesting 

heterojunction solar cell structures for example, Gallium-Arsenide/Aluminium-Gallium-

Arsenide (GaAs/AlGaAs) fabricated using epitaxy technology which possesses good lattice-

matching on each other with virtual little or no traps [16]. 

  
Figure 2.11 Silicon hetero-junction solar cell used under permission from [16]. 

 

Here a brief discussion based on the chronological evolution of solar cell is discussed.  

1. First-Generation Solar Cells:  

These are the commonest and earliest form of solar cell technologies to date. They are also 

termed high efficiency–high cost solar cells for their exceptionally efficient conversion of light 

to electricity. They are mostly based on crystalline materials of which silicon based solar cells 

have gained so much popularity within the industry due to the maturity of the manufacturing 

process like Czochralski method briefly discussed in section 3.3.2 of Chapter 3 in this work. 

An example of this generation of solar cells is mono-crystalline silicon cells which are still the 

most efficient form of solar cell made from thin wafers of silicon. They are made from very 

large single crystals that have been fabricated and manufactured under carefully and well 

optimised controlled conditions. These solar cells are primarily few inches across, having 

several cells laid out in a grid to create a panel. They produce efficiencies of 24% [17]. The 

only drawback with this kind of solar cell is reduced efficiency at temperatures higher than 

25oC.  
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2. Second-Generation Solar cells: These are primarily based on thin-film technologies. This 

generation of solar cells are referred to as low-cost-low-efficiency solar cells. The development 

of the thin-film solar cells stems from the need to cut down the cost of $/watts per unit in 

comparison to those obtained from first generation solar cells, like, silicon wafer-based 

modules. A combination of less material utilisation and low cost manufacturing processes 

allows for the fabrication of solar cells made from this type of technology [18].The structural, 

chemical, and physical properties of such thin films are strongly improved based on the kind 

of deposition process employed in this generation of solar cells to compensate for the low 

efficiencies they offer. As such, in amorphous silicon for example, an intrinsic layer has been 

introduced into between the n and p layers to improve the photo generated charge carrier 

properties. Thin-film crystalline silicon can be deposited as amorphous silicon and 

polycrystalline silicon which are considered second generation solar cells. Additionally, some 

direct band gap materials like copper indium gallium diselenide (CIGS) and cadmium telluride 

(CdTe) falls into this chronological generation [19]. 

 
Figure 2.12 Structural configuration of a thin-film solar cell made with several layers of 

semiconducting material. The black and white circles represent the electron-hole pair generated 

at the junction adapted from [20]. 

 

3. Third-generation solar cells: These are multi-junction solar cells having a rather high 

power concentration ratio based on the small absorbing area of each material. The principal 

aim of these solar cells was the development of low-cost and high efficiency solar cells from 

novel materials. Some examples of these third generation solar cells are the triple junction 

Indium-Gallium-Phosphide/ Indium-Gallium-Arsenide/Germanium (InGaP/InGaAs/Ge) [18].  
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As a result of their high optical absorption properties, dye sensitised solar cells (DSSC), organic 

(Polymer-based-solar cell) and Quantum dots (QD) shown in Figure 2.13 are regarded as third 

generation solar cells. The fabrication of these multi-junction solar cells is based on the quest 

to optimise charge carrier collection, improve charge carrier transfer processes and enhanced 

energy capture within the solar spectrum. With the introduction and exploration of photovoltaic 

organic materials like Nickel (II) Bis (Dithiobenzil) (NBDB), a renewed hope has arisen for 

the fabrication of solar cells at reduced cost largely due their high optical absorption properties 

[18]. 

 
Figure 2.13 The structure and layers of a piece of third-generation nanostructured silicon- based 

solar cells used under permission from [20]. 

 

Fourth-generation Solar Cells: these are solar cells which are also called organic-inorganics 

because, they  combine the flexibility of polymer thin films with the stability of inorganic 

nanostructured layers with a view targeted at maintaining the low cost of thin film photovoltaic, 

improving charge transport (carrier lifetime) ,enhancement in energy harvesting cross section  

of  the solar cell and improved optical coupling by increasing the optical path length especially 

when metal nanoparticles (mNP) are incorporated within the layers of a   perovskite solar cell 

(PSC) [18].  An example of a fourth generation solar cell is a perovskite solar cell (PSC) that 

has incorporated within its layers carbon nanotubes (CNT),metal nanoparticles(mNP),nano 

hybrid materials or graphene [18].Furthermore, it has been established that, the incorporation 

of inorganic materials within active materials like PSC, has greatly improved the carrier 

lifetime of solar cell devices. 
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Figure 2.14 A chart showing the generations and chronological evolution solar cells used under 

permission [18]. 

 

Other types of junctions that cannot be classed within any generation are: 

1. Semiconductor insulator junctions. 

2. Metal insulator semiconductor junction.  

3. Metal-semiconductor or Schottky junctions, which are primarily the type of junction 

adopted in this research work for the fabrication of solar cells. 

 

2.5          MATERIAL REQUIREMENTS FOR THIN-FILM TECHNOLOGIES 

Solar cell operation is typically based on the generation of photo-voltage on illumination of a 

semiconducting absorber material by a light source. As stated earlier in section 2.1 on page 

13,EHP generation takes place at the interface or junction between two semiconductor 

materials or metal semiconducting materials resulting in charge migration of opposite charges 

between the layers on either side of the junction leading to the formation of a depletion layer, 

charge carrier separation and collection. Most semiconductor irrespective of whether they are 

direct or indirect band gap can also be deposited as thin films, like, silicon as amorphous silicon 

thin films, Cadmium telluride, Germanium, Indium phosphide; Gallium arsenide, etc. are 

materials which generally fall into these categories [22]. It is worth mentioning that there are 

specific material requirements that must be met before a semiconductor material can use in 

achieving some reasonable efficiency for the conversion of light to electricity [1]. The 

following is a list of material suitability for making thin-film solar cells: 
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1. The absorption coefficient should be high within the ranges of (104-106 ) cm-1, because 

the optical transition process involves the conservation of momentum k vector. 

2. A low recombination rate of generated charge carriers is required. 

3. The diffusion length of generated charge carriers must be long and greater than the film 

or active layer thickness. 

4. Material availability must be high and reproducible. 

5. Materials must have a reasonable level of toxicity or, in most cases, non-toxic like 

silicon. 

It is worthy of mention that not all elements fulfil the above requirements. Silicon, which is an 

indirect bandgap semiconductor material meets the requirement because, it has a bandgap of 

1.12eV and can be deposited easily in several ways on different substrates as a thin-film 

absorber layer.  

 

2.6            TRANSPARENT CONCONDUCTING OXIDE (TCO)-GLASS 

In the case of thin-film silicon solar cells, charge carriers do not travel a significant distance 

before they are lost due to resistive losses by recombination [22]. The dark conductivity in the 

silicon based solar cell is very poor between the ranges of (10-10-10-5) Ω-cm. For significant 

charge collection, continuous layers of metal contact that are transparent and allows light to 

pass into the material are normally utilised. A transparent coated oxide layer (TCO)-glass is 

mostly used in some solar cell configurations as the front layer allowing light to pass through 

the device. However, in some other configurations, they are used both as the front and the rear 

contacts. In the rear, they help to improve the optical properties of the device by the creation 

of the diffusion barrier to help limit the effect of impurities in the device. Other essential 

requirements for using a TCO layer for solar cell fabrication according to [23] are: 

1. Conductivity: this parameter should be as high as possible in the order of 104(Ωcm)-1 and 

the sheet resistance should not be too large and within the ranges of (3-10) Ω/sq. [1] and on 

page 175, Figure 6.18. Proper solar cell design is hinged on the TCO layer if employed is 

possess a rippling effect on the cost of the thin film. Hence, the optimisation of the width of 

the cross-sectional area of the cell affects the transport of charge carriers. Thus, high 

conductivity is directly proportional to large solar cell area. 

2. Transparency: This property should be as large as possible within the useful spectrum of 

sunlight, to minimise the optical losses. The average transmittance should be about 92%-95% 

within the visible range from 400 nm to 1100 nm. 
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3. Reflectance: This property should be as low since, majority TCO materials tends to obey 

the rule that says the product of the thickness and the refractive index must be equal to the 

fourth of the wavelength. 

4. Refractive index: This should be appropriate to facilitate light trapping within the material. 

The process of total internal reflection helps to bounce light around multiple times within the 

material, thereby increasing the optical path length of the device. 

5. Stability: At the fabrication stages, the TCO layer chemistry must be stable no matter which 

technique is used in fabrication. In this research, Aluminum Doped Zinc Oxide (AZO) showed 

excellent durability in plasma as discussed in chapter 5. 

 

2.7                   DEPOSITION TECHNIQUES FOR MATERIALS  

The deposition of thin-films is a crucial step in the growth, processing, and fabrication of solar 

cells. These techniques have been developed over the years and are common to many thin-film 

technologies. Several deposition processes are briefly discussed here [23-24]. Deposition 

techniques fall under two main categories and these are:    

1. Physical Vapour deposition (PVD): a process in which the source material enters into a 

gaseous phase and is deposited directly onto the substrate. Under this category, we have the 

following methods: 

 i.        Thermal Evaporation. 

ii. Sputtering. 

iii. Molecular beam Epitaxy.  

2. Chemical vapour deposition (CVD): this is a process in which a non-volatile solid thin 

film is deposited on a substrate as a result of vapour phase chemical reactants which are 

composed of the required constituents. In this deposition process volatile by-products formed 

during the process are removed from the CVD chamber by gas flow. In summary, the CVD 

process take place in by a sequence which entails the transportation of reactants by forced 

convection and diffusion from a stream of gas to a substrate, adsorption of reactants to the 

substrate, deposition and other reactions on the surface of substrate occurring simultaneously, 

desorption and diffusion of by-products from the substrate surface and finally removal of the 

by-products by gas flow [24-25]. Some examples of the CVD process are listed below and 

these are:- 

i. Low-pressure chemical vapour deposition (LPCVD). 

ii. Plasma enhanced chemical vapour deposition (PECVD). 

iii. Hot wire chemical vapour deposition (HWCVD). 
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iv. Metal organic chemical vapour deposition (MOCVD). 

 

In this work the Plasma enhanced chemical vapours deposition (PECVD) is the deposition 

process adopted for growing SiNWs and undoped a-Si:H thin films for the fabrication of solar 

cells due to the singular advantage of deposition of materials at low fabrication temperatures.  

Low-pressure chemical vapour deposition (LPCVD) and Hot wire chemical vapour deposition 

(HWCVD) are briefly discussed in the next page.  

1. Low-Pressure Chemical Vapour deposition (LPCVD):- is a method of deposition in which 

chemical reactions take place on the substrate surface. The energy is provided by thermal 

heating via numerous methods such as lamp heating, resistive heating, or inductive heating. 

The typical process temperature lies between 3000C-9000C, at a very low chamber pressure of 

250mTorr. This process offers a higher deposition rate and better uniformity in film thickness. 

The chamber consists of horizontal quartz tubes, which consist of a susceptor upon which the 

substrate lies. This susceptor is heated to the required temperature. The reacting gases flow 

over the surface of the substrate at high velocity, thus, creates the required films on the substrate 

surface. This method is mostly used for the deposition of polycrystalline silicon [23]. 

 

2. Hot-wire chemical vapour deposition (HWCVD): in this technique, a filament is heated 

up to a temperature of about 16000C. The energy for breaking down of the precursor gas occurs 

as a catalytic reaction close to the heated filament typically made of titanium and 

tantalum.Silane gas is catalytically decomposed into radicals and ions. Silicon radicals in silane 

diffuse into the HWCVD chamber and are subsequently deposited on the substrate 

[25].Hydrogenated amorphous silicon films produced by this technique possess some 

advantages such as, lower hydrogen content, better light stability and a higher deposition rate. 

The major drawback of this deposition method is the devices fabricated from hydrogenated 

amorphous silicon films have lower efficiencies when compared devices fabricated from 

hydrogenated amorphous films produced using RF-PECVD [26]. Several parameters can 

however be altered or controlled  to improve the quality of the film deposited on the substrates 

using HWCVD.These conditions are, the wire temperature, chamber pressure and gas flow 

rate. 
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2.8                                        DESIGN RULES IN SOLAR CELLS 

In the design of solar cells, there are three basic general considerations when trying to design 

solar cells according to [30]. These considerations are generic when designing solar cells. They 

are listed and discussed below using pn junction as a reference. 

 

2.8.1                                    THREE BASIC DESIGN RULES  

1. Bandgap utilization: the real energy is that needed to generate the open-circuit voltage 

(VOC), which is always below the bandgap utilization voltage (Vg), and further strengthened by 

the bandgap utilization efficiency, (ɳV). Analysis of the equations below helps us to understand 

the usefulness of bandgap in the design of solar cells. From Equation 2.14, the open circuit 

voltage is limited by charge carrier recombination mechanisms. Conversely, the lifetime of 

minority charge carriers is shorter due to a higher recombination rate in which a reduced Voc 

is noticeable. The Shorter the lifetime, the smaller the possible splitting between the quasi-

Fermi Levels and the smaller the fraction of the bandgap energy that can be utilized, resulting 

in reduced Voc. Consequently, bandgap utilization is a function of VOC [27]. 

                                             VOC = (ɳV- Vg)                                       [2.14]                                          

Where,  

• Voc is the open circuit voltage. 

 

The effective bandgap utilisation aids the achievement of higher solar cell efficiencies. Figure 

2.15 shows the band gaps of different semiconductors and Shockley Queisser efficiency limits, 

which is this is the maximum theoretical efficiency of a single junction pn solar cell. The values 

were computed in the 60’s [28]. They deduced that semiconductors with a band gap of 1.1eV, 

such as, silicon will have a maximum efficiency of 30%. Furthermore, this limit suggests that 

the maximum solar conversion efficiency at standard AM1.5G for a single junction solar cell 

is 33.7%, with the solar cell having a band gap of 1.34eV. What this therefore translates into, 

is that, given the solar radiation of 1000W/m2 falling on an ideal solar cell, only about 33.7% 

of this is converted to electricity [29]. 

 



 
 

36 
 

                                
Figure 2.15 Shockley Queasier Efficiency Limit shown for different solar cell materials used 

under permission from [29]. 

 

2. Spectrum utilisation: Solar cells only utilises about half of the entire light spectrum for 

converting solar energy to electricity .The infrared region of the light spectrum only heats up 

the solar cells and is not useful for electricity generation, thereby, decreasing the solar cell 

efficiency [30].Spectrum response and utilisation are hindered by the inability of the solar cell 

to absorb long wavelengths lower than the energy bandgap.   

 

A theoretical assumption shows that a semiconductor material with a bandgap of 0.62eV (2000 

nm) could generate a short circuit current density of 62 mA/cm2 [30]. Similarly, research shows 

that crystalline silicon with a bandgap of 1.1eV (1100 nm), theoretically, has a low current 

density of 44mA/cm2 [30]. It is worthy of note that spectrum utilization is determined by 

choosing the right materials for solar cell fabrication. The Figure 2.16 below shows the solar 

spectrum utilisation in crystalline silicon solar cells.  

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj-w9Dew93QAhVBKMAKHSJ6BVkQjRwIBw&url=http://solarcellcentral.com/limits_page.html&bvm=bv.139782543,d.ZGg&psig=AFQjCNHVFLLjLjEsmi6iVZNnJ-6a-wgRyQ&ust=1481043663184195
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Figure 2.16 Spectrum utilisation of crystalline -silicon solar cells adapted with permission from 

[30]. 

 

3. Light Trapping: This is a process in which there is an increase in the optical path length of 

photons in the solar cell by compensating for the thickness of the absorber layer. Current trends 

in silicon solar cell materials are aimed at reducing the thickness of the absorber layer. This is 

achieved by changing the perpendicular direction of the angle of incident light so that the 

condition for total internal reflection is met. Texturing of the front and/or back surface enhances 

the chances of the charge carriers being generated close to the junction. This makes the rays 

travel in an oblique manner, which increases the possibility of charge carrier absorption at the 

junction. Figure 2.17 shows the light trapping mechanisms used to improve optical path length 

by texturing the surfaces of a solar cell with an antireflective coating [31]. 

 
Figure 2.17 Light trapping techniques in a typical crystalline silicon solar cell (left) showing 

front texturing only and back surface terminated with a reflector and (right) showing front and 

back surface texturing for optimal light trapping, adapted from [31].        
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2.8.2                                  ELECTRICAL MODEL OF SOLAR CELL 

The current density generated by the solar cell (JL), is directly proportional to solar irradiation. 

Electrically, a solar cell is represented by a current source, two pn junction diodes in parallel 

to the current source, and two resistors, one in series and one in parallel. The optical and 

recombination losses are represented by the current source and diodes connected in parallel to 

the source of current, respectively. Diode D1 represents the recombination in the bulk and 

emitter regions of the solar cell, while the other diode, D2, represents the recombination in the 

space charge region. The inclusion of these diodes shows the effects of temperature on the 

performance of the solar cell. The ohmic losses in the cell are represented by the resistor’s RS 

and Rp in the circuit [32]. The resulting equation for the photo-generated induced current-

density (J) is stated below: 

             J = JL − Jso1exp �𝑒𝑒(V+IRs)
𝑘𝑘𝑘𝑘

� − Jso2exp �𝑒𝑒(𝑉𝑉+𝐼𝐼𝐼𝐼𝐼𝐼)
𝑘𝑘𝑘𝑘

� − �(𝑉𝑉+𝐼𝐼𝐼𝐼𝐼𝐼)
𝐼𝐼𝑅𝑅

�            [2.15] 

 

Where,  

• J is the total current density in the solar cell in mA/cm2. 

• JS01 = D1 and the exponential term represents the saturation of current density and base-

emitter recombination in mA/cm2. 

• JS02 = D2 and the exponential term represents the saturation current density and space 

charge junction recombination in mA/cm2. 

• kT is the product of Temperature and Boltzmann’s constant in Joules. 

• Rs is the series resistance in ohms (Ω). 

• Rp is the shunt resistance in ohms (Ω). 

• V is the voltage developed across the load in Volts. 

• JL is the light generated current density in mA/cm2. 

• e is the electron charge in coulombs C. 
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Figure 2.18 Equivalent electrical diode and resistor circuit of a pn junction solar cell. The diode 

in orange represents the illumination source adapted from [32]. 

 

2.8.3           CURRENT-VOLTAGE (IV) CHARACTERISTIC OF A SOLAR CELL 

This is an essential electrical characteristic of a solar cell because, it gives an idea of the diode 

behaviour and quality of the junction formed between the active layer and metal contacts of a 

solar cell. The current-voltage (IV) curve represents the super-positioning of the current and 

voltage of the solar cell in dark with light generated current. The equivalent electrical circuit 

in Figure 2.18 is considered as a two diode model which is represented by Equation 2.16. Thus, 

the second and last terms in Equation 2.15 are ignored which represents the one diode model. 

 

J = Jo exp �� 𝑒𝑒𝑉𝑉
𝑛𝑛𝑘𝑘𝑘𝑘

− 1�� − JL                                                       [2.16] 

Where, 

• J is the total current density in the solar cell. 

• J0 is the reverse saturation current density.  

•  kT
e

  is the thermal energy. 

• JL is the light generated current. 

• n is the ideality factor. 
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From the IV curve in Figure 2.19, when a forward DC bias voltage is applied to a solar cell, a 

diffusion current increases exponentially with the applied voltage in the first quadrant 

represented by the black curve. So also, in the reverse direction, the diffusion current decreases 

exponentially as seen by the IV curve represented by the black curve in third quadrant of Figure 

2.20, since the exponential term in Equation 2.16 becomes zero. In this instance the reverse 

saturation current or leakage current density (Jo) is dominant. If the applied voltage in the 

reverse direction is continually increased to a threshold value called the breakdown voltage, 

then, the device is damaged at this point as seen in Figure 2.20.The leakage current goes 

through the solar cell in reverse bias and the solar cell blocks the flow of current. By 

illuminating the solar cell, normal dark currents in the device are tends to shift the IV curve to 

the fourth quadrant represented by the red curve in Figure 2.19. In this region of the IV curve, 

the device behaves like a generator, because, photo generated carriers are induced in the solar 

cell and electric power is subsequently extracted from the external circuit. In conclusion, under 

DC bias voltage, the diffusion current is dominant and under illumination conditions, the drift 

current is dominant [32-33]. 

 

 
Figure 2.19 The current-voltage graph of a typical pn junction solar cell. Adapted from [33]. 
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Figure 2.20 The graph indicates the current-voltage curve of a solar cell in forward and reverse 

bias adapted from [33].              

 

2.8.4                         OPEN CIRCUIT VOLTAGE OF A SOLAR CELL 

The open-circuit voltage (VOC) is the maximum voltage obtainable from a solar cell when the 

current is zero since the terminals are left open. The open-circuit voltage corresponds to the 

amount of forward bias on the solar cell due to the bias of the solar cell junction with the light-

generated current. The absorption of a photon higher than the bandgap of the material causes 

an electron to be excited from the valence band to the conduction band.  If there are no potential 

drops in the device, then the electrostatic potential is the open-circuit voltage from the solar 

cell [13] and [33].  Practically, all solar cells need to be in contact with metal, in order to form 

a terminal for the collection of the excited charge carriers. The difference in the potential level 

of the contacts and the quasi-Fermi levels of the semiconductor, the sets the upper limits for 

the VOC of the solar cell. Under illumination conditions, the quasi-fermi level is a function of 

the carrier recombination. As such, as more light is shone on the solar cell, there is a 

corresponding increase in the VOC. Equation 2.17 shows that the relationship of VOC depends 

on the saturation or recombination current of the solar cell and the light-generated current 

.Similarly, the open-circuit voltage is also a direct function of the generation rate and the 

minority carrier lifetime of the solar cell [6] and [30] as shown in Equation 2.18.   

                                  VOC     =   kT
e

Ln Iph
IO

                                                          [2.17]  

                                  VOC   =   kT
e

Ln GL
𝑛𝑛𝐵𝐵
𝜏𝜏                                                          [2.18]  
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Where, 

• kT
e

 is Thermal energy. 

• IL is the Photo-generated current in mA/cm2. 

• Io   is the Dark Saturation in mA/cm2. 

• Iph is the photo generated current in mA/cm2. 

• GL is the generation rate in cm-3s-1. 

• τ is the carrier lifetime in s. 

• ni is the intrinsic carrier concentration in cm-3.        

                                                                                    

 
Figure 2.21 IV characteristic curve of a solar cell showing the open-circuit voltage and adapted 

from [33]. 

 

2.8.5              SHORT CIRCUIT CURRENT (ISC) OF A SOLAR CELL 

Short-circuit current is the current passing through the solar cell when the voltage across the 

solar cell is zero; it is represented as (ISC) [5] and [33]. In an ideal solar cell, light generated 

and short circuit currents are typically identical. As such, a short circuit current is the largest 

current that can be drawn from a cell.  When comparing solar cells of the same material type 

the most critical material parameter is the diffusion length. In a cell with a perfectly passivated 

surface and uniform generation, the equation for the short-circuit current is approximated as:            

                                

Isc = eAGL[LP + Ln + W]                                         [2.19] 
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Where,  

• GL is the generation rate in cm-3s-1 

• Ln and Lp are the electron and hole diffusion lengths respectively in cm 

•  e  is the unit charge, in C  

• W is the transition region width, in cm 

•  A is the area of the solar cell in cm2. 

The short-circuit current (Isc) also depends on many factors which are described below: 

1. Area of the top metal contact of the solar cell. To remove the dependence of the solar 

cell on the area of the top metal contact, it is more common to list the short-circuit 

current density Jsc in mA/cm2 rather than the short-circuit current. 

2. The number of photons, i.e., the power of the incident light source. Hence, the ISC from 

a solar cell is directly dependent on the light intensity. 

3.  The spectrum of the incident light. For most solar cell measurements, the spectrum is 

standardised to the AM1.5 spectrum. 

4. Optical properties (absorption and reflection) of the solar cell. 

5. Collection probability of the solar cell, which depends chiefly on the surface passivation 

and the minority carrier lifetime in the base. 

 

 
Figure 2.22 IV characteristic curve of a solar cell showing the short circuit current adapted 

from [33]. 
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2.8.6                                       FILL FACTOR OF A SOLAR CELL 

The squareness of the current-voltage characteristic curve is defined as the fill factor [36]. Since 

the current and voltage obtainable from a solar cell when the terminals are shorted and opened 

are termed as the short-circuit current and voltage respectively, then, the fill factor can be 

defined as the ratio of the maximum output power to the product of the short-circuit current 

and open-circuit voltage in a solar cell. This is related to the resistive losses in a solar cell. As 

the open-circuit voltage increases, the fill factor increases [34]. This is denoted mathematically 

as:- 

Fill Factor (FF) = The output power of the solar cell (MPP)
Isc ×Voc 

               [2.20] 

 

 
Figure 2.23 IV Curve of a typical solar cell indicating the maximum power output of a solar 

cell and adapted from [33]. 

 

 2.8.7                               EFFICIENCY OF SOLAR CELL  

It is a well-established principle in the physics of solar cells that the open circuit voltage (Voc) 

and the short-circuit current (Isc), varies directly and inversely respectively with the band gap 

of a solar cell. Consequently, there exist some optimum band gap values for which the solar 

cell efficiency will be at a maximum level. According to [35], the maximum values of solar 

cells efficiencies can be expressed as a function of the band gap at an Air Mass (AM1.5) 

spectrum corresponding to the band gaps of various semiconductors. The intensity of solar 

radiation is directly proportional to the short circuit current; therefore, the efficiency (Ƞ) of the 

solar cell can be expressed as a function of the Voc, Isc, FF and the intensity of solar radiation 

(Pin). Equation 2.21 expresses the relational link between Isc, Voc and the solar cell efficiency. 
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Based on the expression stated above, it is clear that, a decrease in solar radiation intensity 

(Pin), will amount to a decrease in the efficiency (Ƞ), of the solar cell. 

                                                  Ƞ =  𝐕𝐕𝐨𝐨𝐨𝐨𝐈𝐈𝐬𝐬𝐨𝐨𝐅𝐅𝐅𝐅
𝐏𝐏𝐢𝐢𝐢𝐢

                                                         [2.21] 

 

2.8.8                           PARASITIC RESISTANCE IN SOLAR CELLS 

Series and shunt resistances are called parasitic resistances in a solar cell. They mainly affect 

the fill factor and the efficiency of the solar cell. These resistances also depend on the geometry 

and area of the solar cell.  Series Resistance is a parasitic resistance that is evident in solar cells 

and this is the sum of all resistances due to components that come in the direct path of the 

current. As such, solar cells must be designed and fabricated in such a way that the series 

resistances are very low, otherwise, the curve tends to a straight line with reduced (ISC), whilst, 

the (Voc) remains the same, since the voltage drop in the solar cell is zero [36]. These 

resistances are present in the following components: - 

1. Base-emitter junction of the solar cell, precisely in pn junction types. 

2. Semiconductor-metal contacts. 

3. Metal contacts.  

The Shunt Resistance is a parasitic resistance in solar cells due to the leakage of current across 

the junction of the solar cell. The leakage current is due to the following: - 

1. Crystal defects 

2. Impurities in the junction region. 

3. Shunt around the periphery. 

 

The shunt resistance of the solar cell is expected to be as high as possible. This should be in 

the range of several hundreds of ohms. However, low shunt resistance is not desirable in any 

solar cell due to drastic decrease the open-circuit voltage of the solar cell, but not the short 

circuit current, because, it remains the same and provides a short circuit resistance path rather 

than a leakage path. In conclusion, high series resistances will amount to a high voltage drop 

across the cell.  The major consequence of this is the deviation of the IV characteristic curve 

from an expected squareness. As a result of this, the fill factor and efficiency of the solar cell 

will be reduced [36].  
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Low shunt resistance will also affect the squareness of the solar cells, thereby, affecting the fill 

factor and efficiency of the solar cell. The following relationship depicts the fill factor as a 

function of the series and shunt resistances in a solar cell: 

                      Fill Factor (FF) = FF0 (1 − Rs)                              [2.22] 

                      Fill Factor (FF) = FF0 (1 − 1
Rp

)                               [2.23] 

Where, 

• FF0 is the ideal Fill factor in the absence of any parasitic resistance.  

• FF is the Fill factor in the presence of parasitic resistance. 

• RS  is the series resistance. 

• RSh is the shunt resistance. 

 
Figure 2.24 The effect of series and shunt resistances on the IV curve of a solar cell. Brown 

curve shows increasing series resistance and black curve shows increasing shunt resistance. 

Adapted from [6]. 

 

2.8.9                                  TYPES OF LOSES IN SOLAR CELLS  

Several limitations and challenges are responsible for low energy conversion in solar cells. 

Some may have arisen from fabrication and experimental errors or material defects. Generally, 

these limitations can be termed as losses in solar cells which reduce the performance and the 

efficiency in solar cells [6] and [37].Highlighted and discussed are the types of losses in solar 

cells. 

1. Transmission Loss: Photons with less than band gap energy does not contribute to the 

generation of charge carrier’s electron-hole pairs because they do not get absorbed in the 

material. This loss is about 23% in single-junction materials. 
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2. Thermalisation Loss: This arises when the photon energy is higher than the bandgap energy 

required exciting an electron from the valence band to the conduction band. The excess energy 

is given off as heat to the material. This accounts for 33% in single-junction solar cells. 

3. Voltage Loss: -This voltage is due to the unavoidable auger recombination within the 

material. This voltage loss is obtained as a ratio of the open-circuit voltage to the bandgap 

voltage divided by the charge. 

4. Fill factor Loss: - This is a type of loss resulting from parasitic resistance within the solar 

cell. Such as the series and the shunt resistance mentioned earlier. In an ideal solar cell, it is 

expected that the fill factor is unity. However, practically, it has been reported that a fill factor 

of 0.89 has been achieved. 

5. Reflection Loss: -This occurs when a part of the incident light is reflected from the material 

surface. With proper light trapping techniques, this type of loss can be minimized with the use 

of the proper anti-reflection coating. 

6. Metal Converge Loss: -The first contact from which light enters a solar cell is made of a 

finger and bus bar. This metal contact can shadow the light to about 10%. This loss can be 

minimised by using a one-side contacted cell and transparent contact electrodes, as we have 

adopted in this research using AZO -coated glass.  

7. Recombination Loss: -This type of recombination occurs in the bulk or the surface of the 

material. However, this is minimized by using the right passivation techniques.  

2.9                     CARRIER TRANSPORT IN SEMICONDUCTORS  

Studies reveal that analysing and understanding the physics of transport, generation and 

recombination of charge carriers in a semiconductor aids a full comprehension of the electronic 

behaviour of micro and nano-electronic devices.  

An analysis of charge carrier transport in solar cells and its interaction with light is sufficient 

to investigate the electrical output characteristics of a solar cell [8] and [10]. The factors 

responsible for charge movement are: 

1. Charge carrier concentrations: by this, we mean the free electron concentration (n) and 

free hole concentration (p), and these constitute the mobile charges in the device.The electron 

charge is (e). 

2. The fixed charge carriers which result from ionized dopants (ND+ and NA-). 

3. Deep defects (nt and pt) that get charged as a result of the capture or emission of charge 

carriers from or into the electronic bands of the device.  
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These parameters determine the charge carrier density ρ(x) of the semiconductor which is 

represented mathematically as:                      

                           ρ(x) = e (p- n + pt - nt + ND+ - NA-)                               [2.24] 

 

2.9.1                          CARRIER LIFETIME IN SEMICONDUCTORS 

The basic theory of electron-hole pair (EHP) recombination or sometimes referred to as traps; 

which was proposed in 1952 by [38]. The lifetime of photo-generated carriers is an essential 

factor that helps to qualify the overall energy conversion efficiency and quality of a 

photovoltaic cell.  Thus, this parameter determines the recombination process and operation of 

the solar cell. The carrier lifetime is the time it takes a charge carrier (electrons or hole) in a 

semiconductor device to get annihilated or to return to its ground state from an excited state 

within the semiconductor. These charge carriers (electrons and holes) recombine either directly 

with one another or are gathered in a recombination centre, where they recombine. The carrier 

lifetime is a function of the charge carrier concentration.  

 

When a semiconductor is photo excited, subjected to an electric field or heated up, then the 

charge carrier concentration becomes higher than the thermal equilibrium temperature i.e., 

recombination and generation rate are equal. Figure 2.25 shows that electrons excited into the 

high energy state do not always remain there; instead, they begin to jump into the lower energy 

state due to scattering. Firstly, the electron-hole pair is created by photon absorption, i.e., hv > 

Eg. 

1. At point A, electrons move from the valence band, leaving a hole behind. 

2. At point B, electrons have gained enough energy and move to the conduction band for 

collection. However, due to scattering events, shown by the staircase in the diagram, the 

electrons fall to the edge of the conduction band. This is a non-radiative transition. 

3. At point C, electrons drop to the valence band, recombining with holes. Hence the period 

between generation and recombination, which is the charge carrier lifetime, is significantly 

affected by the carrier concentration. Carrier lifetime is a function of the excess carrier 

concentration and the recombination rate.  
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Figure 2.25: Carrier lifetime recombination process in a typical semiconductor. Adapted from 

[14]. 

 

A major problem with regards to measuring the charge carrier lifetime in a semiconductor is 

that different measurement techniques give widely varying values from the same material or 

device. The reason for this discrepancy is that in most cases, a definition of the charge carrier 

properties within the semiconductor is measured, with some parts other parts semiconductor 

material itself according to investigations by [7] and [40]. Since most semiconductors are made 

up of the surface and the bulk layers, it then follows that the recombination process takes place 

in both regions of the device. The weighted average behaviour of charge carriers is influenced 

by the following: - 

1.  Surface states. 

2.  Interface properties. 

3.  The density of carriers. 

4. Doping concentration. 

 

2.9.2                       CARRIER MOBILITY IN SEMICONDUCTORS 

Investigations on charge carrier transport are macroscopically characterised by carrier mobility 

because it is an important parameter concerned with the motion of charge carriers under the 

influence of an electric field or photo-excitation from its generation point through the 

semiconductor material [8]. In most cases, the solar cell may have several semiconductor layers 

with different transport properties in itself and also to the contacts.  
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Furthermore, the study also affirms the carrier mobility is indirectly a function of the 

conductivity and resistivity of a semiconductor material.  As such, be it microcrystalline, 

polycrystalline, amorphous, or massive scale multi-crystalline, the listed electrical properties 

apply to all. Additionally, electron and hole mobility shows a strong dependence on the doping 

concentration of a piece of semiconductor material [39]. Two doping scenarios commonly 

observed in silicon are:- 

1. Low doping concentration: which occurs at levels less than or equal to 1016cm3. It is 

observed that the mobility of the charge carriers at these levels is relatively constant and only 

limited by phonon scattering. 

2. High doping concentration: this occurs at levels equal to or more than 1018cm3. Mobility 

at these levels decreases, due to ionised impurity scattering and ionised doping atoms.  

The electron mobility in RED and hole mobility in BLUE for silicon at room temperature is 

shown below in Figure 2.26. 

 

 
Figure 2.26 Electron and hole mobility versus doping density for silicon adapted from [8]. 

 

The diagram in Figure 2.27 describes the behaviour of charge carriers when no-electric field 

across the material and vice versa. The scenario on the left of the picture is no-electric-field. 

The charge carriers do not follow a straight path; instead, they are seen to bounce around in the 

semiconductor with a frequent change in direction and velocity. This constant random motion 

is due mainly to thermal energy and scattering effects based on the crystallinity of the material. 

The scenario on the right of the picture is with Electric field.  
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When an electric field is applied, there is, on average, a net motion along the direction of the 

field, added to the already existent thermal motion. Consequently, due to the electronic charge, 

holes move in the direction of the electric field, while electrons move in the opposite direction. 

 
Figure 2.27 Random motion of carriers in a semiconductor with and without an applied electric 

field adapted from [8]. 

 

2.9.3              RECOMBINATION AND GENERATION IN SOLAR CELL 

Recombination and generation phenomena are simultaneous processes happening in any solar 

cell under illumination conditions. We will take a look at these processes and their impact on 

the carrier mobility and lifetime of charge carriers.  

Recombination(R): This process helps to establish the rate at which the concentrations of 

electron-hole pairs return to their original values after generation. In semiconductor physics, 

we have three types of recombination mechanisms. 

1. Band to band recombination: This radiative recombination is a recombination process 

where an electron drops back to the ground state in the valance band and radiates a photon. The 

radiated photon most likely will possess energy equal to the band gap   difference as a result of 

losses within the material. For example, phonon assisted losses like in silicon or other indirect 

band gap semiconductors or other losses associated with direct band gap materials like 

germanium [40].  

2. Auger Recombination: In this process, the energy and momentum of recombining the 

Electron-hole are conserved by the transfer of energy and momentum to another set of electrons 

–holes within the same band. This recombination causes a lot of heat and vibration within the 

crystal lattice.  
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Consequently, auger recombination is prominent in highly doped and highly illuminated solar 

cells [41]. Auger lifetime is dependent on the impurity density and is evident at high carrier 

densities. The recombination lifetime in silicon is controlled by auger recombination [41]. The 

auger recombination is a function of the electron-hole emission and capture mechanisms. 

Mathematically, this recombination is expressed as: 

Rn  =   Δp ÷ τn   for electrons                                  [2.25] 

Rp =   Δn ÷ τp     for holes                                        [2.26] 

Where  

• Rn and    Rp auger recombination of electrons and holes.  

•  Δn and    Δp are minority carrier concentrations for electrons and holes. 

• τn and τp are carrier lifetimes for electrons and holes. 

 

3. Shockley Read Hall recombination (SRH):  mobile electrons are trapped at energy states 

in the bandgap; afterwards, they recombine with holes, hence, the alternate name ‘trap assisted 

recombination’. SRH is determined by the number of impurities and defects in the silicon 

material [40] and [42].  SRH recombination is determined by the number of impurities and 

defects in the silicon device. This recombination is evident at low carrier densities with defects 

limiting the splitting of the quasi-Fermi level. From the equations above, we can see that the 

recombination rate (RSRH), is inversely proportional to the carrier lifetimes. Mathematically, 

SRH is expressed as:     

                                       N 
 RSRH      = ∑ _____   np-ni2_____________________           [2.27] 

                                    K=1   τ0p, k (n + ni) + τ0n, k (p + pi) 
 

τop and τon are capture-emission lifetimes for p and n type materials respectively are defined 

by the expression below: 

τop = 1
VthσPNt

       and   τop = 1
VthσPNt

                              [2.28] 

Where  

• Vth   is the thermal velocity  

• Nt is the concentration of defect levels.  

• Ϭ is the capture-emission cross-section of the electrons and holes. 
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In conclusion, the more defects exist in a semiconductor device, the lower the carrier lifetime. 

The continuity equation defines the electron-hole pair generation rate G, and the recombination 

rate R, under steady-state conditions. This is mathematically, expressed as:   

𝑒𝑒µp 
d
dx

(pE) − eDp
dj2p
dx

= e(G − R)  for holes                           [2.29] 

                    𝑒𝑒µn 
d
dx

(pE) + eDn
dj2n
dx

= e(R − G) for electrons                     [2.30] 

Where 

• Generation rate (G) in cm-3s-1.  

• Recombination rate (R) in cm-3s-1. 

• p and n are charge carrier concentrations for  holes and electron’s respectively in cm-3. 

• E is the electric field in V/cm 

•  µn  and µp  is the hole and electron mobility respectively in cm2/Vs. 

• e is the electron charge (C). 
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CHAPTER 3 

3.0                          BACKGROUND OF SILICON STRUCTURES 

Silicon as a semiconducting material can appear in various forms. Basically speaking, it can be 

classified into two distinct forms which are crystalline silicon and amorphous silicon. 

Amorphous silicon can either be hydrogenated or unhydrogeneted. Hydrogenation aids the 

passivation of dangling bonds. Furthermore, amorphous silicon can either be doped or 

undoped. In crystalline silicon, there is no need for passivation by hydrogen since; the crystal 

lattice is composed of periodically well-ordered patterns of tightly bonded single continuous 

crystallographic configurations with no defects. This form of silicon can either be 

monocrystalline; where the entire bulk is a single crystal of silicon or polycrystalline silicon 

which consist of large number of well-ordered grains pattern separated by grain boundaries 

with its own distinct properties. Both forms of silicon are discussed in this chapter.  

3.1                           AMORPHOUS SILLICON STRUCTURE  

Amorphous silicon is an allotrope of silicon that has a non-crystalline nature. Amorphous 

silicon attracted much interest since it was discovered that its conductivity could be changed 

by doping either as a p-type or an n-type semiconductor. However, due to the large defect 

density of the material, which is about 1021cm-3, the electrical properties of the material are 

inferior and not very suitable for electronic and photovoltaic device fabrication. By properly 

alloying this material with hydrogen to form hydrogenated amorphous silicon (a-Si:H), the 

defects within the material can be reduced to about 1016cm-3[1-2]. 

 

The crystal structure of the a-Si:H when compared to monocrystalline silicon(c-Si) is non-

periodic. The order of the atomic arrangement between the atoms is such that the bond length 

and the bond angle of each atom are different from each other resulting in several missing 

bonds which are termed dangling bonds [1-2]. These dangling bonds act as trap and defects 

states reducing the conductivity of the material considerably. In undoped unhydrogeneted a-

Si:H materials, the high defect states cause the Fermi level to be pinned. Doped a-Si:H, has 

made it possible for good quality device fabrication to be achieved. 
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Figure 3.0 Two-dimensional crystal structure of undoped a-Si:H indicating the various bonds 

within the lattice. The black circles represent hydrogen bonds and white circles represent 

dangling bonds Picture adapted from [2] under permission from Elsevier.  

 

It was mentioned earlier that an a-Si:H structure is made up of unstable weak strained or 

dangling bonds. When a-Si:H is exposed to heat or light for a prolonged period, more defects 

are added to the structure because; these energy sources break the bonds. This tends to reduce 

the efficiency of any device fabricated from this material most especially solar cell. This effect 

is called the Staebler-Wronski effect [3]. In a-Si:H thin films, the optical and electrical 

properties are a function of its structure. Thus, its main optical properties are band gap, 

refractive index and absorption coefficient. An a-Si:H thin film with an absorber layer of about 

a micrometre thickness has a very high absorption coefficient in the visible range of the solar 

spectrum. However, as a result of too many defects within the lattice of a-Si:H, many energy 

levels are created in the material [4]. 

 

3.1.1         ELECTRONIC PROPERTIES IN AMORPHOUS SOLAR CELLS 

There are three energy distribution levels shown in Figure 3.1. 

 1. Mobility edge: the extended states above and below the conduction and valence bands 

separating localised from non-localised energy states in both bands. 

 2. Tail states: the extended states below the mobility edge. 

 3. Localized states: the energy states within the bandgap. 
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Figure 3.1 The band diagram of a-Si:H showing the energy distribution within the band 

structure adapted from [4]. 

 

The optical bandgap of good quality amorphous silicon material lies between 1.7eV and 1.8eV, 

while its optical band gap increases as the hydrogen concentration increases [4]. In addition to 

this, the optical bandgap of the material can be tailored or tuned with the proper alloying 

process by the use of either carbon or germanium [5]. An addition of germanium will decrease 

the bandgap of a-Si:H, while the addition of carbon to a-Si:H will increase the bandgap. Thus, 

the bandgap can be tuned to as low as 1.2eV and as high as 2eV by using both germanium and 

carbon respectively [4-5]. The electronic conductivity in a-Si:H is mainly effected by the 

energy states within the bandgap as mentioned earlier and photons absorbed having energy 

higher than the bandgap will have absorption coefficients much higher than 104cm-1.The photo-

response in a-Si:H is of paramount interest when investigating the carrier mobility and lifetime 

of this material. For very good quality a-Si:H thin film, the photo-response is the ratio of the 

photoconductivity to dark conductivity. The relationship is mathematically represented by the 

Equations 3.0 and 3.1. 

                              Photo-response =   σph
σD

                                                     [3.0] 

                              Dark conductivity σD = exp
−EA
kT                                       [3.1] 

Where 

• σph is the photoconductivity. 

•  σD is the dark conductivity. 

• σO is the conductivity pre-factor. 
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• EA is the activation energy. 

• KT is Boltzmann’s constant = 0.026eV. 

 

The dark conductivity in good quality a-Si:H, should be less than or equal to 1010 Ω-cm-1 and 

the photo response should be higher than 105. Lower values of dark conductivity are an 

indication of very low carrier mobility. The Fermi level position in the material is a function 

of the activation energy EA and the Boltzmann’s constant. Doping in a-Si:H is also a function 

of the dark conductivity and temperature. Thus, the activation energy is the energy required to 

facilitate the movement of charge carriers within the a-Si:H layers [7]. The value for EA in 

doped and undoped material is listed below. 

 

Table 3.0 The activation energies for doped and undoped samples of a-Si:H [4]. 

Property of a-Si:H Undoped a-Si:H Boron doped a-Si:H Phosphorus  doped a-Si:H 

Activation Energy EA 0.8eV 0.3eV 0.15eV 

 

The photo-conductivity of an a-Si:H layer depends on the carrier generation and the product of 

charge carrier transport parameters .This is known as the µτ product and recombination rate 

equal to the generation rate at thermal equilibrium. The µτ product is an essential parameter 

because, it indicates the product of carrier mobility and lifetime, coupled with the 

recombination properties in the a-Si:H layer. Furthermore, the photoconductivity is heavily 

dependent on these two parameters. In high-quality a-Si:H, the µτ product should be larger 

than10-7cm2V-1[4] and [11].Hence, the photoconductivity of  a-Si:H layer is mathematically 

expressed as:- 

         σph = eµτG                                                           [3.2] 

Where  

• e is the electron charge =1.6e-19C. 

• µτ is the product of mobility and carrier lifetime in cm2/V. 

• G is the generation rate in cm3/s. 

It is worth mentioning that the carrier mobility of a-Si:H solar cells can also be measured 

through several other techniques, such as: - 

1. Field-effect transistor technique. 

2. Hall mobility measurement method. 
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3. Time of flight method. 

4. Indirectly as a function of resistivity and carrier or doping concentration. 

5. Mobility fit parameters models such as, Masetti and (Thomas and Caughey). 

 

Later in chapter 8 of this work, the mobility fit parameter model by Thomas and Caughey is 

used in computing the drift carrier mobility of SiNW-SC. Preliminary investigations on 

undoped a-S:H-SC fabricated at a temperature of 300oC was used to test the mobility fit model  

[1] and [8]. 

 

3.1.2                        GROWTH OF AMORPHOUS SILICON THIN FILM 

Thin-film layers of a-Si:H are deposited by several techniques, for example, by glow discharge 

(GD) and hot-wire chemical vapour deposition (HWCVD) as briefly described in section 2.1.5 

of chapter 2. The commonest method employed for the deposition of a-Si:H thin film layer is 

PECVD technique. In this process, a precursor gas, namely silane SiH4, decomposes into its 

ionic radicals and a-Si:H thin film layer containing some percentages of hydrogen are deposited 

onto the substrate. This deposited a-Si:H thin film layer is dependent on the desired fabrication 

conditions for a specified duration within the plasma chamber [10-12]. A fundamental 

characteristic of the PECVD system is the operating oscillating voltage sources which can be 

either low frequency (LF) of 380 kHz and high frequency (HF) of 13.56MHz. PECVD 

technique also offers the opportunity of selecting the deposition power within a large range 

from 0 to1000W for LF and 0 to 600W for HF. The major advantage of this deposition 

technique is the ability to fabricate devices at relatively low temperatures. The sequence in the 

deposition of a-Si:H within the PECVD reactor chamber involves the dilution of silane (SiH4) 

with hydrogen gas at a certain gas flow rate. The substrates used in this work are AZO-coated-

glass, corning (7059) glass and silicon wafers (N++ and P) which are placed on the bottom 

electrode of the chamber with 13.56MHz RF oscillating voltage being applied to the top 

electrode. High energy electron bombardment from the RF generated plasma, dissociates the 

silane and this facilitates the deposition of a-Si:H thin film layer on the substrates [12]. There 

are principally four steps involved in this deposition process which are:   

Step1  

The creation of plasma (Positive and Negative ions, Electrons, Molecules and Neutral radicals) 

through the introduction of SiH4 diluted with hydrogen results in a sequence of processes such 

as electron-impact-excitation, dissociation and ionisation of molecules within the PECVD 

chamber. 
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Step 2  

By means of diffusive transport, the reactive neutral species are transmitted to the substrate 

placed on the cathode in the PECVD chamber, whilst positive ions continually bombard the 

thin film growing on the substrate. Negative ions are trapped within the sheaths of the chamber 

and may likely form tiny particles. 

 

Step3 Continuous formation of islands that results in the emergence of thin film due to surface 

reactions on the substrate by such actions like diffusion of radicals, hydrogen abstraction and 

chemical bonding.  

 

Step 4 A releasing of hydrogen molecules from the subsurface of the layers of a-Si:H thin films 

occurs afterwards. The equation below further exemplifies the process of a:Si:H thin film layer 

formation on the substrate. 

                                                SiH4 + e- = SiH3 +H + e- 
                                                                                    = SiH2 + 2H + e- 

                                                               = SiH + H2+ H + e- 

                                                               = Si + 2H2 + e- 

It is worth mentioning that, a dilution of SiH4 with argon (Ar) gas is an alternative to hydrogen 

dilution under certain deposition conditions produces good quality a-Si:H thin films [12].  

 

3.2                             CRYSTALLINE SILICON STRUCTURES 

Crystalline silicon discovered in the 1950s is a vital material in the manufacture of photovoltaic 

solar cells. This is the most useful semiconductor for electronic devices such as solar cells. This 

section presents a brief discussion on the structure of the atoms in this material and why this 

structural arrangement gives it an advantage over other forms of silicon earlier discussed. 

Crystalline silicon does not show any light-emitting properties due to its indirect band structure 

with a band gap of 1.12eV [13]. Crystalline silicon has a cubic diamond lattice shown earlier 

in section1.2.1 of chapter 1.  Crystalline silicon consists of four valence atoms each having four 

neighbouring atoms with a density of (5x1022) atoms/cm3. In single crystalline silicon material, 

the crystal orientation is defined by Miller indices and the crystal plane is represented with the 

orientation in brackets such as (100). Silicon has a symmetrical cubic structure having (100), 

(010), and (111) as seen in Figure 3.2.  
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Similarly, the crystal directions are defined using square brackets which can be represented 

like [100] etc. Crystalline silicon has repeated periodical, well-oriented patterns. The material 

exhibits uniform and predictable behaviour because of the careful and slow manufacturing 

processes required, and it is also the most expensive type of silicon. 

                                

 

Figure 3.2 Crystallographic planes of the crystalline silicon wafer, adapted from [13]. 

 

3.2.1             ELECTRONIC PROPERTIES IN CRYSTALLINE SOLAR CELLS 

Crystalline silicon, due to its well-ordered repeated pattern exhibit excellent electrical 

conductivity when it is doped moderately with either a trivalent or pentavalent element. The 

process of doping introduces an atom of the dopant (doping element) into the silicon 

(Si) crystal to alter its electrical properties by adding more energy levels within the band gap 

of silicon. A dopant added from any of the trivalent element (Boron, Aluminium, Gallium or 

Indium) into the (Si) lattice creates additional energy level near the valence band of (Si).The 

trivalent elements only contain three electrons in their outmost shell, while (Si) neighbouring 

atoms requires four electrons  to complete covalent bonding. The deficiency of one electron 

leads to the creation of a hole within the lattice of (Si) which will readily accept an electron. 

When (Si) is doped with a pentavalent element (Phosphorus, Arsenic, Antimony or Bismuth) 

more energy levels are created close to the conduction band The pentavalent elements contain 

five electrons in their outmost shell  four  of which is shared with the four atoms of (Si) leaving 

an extra electrons to roam freely about the lattice of (Si). This free electron is responsible for 

electrical conduction in the material. As such, four valence electrons in (Si) take over the 

bonding responsibilities while the fifth valence electron remains free with no bonding 

responsibilities [14-15] as seen in Figure 3.3. 



 
 

65 
 

 
Figure 3.3 Structural diagram of crystalline silicon doped with Phosphorus forming an n-type 

and Boron forming a p-type material respectively adapted [14], under permission to use. 

 

As discussed in section 2.1 chapter 2 of this work, since doped p and n type (Si) is used in the 

fabrication of a pn junction device when brought together, then, an electric field is established. 

The electric field (ζ) in terms of the electrostatic potential can be expressed by the Equation 

3.3. 

                     (ζ) =  1
e
−dV
dX

= 1
e
EV
dX

= 1
e
EC
dX

                                   [3.3] 

Where, 

•  (ζ) is the electric field. 

•  −dV
dX

 is the electrostatic potential gradient. 

•  e is the electron charge in C 

•  EV
dX

 is the valence band energy level gradient. 

•  EC
dX

 is the conduction band energy level gradient. 

 

This means any part of the semiconductor under the influence of an electric field possesses 

varying electric static potential and a variation in the potential energy resulting in band bending 

as demonstrated in the band diagram in figure 3.4.  
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Figure 3.4 Band bending of an energy band in the presence of an electric field represented by 

the gradient in the conduction and valence band energy and a reference energy level [16].  

 

This band alteration facilitates the flow of drift and diffusion currents within the (Si) material 

from which carrier transport parameters like diffusion length, diffusion coefficient, carrier 

mobility, and carrier lifetime are derived based on Einstein's relationship and the continuity 

equations mentioned in section 2.1 of chapter 2, in this work. It has been reported that electronic 

conductivity in (Si) is of good quality because of virtual little or no defects within the crystal 

lattice of the material [14-15]. Equations 3.3 and 3.4 are carrier lifetime fit parameters 

developed to estimate the minority carrier lifetime in crystalline silicon solar cells provided 

that the doping concentration is NA or ND > 1x1017cm-3.  
1
𝜏𝜏𝑒𝑒

   = (3.45x10-12NA) + (9.5x10-32 NA2) s-1.                  [3.4] 

1
𝜏𝜏ℎ

 = (7.8x10-13 ND) + (9.5x10-31 ND2) s-1.                    [3.5] 

Where, 

• τe is the minority carrier lifetime in p-type crystalline silicon. 

• τh is the minority carrier lifetime in n-type crystalline silicon. 

• NA and ND are the acceptor and donor concentration in p and n type crystalline silicon 

respectively. 

The diffusivity in the material can be deduced from the Einsteins relationship expressed below. 

                        
𝐷𝐷
µ
= kT

e
                                                   [3.6] 
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It has been established that the minority carrier lifetimes in crystalline silicon material grown 

by Czochralski (CZ) fabrication process introduces light induced copper into the silicon wafer 

[16]. Several other experimental measurement techniques, such as, impedance spectroscopy 

(IS)  discussed later in  section 5.5 of chapter 5 of in this thesis, surface photo-voltage method 

(SPV), open-circuit voltage decay (OCVD), and many more, are generally required to estimate 

the carrier lifetime in different semiconductor materials. Mobility fit parameters models on the 

other hand, have been used to estimate the carrier mobility in most semiconductor devices [18]. 

These fit parameters consider only the doping concentration and its relationship with the lattice 

and ionised impurity scattering within the crystal lattice of the material [19-20].        

µma =  ( µ𝑚𝑚𝑚𝑚𝑚𝑚−µ𝑚𝑚𝑚𝑚𝑛𝑛

�1+( 𝑛𝑛
𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛1 �^𝛼𝛼1

+ µ𝑚𝑚
1+( 𝑛𝑛

𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛2 )^𝛼𝛼2
)                                [3.7] 

µtc   =         (µ𝑚𝑚𝑚𝑚𝑚𝑚−µ𝑚𝑚𝑚𝑚𝑛𝑛

1+� 𝐶𝐶1−1𝐶𝐶𝐶𝐶𝑛𝑛𝑒𝑒𝑛𝑛 �
𝛽𝛽 ) + µ𝑚𝑚𝑚𝑚𝑚𝑚                                             [3.8] 

Where 

• µmin is the mobility-based ionized impurity scattering 

• µi is the ionized impurity scattering  

• µmax is the mobility based on lattice scattering. 

• nref 1 is the reference doping concentration.  

• nref 2 is the reference doping concentration. 

• µmin- µi is mobility based on clustering. 

• α1, α2, β =1.09, Clref =24.82, all these are fit parameters. 

• Cl = (NA+ ND)/C, C =n0+p0 

• n0+p0   are the sum of the free carrier concentration. 

• µma Masetti’s mobility fit parameter. 

• µtc   Thomas Caughey mobility fit parameter     
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Table 3.1 The information about the carrier mobility fit parameters for different semiconductor 

materials based on Masetti’s model. Considering that mobility is a function of doping 

concentration.  Adapted to use under permission from [19-20]. 

Fit Parameter Si:P Si:B ZnO ITO SnO2 

µmax(cm2/Vs) 1414 470.5 210 210 250 
µmin(cm2/Vs) 68.5 44.9 55 55 50 

µmax- µ1(cm2/Vs) 12.4 15.9 5 5 10 
nref1(1017cm-3) 0.92 2.23 4 15 20 

α1 0.711 0.719 1 1 1 
nref2(1020cm-3) 3.41 6.1 6 20 6 

α2 1.98 2.0 2 2 2 
 

3.2.2                   GROWTH OF   CRYSTALLINE SOLAR CELLS 

Czochralski (CZ)’s technique is a major technique for the growth and fabrication of crystalline 

silicon wafers. This method involves the use of semiconductor grade silicon with very few 

impurities, about a million per part melted in a crucible made from quartz with a trivalent or 

pentavalent dopant atoms added to it, so as to improve the electrical conductivity of the 

material. First the feed material is put into a crucible and melted by radio-frequency heaters. 

After the feed material is entirely molten, a seed crystal with a specified diameter within a few 

millimetres is dipped from the top into the free melt surface, and a small portion of the dipped 

seed is melted [21]. A melt meniscus is formed at the contact interface between the seed and 

melt. Then, the seed is slowly withdrawn from the melt (often under rotational action), and the 

melt can attain a temperature of about 14000C before it crystallizes at the interface by forming 

a new silicon crystal. Several factors are considered for this growth process.  

1. The temperature of the growth process. 

2. The rate of pulling the seed crystal. 

3. Speed of rotation of ingot formed from pulling. 

Due to the high temperature of the melt, corrosion of the quartz crucible causes an 

effervescence of silicon and oxygen gases to pass into the melt. When this happens, the oxygen 

in the silicon is known to form boron like compound. This compound act as recombination 

centres and reduces the minority carrier lifetime of the material as stated by [21]. In order to 

overcome this problem, a silicon nitride crucible is used instead and boron is replaced with 

gallium to reduce the effects of recombination as a result of the formation of the Boron-Oxygen 

complex. Oxygen, however, helps to improve the radiation hardness of the material. 
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Figure 3.5 The Czochralski (CZ) techniques illustrating the formation of monocrystalline 

silicon growth adapted and drawn from [22]. 

 

The float zone FZ method is another technique used to grow crystalline silicon. In this 

technique, the melt does not react with the crucible. Thus, as the name implies, the melt is the 

floating zone within the chamber [23]. The starting material, in this case, is a polycrystalline 

rod of about 2m in length. The rod is placed in a puller enclosed in an inert atmosphere. By 

induction heating, a seed crystal is melted by the polysilicon rod, which is accomplished by 

moving the induction coils upwards within the chamber.  The left-behind melted zone is the 

melted zone solidifies in the form of monocrystalline silicon. Doping is carried out on the wafer 

before solidification by introducing the dopant gases into the chamber during ingot pulling. A 

controlled speed is maintained during the pulling process. This process obtains higher quality 

silicon ingots, although, it is costlier than the CZ process. Unlike in the CZ method, the Boron-

Oxygen compound is not formed from this process [24]. The carrier lifetime of the single 

crystal silicon formed from this technique is better, due to low recombination and trap centres 

within the crystal lattice. The carrier mobility in a-Si:H is of two to three orders lower than that 

of crystalline silicon, whilst, the lifetime as well is about two orders lower than crystalline 

silicon [25]. 
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Figure 3.6 Float Zone (FZ) technique illustrating the formation of silicon crystal growth 

adapted from [23]. 

 

3.3                             POLYCRYSTALLINE SILLICON STRUCTURE   

Polycrystalline silicon, also called Polysilicon or Poly-Si, consists of small crystals; also known 

as crystallites ordered in different orientations and separated by interfaces called grain 

boundaries. Polycrystalline silicon thin-film due to its low silicon consumption, low substrate 

cost and excellent stability is an attractive candidate for the fabrication of cost-effective solar 

cells [26]. Thin-film polysilicon is a material with a grain size in the range of 1µm to 1mm. In 

most cases, polysilicon possess the same optical behaviour as crystalline silicon. Poly-Si 

possesses the same optical behaviour as crystalline silicon. Poly-Si consist of active or absorber 

layer which are usually about 2-5µm in thickness and this offers the possibility of reducing the 

cost of photovoltaic solar cells due to an active light trapping mechanism through the 

application of anti-reflection coating and back and front surface texturing. Samples of 

polysilicon material containing both small and large grains have a lot of crystal mismatch, 

which occurs due to vacancies, strained broken bonds and dislocations [6],[27]. Furthermore, 

impurities segregate at these grain boundaries increasing the defect density at these points. 

These defect levels give rise to a boundary potential at the grain boundaries.  
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Consequently, a space charge region is developed near the grain boundary due to the removal 

of free carriers from the grains. An electric field is developed at the space charge region causing 

the energy bands to bend at each side of the grain boundary [28].  

 
Figure 3.7 Crystal structure of polysilicon silicon indicating the grain boundary and grain. Blue 

circles represent the silicon atoms in the polysilicon crystal lattice and the thick blue lines 

representing the grain boundaries. 

3.3.1        ELECTRONIC PROPERTIES IN POLYSILICON SOLAR CELLS  

The bending formed at the edges reduces the mobility and lifetime of both minority and 

majority charge carriers. The electronic conduction is such that, the majority charge carriers 

must overcome the grain boundary potential barrier that impedes the flow of carriers from grain 

to grain due to structural defects in the crystal lattice and impurities from dopant atoms. 

Extreme limitations in realising higher device performance can be attributed to the grain 

boundary properties, as described by [29]. Due to the large electric field at the grain boundaries, 

the minority charge carriers are drift to this interface, where they contribute to the 

recombination process within the material.  There seems to be no satisfactory model that can 

sufficiently explain the conductivity in the polysilicon material, because, of the unpredictable 

nature of the effects of grain boundaries on the carrier mobility and carrier lifetime. These 

charge carrier transport parameters are also dependent on the following factors, which 

according to [30] are: - 

1. Grain size and grain boundary properties. 

2. Deposition temperature.  

3. Doping concentration. 



 
 

72 
 

4. Absorber layer thickness. 

5. Surface-recombination velocity.  

 
Figure 3.8 The band structure of p-type polysilicon, indicating the grain boundary interface and 

the Fermi energy levels adapted from [31]. 

 

An investigation reveals that the inconsistent structural crystallography of polysilicon [30], 

makes it extremely difficult to understand the electronic properties of the material. The 

following assumptions listed below in have been used to explain the variations in the energy 

bands and these are:- 

1. At low and medium excitation conditions, the quasi-Fermi level of the majority carriers is 

flat everywhere, but the quasi-Fermi level of the minority carriers EFn is allowed to vary in the 

space charge region (- Wgb < Wgb) as well as in the quasi-neutral region. 

 

2. The occupation probability under non-equilibrium conditions and the carrier 

recombination rate U are described by the Shockley-Read-Hall. 

 

3. Uniform excitation in the base of the solar cell for long wavelength illumination for which 

the absorption coefficient is nearly constant within the base. The level of excitation is 

characterised by the difference between the quasi-Fermi levels, (EFn-to-EFp) in the neutral 

region of the grains. The variations in the band bending properties of the material with respect 

to the minority carriers in the quasi-fermi level are always much more significant at the quasi-

neutral level than at the grain boundary. As such, the minority carrier at the quasi fermi level 

is assumed to be flat in the grain boundary space charge region.  
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For better device performance to be achieved, in Poly-Si the doping level has to be increased 

to an optimal level to avoid dopant segregation at the grain boundaries. In Poly-Si solar cells, 

an efficient diffusion length is often expressed as a function of the grain boundary 

recombination properties and grain size [32-34].  A particular concept called the Equivalent 

Monocrystalline Cell (EMC) model, which is defined as equal to this theoretical effective 

diffusion length has been used for computational analysis of the charge transport mostly with 

respect to the carrier mobility and carrier lifetime [35]. Thus, if the device is compared to single 

crystal silicon, the minority carrier mobility and the minority carrier lifetime can be derived 

using the fit parameter in Equation 3.8 and 3.9. 

                            µn   =    197 + ( 963

1+ NA
2.95X1015

)0.91                                     [3.8]     

                            τn     =    ( 1.7x10−5

1+ NA
7.1X1015

)                                                    [3.9] 

Where,  

• µn is the minority carrier mobility,  

• τn is the minority carrier lifetime.  

• NA is the acceptor doping density. 

Alternatively, several other researchers have studied the electrical and electronic behaviour of 

polysilicon based solar cells intending to understand the charge carrier transport in the material. 

Many have developed with several methods of investigating this mechanism by using the 

theoretical approaches from fundamental semiconductor physics theories and analytical 

quantitative mathematical methods. The charge carrier transport mechanism is also a function 

of the surface recombination velocity and grain size, of which deductions were made by [35] 

suggesting in Poly-Si solar cells with grain sizes (g) > 1μm, the surface recombination 

velocities (SGB) have values of between 105cm/s and 107cm/s, while, those with grain sizes g 

< 1μm, the recombination velocities (SGB) lies between 101cm/s and 103cm/s. Consequently, if 

we relate all these to Equation 3.10 and 3.11 we can estimate the µτ product of the polysilicon 

the solar cell.  Hence, by relating the effective diffusion-length (Leff.Poly) with scattering is 

considered, the surface recombination velocity, diffusivity, and grain size are related by the 

expression presented below.       

                    Leff. Poly = � Dg
2SGB

�
0.5

                                          [3.10] 

                     Leff. Poly = �kT×µτ
𝑒𝑒

�
0.5

                                           [3.11] 
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Where, 

• g is the grain sizes. 

• SGB is the surface recombination velocity. 

• D is the diffusivity or diffusion coefficient. 

Investigations by [35] have considered the base doping influence on the charge carrier transport 

and they have proposed that an optimum doping level which is a compromise between the grain 

boundary activities and bulk electronic conduction can enhance Poly-Silicon solar cell 

performance.They further discovered from studies conducted on six different Poly-Si materials 

having different grain sizes, some  variation in the conversion efficiencies of the device was a 

function of the optimal doping concentration and the intragrain interface states. Therefore, an 

increase in the grain size, enhances the efficiency of the solar cell. The following assumption 

based on several experiments they conducted on p-type polysilicon solar cell samples are as 

follows:- 

1. The optimal doping concentration Nopt > grain size g, regardless of  the interface state 

density. 

2. At a particular value of g, the optimal doping concentration increases with the density 

of states. 

Irrespective of the grain boundary activities and grain size, at optimal doping level, an excellent  

Poly-Si solar cell efficiency is achievable. From these several assumptions, polysilicon cell 

efficiencies η > 12% have been achieved at an optimal doping level of the order 1015cm3 with 

a g < 40µm. A linear relationship exists between g < 1mm and optimal doping concentration 

on a log-to-log scale, provided the interface state density Nt is known, [35]. These values are 

related by the expression shown below:-                                                      

Nopt = 10Nt1.4g-0.35                                                  [3.12] 

Where, 

• Nopt is the optimal doping level of the polysilicon solar cell. 

• Nt is the density of interface or trap states. 

A comprehensive model explains that the grain boundary properties under illumination 

conditions have severe effects on the charge transport performance of polysilicon materials, 

especially solar cells. Moreover, these position is corroborated by [36], based on several 

assumptions made from  investigating an n-type polysilicon solar cell. These assumptions are 

as follows:  
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1. The transport properties in polysilicon are one dimensional and composed of grains 

with cubic shapes with a grain size (g). 

2. The interface states of densities of the (GB), the average energy of grain state(ET), and 

the distribution parameter (S) are independent of the doping concentration (N), and the 

grain size (g). 

3. The GB has two capture cross-sections, which are irrespective of the recombination 

properties. 

4. The quasi Fermi level of the minority carriers is variable, while that of the majority 

carrier is flat.  

Investigations and studies from several other sources, have also demonstrated a relationship 

between the minority carrier lifetime and minority diffusion length, of which  the latter has 

been suggested to be a significant figure of merit for the performance of not just the Poly-Si 

solar cell, but, of  solar cells in general [36].   

 

Irrespective of  all the models proposed by different research groups, to understanding of 

charge carrier transport properties in polysilicon solar cells.  The efficiency of the polysilicon 

solar cell depends on the doping density, grain size, effective diffusion length, nature of grain 

boundary, surface recombination velocity and the number of  trap states within the material.  A 

simple band diagram of  n-type Poly-Si thin film is presented in Figure 3.9. 

 

 
Figure 3.9 Band structure of n-type polysilicon under illumination condition indicating the 

Gaussian energy distribution of the mid-gap states adapted from [34]. 
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3.3.2                                 GROWTH OF POLYSILICON THIN FILM 

The process of depositing layers of polycrystalline silicon thin films on a substrate is achieved 

in numerous ways. Here, in brief, are several ways in the films have been deposited. 

1. By the pyrolysis of silane (SiH4) at 5800C -6500C. This involves the use of about 100% 

silane at pressures between 200mTorr-1000mTorr. This process has been proven to yield about 

10-200 wafers per run at deposition rates of 10-20 nm/min, with thickness uniformities of +/-

5% by [37]. 

2. By direct deposition of polycrystalline. This is achieved by thermal chemical vapour 

deposition of gases like silane (SiH4) or dichloride-silane (SiH2Cl2) at temperatures of about 

950oC. For this process, due to the high temperatures, appropriate high-temperature resistant 

substrates are used, for example, ceramic and quartz.  It has been reported that the grain sizes 

from this process are quite large, resulting in large carrier mobility values due to fewer grain 

boundaries [37].                      

3. By Solid-Phase crystallization SPC.This is a fabrication technique carried out at 

temperatures lower than 600oC. The process involves first depositing amorphous silicon by 

PECVD, sputtering or thermal evaporation. The films are then further annealed thermally, or 

laser crystallised to obtain the Poly-Si films on the desired substrates, at temperatures ranging 

between 5500C-7000C according to [38]. The annealing time varies from 30 minutes up to 20 

hours, resulting in large grain sizes. However, a lot of grain boundary defects are also 

noticeable, and it has been reported for years to be the best method of realizing polysilicon 

films.  

 
Figure 3.10 The structure of polysilicon films formed from solid phase crystallization of  

a-Si:H phase to poly-Si phase having lots of grain boundaries with grains shown in circle. 
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4. By Seed Layer Epitaxial Thickening:-This is a deposition process in which a seed layer of 

thin film polysilicon is obtained by epitaxial thickening. The growing film follows the 

underlying crystal structure. By the use of metal induced crystallisation, epitaxial thickening 

of the seed layer is achieved and polysilicon films are obtained as shown in the Figure 3.7. The 

structure is first deposited as shown in the diagram and then annealing takes place. A metallic 

effect causes a crystallisation of the a-Si:H layer, leading to the formation of polysilicon films 

[39].  

 
Figure 3.11 Structures of epitaxial thickened polysilicon seed layer and polysilicon film with 

grain boundaries not shown here, obtained from metal-induced crystallization of a-Si:H phase 

as a first step. 

 

The defect density in polycrystalline silicon films is about 104cm-3 orders lower than 

amorphous silicon thin films. Consequently, diffusion lengths Ln >10µm with an open-circuit 

voltage of about 550mV and short circuit currents of 35mA/cm2 as reported by [40]. All the 

devices formed by the various methods listed have heavily doped back contact to form good 

ohmic contact and appropriate back surface fields. Generally, in PECVD or CVD the 

paramount process parameters when depositing polysilicon film include the following: - 

1. Deposition Temperature. 

2. Chamber Pressure. 

3. Silane Concentration. 

4. Hydrogen or any other dilution gas concentration. 

5. Dopant Concentration. 
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CHAPTER 4 

4.0                                        SILICON NANOWIRES REVIEW  

Silicon based nanostructures are presently being seriously investigated by many research 

groups, due to their ability to manipulate light energy through processes such as plasmonic 

enhancement, photonic crystal interactions and energy flow control at nearly atomic levels [1]. 

4.1                                       WHY SILICON NANOWIRES 

Nanostructured devices include nanowires; mesoscopic and quantum dot solar cells. The major 

challenge in energy generation through the use of photovoltaic devices and how it compares 

with other conventional sources is principally the issue of cost per watt hour generated. In this 

chapter, we investigate more closely the properties of SiNWs and their suitability, adaptivity 

and applicability for photovoltaic devices in energy harvesting and conversion through the 

fabrication of SiNWs-SC is discussed. The major challenge with silicon solar cells is the 

thickness of the absorbing layer required for the absorption of useful light, coupled with its 

ability to separate charges and charge collection at the contacts. The method used to create a 

balance between the thickness of the absorber layer is to texture for light scattering. Nanowires 

being produced at the moment have been etched out of crystalline silicon substrate and these 

have been reported to deliver at least 10% energy conversion efficiencies [2]. Nanowires 

possess and offer outstanding optical absorbing properties because of multiple light scattering 

and trapping behaviour [3-6].Furthermore, the aforementioned researchers gave reasons why 

these types of solar cells have great future potentials based on experimental investigations. 

SiNW and nanostructures in general are able to offer a texturing mechanism amongst many 

other qualities because; they possess a high aspect ratio [7].   

 

In general, nanowires are expected to help reduce material usage, associated cost of device 

fabrication and higher limits of energy conversion efficiencies produced, based on a balanced 

analysis through the Shockley-Queisser limit [8]. At present, SiNWs are fabricated through 

numerous methods, one of which is a chemical etching process from crystalline silicon wafer. 

However, studies have shown that if SiNWs can be fabricated without resorting to a chemical 

etching process and high deposition temperatures may offer many added advantages when 

compared to planar thin-film solar cells [9].Based on reports from several research groups, 

SiNWs have been synthesised and fabricated in several ways [10-13].  
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Some of the methods are listed below:  

1. Chemical vapour deposition (CVD). 

2. Metal-catalysed electro-less etching (MCEE). 

3. Nano-imprinting/lithography followed by the Bosch process.   

SiNW’s grown by CVD allow for the flexible control of the doping concentration. However, 

the performance and efficiency of devices fabricated by this method are low largely due to the 

deep-level defects created when certain metal catalysts are used. For example, a gold metal 

catalyst is not easy to remove from SiNWs grown from it. MCEE and nano-imprinting methods 

offer the choice of fabricating enhanced performance and higher efficiency SiNWs. MCEE and 

nano-imprinting methods offer the choice of fabricating enhanced performance and higher 

efficiency SiNWs. Higher density, smaller diameter and randomly well-positioned SiNWs 

have been synthesised using MCEE [13].  

 

The nano-imprinting technique followed by the Bosch process, on the other hand, produced 

symmetrical uniformly distributed nanowires. These two methods have been reported to have 

facilitated the optimisation of the length of nanowires to about 1µm in a single junction 

structured mode. This has reduced the light reflectance to below 20%. Efficiencies of up to 8% 

for SiNWs solar cells have been reported. These methods tend to suggest that higher 

efficiencies can be achieved if the nanowires have a pencilled asymmetrical orientation 

[13].Some other types of nanostructured solar cells are briefly listed based on their structural 

architecture:  

1. Quantum Dot (QD) Solar Cells [14] and [17].  

2. Mesoscopic Solar cells [19-21]. 

In a broader sense, nanowires can be grouped into these categories:- 

1. Metallic Nanowire: this comprises a suitable substrate such as a polycarbonate membrane 

with a desired nominal pore size of 20nm on one side and on the other side a metal such as 

gold, platinum, silver etc. This is thermally evaporated to a thickness of about 100nm. The 

other end of the membranous material is placed into a plating solution of the metal. An electric 

current drives the desired metal onto the gold layer through the pores at the specified duration 

until the desired length of nanowire is achieved. Once the plating is finished, the membrane is 

gently washed with water and isopropyl alcohol. Sonification in isopropyl alcohol removes the 

evaporated metal coating from the membrane and then the membrane is dissolved in 

chloroform from which the metallic nanowire is obtained [22].   



 
 

84 
 

 
Figure 4.0 A Schematic diagram of metallic nanowires under illumination used under 

permission from [22]. 

 

2. Insulating Nanowires: these are nanowires that have been fabricated from a combination 

of materials with a high insulating property such as silicon dioxide(SiO2)titanium dioxide 

(TiO2),bismuth  telluride  selenium (Bi2Te2Se)  and Samarium hexaboride (SmB6) Most of 

these types of insulators have energy levels on their surface and have a bulk band gap that 

resembles an ordinary insulator. In this kind of nanowire, the resistivity increases as the 

temperature is decreased. In the case of SmB6 nanowires, this process is followed by saturation 

below 10K. For this kind of nanowire, there is always a contribution from the metallic surface 

states and electronic states [24-25]. As such, the bulk contribution of the insulating material is 

dominant in the temperature range of between (10–100)K, while for temperatures lower than 

10K, the metallic behaviour dominates. 

  
Figure 4.1 Schematic topology of insulator nanowire solar cell illuminated by laser permission 

granted under an ACS Author Choice License by [25]. 
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4.2     SYNTHESIS AND STRUCTURAL PROPERTIES OF SILICON NANOWIRES. 

These are groups of nanowires that can be fabricated by an etching process on the substrates 

thereby providing a continuous path for carrier collection. From investigations, it can be seen 

that these kinds of solar cells are dominant because they have been fabricated using silicon 

wafers as single crystal nanowires are easily grown from this etching process or by the VLS 

technique [27]. SiNWs can be grown and synthesised by various methods. The two main 

methods are discussed below.  

1. Top down Technique: is a method which relies on geometric reduction through the process 

of selective etching and nano-imprinting technique [28-29]. When, a catalyst is deposited on 

substrate prepared for silicon etching in hydrogen fluoride solution, which acts as an oxidizing 

agent [29]. The etching process takes place in the vicinity of the metal nano-catalyst, resulting 

in the formation of well-defined mesopores of about (20-100) nm from which the silicon 

nanowires are grown.  By applying electron beam lithographic process to grow the silicon 

nanowires, in which a four-stage approach and process of implementation was conducted by 

[29].  It was suggested by some other research team that, being able to control the geometry 

and orientation the nanowire on the device is an advantage of this process giving rise to better 

electrical properties since the structures formed are well defined. With the fabrication of 

nanowires on silicon wafers using top down lithography and dry etching process and with the 

use of poly-Silicon as the outermost thin layer of the silicon nanowires, the geometry of 

structures using this method can be highly controlled [29]. The resulting nanowires were highly 

efficient radially oriented p-n junction silicon solar cell with an asymmetric structure whose 

efficiencies ranges between (1%-to-5.3%) without the use of antireflection coating. 

Furthermore, conical-pencil tipped like shaped silicon nanowires solar cell device was 

successfully fabricated by colloidal lithography and inductively coupled plasma-reactive–ion-

etching process both being Top–down approach of fabrication. These had some beneficial 

advantages for solar cell applications due to better light trapping properties resulting from well-

controlled asymmetric formation of nanowires whose efficiencies from (1%-to-8.5%) [31]. The 

advantages of the top-down method are as follows: 

1. Geometry can be controlled to form well-defined structures (diameter and length). 

Higher yield when compared to bottom-up approach, due to the long-standing maturity 

of silicon on insulator (SOI) technology.  

2. Electrical properties are well optimised and characterised due to the well-defined 

structures of the nanowires formed.  
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3. The diameter of the nanowires can be varied by the etching time. Nanowires produced 

by this method have high homogeneity, especially when any of these three methods are 

used: molecular beam epitaxy (MBE), electron beam lithography (EBL) and reactive 

ion etching (RIE). 

2. Bottom-up technique or Vapour-Liquid-Solid (VLS): This is a bottom-up approach in 

the growth of SiNWs. The process begins with the synthesis of individual atoms and molecules 

to build up the desired nanostructure using the right metal catalyst [32-33]. The metal catalyst, 

now in liquid form, acts as the energetic location for vapour-phase reactant absorption such 

that, when they become supersaturated, they become the nucleation site for the crystallisation 

of the nano-particles. When the metal catalyst becomes supersaturated with silicon atoms, 

nanowire growth begins at the eutectic temperature of the silicon-metal catalyst two constituent 

liquid alloys. A solid growth/crystallisation occurs at the initial interface, thereby imposing an 

anisotropic growth constrain on the growth of SiNWs. As long as the metal-catalyst is present 

in the liquid state, the growth reaction continues to occur. Furthermore, in this method, silane 

is typically used as the precursor reactant for silicon with diborane and phosphine which serves 

as the p and n dopants respectively as desired. Additionally, Argon or Helium can be used as 

the carrier gas (A gas used as the transport medium in gas-liquid chromatography or for 

transporting vapours)[33], allowing some degree of flexibility for the synthesis of SiNWs. The 

use of hydrogen as carrier gas aids in the passivation of the surface of the nanowires and reduce 

the surface recombination.  

 

On the other hand, argon and helium can be applied to yield radial deposition of the shell 

composition in the nanowire [34]. Transition metals and noble metals have been reported to be 

the most preferred metal-catalyst for the synthesis of nanowires. The metal catalyst will dictate 

the size-distribution of the resulting nanowire grown in this process [35]. Although some other 

factors such as; reaction time and reactant flux also contribute to the formation of the 

nanowires. The advantages of bottom up VLS method are as follows: - 

1. Permits the fabrication of nanowires with well-defined lengths and diameters. 

2. Electronic properties can be tuned during growth process by the introduction of dopant 

gases. 

3. High nanowire densities can be obtained from this process. 

4. An isotropic metal array effectively grown from this process. 

5. Nanowires grow actively in regions that have been activated by the metal-catalyst. 
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4.2.1                    CATALYST REQUIREMENT FOR SiNWs GROWTH 

At the nanowire growth temperature (Eutectic temperature), a liquid material with the 

crystalline material is formed. Low solid solubility of the metal-catalyst at the liquid–solid 

phases of the substrate material. A large contact angle causes a reduced radius in the nanowire 

formation. At equilibrium, the vapour pressure of the metal catalyst must be small with respect 

to the liquid alloy, so that, the droplets do not vaporise before the termination of the growth of 

the SiNWs. A well-defined solid-liquid interface will give rise to highly directional growth of 

the nanowires. This implies that the solid-liquid interface can be completely smooth and a large 

number of atomic steps are required in order to deposit the atoms needed to facilitate the growth 

of nanowires.  

4.2.2               VLS GROWTH MECHANISM OF SILICON NANOWIRES 

This is a growth technique that involves the participation of unionised and ionised atoms and 

molecules. This process requires the constituent elements to be in a vapour-liquid and solid 

state, as the name suggests. Thus, the precursor gas, in this case silane and hydrogen should be 

in the vapour state, whilst, the catalyst (Sn) metal will be in the liquid state and the SiNWs 

formed will be the solid formed. Many parameters and conditions should be investigated and 

understood before embarking on optimising the device for solar cell and energy conversion 

applications. As a starting point in this type of growth mechanism, the process of catalyst 

droplet formation is a key parameter that influences the growth of SiNWs and nanowires in 

general. The catalyst droplets act as a medium for the absorption of silicon and the foundation 

upon which the SiNWs is formed [33] and [36]. The size and the solubility of the metal catalyst 

droplets can aid the prediction of the dimensions and properties of the SiNWs. Silicon is usually 

deposited and dissociated from silicon-based compounds like silane at a specific temperature 

and pressure in a hydrogen plasma environment. Once silicon (Si) is dissociated from silane 

(SiH4), it settles at favourable locations on the substrate. Silicon continues to dissolve in the 

catalyst until super-saturation is attained. Soon afterwards, there is some form of precipitation 

of silicon at the interface between the metal catalyst droplet and the substrate. The whole 

process is a function of time and the formation of silicon strands on the surface of the substrate 

is evident. However, it is worth mentioning that time is not the only parameter that facilitates 

the growth of nanowires; other factors such as fabrication temperature and pressure mentioned 

earlier in the text are equally as important. Another important factor is the RF power in PECVD 

and the flow rate of the precursor gas, in this case Silane and hydrogen.  
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Further investigation suggests that, under the action of high thermal energy via evaporation or 

electron-beam, the metal catalyst forms tiny islands-like droplets [12] and [36-37]. In VLS 

growth of SiNWs, consideration for the materials used, the cleanliness of the vacuum system, 

i.e. the PECVD chamber, the amount of contamination and the presence of a metal catalyst 

oxide layer at the droplet-substrate interface are contributors that greatly affect the forces at 

this interface. This affects the shape of the metal catalyst droplets. The geometry of a metal 

catalyst nanoparticle at the surface of the substrate is determined by balancing the forces of 

surface tension and the liquid-solid interface tension. Although it is extremely difficult to 

predict the forces at this interface, a mathematical prediction of the contact angle is highly 

possible based on several relationships stated in equations 4.0 and 4.1 [38]. 

𝑅𝑅 =  ro
Sinβ0

                                                                                             [4.0] 

 σL Cos(β0) =  σS − σLS −
𝜏𝜏
𝑟𝑟𝑜𝑜

                                [4.1] 

Where 

• R    is the radius of the droplets as it varies with the contact angle. 

• σS   is the tension of the solid surface. 

• σL   is the tension of the liquid surface. 

• σLS is the tension at the liquid-solid interface.  

• σVS  is the tension at the vapour-solid interface 

• σVL  is the tension at the vapour-liquid interface 

• ro   is the radius of the contact area. 

• τ is additional line tension based on the initial radius of the droplet at Nano-sized scale. 

• βo is a constant angle. 

As nanowires begin to grow, their height increases by a rate dh and there is a corresponding 

decrease in the radius by dr, as shown in Figure 4.3c. As the growth proceeds, the inclination 

angle at the base of the nanowires increases with a corresponding increase in contact angle 

(βo). The contact area of the metal catalyst is greatly dependent and highly influenced by the 

line tension. Various values of line tension consequently affect the growth mode of the 

nanowires. Moreover, there is an increase in the inclination angle (α), before the whisker begins 

to grow. Furthermore, the contact area is highly influenced by the line tension and if the line 

tension is extremely large, a Nano-hillock (small-hill or mould)-like growth of the SiNWs is 

observed, as shown in Figure 4.3c and the SiNWs growth ceases [38].  
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The diameter of the nanowires also depends on the nano-droplets of the metal catalyst on the 

substrate – the minimum nano-droplets need to be at non-equilibrium conditions to facilitate 

the growth of the nanowires [38]. 

 
Figure 4.2 Schematic illustrations of the stages of metal-alloy catalysed whisker development 

(a, b and c) for the droplet formation in the growth of SiNWs adapted from [38]. 

4.2.3          BINARY PHASE DIAGRAM OF SILICON AND TIN 

Different deposition parameters, such as temperature, pressure, gas flow, time and plasma RF 

power, as well as the catalyst droplet surface morphology, density, solubility and surface 

tension discussed earlier, are also given consideration in the VLS growth mechanism for 

SiNWs [36]. A mapping method predicts and analyses the binary phase behaviour of Silicon 

(Si) and Tin (Sn). Binary Phase diagrams are graphical representations that predict the co-

existence of phases (liquid, vapour and solid) under the influence of temperature and pressure, 

the behaviour of a two –alloy-component is depicted by the phase diagram [38]. In Figure 4.3 

below shows the binary phase diagram of silicon (Si) and tin (Sn) metal catalyst represented as 

(Si-Sn). The diagram shows different temperatures and concentrations of silicon availability, 

in addition to the decreased melting point of (Si) in the presence of (Sn). Hence, in effect, the 

whole mixture is an alloy, which all together has properties totally dissimilar to each pure 

constituent material. From the binary phase diagram, it can be seen that the melting point of tin 

is 232oC at various temperatures relative to silicon. Moreover, it has been established that 

SiNWs will not be formed at temperatures below this eutectic temperature of the metal catalyst.  
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This has also been confirmed based on some comparisons made with other catalyst metals, 

such as gold (Au) and aluminium (Al) [27] and [36] which supports the evidence of an absence 

of SiNWs’ growth at temperatures lower than the eutectic points of these (Si-Sn) alloys. The 

eutectic point of Sn–Si phase is very low at the eutectic temperature of 232oC which is closest 

to Sn melting point. Sn–Si liquid phase forms a low pressure of Si atoms and results in very 

low Si concentration which is critical for the growth of SiNWs. The major advantage of this 

graphical representation analysis is jeered towards cost effectiveness. 

 

 
Figure 4.3: Binary Phase Diagram of Sn-Si. Adapted and drawn from original work by [38]. 

.   

4.2.4                 OPTICAL PROPERTIES OF SILICON NANOWIRES 

Thin-film silicon of an equivalent absorber thickness comparable to SiNWs thickness 

possesses lower optical absorption properties at longer wavelengths [40]. The optical properties 

of SiNWs are sharply different from those of bulk crystalline silicon types, even though both 

are indirect band gap semiconducting materials in which phonon (lattice vibrations) influences 

the rate of recombination of charge carriers. By reducing the cross-sectional area of the 

absorber material, multiple reflections are facilitated within the bulk of the material and with 

an anti-reflection coating appropriately applied; its optical absorption properties are greatly 

enhanced [41]. Through the use of optical absorption measurement techniques, it has been 

reported that SiNWs exhibit anti-reflective properties which are directly proportional to the 

nanowire length [42]. The wavelength of the light source required to scan the nanowire is such 

that the wavelength must be greater than the diameter of the nanowires, but less than their 
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physical length. Various methods have been employed to measure the optical properties of 

nanowires, e.g. Photoluminescence-measurements (PL), ultraviolet-visible spectroscopy (UV-

Vis) etc. The UV-Vis characterisation method has been used in this work as explained in 

section 5.22 of Chapter 5, to study the optical properties of SiNWs. Irrespective of the mode 

(Transmittance or Reflectance or Absorbance), set up for UV-Vis characterisation to study the 

optical properties of SiNWs, the substrates upon which these nanowires are grown possess the 

ability to modify SiNWs optical properties. When employed for photovoltaic applications, 

SiNWs exhibit highly improved optical characteristics compared to planar solar cells. 

Moreover, it has been reported that SiNWs have lower reflectance than silicon thin films from 

the ultraviolent to near infrared spectrum and reflectance begins to increase to some value at 

the silicon band edge which is similar to bulk silicon [43]. The transmittance in SiNWs solar 

cells is greatly reduced at wavelengths greater than 700nm. SiNWs optical properties are not 

greatly affected by passivation and this tends to indicate the quality of absorption in this kind 

of material, due to improved light trapping (which is the ratio of the effective path length of 

the light rays to the nanowire thickness). Experimental reports indicate that SiNWs materials 

have generally displayed the following optical characteristics:  

1. Low reflectivity. 

2. Tuneable band gap. 

3. Absorption of wider range within the spectrum of light. 

 

 
Figure 4.4 Graphs of optical behaviour (reflectance and transmission) versus wavelength of 

solid silicon thin films in comparison with silicon nanowires film on glass substrate under 

permission by [43]. 
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The quantum efficiency (QE) which is a function of the charge carrier collection in solar cells 

in proportion to the given amount of photons from the light source striking the solar cell. Thus, 

SiNWs-SC. QE can either be expressed in terms of the energy or wavelength parameters. If all 

photons at a certain energy or wavelength are absorbed in the solar cell, then QE will be 1 or 

unity. This decrease within the visible spectrum at a corresponding increase in SiNWs length.  

Furthermore, SiNWs possess residual absorption to strong IR light and absorption of light just 

below the band gap, which has been attributed to the presence of surface states [43].  

 

The optical properties of SiNWs have been confirmed to be a function of the nanowire 

geometry (pitch, length and diameter). Using a Metal Assisted Chemical Etching Method 

(MACE), via ammonium fluoride (NH4F) instead of hydrogen fluoride, investigations on the 

optical properties of SiNWs fabricated by this technique reveal a reflectance decrease of about 

10% at wavelengths < 800nm compared to bulk crystalline silicon [44]. An increase in photon 

scattering was very evident when detected from Raman measurements undertaken on several 

samples [45]. The aforementioned researchers also attributed this scattering to the shape and 

the length of the nanowires. By using the MACE process to grow the SiNWs, these researchers  

also concluded that the length of the nanowires has an inverse relationship with the PH (the 

scale of acidity) of the wires and that the wires changed from a pyramidal to vertical orientation 

within an etching time of 10 minutes. A direct relationship between the etching time and the 

SiNWs length is obvious. A number of other factors have been highlighted as affecting optical 

absorption in SiNW solar cells. These are:  

1. The length of the nanowire. If increased, it reduces the reflection within the material, but 

there is a simultaneous increase in the recombination based on surface defects. Thus, defects 

like impurities from the catalyst formed at the interface of the nanowires should be reduced to 

obtain better performing solar cells. The etching time is directly proportional to the length and 

growth of SiNWs [46]. 

2. The type of dopant used affects the length of SiNWs [47-48]. 

3. Density of the silicon nanowires grown. An increase in the density has a direct relational 

effect on the equivalent QE at 550 nm–700 nm wavelength of the light spectrum and low 

efficiency is observed beyond this visible region, as reported by [43] and [45]. 

4. Deposition method and temperature of SiNWs [49-51]. 
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Silicon nanowires fabricated by metal chemical electroless etching (MCEE) on four different 

substrates (polycrystalline silicon, porous silicon and single crystal silicon) showed low 

reflectivity over a wide spectral bandwidth, especially within 300–700 nm [49]. The reasons 

attributed to this are as follows:  

i. Ultra-high surface area of high-density SiNWs. 

ii. The total scattering interactions amongst the nanowires and light trapping makes the 

light travel several times within the device a distance longer than the length of the 

nanowires. 

iii. Sub-wavelength characteristics of light trapping of the SiNWs arrays. 

The optimisation of length and the overall geometry of the SiNWs contribute significantly to 

the enhancement in the optical absorption and overall performance of SiNWs solar cells. This 

is demonstrated in the graphs of Figure 4.8 [50-54]. 

 
Figure 4.5 A graph depicting the relationship between the length of nanowires in relation with 

the open circuit voltage, current density, fill factor and efficiency in silicon nanowire solar cells 

and under permission to use by [50]. 

 

Further studies conducted and reported in the literature demonstrate the optical absorption 

properties of SiNWs on glass, indicating low reflectivity within the SiNW solar cell < 10% at 

300–800 nm and 90% at > 800nm.  
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Strong optical broad band absorption within the same thickness in bulk crystalline silicon film 

is observable. This was attributed to a strong resonance effect within the nanowire array [55-

57].Caltech researchers conducted an optical absorption experiment with a view to 

investigating the light trapping capability on SiNWs arrays grown by the VLS method [58]. By 

measuring the diameters, lengths, tiling patterns and spacing of the nanowires, the results they 

obtained indicated several well-aligned periodic nanowire arrays. These showed better optical 

absorption properties than randomly structured nanowires. For this reason, researchers at 

Caltech demonstrated a better anisotropic absorption characteristic profile by applying 

numerical analysis using transfer matrix method (TMM) model simulation was applied to 

ascertain various geometric features, such as, the diameter, height and filing ratio of the silicon 

nanowire arrays. The simulations reveal low reflectance within the wide spectral range when 

compared to thin film silicon, due, to reduce density of the silicon nanowire structure. 

However, in the high frequency region SINWs possesses high absorption due to low reflectivity 

within the SiNWs array when compared with thin film silicon, whilst in low frequency, 

absorption is practically impossible due to the high transmittance of the nanowire structure 

[59]. 

4.2.5                    BANDGAP OF SILICON-NANOWIRE SOLAR CELLS 

In other to achieve high efficiencies for photovoltaic applications, silicon has several 

shortcomings, one of which is its low optical absorption coefficient. This makes it necessary 

for the absorber layer to be hundreds of microns thick, so as to absorb the entire wavelength 

falling on the solar cell. The quality of the device must be such that recombination is extremely 

low, which in turn translates into high charge carrier mobility and longer carrier mean free 

paths, which are significant for good charge carrier collection in thick solar cells. However, 

this important factor effectively adds to the cost of the material.  

 

Investigations have proven that materials which are highly disordered if properly optimised 

can facilitate the fabrication of good solar cells, thus allowing for effective and efficient charge 

separation and collection. A well-optimised bulk silicon-based solar cell having a single 

junction structural configuration would probably have an energy band gap near 1.12eV [59]. 

Furthermore, the optical properties of photovoltaic SiNW-based devices can be evaluated using 

the classical physics theory and/or the theory of quantum confinement. It is reported in the 

literature that SiNWs have band gaps lying between 1.1eV and 3.95eV at corresponding 

diameters of 7nm and1.3nm respectively [60].  
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This seems to agree with what has been reported by others, i.e. that there is an inverse 

relationship between the energy band gap and the nanowire diameter, which also affects the 

electronic properties of SiNWs [61-62]. Studies conducted and presented in Figure 4.6 

describes the relationship between the shape of the SiNWs and the energy band gap. Three 

nanowires types with hexagonal, triangular and rectangular shapes were analysed. An 

observation reveals that, the hexagonal and rectangular-shaped SiNWs have similar bandgap 

values, whilst, the triangular-shaped nanowires have a larger band gap. These variations are 

based on the surface-volume ratio (SVR) which gives a better explanation of what is taking 

place in SiNWs. Band gap measurements of SiNWs which lies 1.1eV and 3.95eV at 

corresponding diameters of 7nm and 1.3nm respectively. This clearly validates the quantum 

confinement theory of the energy band gap being inversely proportional to the diameter and 

directly proportional to the surface volume ratio (SVR) in SiNWs [63- 64]. 

 
Figure 4.6 A graph of silicon nanowire bandgap against the diameter (D) and surface volume 

ratio (SVR), with permission under a commons license by [64]. 

4.2.6   ELECTRICAL AND TRANSPORT PROPERTIES IN SINW SOLAR CELLS 

The transport of charge carriers (holes and electrons) in SiNWs is affected by a number of 

factors. These factors, irrespective of which model is used (classical or quantum), are the 

primary determinants of the behaviour of charge carrier mobility and lifetime in nanowires [65-

66]. These factors are:  

1. Growth process (top down or bottom up). 

1. Surface conditions. 

2. Crystalline quality. 
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3. Arrangement of atoms along the nanowire axis. 

4. Nanowire diameter. 

Two principal phenomena play an important role in the electronic transport in SiNWs, which 

are:  

1. Ballistic transport: this is a process in which charge carriers can move through the lattice 

of SiNWs with no scattering, thus we reason it as an ideal case. It is believed that this 

phenomenon holds true for nanowires whose length is much smaller than the carrier means free 

path, i.e. the average distance a charge carrier will travel between collisions within a device. 

Ballistic transport mechanisms cease conduction once the source of the energy, for example 

light, is turned off. This phenomenon is not limited to the electrons and holes, but to lattice 

vibrations in terms of phonons. Therefore, the conductivity in ballistic transport is a function 

of the contact between the nanowires and the external circuit [66]. 

2. Diffusive Transport: this is a process in which charge carriers move through the nanowires, 

under the influence of carrier scattering by virtue of lattice vibrations, lattice defects, boundary 

scattering, impurity atoms and other structural defects like vacancies and interstitials. With 

diffusive transport, it is generally believed that the charge carrier mean free path is much lower 

than the length of the SiNWs [67-68]. The electronic transport of charge carriers in SiNWs can 

also be explained from the perspective of the length scales existing within the device. These 

length scales are:   

1. The nanowire diameter. 

2.  De Broglie wavelength. 

      3. Carrier mean free path. 

Looking at the length scales listed above, three different scenarios has been established to 

further elucidate on the transport mechanisms in SiNWs.  

The first scenario is one in which the carrier mean free path is lower than the diameter of the 

nanowires. In this scenario, the charge carrier transport mechanism is similar to that of bulk 

silicon material. However, the diameter of the nanowire is not a function of the charge 

transport, since boundary scattering is negligible when compared with other scattering 

mechanisms. 

The second scenario is such that, if the carrier mean free path is larger than the nanowire 

diameter and larger than the De Broglie wavelength of the charge carriers, then the transport 

within the SiNWs is within the regime of classical finite transport [68]. On the other hand, if 

the diameters of the nanowires are comparable to the De Broglie wavelength, i.e. the 

wavelength of light, etc., quantum sub-bands form, due to the quantum confinement effect of 
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the wire boundaries. This results in a drastic change in the electronic density of states in the 

device. Investigations have demonstrated that the carrier mobility in SiNWs can reach that of 

crystalline bulk silicon, even at high doping densities [69-70]. In some instances, the carrier 

mobility of SiNWs solar cells can be computed indirectly from the current-voltage (I-V) curve 

and directly from phonon dispersion and band structure by using tight-binding and the wave-

functions method of acoustic limited hole mobility in SiNWs (110) orientation [71]. This 

experiment shows the hole concentration was much greater than the electron concentration with 

the same orientation. Consequently, these researchers concluded experimentally that the carrier 

mobility of holes or electrons having the same orientation and nanowire diameter is greater 

than SiNWs (100) orientation at room temperature by two to three orders of magnitude [70-

72]. The density function theory technique at low electric fields proposed that a satisfactory 

hypothesis can be inferred for estimating the carrier mobility of SiNWs solar cells, using a bulk 

silicon band structure for diameters ≥ 10nm or alternatively, for diameters ≤ 5nm. See Table 

4.0. 

Table 4.0 The electron-hole carrier mobility values in low electric field at room temperature 

for intrinsic silicon nanowires according to [27]. 

SiNWs 

Diameter(D)nm 

Hole mobility 
µh (cm2/V-sec) 

Electron mobility 
µe (cm2/V-sec) 

1.27 221 309 

1.93 309 574 

2.40 865 834 

3.10 665 1037 

 

Similarly, other groups believe that clamping the SiNWs boundary, results in an enhancement 

in the charge carrier mobility largely due to the fact that the phonon frequency (ω) and phonon 

wave-vector (q) all tend towards zero with decreased scattering within the material [73]. 

SiNWs grown by the top-down method exhibited better conductivity than those grown by the 

bottom-up method (VLS), because the top-down method does not require further doping from 

the parent silicon wafer from which they are etched and grown. Silicon nanowire solar cells 

fabricated with the bottom-up method exhibited more intrinsic behaviour. For the enhancement 

of the conductivity of nanowire solar cells fabricated by this method, dopant atoms are 

introduced during the growth process, for example diborane and phosphine.  



 
 

98 
 

The electronic properties of the nanowires due to dopant atoms and surface modifications have 

been studied by applying numerous theoretical and experimental processes [71] and [73-74]. 

By optimising the density of radial junction SiNWs fabricated over a tin metal catalyst, a power 

conversion efficiency of 8.14% at a relatively high short-circuit current density of 16.1mA/cm2 

was achieved. This value was achieved at a very low thickness of about 100nm of intrinsic 

amorphous silicon. Hence, the introduction of an intrinsic layer within the structure helped to 

enhance the built-in potential and it also provided stability within the device. However, the 

major drawback of these types of solar cell is the high recombination of holes that occurs before 

being collected at the junction. Hence, the carrier lifetime is low [75]. The effects of doping on 

the growth of SiNWs should not be underestimated. The doping profile for the SiNWs in the 

top-down method is the same as that obtainable from the silicon wafer from which it was 

etched. This does not hold in the case of the bottom-up approach, because doping is a function 

of the pre-cursor gas introduced during the fabrication process. The doping concentration in  

SiNWs has some complexities associated with its measurements, because Hall Effect and 

Secondary ion mass spectroscopy (SIMS), cannot be easily implemented in nanostructures [76-

78].  

 

A more efficient method called the Atom Probe Tomography (APT) has been successfully 

investigated and found to be ideal for determining the doping profile in SiNWs solar cells. This 

method has been used in radially grown SiNWs to determine the doping concentration within 

the device. APT allows the quantitative reconstruction of a particular volume of nanowires [79-

82].Scattering, however, plays a crucial role in the electronic transport properties of any 

nanowire device. Here we briefly explain four types of scattering that occur within SiNWs 

solar cells. 

1. Single impurity scattering: it is expected that the density of impurities will affect the charge 

carrier transport in SiNWs and bulk solar cells in similar manners. An investigation conducted 

observed that phosphorus dopant introduced into the growth of SiNWs has resulted in 

segregation of the nanowire surface states thereby, making it electrically inactive or settling in 

the core of the nanowire to strengthen the scattering process [83]. A study of the ionisation of 

dopants was carried out, in conjunction with analytical investigations on single charge 

distribution in relation to the length of a SiNWs. In this case, a single-dopant calculation via 

Hamiltonian of the long nanowire block assembly was used to compute the single-impurity 

conductance. This method facilitated the computation of the conductance of the wires in 

relation to the distribution of defects. 
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2. Multiple scattering: Due to the strongly photonic nature of nanowires in general, the 

coupling of incident light energy with the nanowires results in a serious mis -match based on 

multiple scattering events as a result of reflective losses [83]. The carrier mean free path and 

resistance versus length [76] also confirmed that Hamiltonian of the long nanowire block 

assembly method is useful in ascertaining the multiple scattering phenomena in SiNWs solar 

cells.  

 

3. Surface Roughness Disorder: this greatly reduces the conductivity of SiNWs-based 

devices, by the presence of surface defects or roughness. This is due to the nanowires’ large 

surface-to-volume ratio when compared to the structure of bulk silicon, as stated earlier. The 

surface roughness has a direct effect on the density of states in the nanowires. In most cases, 

an irregular density of states pattern is observed along the wire axis, which in turn considerably 

decreases the electrical conductivity of the nanowires. The summation of these irregularities 

makes the charge carriers migrate to what is termed the Anderson localisation regime [85]. 

 

4. Charged Impurity Scattering: it has been reported that, at room temperature, dopants in 

SiNWs have some considerable level of ionisation. Thus, the electrostatic potential developed 

affects the charge transport within the device by limiting or completely blocking the flow of 

charge carriers. The dopants therefore constitute a large energy barrier potential within the 

structure of the device. This exponentially supresses the motion of holes or electrons, especially 

when the charge carriers cannot surmount the barrier height, and tunnelling transport therefore 

prevails within the device [72]. 

4.2.7            RADIAL AND AXIAL SILICON NANOWIRE SOLAR CELLS     

Regardless of the growth method or technique used for fabricating SiNWs solar cells, SiNWs 

can have a junction oriented either radially or axially. A brief explanation with suitable 

schematic diagrams is presented in this section, along with their effects on the electronic 

transport of the SiNWs solar cell.  

1. Radial Silicon Nanowire: the outer surface of the nanowire is a pn junction. The outer shell 

is oppositely doped to the nanowires. This is achieved through gas doping, and deposition is 

accomplished by the chemical vapour deposition method [69] and [86]. The transport 

mechanism is such that the charge carriers (holes and electrons) travel radially between the 

core of the nanowires and the outer surrounding shell [27] and [87].  
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Radial junction nanowire types permit the decoupling of the light absorption and charge carrier 

extraction conditions into orthogonal spatial directions (right-angled). The short-circuit current 

(Isc) is directly proportional to the nanowire length and saturates at the point where the SiNWs 

length > optical thickness of the SiNWs. The optical thickness, or optical depth as it can also 

be referred to, is the product of the geometric thickness of the SiNWs to the attenuation 

intensity coefficient. The radius (R) of the wire has no effect on the short-circuit current of the 

nanowires, provided that the radius is less than the minority carrier diffusion length (L). A 

sharp increase in the (Isc) happens if the radius is greater than the minority carrier diffusion 

length. The short-circuit current is also independent of the trap density of states within the 

depletion layer.  

 

On the other hand, the open-circuit voltage (Voc), has an inverse relationship with the nanowire 

length and a direct relationship with the radius of the nanowire [87]. An optimal performance 

of the device corresponding to a balance between the (Isc), (Voc) and SiNWs length can be 

accomplished. With respect to doping, radially structured nanowires tend to favour high doping 

levels to produce solar cells with higher efficiencies. Incident light penetrating the solar cell is 

a function of the optical thickness of the material whose carrier mean free path for the generated 

minority carriers is the same as their diffusion length with an open-circuit voltage of 0.8V [88].  

The open-circuit voltage reported in radially structured SiNWs via bottom-up and top-down 

techniques is about 0.3V and 0.5V respectively. The latter registered a conversion efficiency 

of 10% [28]. Moreover, SiNWs grown radially by the VLS technique are reported to have 

registered energy conversion efficiencies of about 7.9% using a copper metal catalyst. The 

open-circuit voltages range from 0.15V to 0.25V with short-circuit current densities of about 

5–11 mA/cm2 [89]. 
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Figure 4.7 Charge carrier’s holes in orange and electrons in blue flowing towards the 

surrounding shell of the single junction radially oriented silicon nanowires and under 

permission from [43].  

 

2. Axial Silicon Nanowire: structurally they have the junctions cut into two cylindrical parts 

requiring minimal processing [90]. The charge carrier collection requirement is met in the 

vertical direction such that an optimum state is realised between the absorption properties and 

the minority charge carrier diffusion length. The charge carrier in this kind of nanowire travels 

longitudinally along the SiNWs [91]. Although radially grown SiNWs-SCs have been reported 

to have higher electronic and transport properties, higher efficiencies have been achieved using 

axially grown SiNWs by developing an ingenious way of applying buried contacts, which has 

enhanced charge carrier collection and photon absorption [92]. 

 
Figure 4.8 The charge carrier’s holes in orange and electrons in blue flow longitudinally along 

the axis of the single junction axially oriented silicon nanowires. Used under permission from 

[43]. 



 
 

102 
 

4.3   REVIEW OF SCHOTTKY JUNCTION SILICON NANOWIRES SOLAR CELLS 

Just like bulk and planar silicon solar cells discussed in Chapter 3, SiNWs solar cells can be 

categorised based on the type of junctions they form. Schottky junctions as we know are 

fabricated from a metal with a small or large work function in contact with an undoped or 

doped semiconductor material, forming, a depletion region at the semiconductor surface. A 

barrier is created and the current flow is unidirectional, based on the bias potential. The 

interface formed by the metal and semiconductor must have low defect density, else there will 

be Fermi-level pinning, culminating in low performance and reduced open-circuit voltage 

compared to expected theoretical values. Basically, Schottky junctions’ solar cells need two 

contacts for the required charge collection. These are one ohmic and one Schottky contact. 

Either can be bottom or top, depending on the work function between the layers. Contacts in 

nanowires are either made by thermal evaporation of the metal directly onto the nanowire or 

by e-beam evaporation and photolithography in other instances [93]. In this section, a review 

is presented of various types of Schottky junction SiNWs solar cells. The reason is not far-

fetched, since this is the primary structure adopted in the fabrication of nanowire solar cells for 

this work. A number of research groups have fabricated SiNWs using this configuration, with 

a view to studying the electrical properties of the device added to the simplicity of the junction 

formed as a result of the reduced fabrication process [31] and [94].  

 

One such group conducted an experiment on a single nanowire silicon solar cell having a 

Schottky junction using aluminium top contacts, catalysed with gold. Results from their 

investigations reveal that the device exhibited rectifying behaviour with an ideality factor of 

around 2. Current-voltage measurements were conducted to characterise the solar cell under 

the illumination condition of AM1.5G and an open circuit voltage of 0.25V, a short-circuit 

current density of 5mA/cm2, was reported [95]. The photovoltaic characteristics of multiple 

silicon nanowires-embedded Schottky solar cell under illumination conditions at AMG 1.5 for 

power density of 100W/cm2 produced a Voc of 0.167V with a photo current of 91.19nA. The 

structural configuration is such that multiple layers of SiNWs were synthesised on two different 

metals and based on the difference in the work function and fermi level line up either formed 

Schottky or ohmic contact [96]. Graphene silicon nanowire Schottky junction solar cell was 

investigated with a view to enhance light harvesting [94].The I-V characteristics curve shows 

that the short-circuit current density (Jsc) and the open-circuit voltage (Voc) were a function of 

the layers of graphene used in the device.  
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The maximum values of 3.96mA/cm2 and 0.429V were recorded when only two layers of 

graphene were used. By increasing the number of graphene layers, a decrease in the Jsc and Voc 

was evident. The researchers attributed this to varying chemical doping levels when multi-

layered graphene is exposed to hydrogen nitrate vapour (HNO3) and also a reduction in the 

optical transmittance due to additional layers of graphene. They concluded that the power 

conversion efficiency and electrical properties of the solar cell are optimum when a bi-layered 

graphene/ SiNWs Schottky configuration is used, because the contact area between silicon and 

graphene is improved, which corresponds to an adjustment in the work function of graphene. 

So also, investigation carried out on dual metal Schottky contacts configuration reveals, a 

photovoltaic behaviour is exhibited when one of the metal contacts to the SiNWs forms a 

Schottky junction [97].The investigation concluded that an increase in nanowire length results 

in increase Voc and the Jsc of the solar cell before saturation of both parameters are reached. 

This findings suggests that the difference in the work function of the metal and the electron 

affinity of nanowires, coupled with its geometry in particular the length, affects the electrical 

properties of the device. Further investigations on Schottky SiNWs solar cells grown on low-

temperature silicon nano-structures for electronic and electrical energy generation applications 

were investigated [34]. They fabricated a gallium catalyst on ITO-, FTO- and AZO-coated 

glass with aluminium top contacts. With the AZO-coated glass, the current-voltage 

measurements under illumination conditions revealed an open circuit voltage of 0.3V and a 

short-circuit current density of 4.8mA/cm2. The solar cell showed some form of rectification 

properties and this was attributed to the use of the AZO substrate, which is less affected by 

hydrogen plasma. The researcher concluded that the stability of the substrate (AZO) in H-

plasma guaranteed that the optical and conductive properties of the device were not diminished 

compared to ITO- and FTO-coated glass. As such, the optical and conductive properties were 

greatly diminished in hydrogen plasma, and the current-voltage characteristics showed no 

rectifying properties; rather, they displayed ohmic and double Schottky characteristics, 

respectively. The researchers reported a fill factor of 0.23 and suggested that the low value was 

due to low shunt resistance and high current leakage. Additional investigations carried out on 

a Schottky single junction SiNWs in which the ohmic and Schottky contacts were made from 

nickel or nickel silicide respectively on n-doped SiNWs, indicated that the diffusion length 

which is a vital carrier transport parameter related to the carrier lifetime was highly influenced 

by the doping and diameter of the nanowires, suggesting that, this may be predicated upon 

surface recombination properties due to defects introduced in the interface by gold [98-99]. 



 
 

104 
 

This effect of defects states was corroborated by another research group [46], earlier mentioned 

in this work. By employing the use of scanning photocurrent spectroscopy (SPS), they 

discovered that the minority diffusion length in single SiNW is approximately two or four times 

the wire diameter and from analytical calculations they estimated that the surface 

recombination is about 150cm/s. This is a value which is quite close to that of bulk silicon and 

native oxide interface [36]. In Table 4.1 shown below, a summary of the carrier lifetime 

reported from various SiNWs devices are listed.  

Table 4.1 Extracted carrier lifetime values of silicon nanowires from the literature. Some 

mentioned within this work, others extracted from the reported literature. 

S/N Structure of 
SiNWs 

Fabrication 
Method 

Measurement 
Technique 

Carrier 
Lifetime 

Reference 

1.  
  Radial pin 

 
VLS/CVD 

Optical Pump 
Tera-hertz 

Spectroscopy 

 
2ps 

 
[100] 

2.  
Radial pn 

 
VLS/HWCVD 

Time Resolved 
Microwave 

Conductance 

 
380ps 

 
[101] 

 
3. 

 
Radial pn 

 
MACE/RIE 

Resonant Coupled 
Photo 

conductance 
Decay 

 
17µs 

 
[102] 

 
4. 

 
Radial pn 

 
VLS/CVD 

Reverse Recovery 
Transient Method 

 
27µs 

 
[103] 

 
5. 

 
Radial pn 

 
ALD/PECVD 

Micro-Photo 
Conductivity 

Decay 

 
10-21µs 

 
[104] 

  

 

4.4      GROWTH OF SILICON NANOWIRE WITH TIN CATALYST 

This work focuses on the growth of SiNWs using the VLS method. Tin is the metal catalyst 

adopted for the synthesis of the SiNW solar cells based on the following reasons:  

1. Tin is more effective with regard to the control of geometry and density when compared 

to other materials such as indium [12]. 

2. Tin forms a two component alloy with silicon (Sn-Si) alloy at a reasonably low eutectic 

temperature of about 2320C, which is ideal for the low temperature growth of SiNWs [39]. 

3. Tin does not form deep-level impurities in the band structure of SiNWs and does not 

dope the nanowires [105]. 
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There are some drawbacks in using tin as a metal catalyst for the growth of SiNWs: 

1. Tin is easily removed in a hydrogen environment due to the etching effect of hydrogen 

[105]. 

2. Tin has four valence electrons in its outmost shell, thus there is a possibility of improper 

and incomplete reaction with Silane in plasma to decompose more Si:Hx radicals [105]. 

 

4.4.1      FABRICATION PROCEDURE FOR TIN CATALYSED SINW-SC BY VLS. 

An outline is provided here of the process involved in growing SiNWs for solar cell fabrication 

in this work. Transparent conductive oxide-coated glass substrate, namely AZO, was used to 

fabricate the SiNWs solar cell. This process was preceded by the standard cleaning process.  

In order to synthesise the SiNWs via PECVD, a tin (Sn) metal catalyst layer with a mass 

thickness of 5nm was thermally evaporated on several substrates, such as AZO- coated glass, 

and corning glass at an evaporator base pressure of 10-6 mbarr. This resulted in the formation 

of the Sn metal catalyst layer. These samples were then transferred to the PECVD chamber and 

treated in a plasma hydrogen-rich environment for 2 minutes in order to remove surface oxide 

layer and also to alter the surface tension of the nanoparticle formed on these substrates due to 

exposure to the atmosphere [105]. This culminated in the formation of Sn metal droplets at the 

processing conditions shown in Table 4.2 as seen on page 106. It is suspected that from the 

SEM characterisation, the diameter of the Sn droplets should remain constant, whilst the 

density decreased. However, this is just a speculation, since the histogram plot for the diameter 

distribution is not conducted in this work. The reduction in density is due to the etching away 

and corrosive action of the Sn nanoparticle droplet in the hydrogen environment as a result of 

the effect of plasma. This can also be as a result of Ostwald ripening (A process in which small 

Sn nanoparticles droplets are dissolute in larger Sn nanoparticles due to the higher surface 

energy of the smaller Sn nanoparticles giving rise to higher solubility [106-108]. This resulted 

in the formation of a Tin-Hydride (Sn-H) gaseous product [105]. Silane precursor gas was 

introduced into the PECVD chamber and a SiHx radical tends to adsorb into the Sn catalyst 

droplets on the substrate surface. Silicon atoms were absorbed into the Sn catalyst droplets 

where they saturate. On reaching super saturation, a precipitation occurred at the interface of 

the Sn catalyst droplet with the substrate, thus SiNWs began to grow on the substrates after 

introducing silane gas at temperatures higher than the eutectic temperature of Silicon-Tin-(Si-

Sn), two constituents liquid alloy [105]. Observations from SEM and energy dispersive X-ray 

spectroscopy (EDX) spectrum mapped data revealed the formation of Sn metal caps on the 

head of the SiNWs [105].  
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In this work, SiNWs were fabricated using the VLS method. Nine different samples of SiNWs 

solar cells at nine different fabrication temperature ranges have been used. The other deposition 

conditions (RF power, gas flow rate, chamber pressure and duration) were kept constant. It is 

worth mentioning that a number of considerations have been made with regard to the three 

aspects necessary for the growth of the SiNWs via VLS techniques. These aspects are 

considered important and are:  

1. The eutectic temperature of Silicon-Tin-(Si-Sn), two constituents liquid alloy should be 

lower than the fabrication temperature [105] and [108]. 

2. The existence of Sn catalyst metal nanoparticles is necessary to facilitate the growth of 

the nanowires. 

3. Sn catalyst metal caps are visibly evident on the SINWs formed as seen from SEM 

images.  

SiNWs were then formed at locations on the samples where the temperature was higher than 

the eutectic point of Silicon-Tin (Si-Sn) alloy, i.e. 2320C. It has been suggested and conjectured 

in several studies that Silicon-Tin(Si-Sn) two constituents liquid alloy are not created, hence 

SiNWs do not grow on substrates  whose  fabrication temperature lower than Silicon-Tin-(Si-

Sn), two constituents liquid alloy  eutectic temperature 2320C [105-106].  Tables 4.2 and 4.3 

provide the descriptions of the pre-silicon nanowire and post-silicon nanowire deposition 

conditions adopted in this work to study the effects of deposition temperature on silicon 

nanowire solar cells (SiNWs-SC).  

 

Table 4.2 The conditions for hydrogen plasma treatment of tin metal deposited on AZO-

coated glass substrate in the fabrication of silicon nanowire solar cells.  

 

Experiment 

 

RF 

Power 

 

RF 

Power 

Density 

 

Gas Flow 

Rate 

H2/SiH4 

 

Chamber-
Pressure 

 

Fabrication 
Temperature 

 
 
 

Duration 

H2-Plasma 

Treatment 

 

5W 

 

11W/cm2 

 

100:20sccm 

 

600mTorr 

 

300OC 

 

2minutes 
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  Table 4.3: Showing conditions of experiments conducted for the fabrication of silicon 

nanowires solar cells. 9 temperature regimes of 250C intervals, whist the other fabrication 

conditions are maintained constant. 

 

Experiment 

VLS-PECVD 

of SiNW 

 

RF 

Power 

 

RF 

Power 

Density 

 

Gas 

Flow Rate 

H2/SiH4 

 

Chamber-
Pressure 

 

Fabrication 
Temperature 

 
Duration 

 

1 

 

5W 

 

11W/cm2 
 

100:20sccm 

 

900mTorr 

 

200OC 

 

30minutes 

 

2 

 

5W 

 

11W/cm2 
 

100:20sccm 

 

900mTorr 

 

225OC 

 

30minutes 

 

3 

 

5W 

 

11W/cm2 
 

100:20sccm 

 

900mTorr 

 

250OC 

 

30minutes 

 

4 

 

5W 

 

11W/cm2 
 

100:20sccm 

 

900mTorr 

 

275OC 

 

30minutes 

 

5 

 

5W 

 

11W/cm2 
 

100:20sccm 

 

900mTorr 

 

300OC 

 

30minutes 

 

6 

 

5W 

 

11W/cm2 
 

100:20sccm 

 

900mTorr 

 

325OC 

 

30minutes 

 

7 

 

5W 

 

11W/cm2 
 

100:20sccm 

 

900mTorr 

 

350OC 

 

30minutes 

 

8 

 

5W 

 

11W/cm2 
 

100:20sccm 

 

900mTorr 

 

375OC 

 

30minutes 

9 
 

5W 

 

11W/cm2 100:20sccm 900mTorr 400OC 30minutes 
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A complete step-by-step procedure for the VLS method from the thermal evaporation phase of 

the Sn metal catalyst to the final formation of the SiNWs at the PECVD stage is shown in 

Figure 4.9.  

 
Figure 4.9 An illustration of the steps in the formation and growth of silicon nanowires. 
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Figure 4.10 A diagram of fabricated SiNW-SC after PECVD growth process with Ag Top 

metal contacts thermally evaporated and covering majority of the SiNWs.  

SiH4 

 

 
Figure 4.11 Schematic diagram of Silicon nanowire solar cell (SiNW-SC) indicating 3 interface 

layers namely; Silver (Ag) top metal contact and Tin (Sn) metal cap, SiNW and Tin (Sn) metal 

cap and  AZO-Coated glass and SiNW.  
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4.4.2        BAND ALIGNMENT STRUCTURE OF SiNWs-SC ON AZO-COATED GLASS 

The schematic band diagram of the SiNW-SC in this work is drawn and discussed with a view 

to understanding the interface properties of the solar cell. In Figure 4.11, three different 

interfaces are identifiable in the structural configuration of the device. The interlayer 

relationship between AZO-coated-glass, SiNW-SC fabricated on this AZO-coated-glass, Sn 

caps and Ag top contact is mainly predicated upon its work function and electron affinity 

properties. In many respects, these factors influence the transport of charge carriers (electrons 

and holes) and the nature of the junction between these layers. In most applications, AZO-

coated-glass can either be used as the top or bottom contact in such devices. In this work, AZO-

coated glass acts as the negative or bottom contact, thereby creating an ohmic junction with 

SiNWs, while Ag creates a Schottky junction with SiNWs. The SiNWs is undoped, due to the 

fact that the metal catalyst, in this case Sn, does not dope the nanowires. Thus, its Fermi level 

is at the middle of the energy band gap, as seen in Figure 4.13. A very thin layer of Sn metal 

cap is noticeable between the SiNWs and the Ag top contact. There is a hypothetical possibility 

of contributions from the Sn caps on the overall functionality of the solar cell, but this cannot 

be verified in this work. Given that the difference in the work functions of Ag and Sn is just 

0.02eV, there is probably an infinitesimal effect on the junction property of the solar cell. 

Alternatively, if the thickness of the Sn cap is compared to the Ag contact, then a situation may 

arise in which interfacial properties based on the thickness may add to the series resistance of 

the device, subsequently affecting the electrical and carrier transport. Some researchers have 

discovered from several investigations that metal caps formed by several metal catalysts in the 

growth of SiNWs have reduced the optical absorption across the solar spectrum due to 

plasmonic coupling within the solar cell [107].  

 

In the band energy diagram shown in Figure 4.12, the SiNW grown at 325oC is considered 

here, because, from the SEM images in Figure 6.29 of Chapter 6 on page 190 in this work, 

well-formed angled oriented SiNWs are formed. The band gap of SiNWs grown at 325oC is 

approximately 1.6eV based on UV-Vis measurements in Figure 7.4 of Chapter 7 on page 208. 

The electron affinity of silicon is 4.05eV [109]. The values for the work functions of metals 

are presented in Table 6.10.  As mentioned earlier, AZO-coated glass is the bottom contact for 

the fabricated devices and it has a band gap of about 3.4eV and a work function that lies 

between 4.4eV to 4.8eV as report by [110-112]. Consequently, in this work, the average value 

of 4.4eV is used as the work function of AZO-coated-glass in Figure 4.12.  
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The band diagram of this device is drawn with the vacuum as the reference point for the work 

function of AZO-coated glass and the electron affinity of SiNWs and metals, i.e. Sn caps and 

Ag top contact. The values indicate a negative with reference to the vacuum level, since the 

kinetic energy at the vacuum level is 0eV. 

                             
Figure 4.12 Schematic diagram of band alignment in undoped Schottky Junction SiNW-SC, 

Ag top contact and AZO-coated –glass bottom contact with  Sn metal cap interface layer after 

contact shown on the left and not shown on the right since the metal top contact covers virtual 

the walls of the SiNWs. 
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   CHAPTER 5 

5.0                   FABRICATION AND CHARACTERISATION METHODS 

This chapter describes the two categories of fabrication techniques, namely physical and 

chemical vapour deposition that have been used in this work for the fabrication of the undoped 

SiNW solar cells and presented a discussion on the various characterisation methods used in 

qualifying the nanowires. 

5.1                                            FABRICATION METHODS 

This is a process in which devices are created layer by layer or as a single entity using various 

physical and chemical methods. In scientific research and when investigating the material 

properties of any type of device, it is of utmost importance to ascertain the correct fabrication 

techniques and steps to achieve device implementation and performance. In material and nano-

science, several fabrication techniques are employed in the building-up of devices such as, 

thermal evaporation, sputtering, chemical vapour deposition and plasma enhanced chemical 

vapour deposition. 

5.1.1                    THERMAL EVAPORATION OF METAL CATALYST                                 

This is a physical vapour deposition (PVD) technique employed for the deposition of thin films 

on various substrates and materials based on its simplicity, applicability and affordability. This 

technique facilitates the evaporation of pure metals, semi-metals or alloys as single material 

needed to be deposited on different substrates layer by layer. These film layers can vary from 

a few nanometres to several micrometres. The thermal evaporation system has been designed 

to operate at relatively low pressures within a vacuum enclosure. Typical chamber pressure 

values range from (10-4 to 10-6) mbarr. The equilibrium vapour pressure of the material should 

have at least 10-2Torr, corresponding to the set temperature of the metal. This is a significant 

requirement for useful condensation of the film on the substrate. Low pressure values are 

essential in the deposition of metals based on the reasons briefly discussed below. 

 

1. Enhanced mean free path: -this implies the average distance an atom or molecule travels 

unhindered due to collision with other particles within a given system. Maintaining low 

pressure aids line of sight travel of atom or molecules of the chosen material, for example, the 

metal to be evaporated to its desired target, coupled, with a reduction or outright elimination 

by scattering of evaporated metal. Hence, film uniformity is achieved on the desired substrate 

[1-2].   
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2. Reduced Contamination: for high-purity and contaminant-free films to be achieved, 

gaseous elements present in the air which would negatively affect the properties of these 

deposited films have to be reduced to the barest minimum or eliminated. For example, oxygen 

present in the thermal evaporation chamber will cause an oxidation of the films and in the case 

of solar cell top contacts; it will increase the series resistance of the device. As such, quality 

and device-grade films are obtained at pressures below 10-6Torr where most of the atmospheric 

gases are present in parts per million [3].  

The thermal evaporation process takes place by resistive heating of the source material placed 

in a crucible. The crucible or boat is made from high boiling point materials such as tungsten, 

tantalum and molybdenum, connected to electrodes within the vacuum thermal evaporator 

system. Electric current flowing into the crucible is converted to heat energy and then used to 

melt the source material. This material tends to wet the surface of the crucible, melt and 

eventually evaporate. A nucleation process resulting in the formation of the thin film then 

occurs on the substrate surface, due to the movement of the vaporised atoms or molecules from 

the source material.  

A quartz crystal oscillator securely situated within the evaporator chamber functions as the 

monitoring and control unit for the deposited film on the target substrate placed at some 

distance from the crucible. An increase in the mass thickness of the deposited film causes a 

decrease in the frequency of the quartz crystal oscillator. Real-time measurements are then 

displayed in the form of the mass thickness of the deposited film, based on these changes in 

the frequency [4].  

Electron beam evaporation is another form of evaporation deposition technique. This process 

involves the acceleration of electrons boiled off a hot filament by an electron gun magnetically 

directed into the crucible to melt the source material. High voltage in the order of 10 kilovolts 

at a current of 0.1 ampere will deliver a concentrated power of 1 kilowatt to melt the source 

material placed on a hearth and continuously cooled with water. 
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Figure 5.0: A schematic diagram of thermal evaporator by resistive or joule heating under 

permission to use by [5]. 

    

5.1.2     PLASMA ENHANCED CHEMICAL VAPOUR DEPOSITION (PECVD) 

PECVD is a deposition technique using plasma rather than high temperature to provide energy 

for the reacting gases in thin film deposition on a given substrate. As such, it is the impact 

dissociation of a process or precursor gas by plasma. The reaction chamber is made from 

stainless steel containing two electrodes and it can be cylindrical or circular in size. Plasma can 

be generated from either, a radio frequency RF, for example 13.56MHz, or a microwave source 

for the reaction and the dissociation of the gaseous species. In this thesis, the PECVD method 

is used for growing SiNWs and depositing amorphous silicon on different kinds of substrates. 

The substrates are positioned horizontally on the bottom electrode, which is usually grounded. 

A high potential is created by a 13.56MHz RF power source between the electrodes of the 

system and a precursor gas, in this case Silane and Hydrogen gas are introduced into the 

chamber to ionise the gas molecules. Due to the high potential applied by the RF power source, 

the electrons dislodged from the Silane gas atoms are ionised and accelerated in the chamber, 

which results in plasma being created. These electrons continually hit the atoms of Silane gas, 

dislodging more electrons, thus, creating positive ions and radicals of Silane. These ions and 

radicals begin to travel towards the substrate, still under the high DC self-bias potential 

developed by the RF varying signal (potential)   applied between the electrodes.  
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More interactions between the electrons and atoms of Silane result in the creation of secondary 

electrons travelling away from the target or substrate and this helps to maintain the plasma. 

While all these are an ongoing process, Silane is continually dissociated and the radicals are 

then deposited on the target substrates as thin films at the desired temperature [6]. The main 

advantage of the PECVD system is the deposition of thin films at low temperatures. Low 

frequency in PECVD systems is not desirable; therefore the standard frequency must be 

selected to maintain a proper ionisation process and to retain the positively charged heavy ions. 

The plasma produced in the PECVD chamber consists of ionised molecules and mobile 

energetic electrons, which facilitate the dissociation of Silane gas (SiH4), as earlier mentioned, 

whilst simultaneous reactions occur on the substrate surface [7]. It has been observed from 

several depositions carried out that, even under the same deposition process conditions, the 

properties of the deposited thin films can still vary depending on the reactor dimensions, chosen 

electric field and the purity of gases.  

 

Gaseous reactions always take place in close proximity to the plasma and these interactions 

involve neutral-neutral, electron-molecule and ion-molecule reactions. The collision of gases 

within the electron-molecule interaction is the most significant, due to the fact that the free 

electrons contribute to the dissociation, recombination, ionisation and excitation of the process 

gas mixture. Changes in the momentum and direction based on elastic collision within the 

PECVD chamber, especially of the electrons, are predicated upon the difference in the masses 

of electrons and neutral molecules. Conversely, electrons transfer their energy to neutral 

molecules, which enhance the dissociation and ionisation process of gases within the chamber 

due largely to an inelastic collision. Moreover, the plasma glow is sustained within the PECVD 

chamber due to the collision of electrons with gas molecules, which enables electron excitation 

to the higher energy states, culminating in the emission of photons on their return to the ground 

state. These transitions are prevalently observable in the UV region; however, the process is 

not limited to it. The density of the reactant species is mainly affected by the following 

deposition factors:  

1. Pressure. 

2. RF Power. 

3. Frequency of the AC signal. 

4. Ratio of the gas mixture and its composition. 

5. The density of reacting species with respect to silane plasma (SiH4), are present in 

different proportions as reported by [7]. 
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Figure 5.1 Schematic diagram of the type of PECVD system [8].Silane (SiH4) and Hydrogen 

(H2) are the precursor gases used to activate plasma from which silicon is dissociated, whilst, 

Carbon tetrafluoride (CF4) and Nitrogen (N2) are used for removing contaminant  and 

cleaning the PECVD chamber. 

5.2                        SINWs-SC CHARACTERISATION METHODS 

As mentioned earlier in the introductory section, the ability to be able to adequately qualify the 

properties of any device is paramount in order to gain a fully-fledged understanding of the 

device’s workability and performance. Additionally, one can measure and validate if there is a 

departure from what has been reported in the literature and obtained commercially. Several 

characterisation methods adopted for qualifying the SiNW-SCs in this work are further 

discussed. 

5.2.1                        PHYSICAL CHARACTERISATION METHODS  

This is a generalised method in which the material structure and other physical properties are 

probed. This is an important process in material science that aids the scientific understanding 

of the behaviour of materials and from which some fascinating discoveries can be ascertained. 

There is no limitation to the scope of physical characterisation methods in science and 

technology.  Physical characterisation tools can be used for both microscopic and macroscopic 

purposes, for example, measurements of thin-film crystallinity via X-ray diffraction. 
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5.2.2           ULTRAVIOLET-VISIBLE-SPECTROSCOPY (UV-VIS) 

This is an optical characterisation process that works on the principle of the absorption of 

electromagnetic energy with an electronic transitional motion of molecules, creating an 

excitation effect on these electrons from an occupied to an unoccupied energy state or level. 

Infrared absorption corresponds to molecular vibrations within the substrate. This process helps 

to determine the optical properties of materials such as:  

 1. Transmittance (T %) 

2. Absorption (A). 

3.  Reflectance (R). 

4. Band gap (Eg). 

5. Refractive Index (n). 

6. Film Thickness (d). 

7. Absorption coefficient (α). 

Many of these properties can be derived directly from the UV-Vis measurement process, such 

as reflectance, absorbance and transmittance. The other parameters can be derived from these 

other properties with the right mathematical formulae. In UV-Vis measurement, the 

transmittance T% is computed using the Beer Lambert expression, in which an absorbing 

material with equal thickness is believed to have equal radiant energy traversing it as described 

below by the expression:  

IT = IOe−αd                                                                          [5.0] 
IT

   Io
 = T                                                                                   [5.1] 

%T = IT
Io

 x 100                                                                       [5.2] 

𝐴𝐴 = log10  IT
Io

                                                                          [5.3] 

R =1-A-T                                                                               [5.4] 

Where, 

• I0 is the intensity of the incident radiation. 

• I is the transmitted light intensity. 

• T is the transmittance. 

• A is the absorbance. 

• R is the reflectance. 

• α is the absorption coefficient in(cm-1). 

• d is the thickness of the absorber layer in (cm). 
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It is worthy of note that the fraction radiant energy transmitted through a given thickness of the 

absorbing layer is a function of the incident radiation. The absorbance of the silicon structures 

undoped (SiNWs and a-Si:H) fabricated in the research work has been deduced from the 

Equation 5.3. The absorbance has no units and the transmittance is generally expressed in the 

form of a percentage. In the fabrication of various kinds of solar cells, the optical band gap is 

a very important parameter used to characterise the optical properties of the solar cell. The band 

gap of any material can be derived from the UV-Vis data [9].  

(αhν)m = A(hv − Eg)                                                         [5.5] 

α = −1

dln I
Io

                                                                            [5.6] 

Where, 

• h is the Planck’s constant (6.63x10-34Js). 

• A is a constant. 

• Eg, is the band gap of the material in (eV). 

• υ is the frequency of light (Hz). 

• n is the refractive index. 

• m is a real number, value depends on either the direct or indirect band gap of the 

material. 

• ∝ is the absorption coefficient in cm-1 

•  λ is the wavelength of light in cm. 

The optical band gap is eventually derived by extrapolating the linear portion of the graph to 

find the corresponding value of energy (E), at (αE)x =0, which is the intercept on the x-axis at 

y=0. Various values of n constant have been formulated for different band transitions in 

semiconductor materials by [10]. These values are:  

1. Direct allowed x= 2. 

2. Indirect allowed x=0.5. 

3. Direct forbidden x=0.666. 

4. Indirect Forbidden x=0.333.                   

A Tauc plot (basically the square root of the product of the absorption coefficient and photon 

energy versus photon energy as mathematically expressed in Equation 5.5 is the primary 

method used for deducing the band gap of materials. Other methods have been put forward by 

other research groups for determining the band gap of nanomaterials.  
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Some other means involves the calculation of the derivative of transmittance with respect to 

the photon energies [11].The expressions of absorption coefficient data as a function of the 

incident light and transmitted light are expressed in Equation 5.6. By taking the natural 

logarithm on both sides of Equation 5.6, the thickness of the material can be determined.  

5.2.3            FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) 

This characterisation method is used in this work to have a clear understanding of the elemental 

bonding configuration in undoped a-Si:H thin films which were fabricated alongside undoped 

SiNWs. FTIR is a characterisation method that operates based on the absorption of infrared 

(IR) light by a material. This leads to the molecules vibrating, thereby causing a stretching or 

bending of the bonds within the lattice material. When IR detection takes place through the 

passing of IR light in a material, the molecules of the sample experience a change in dipole 

moments during the vibrations. When the vibrational frequency of the bonds in a sample is the 

same as that of the absorbed IR, then the frequency spectrum can be displayed and recorded.  

Generally, FTIR utilises the infrared region of the electromagnetic spectrum, from which a 

molecular fingerprint is obtained through the absorption of IR light by the bonds of a vibrating 

molecule of a given sample. Physics of semiconductors provide an insight into what happens 

when any particular type of light within the electromagnetic spectrum is absorbed by a material. 

An excitation of electrons from the valence band to the conduction band for charge extraction 

normally takes place.  

 

In FTIR, it is observed that the molecules of the material or sample undergo a vibrational 

motion as a result of changes in the dipole moments such that, if the molecules are IR inactive, 

then the dipole moment is zero. There are two kinds of infrared spectrometers:  

1. Dispersive. 

2. Fourier Transform (FT). 

With regard to this work, the FT method is adopted to investigate undoped a-Si:H films since 

this method uses an interferometer which operates based on the principle of the Michelson 

interferometer [12-13]. In this technique, a mathematical conversion process allows the 

splitting of the entire infrared light spectrum simultaneously and the scanned results are 

converted mathematically into wavelength versus absorbance or transmittance spectra as 

desired. 50% of the infrared radiation hitting the beam splitter passes through to a mirror fixed 

on one side of the system. The other 50% of the radiation travels to the moving mirror. Waves 

reflecting back from the respective mirrors are recombined on the beam splitter.  
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A path difference is created by both mirrors, resulting in a single output waveform, which is 

the resultant of the interference between the waves. This is often termed an interferogram. This 

signal conveys every data point based on the wave interference process created by the moving 

mirrors. This resultant signal will contain all the frequency information that exits from the 

source. The exact frequency of absorption in a molecule is a function of the size of the atoms 

and the oscillating dipole, coupled with the strength of the bonds between the atoms of the 

dipole.  

Consequent upon this, different molecular species of a material can be identified by their 

characteristic absorption frequency. A Bruker Alpha FTIR instrument was used to investigate 

the bonding configuration of a-Si:H thin films deposited by PECVD. All the generated data 

obtained from scanning with IR were collected in the mid IR range (400-4000 cm-1), at step 

intervals of 2cm-1.  

Undoped a-Si:H films were subsequently deposited on a P-type doped silicon wafer due to its 

transparency within this frequency range [14]. An IR spectrum of uncoated P-type silicon used 

as a reference was taken and subtracted from the thin film test samples in order to eliminate 

the background contributions from the silicon wafer. The results of the FTIR measurements 

are presented in appendix 10 of this work.  

At this junction, it is worthy of note that FTIR measurements can be conducted in several 

modes. In this work, the attenuated total reflectance (ATR) mode was employed for data 

collection. This mode utilises the changes that take place when a totally internally reflected 

infrared beam called an evanescent wave comes into contact with a sample. The evanescent 

waves are attenuated in the range of frequencies of IR radiation 400-4000 cm-1 and they are 

absorbed by the film, where they undergo several internal reflections, exiting at the other end 

of the sample where the detector is positioned. The detector records an interferogram, which is 

converted into a frequency response. The ATR mode of operating IR also offers the following:  

1. Much faster sampling of material. 

2. Better reproducibility. 

3. Minimised sampling preparations. 
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Figure 5.2 Schematic diagram of FTIR spectrometer showing the various components within 

the system. The instrument works on the Michelson interferometer principle adapted from [15]. 

 

Hydrogenated amorphous silicon films are of particular interest, since, hydrogen is bonded 

with the amorphous silicon material. The corresponding absorption peaks of a-Si:H fabricated 

via PECVD technique is presented table 5.0 as mention in the thesis of [14]. 

 

Table 5.0: Infrared absorption frequencies for a-Si:H adapted from work done [14]. 

Bonding   
Configuration 

Absorption Peak    
Wavenumber (cm-1) 

Si-H 630(b) 2000(s) 
Si-H2 630(r) ,890(b),2090(s) 

(Si-H2)n 630(r) 
,845(b),850(w),890(b)2090(s) 

Si-H3 630(b) ,860(b), 
905(b),2090(s) 

Si-OH 940(s),3380(s) 
Si-O 920(s) 
Si-O 460(r),805(b),1080(s) 
Si-N 840(s) 
N-H 1150(b),3350(s) 

The IR spectra of semiconductors can also yield more information about the impurity 

concentration in materials, the effective mass and mobility of free carriers, oscillator strength 

and frequency, and the frequency and damping of optical phonons [16].  
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In the case of a-Si:H thin  films deposited, the quantitative information about the hydrogen 

concentration can be extracted using FTIR spectroscopy by integrating  the data points over 

the absorption peak at 630cm-1. This peak value represents and includes the rocking vibrational 

modes of all possible Si-H bonds in the material. As such, the hydrogen concentration and the 

frequency of vibration can be calculated using the expressions below: -                                   

                               CH = A630∫α (ω)/ω d (ω)                                         [5.7] 

                                 f =  1
2π

√K
µ

                                                              [5.8] 

Where, 

• K=strength of the bonds. 

• µ= Reduced atom mass. 

• CH=Hydrogen concentration. 

• A630 =2.1x1019 is a constant. 

• ω = wavenumber. 

• α (ω)=absorption coefficient at the wavenumber. 

5.2.4                        SCANNING ELECTRON MICROSCOPY (SEM) 

The limitation posed by the wavelength of light in conventional microscopes makes it 

extremely difficult to investigate the resolution of a sample or material, especially thin films in 

nanoscales. The magnification limits of conventional microscopes are around 1000X according 

to [17]. The limitation exists due largely to the quality of the lens, which is theoretically limited 

by the visible light used in the illuminating samples. As the name suggests, Scanning Electron 

Microscopy (SEM) is a technique used to study the surface topography of materials both at 

nano and micro scale through the use of focused beams of electrons generated by a metallic 

filament via the thermionic emission or field emission of a cathode. The energy range that can 

be controlled and used in this characterisation method can vary from (100eV to 30KeV). A 

focused electron beam is generated by an array of objective and electromagnetic lenses. As 

shown in Figure 5.3. The beams are aligned and positioned over the sample surface via the use 

of scanning coils. These beams scan the surface of the material in a raster pattern and the 

interaction of the electrons from the beam with the atoms of the sample leads to the generation 

of various signals containing information about the morphology of the sample under test. Two 

kinds of collisions are noticeable when the samples are subjected to high-energy electrons-

elastic and inelastic.  
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1. Elastic Collision: this occurs when the high-energy electrons in the sample are comparable 

to the energy of the incident electrons ejected from the regions close to the nucleus of the atoms 

of the sample’s back-scattered electrons [18]. Backscattering (BSE) is a consequence of this 

kind of elastic collision, because of the continuous collision of electrons with atoms of the 

sample under test. This results in the change of direction of the electrons. This phenomenon 

involves the larger atoms scattering more electrons back towards the detector unit or screen, 

compared to the lighter atoms. A BSE detector is a typically solid state devices like a  pn 

junction type. This operates on the principle of the generation of electron-hole pairs by the back 

scattered electrons ejected from the sample and absorbed by the detector. The detectors are 

positioned in a concentrically doughnut-like arrangement in order to maximise the 

backscattered collection of backscattered electrons [19]. 

 

2. Inelastic Collision: this happens when the low-energy electron beam, which is typically 

50eV, is lost through scattering or as a result of loosely bound electrons from atoms within the 

sample [19]. Secondary electrons (SE) are a result of this kind of scattering. They have lower 

energy than BSE. They emanate from the sample surfaces or very close to the surface of the 

sample. The Everhart-Thornley detector is the most typically used detector for this kind of 

electron. Inside a faraday cage, a scintillator is positioned and biased positively to attract the 

SE [19]. On the application of a positive bias to the scintillator secondary electron detector, 

low-energy electrons are detected by either a solid state or scintillator detector positioned above 

the sample surface. This procedure and process take place at a relatively very low pressure of 

about 10-6Torr, which is the column or chamber pressure at which electrons can freely travel 

unhindered or limited by scattering. This then translates into the high mean free path of the 

electron beam. In this work, the Zeiss Evo 15, Leica S430 model has been used to characterise 

all the SiNW samples fabricated for the solar cells [20-21]. 
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Figure 5.3 A schematic diagram of the scanning electron microscope showing the various 

components of the equipment used under permission from [21]. 

5.2.5                      ENERGY DISPERSIVE X-RAY SPECTRSCOPY EDS 

This is a characterisation technique mostly carried out when SEM is used. The technique 

operates in such a way that X-rays emitted from samples that are continually being bombarded 

with a focused electron beam produce a localised chemical analysis of the sample under 

investigation. The X-rays peculiar to a given sample under test are produced from deep within 

the atom when there is a jump of an electron from one shell to another by the striking action of 

an electron beam from the SEM system. As seen in Figure 5.4, a balance in the energy 

difference is achieved when X-rays are emitted. In principle, all the elements with the atomic 

number 4 to 92 can be detected by EDS [20] and [22]. Owing to the straightforward and non-

complex nature of the X-ray spectrum, the qualitative analysis of localised elemental 

constituents of a material can easily be observed from identification lines with varying light 

intensities reflective of the concentration of each element. This intensity corresponds to the 

calibration standards of known compositions. By a process of electron beam scanning, which 

is somewhat similar to television-like raster and displaying the intensity of a selected X-ray 

line, elemental images or maps can be produced. The images thus produced by the back 

scattering electrons (BSE) generated from the sample under observation reveal the surface 

topography. The accuracy and the sensitivity of X-rays are measured by counting the photons 

and precision is obtainable with a statistical limitation. The 2 Sigma or 2σ helps to give a 

definition of this accuracy. 
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 For most major elements, the overall analytical accuracy is nearer to +/-2%, based on factors 

like the uncertainty in the compositions of the standards and various errors and corrections that 

need to be applied to the raw data [24]. 

 

 
Figure 5.4 The schematic diagram describing the generation of X-rays from the atomic nuclei 

hit by high energy electrons used under permission from [23]. 

5.2.6                                        RAMAN SPECTROSCOPY  

When light is scattered from a crystal or other light-emitting sources, the photons undergo an 

elastic scattering process. The incident light and the scattered light therefore possess the same 

energy or frequency. However, a very infinitesimal portion of the light in the order of 1 in 107 

photons is scattered at a frequency different from that of the incident photon. The phenomenon 

just illustrated is an inelastic scattering process termed the Raman Effect. A shift in the 

frequency or wavelength of the light incident on the sample due to the energies of molecular 

vibrations leads to Raman scattering. A sample or material that is being investigated is 

illuminated by a monochromic light source like a laser; the spectrum of the scattered light 

consists of different colours. Part of the incident light energy is absorbed by the molecules 

within the sample, culminating in a change of frequency of the incident light. A strong line 

with same frequency as the incident illumination is called the anti-stoke, whilst the weaker 

lines formed on either side of the spectrum are called stokes. The vibrational modes from a 

sample provide significant information about the properties of the material. Moreover, the 

Raman Effect gives some information about the chemical composition of the material.  



 
 

137 
 

The interaction between the incident photon and the electric dipole of the molecules makes the 

Raman Effect all the more useful a characterisation tool [25]. The change in frequency of 

Raman scattering can be illustrated from the expression below:  

                                                 θ0 + θx                                                     [5.9] 

Where, 

• θo is the frequency of the incident beam. 

• θx is the vibrational frequency of the molecule/atom/crystal lattice. 

When the photon interacts with the material, some of its energy is either gained or lost due to 

the exchange of energy. As such, the loss of energy is called stokes (θo – θx), while the gain in 

the energy is termed anti-stokes (θo + θx), according to [26]. The basic condition for Raman 

spectroscopic measurement on a material is briefly summarised using some examples. 

Polarisable vibrational modes are more Raman active. For example, dinitrogen (N2) atoms, 

which have a noticeable symmetric stretch, cause no change in the dipole and are thus IR-

inactive; as such, the bonds can be easily deformed. In CO2, there is a change in the atomic 

distance with an asymmetric stretch. This is IR-active, due to the changes in the dipole.  

This is IR-active, due to the changes in the dipole.  

A polarisation change in one of the C=O atomic bonds results in an elongation and a shortening, 

giving rise to a net zero polarisation. This makes Raman inactive. Some modes however, are 

both Raman- and IR-active. A rule of thumb is summarised as follows:  

1. Symmetric is Raman-active. 

2. Asymmetric is IR-active.  

It is noteworthy that several scattering mechanisms exist such as:  

1. Tyndall. 

2. Mie. 

3. Rayleigh. 

4. Raman.  

Rayleigh scattering seems to be the strongest and most intense form of scattering, since the 

scattered light possesses the same frequency as the incident light. A diagram of the interaction 

between the incident light and the material under test is shown in Figure 5.5 and 5.6. The gross 

selection rule for vibrational translations in Raman spectroscopy is somewhat different from 

infrared spectroscopy, because many molecular vibrations noticeable in Raman measurements 

cannot be identified and detected within the IR spectra. The vibration of the molecules in the 

material determines the change in the energy of the incident light.  
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Figure 5.5 Diagram of photon absorption and scattering in Raman spectroscopy used under 

permission from [27]. 

 

With respect to this work, Foram Raman-785/HP, 785nm laser at the De Montfort University 

has been used to characterise the silicon nanowire and amorphous silicon samples on glass 

substrates. The results will be discussed in subsequent result chapters. The vibrational energy 

levels and transitions between energy levels are shown below. 

 

 
Figure 5.6 A diagram of the vibrational energy level of Rayleigh and Raman scattering used 

with permission from [26]. 
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5.2.6.1       LASER SOURCES APPLICABLE FOR RAMAN SPECTROSCOPY      

The experimental capability of any material or substance is basically determined by the choice 

of the laser wavelength used in such experiments. The sensitivity is determined by the Raman 

scattering, R. The efficiency/intensity is inversely proportional to the fourth power of the 

reciprocal of the wavelength. From Table 5.1 it can be deduced that the Raman scattering at 

532nm is about 5 times more efficient than at 785nm and 16 times more than at 1064nm. This 

effectively means that the scanning time is much longer at higher wavelengths when compared 

to the wavelength at 532nm. This is applicable, provided all conditions remain the same [28]. 

 

5.2.6.2                  APPLICATIONS OF RAMAN SPECTROSCOPY 

Raman spectroscopy, as stated earlier, is a useful characterisation tool used in a variety of 

industries and research laboratories [28]. A sub-division of fields where the Raman is used and 

the purpose served are:   

1. Material Science. For example, to verify the crystallinity of carbon nanotubes (CNT) and 

to verify the structure with regard to the sp2 and sp3 of the carbon materials. 

2. Pharmaceuticals and cosmetics. Raman is used to check the compound distribution in 

tablets and to identify contaminants within the material [29]. 

3. Life Sciences. Raman spectroscopy helps to carry out DNA/RNA analysis, to study drug 

and cell interactions and bio-compatibility, and it is used in photodynamic therapy (PDT) [30]. 

4. Geology and Mineralogy. This tool helps to investigate the quality of gem stones and 

mineral identification. Additionally, mineral behaviours and properties are studied using 

Raman under extreme conditions, as are phase distributions in rock sections 

5.2.7              X-RAY DIFFRACTION CRYSTALLOGRAPHY (XRD) 

XRD provides a technique to study the crystalline structure of a material and its crystal phases. 

This is with a view to understanding the crystallinity of a sample, whether amorphous, 

polycrystalline or monocrystalline.  

Additionally, this method is used to determine other properties, such as: 

1. The grain size of the material. 

2. Stress within the material. 

3. Atomic spacing. 

4. Crystal orientation.  
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X-Ray-diffraction measurement works on the principle in which incident X-Rays are used to 

irradiate a material under test and by measuring the intensities and scattering angles produced 

by the X-Rays emitted from within the atoms of the material under test, then, the crystalline 

structure is determined [31].An interaction predominates between the X-Rays and the atoms of 

the sample such that they produce a constructive interference of diffracted waves in accordance 

with Braggs Law, i.e. nλ = 2dsinθ. When the samples are scanned over a range of values mostly 

referred to as the 2-theta (2θ) points, several diffraction patterns are collected and processed 

by the Raman software. Peaks are therefore obtained when the corresponding deflected 

intensities of the light are plotted with respect to the angle of diffraction. The peaks are 

indicative of the material crystallinity and the peak width is used to determine the crystal size. 

It has been reported in several works that the peak width is inversely proportional to the crystal 

size and directly proportional to the diffraction angle, i.e., 2θ. Thus, crystalline size broadening 

occurs at larger diffraction angles [32].  

 
Figure 5.7: Schematic diagram of X-Rays by reason of interaction with the crystal planes of 

the material under investigation, leading to constructive and destructive interferences explained 

by Bragg’s Law.  

 

In Figure 5.7, the incident waves are in phase with each other. They strike the atoms represented 

by the blue circle at points A and B, having a separation d at a glancing incident angle θ, which 

is the same as the reflected wave. Thus, there is a path length denoted by n at a wavelength λ, 

provided that constructive interference happens.  
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This is now expressed as:  

nλ = 2dsinθ                                                                [5.10] 

Where, 

• n is the order of diffraction. 

• λ is the wavelength of the incident waves. 

• θ is the Bragg angle. 

• L is the crystallite size. 

• K is the shape factor.  

• Β is the integral breadth or peak maximum at half maximum intensity. 

 
Figure 5.8 Schematic diagram showing peak shape in X-Ray diffraction measurement. 

 

As stated earlier, there has to be constructive interference between the waves for the process to 

proceed as expected. So, for example, in the diagram if the first incident wave has an order of 

n=1, reflectivity, and wave 2 has a reflection of n=4, then we can say that constructive 

interference has taken place. On the other hand, if the incidence angle corresponds to any 

fraction of n, the reflected wave will be out of phase, causing destructive interference. The 

crystalline size can also, be determined as mentioned earlier, using the Scherer relationship. 

This is described below as: 

L =  kλ
BCosθ

                                                                 [5.11] 

XRD data are always compared to either the Lorentzian or the Gaussian function. When the 

peak is similar to the Gaussian function, the width at half maximum intensity can be computed 

using a simple square law shown in Equation 5.12.  
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A comparison with Lorentzian distribution, the width at half maximum is denoted by equation 

5.15 

                                β2 measured = β2instrument + β2material                                  [5.12] 

                           β measured = βinstrument + βmaterial                                [5.13] 

In XRD characterisation, some deviations in the crystallinity of the materials are obvious, based 

largely on the strain arising from the crystal size or the instruments (non-ideal optical source, 

resolution, wavelength, dispersion, sample transparency and flatness), resulting in peak 

broadening [33]. This is vital for understanding the microstructure of the material. The size of 

the crystal can be calculated using the Gaussian expression in Equation 5.14. 

L =  kλ
   β2measured   −  β2measured  Cosθ  

                  [5.14] 

In this thesis work, the Bunker D2 Phaser at De Montfort University in Leicester was used for 

all XRD measurements. The equipment has a 1-D Lynexe detector with a resolution angle of 

±0.02° and it was used to scan the samples. The scans have been performed with the aid of 

copper anode to produce X-rays at 30kV and 10mA, to produce monochromic X-rays with 

1.54Å wavelengths. To remove kβ X-rays and leave only the kα X-rays, nickel filters were used. 

 

5.3                     ELECTRICAL CHARACTERISATION TECHNIQUES 

Having an in-depth understanding of the electrical and electronic properties of materials for the 

fabrication of microelectronic, nano-electronic and photonic devices cannot be underscored. 

Electrical characterisation techniques help to foster this understanding [33]. For this work, a 

number of electrical characterisation techniques have been adopted to perform this task. The 

material which constitutes the bedrock of thin film and silicon nanowire solar cells fabricated 

analysed and investigated in this research here is silicon. Silicon films and nanostructures 

possess electrical properties such as: - 

1. Dielectric. 

2. Photosensitivity. 

3. Defect Density. 

4. Carrier Doping.  

5. Charge carrier mobility. 

6. Charge carrier lifetime. 

7. Charge storage for example memory devices etc. 
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5.3.1                   CURRENT–VOLTAGE (IV) MEASUREMNTS. 

This is a vital electrical characterisation tool that aids the understanding of electrical 

conductivity in diodes and solar cells [34]. The measurement can be expressed either as a 

current-voltage or current density-voltage characteristic curve. Some relevant information and 

parameters that can be extracted directly using this measurement tool are:  

1. Open-circuit Voltage Voc. 

2. Short-circuit Current Isc. 

3. Dark/reverse saturation current Io. 

4. Photo current Iph. 

5. Rectification ratio RR. 

6. Estimated fill factor FF. 

7. Series resistance Rs. 

8. Shunt resistance Rsh. 

In order to calculate the power conversion efficiency (PCE) of solar cells, the key fundamental 

parameters used are VOC, Isc, FF, Rs and Rsh. These five parameters are obtained under 

illumination conditions. The other parameters are obtained under non-illuminated conditions. 

In this research work, the IV measurements were carried out using the Hewlett Packard 

HP4140B Pico ampere meter. It is equally important to note that the current density can be 

derived from the short-circuit current when the latter is expressed as a ratio of the cell area. 

Thus, we can also express the curve as a JV notation. The definitions and the explanations for 

the solar cell parameters under illumination conditions have been discussed Chapter 2.The 

illuminating source used for conducting the I-V measurements was an Oriel 96005, 150W from 

Newport with filters that were designed to deliver an output power density of 100mw/cm2 at 

AM1.5 conditions. However, the intensity of this light source using a power meter and a light 

intensity meter has dropped to about 8.58mW/cm2. This value is far lower than the test standard 

required for proper IV characterisation of solar cells.  

 

5.3.1.1                THERMODYNAMIC EFFICIENCY IN SOLAR CELLS  

Solar cells are devices that absorb photons whose energy levels are equal to or higher than the 

band gap of the material. As such, solar cells are primarily quantum energy conversion devices. 

This kind of loss is thermodynamic in nature, giving rise to what is termed thermodynamic 

efficiency limits [34]. Higher efficiencies can be attained in tandem solar cells, according to 

[35], when absorber materials with various band gaps are used.  
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As the thermal energy increases in a solar cell, lattice vibrations within the device will greatly 

hinder the flow of charge carriers, since charge separation itself is adversely affected. 

Consequently, high-energy thermally excited charge carriers migrate across the junction, since 

the width is altered (decreased), due largely to the increased charge carrier concentration. This 

tends to negate the performance of the solar cell as an energy conversion device. In the same 

vein, low temperatures will adversely affect the performance of a solar cell, because free charge 

carriers generated from dopant are reduced drastically. Furthermore, the charge carrier mobility 

is drastically affected at low temperatures, because photo-generated carriers are not quickly 

collected at the electrodes. The IV measurements of the undoped SiNWs and undoped a-Si:H 

thin film solar cells are discussed in Chapters 6 on pages 162-181 of this work. This tends to 

negate the performance of the solar cell, as an energy conversion device. In the same vein, high 

temperatures will adversely affect the performance of a solar cell, because, free charge carriers 

generated from dopant are reduced drastically. Additionally, the charge carrier mobility is 

drastically affected at high temperatures, because, photo-generated carriers are not quickly 

collected at the contacts.  

 

5.3.1.2     POWER CONVERSION EFFICIENCY (PCE) IN SOLAR CELLS  

This is the ratio of power conversion from incident photons to electrical energy. This is 

generally described by the mathematical representation in Equation 5.15. It should be noted 

that since the solar cells operate at different values of the open-circuit voltage and the short-

circuit current, we can therefore conclude that the maximum power point lies between these 

two parameters. 

η = Pm
EAC

                                                                    [5.15] 

Where,  

•  η is the power conversion efficiency. 

• Pm is the maximum power point of the solar cell. 

• EAC is the product of the energy and total surface area. 

 
5.3.1.3               QUANTUM EFFICIENCY (QE) IN SOLAR CELLS.  

Quantum efficiency (QE) is an important parameter of solar cells that helps to indicate and 

obtain the performance of solar cells at different wavelengths of light. QE is used to express 

the ratio of the number of carriers collected to the number of photons striking the solar cell.  
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This means how many photons are contributing to the flow of electric current for any incident 

photon. QE can be used to deduce some useful information about the quality of the absorber 

material, the quality of the fabricated solar cells and the response of the junctions created. These 

measurable qualities are categorised and listed in the chart in Figure 5.9, adapted from [36]. 

 

 
Figure 5.9 Chart describing the parameters that can be measured and derived from quantum 

efficiency measurements based on material and fabrication quality.  

 

At this junction, it is worth noting that internal quantum efficiency (IQE) and external quantum 

efficiency (EQE) analysis are two major sub-categories of the QE of solar cells. The IQE 

analysis can be used to estimate the quality of the absorber quality viz-a-viz the material quality 

listed above. The maximum QE = 1, when normalised or expressed as a percentage (100%), 

which is the maximum value obtainable. The quantum efficiency of any solar cell is always 

measured in short-circuit mode. The short- circuit current is measured for an incident photon 

of one wavelength at a time. The EQE, on the other hand, is defined as the ratio of charge 

carriers collected by a solar cell, to the number of (incident photons) of a given energy shining 

on the solar cell from outside. The EQE does not account for either the transmitted or the 

reflected photons. As such, the IQE is only useful for determining the solar cell performance, 

as stated by [36-37]. Both efficiencies can be expressed with the equations listed below:  

EQE = ∆JSC
e∆φλ

                                                                  [5.16] 

IQE = 1 − Rλ − Tλ                                                    [5.17] 
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Where,  

•  Rλ is the reflectance at a given wavelength.  

•  Tλ is the transmittance at a given wavelength 

• Δφλ is the incremental photon flux. 

 
5.3.1.4                       DARK AND PHOTOCONDUCTIVITY METHOD 

When a material, either a semiconductor or insulator, is subjected to a barrage of photons of 

sufficiently high energy, the electrical conductivity of the material increases. This process is 

termed photoconduction. Generally, from the physics of semiconductors the conductivity 

depends on factors such as, temperature, doping or carrier concentration etc. In most 

semiconductors the conductivity is directly proportional to the temperature. In purely 

crystalline materials, the conductivity is related to the crystallinity of the material, whilst in 

polycrystalline materials, it is inherently related to the grain boundaries and the grainsize as 

discussed in chapter 3. Dark conductivity is the process in which the conductivity of a material 

is estimated in the absence of radiant energy or in other words, in the dark. The ratio of 

photoconductivity to dark conductivity is referred to as photo-response or photo-sensitivity. 

Studies show that device quality a-Si:H has dark and photo-conductivity in the ranges of 10-9 

to 10-11 Ω-1cm-1 and 10-4-10-6 Ω-1cm-1 respectively, according to [37].  

 

In crystalline silicon, the dark and photoconductivity are 100 Ω-1cm-1 and 10-5 Ω-1cm-1 

respectively. The phenomenon of photoconductivity involves the transport, i.e. generation and 

recombination, of charge carriers to the contact [19] and [38]. Photoconductivity provides 

valuable information about the physical properties of the materials. It is a process by which a 

material, when irradiated with the light of photons having greater energy than the material band 

gap, creates free charge carriers in the conduction and valence bands. These excess charge 

carriers flow in the external load as increased electrical conductivity of the semiconductor 

material. Various methods are used to determine the dark and photoconductivity of 

semiconductor materials. In this work, gap cells have been adopted to ascertain the conductivity 

of amorphous silicon films under dark and light conditions. This method is called the 

transmission line method, abbreviated as TLM [39]. This technique involves the measurement 

of the current under dark and light conditions across gap cells evaporated from aluminium 

metals as top contacts on amorphous silicon film deposited on ordinary glass substrate. The 

reason being they form good ohmic contacts with hydrogenated amorphous silicon.  
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The set-up for the experiment is shown in Figure 5.11.Gap cells with four different spacing of 

100μm, 200μm, 500μm and 1000μm were used and connected to a pico-ammeter to measure 

the current across each gap cell so as to ascertain the conductivity of the film and nanowires.  

The voltage setting of 0–100V was selected with a step size of 100mV. The conductivity, sheet 

resistance, contact resistance and resistivity of the material can be obtained using the equations 

5.20 and 5.21 

ρ =  RA
L

=  RWd
L

                                                            [5.18] 

Rsh =  ρ
L

=  RWd
L

                                                           [5.19] 

                                σ = 1
ρ
                                                                         [5.20] 

                            RT =  RS
W

(L + 2LT)                                                     [5.21] 

Where, 

• ρ is the resistivity of the film or nanowire in Ωcm. 

• R is the resistance of the film or nanowire in Ω. 

• A is the area of the gap cell electrodes in cm. 

• d is the film or nanowire thickness in cm. 

• σ is the conductivity of the film or nanowire in Ωcm-1. 

• W is the width of the gap cell electrode in cm. 

• Rsh is the sheet resistance of the film or nanowire in ohms per square Ω/sq. 

• LT is the transfer length of the active layer. 

• RT is the transfer resistance of the active layer in Ω. 

• L is the length of the gap cell in cm. 

 

Thin Film conductivity, using the transmission line measurements, is always determined from 

the value of the sheet resistance measured. In this work, a graph of resistance versus gap cell 

spacing was plotted for the dark and photoconductivity measurements this is a straight-line 

graph and the resultant slope from the graph gives the quotient of the sheet resistance to the 

width of the gap cell. The intercept on the Y-axis when the X-axis = 0 will give information on 

the contact resistance of the absorber layer [39].  
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Figure 5.10 Sketch of the (TLM) graph using gap cells to find the sheet resistance, resistivity 

and conductivity in undoped a-Si:H and undoped SiNW solar cell. 

 

 
Figure 5.11 Schematic diagram of the photoconductivity conductivity measuring set-up using 

gap cells on an undoped Schottky junction Al/SiNWs/AZO-coated-glass solar cell. 

 

The dark conductivity and the photoconductivity measurements for undoped a-Si:H film and 

SiNWs at a fabrication temperature of 300oC are presented in appendix 2 page 266 of this work. 

Other techniques used to measure the dark conductivity of semiconducting materials are:  

1. Van der Pauw method. 

2. Four probe resistance method. 

3. Two probe method. 

4. Hall measurement method 
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5.4                 THE CAPACITANCE–VOLTAGE (CV) MEASUREMENTS  

The use of capacitance voltage measurement and the corresponding Mott-Schottky plot cannot 

be underscored. This characterisation and measurement technique have been used to determine 

the following properties of a solar cell [37]. 

1. The intrinsic and/or doping carrier concentrations in semiconductors. 

2. The built-in voltage of the device. 

3. The barrier height of the device. 

The use of capacitance voltage measurement and the corresponding Mott-Schottky plot is a 

very useful tool. Investigation by [41] reveals that CV measurement technique was used to 

determine the properties of a diode or solar cell listed below:- 

1. The intrinsic and/or doping carrier concentrations in semiconductors. 

2.   The built-in voltage of the device. 

3. The barrier height of the device. 

CV measurements provide information on the intrinsic carrier concentration of undoped 

Schottky junction a-Si:H solar cell. This served as a basis of comparison for the intrinsic carrier 

concentration of Ag/SiNWs/AZO-coated glass solar cells fabricated in this work. Capacitance-

Voltage (CV) measurement is a method in which a small alternating voltage (AC) at a given 

frequency is varied and a simultaneous DC forward bias voltage is applied to an electronic or 

semiconductor device, resulting in a change in capacitance. In this work, the CV measurements 

on the undoped a-Si:H Schottky junction solar cells were taken using AC signals of 120mV, at 

a frequency of 120kHz, while a DC bias voltage  of  (-1 to 0)V was applied  on the device to 

determine the CV curve of the solar cell. These measurements were all performed at room 

temperature. Based on the principles of the physics of solar cells, it has been well established 

over the years that the Schottky junction depletion layer width is always bias dependent at 

reverse and forward bias DC voltages. Schottky junction behaviour is somewhat analogous to 

the behaviour of the parallel plate capacitors with a given spacing between the plates. This 

spacing is approximately equal to the width of the depletion layer. The total number of charges 

moving in and out of the device under external bias is described from the expression below:  

Where, 

• C is the capacitance of the junction in farads. 

• Q is the charge in coulombs. 

• NA or ND is the acceptor or donor concentration for p and n type respectively in cm 

• Vbi is the built-in voltage in volts. 
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• V is the applied voltage in volts. 

• A is the area of the in cm2. 

• e is the electron charge in coulombs or ampere-seconds. 

• εs= εo ε, is the dielectric constant or the permittivity in farads per cm. 

Using a Schottky junction arrangement and connecting the AZO-coated glass and Ag top 

contact to the negative and positive terminals of the inductance, capacitance and resistance 

(LCR) meters respectively, the CV measurements for undoped a-Si:H-SC was carried out. With 

reference to undoped SiNWs solar cell, impedance spectroscopy was performed to ascertain 

the CV measurements on the various devices. The schematic diagram measurement set-up for 

this experiment is displayed in Figure 5.12.  

 

 
Figure 5.12 Schematic experimental set-up for CV measurement of undoped Schottky 

junction a-Si:H-SC fabricated in this work. 

 

Considering p-type semiconductor materials, the amount of charge at the junction is given by  

Q = A√2eεsNA(Vbi )                                               [5.22] 

𝐶𝐶 = A�eεsNA   

2Vbi
                                                        [5.23] 

The corresponding Mott-Schottky relationship describes the way in which the carrier or doping 

concentration of the solar cell can be calculated, as presented in equation 5.24.  

NA = 2
A2eεεs dd( 1/C2

V )
                                             [5.24] 
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In this work, the results of the measurements for the amorphous silicon Schottky solar cells 

fabricated are presented and discussed in Chapter 6, section 6.1. This gives a linear response 

of the reciprocal squared of the capacitance with respect to the depletion in the linear region.  

The built-in voltage is deduced by extrapolating the line on the graph to cut the positive x-axis. 

The barrier height of the device is determined from the built-in potential by using the 

expression given below 

ФB = Vbi + kT
𝑒𝑒

 ln(
NV or NC

 NA or ND
)                                         [5.25] 

Where, 

•  ФB is the barrier height of the junction in eV. 

• Vbi is the built-in voltage at the junction V. 

• 𝑘𝑘𝑘𝑘
𝑒𝑒

  is the thermal voltage at equilibrium.  

• NV or NC, is the density of states in the conduction or valence band of the p and n type   

semi-conductor material respectively in cm-3. 

• NA or ND is the acceptor or donor concentration in cm-3. 

• C is the capacitance across the device. 

• V is the DC bias voltage across the device.   

 

          
Figure 5.13 Graphical sketch of the capacitance voltage curve on the left and the corresponding 

reciprocal of the capacitance squared curve on the right. 
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5.5                    IMPEDANCE SPECTROSCOPY MEASUREMENT (IS) 

This is a characterisation technique basically used to study and investigate the behaviour of a 

variety of systems by the frequency analysis of the AC components of a device [42]. Therefore, 

by applying an alternating voltage (Vac) to a sample and measuring the current response IAC. 

Thus, in the time domain, VAC and IAC are sinusoidal functions that are expressed as: 

V(t) = VoSinωt = V0ejωt                                           [5.26] 

I(t) = IoSinωt + Ф = Ioejωt+∅                                 [5.27] 

Z(t) =  Vt
IT

= Zoe−j∅                                                   [5.28] 

Zo =  Vo
Io

                                                                      [5.29] 

Where, 

• Vo is amplitude of voltage signal. 

• Io is the amplitude of current signal. 

• ω is the frequency components = 2πf. 

• Ф is the time delay between V(t) and I(t). 

• Z is the transfer function that relates the output current IAC to the input voltage VAC, as 

a function of the frequency. 

Physically the complex impedance, which is either a time or frequency varying parameter, 

depends strongly on the resistance of the solar cells under test, according to [45]. The analysis 

conducted in the time domain is most intuitive and a more concrete analysis; however, the 

information about the dielectric functions is performed in the frequency domain. This is 

represented by varying the frequency of the input voltage, resulting in a spectrum of real and 

complex impedances. Thus, Z can be expressed as in the equation below.   

Z = Z’ –iZ’’                                                          [5.30]. 

Where, 

• Z’ is t RP which represents the impedance on the real axis of the Nyquist plot. 

• Z’’ is jXc which represents the impedance on the imaginary axis of the Nyquist plot. 

In solar cell technology, the major interest is in the charge injection into the contacts, with a 

view to studying and investigating the impedance response to frequency changes. Impedance 

spectroscopy measurement is of the utmost importance for this type of operation. Based on the 

physics of solar cells, in order to probe the selectivity of the solar cells, frequency analysis is 

performed in the reverse region of the diode characteristics.  
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A voltage-current frequency domain analysis by impedance spectroscopy is carried out because 

there is a probing of the charge carrier accumulation at open-circuit voltages, to charge carrier 

extraction at short-circuits currents. Impedance spectroscopy offers one the ability to 

distinguish and separate processes in the frequency domain, such as series resistance, diffusion 

and depletion capacitances, recombination or shunt resistances, etc. All these parameters are 

determined within a single experiment. Moreover, the data can be analysed from the equivalent 

circuit analysis formed by the combination of a simple passive or active electronic arrangement 

using resistors, capacitors and inductors in some cases, either in series or in parallel. 

Investigations of the charge carrier lifetime and the diffusion properties of a solar cell through 

impedance spectroscopy measurements using an inductor-capacitance and resistance (LCR) 

meter, results in the formation of a Nyquist diagram [43].  

This Nyquist diagram comprises a semicircle which simulates a resistor and capacitor 

behaviour connected in parallel, forming an RC circuit in series with a resistor. This 

arrangement models the series and shunt resistance and diffusion capacitance in the solar cell. 

In some cases, there may be a combination of several RC circuits and/or RCs with a constant 

phase element (CPE), which models the leakage at the interface or junction formed in the solar 

cell [42-43].  A Nyquist diagram consists of the imaginary and the real parts. In its basic form, 

an RC circuit, otherwise referred to as the randle cell, as shown in Figure 5.14 below, is used 

to model the solar cell. The frequency of the Nyquist plot increases from right to left or in an 

anticlockwise direction along the horizontal or X-axis. 

 
Figure 5.14 Circuit and the corresponding Nyquist diagram of a silicon nanowires solar cell, 

having the real and the imaginary axis.  
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The series (RS) and parallel (RP) in the equivalent circuit are analogous to the parasitic 

resistances and the diffusion capacitance (CP) models the space charge region of a solar cells. 

The carrier lifetime (τ) is deduced from the maximum point on the semicircle from the 

corresponding frequency. This characterisation tool can be used in a wide number of other 

applications both under dark and light, as well as both in forward and reverse bias conditions, 

to investigate the following:  

1. Surface capacitances. 

2. Deep-level traps states. 

3. Carrier and/or doping concentrations. 

In this work, impedance spectroscopy measurements were taken using a Hewlett Packard 

4284A precision LCR meter on the samples within a frequency range from 1MHz–to-20Hz. 

The instrument was set at an AC signal level of 10mV with a bias DC of 0Volts was applied 

under dark conditions. The reason for setting this condition is due to the predominance of large 

recombination within the SiNWs.  The carrier lifetime was ascertained for both a-Si:H-SC and 

SiNW-SCs from the corresponding Nyquist plots obtained after the measurements. 

Additionally, the carrier concentration of SiNWs are  found for each solar cell  by setting a  DC 

bias voltage from a range of -0.5V to 0V, and utilising the reverse DC bias while the AC voltage 

was maintained at 10mV for pseudo-linear device response. The results of this experiment and 

the discussion are presented in Chapter 8 of this work. 
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CHAPTER 6 

6.0    SUBSTRATE SELECTIVITY FOR SILICON NANOWIRE SOLAR CELL 

Substrates are basically the support material upon which the elements of electronic, optronic 

and photovoltaic devices are built. Irrespective of the type of material used as a substrate in the 

fabrication of solar cells, such as, glass, polymer, silicon wafer or transparent conductive oxide-

coated glass or metals, these materials in one way or another are all contributors to the 

performance and efficiency of the solar cell.  

6.1    TRANSPARENT CONDUCTIVE OXIDES (TCO)-COATED-GLASS  

Earlier in section 2.1.4 of Chapter 2, a brief discussion on the characteristics of transparent 

conductive oxides (TCOs) was briefly enumerated. This section provides an insight into the 

use of TCOs, coupled with the reactive effects of plasma on them and the reason for selecting 

AZO as the bottom contact of the SiNW-SC. Generally, from the applicability standpoint, 

TCOs are used as top or bottom contacts, blocking layers, gas-sensor transducers, diodes and 

transistors [1]. While TCO-coated glass has degenerate semiconductor characteristics, they 

also possess transparency properties at certain wavelengths. In other to achieve suitable and 

effective device applicability, there is always a trade-off with regard to the two main properties 

of TCOs which are conductivity and transparency. Within the solar cell manufacturing 

industry, TCOs are basically exposed to hydrogen plasma as a starting point in the fabrication 

of solar cells [2-3]. Different kinds of TCOs have been investigated by various research groups. 

They suggest that plasma, which is mainly composed of hydrogen radicals, seriously affects 

the optical and electrical stability of FTO- and ITO-coated glasses in particular [4]. The 

reduction in the optical and electrical stability is largely due to the reduction in the oxide layers 

of these TCOs, culminating in the deterioration of their constituent elemental metals. AZO-

coated glass, on the other hand, presents the best stability in plasma [11], as it offers a 

resounding barrier for impurity diffusion that is not affected by plasma exposure. Moreover, 

an anti-reflective coating is not required with the use of this material. 

 

6.2                         EXPERIMENTAL WORK ON TCO-COATED GLASS 

In order to determine the most suitable substrate for device growth and fabrication, a selection 

by deposition and electrical IV characterisation of the three TCO-coated-glass substrates listed 

below was performed. Undoped a-Si:H was deposited onto them with the PECVD technique 

as the first step in the process.  
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These substrates were cleaned using deionized (DI) water, acetone, methanol and isopropanol 

(IPA) in an ultrasonic bath and then a DI water final rinse. The substrates were then dried with 

nitrogen gas and baked for 15 minutes. The substrates were then transferred to an RF-PECVD 

chamber, where undoped a-Si:H thin films were deposited onto each sample. This process was 

followed by the thermal evaporation of the metal top contacts, namely copper, silver aluminium 

and indium to complete the fabrication process. The substrates selected for these initial 

experiments were:  

1. Indium Tin Oxide (ITO)-coated glass. 

2. Fluorine Tin Oxide (FTO)-coated glass. 

3. Aluminium Doped Zinc Oxide (AZO)-coated glass. 

 

Table 6.0 Fabrication conditions of undoped (a-Si:H) thin film on (ITO, FTO and AZO)-

coated-glass by PECVD method. 

 

6.3 RESULTS AND DISCUSSION OF UNDOPED a-Si:H ON TRANSPARENT –

CONDUCTIVE-OXIDE-GLASS (TCO). 

The I-V characteristic curves under dark and light conditions is used in investigating the 

electrical property such as; the open circuit voltage (Voc) ,Short circuit current (Isc) , dark 

saturation current (Io), ideality factor and rectification ratio (RR) .With the origin software, the 

IV characteristic curves of  five  randomly selected undoped a-Si:H-SC fabricated by PECVD 

on ITO-coated-glass, FTO-coated-glass and AZO-coated-glass. Only the best three solar cell 

devices from a total of twenty devices on each TCO-glass are presented and the data analysed. 

The structural configuration is composed of the ITO-coated-glass as the bottom ohmic contact. 

The top contact is formed when either copper, silver or aluminium is thermally evaporated on 

the deposited layer of undoped a-Si:H, which is the absorber layer as seen in in Figure 6.0 
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Figure 6.0 Schematic structural and the electrical biasing configuration I-V measurement of 

undoped Cu/a-Si:H/ITO-coated-glass Schottky junction solar cell. 
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Figure 6.1 I-V characteristic curves of 5 devices on a sample of undoped Cu/a-Si:H/ITO-

coated-glass Schottky junction solar cells. 

 

Table 6.1 Summary of Schottky Solar cell measured Voc, Isc and Io of copper top contact on 

undoped a-Si:H thin film on ITO–coated-glass from I-V curve. N/A is not applicable and this 

is indicative of   bad diode behaviour being exhibited by the devices 

 
S/N 

 
    Junction 

Open 
circuit 
voltage 
Voc(V) 

Short 
circuit 
current 
Isc(µA) 

Dark 
saturation 
current 
Io(nA) 

Ideality 
Factor  
n                    

Rectification 
Ratio RR 

1 Cu/a-Si:H/ITO 0.05 1 66 5.58 N/A 
2 Cu/a-Si:H/ITO 0.05 1 270 5.26 N/A 
3 Cu/a-Si:H/ITO 0.05 1 659 5.67 N/A 
4 Cu/a-Si:H/ITO 0.01 1 585 5.69 N/A 
5 Cu/a-Si:H/ITO 0.05 1 459 5.54 N/A 
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Figure 6.2 The schematic structural and the electrical biasing configuration I-V measurement 

of undoped Ag/a-Si:H/ITO-coated-glass Schottky junction solar cell. 
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Figure 6.3 I-V characteristic curves of 5 devices on a sample of undoped Ag/a-Si:H/ITO-

coated-glass Schottky junction solar cells. 

 

Table 6.2 Summary of Schottky Solar cell measured Voc, Isc and Io of silver top contact on a-

Si:H thin film on ITO-coated-glass from I-V curve. Ideality factor have been rounded off to 

the nearest one decimal place. N/A is not applicable and this is indicative of   bad diode 

behaviour being exhibited by the devices 

 
S/N 

 
    Junction 

Open 
circuit 
voltage 
Voc(V) 

Short 
circuit 
current 
Isc(µA) 

Dark 
saturation 
current 
Io(nA) 

Ideality 
Factor   n       

Rectification 
Ratio RR 

1 Ag/a-Si:H/ITO 0.22 0.012 1 4.69 N/A 
2 Ag/a-Si:H/ITO 0.22 8 893 4.50         101 
3 Ag/a-Si:H/ITO 0.25 10 7 4.53 101 
4 Ag/a-Si:H/ITO 0.22 1 407 5.34 101 
5 Ag/a-Si:H/ITO 0.20 0.03 2 4.69 102 
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Figure 6.4 The schematic structural and the electrical biasing configuration I-V measurement 

of undoped Al/a-Si:H/ITO-coated-glass Schottky junction solar cell. 
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Figure 6.5 I-V characteristic curves of 5 devices on a sample of undoped Al/a-Si:H/ITO-coated 

glass Schottky junction solar cells. 

 

Table 6.3 Summary of Schottky Solar cell measured Voc, Isc and Io of Aluminium top contact 

on a-Si:H thin film on ITO–coated-glass from I-V curve. N/A is not applicable and this is 

indicative of   bad diode behaviour being exhibited by the devices 

 
S/N 

 
    Junction 

Open 
circuit 
voltage 
Voc(V) 

Short 
circuit 
current 
Isc(µA) 

Dark 
saturation 
current 
Io(nA) 

Ideality 
Factor n            

Rectification 
Ratio RR 

1 Al/a-Si:H/ITO 0.22 0.01 1 4.54 N/A 

2 Al/a-Si:H/ITO 0.23 1 1 3.84 N/A 
3 Al/a-Si:H/ITO 0.23 1 1      4.03 N/A 
4 Al/a-Si:H/ITO 0.24 1 1 3.71 N/A 
5 Al/a-Si:H/ITO 0.25 0.01 1 3.54 N/A 

 

6.3.1                 DISCUSSION OF EXPERIMENT ON ITO-COATED-GLASS. 

Tables 6.1, 6.2 and 6.3 presents the results and measurements of the Voc.Isc and Io extracted 

from the solar cell’s I-V characteristics curve of copper, silver and aluminium top contacts 

respectively on ITO-coated glass. Observation shows, there is a steady increase in the Voc of 

the devices from Cu/a-Si:H/ITO, Ag/a-Si:H/ITO and Al/a-Si:H/ITO interfaces respectively. 

This may be attributed to the fact that the Voc is governed by the process of recombination in 

the solar cell and any increase in the recombination will give rise to increased reverse saturation 

current (Io) and vice versa [5]. As such, from the I-V measurements, it is observed that Al/a-

Si:H/ITO interface has the lowest value of Io amongst the devices.  
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The Isc in all devices is very low and this we suspend most likely is due to the high series 

resistance at the Cu/a-Si:H/ITO, Ag/a-Si:H/ITO and Al/a-Si:H/ITO interfaces. This I-V 

characteristic curve in all three samples indicates poor rectifying, bad Schottky junction 

formation and exhibits more of a near ohmic relationship. This may be attributed to fermi level 

pinning activities as a result of the introduction of metal induced gap states (MIGS) into the 

band gap of undoped a-Si:H layer, resulting in a situation where the barrier height in the metal-

semiconductor junction remains unchanged, inspite of the difference in the values of the work 

functions of the metal top contacts [4], as seen on the band diagrams in Appendix 12, page 297. 

The ideality factor (n) has been computed from relationship in Equation 6.0. The Ideality factor 

for all the measured solar cell devices is extracted from the slope of the linear region in forward 

bias, and the value of Io was found by extrapolating the intercept with axis where applied DC 

voltage = 0 from (ln I vsV) plot not shown here. 

I =  I0 e
eV
η kT               [6.0]  

Where, 

• V is the applied Dc voltage = 0.5V. 

• I is the current in the forward direction in mA/cm2. 

• Io is the reverse saturation current in mA/cm2. 

• ȵ is the ideality factor. 

• e is the electron charge in C. 

• k is the Boltzmann constant in Js-1. 

• T is the temperature in Kelvin (K) 

 

In all the tested devices, the ideality is very high which may be due to the formation of native 

oxides at the Cu/a-Si:H/ITO, Ag/a-Si:H/ITO  and Al/a-Si:H/ITO interfaces according to the 

investigations conducted by [6].Secondly, here is presented the electrical properties of Cu/a-

Si:H/ITO, Ag/a-Si:H/ITO  and Al/a-Si:H/FTO-coated-glass is analysed and discussed.  
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Figure 6.6 Schematic structural and the electrical biasing configuration IV measurement of 

undoped Cu/a-Si:H/FTO-coated-glass Schottky junction solar cell. 
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Figure 6.7 I-V characteristic curves of 5 devices on a sample of undoped Cu/a-Si:H/FTO-

coated-glass Schottky junction solar cells. 

 

Table 6.4 Summary of Schottky Solar cell measured Voc.Isc and Io of copper top contact on 

undoped a-Si:H thin film on FTO-coated-glass from IV curve. N/A is not applicable and this 

is indicative of   bad diode behaviour being exhibited by the devices   

 
S/N 

 
Junction 

Open 
circuit 
voltage 
Voc(V) 

Short 
circuit 
current 
Isc(µA) 

Dark 
saturation 

current 
Io(nA) 

Ideality 
Factor             

n 

Rectification 
Ratio RR 

1 Cu/a-Si:H/FTO 0.18 15 303 4.72 N/A 

2 Cu/a-Si:H/FTO 0.18 16.4 447 4.15 N/A 
3 Cu/a-Si:H/FTO 0.15 7.4 438 4.22 N/A 
4 Cu/a-Si:H/FTO 0.17 17 292 4,51 N/A 
5 Cu/a-Si:H/FTO 0.17 9 185 4.01 N/A 
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Figure 6.8 Schematic structural and the electrical biasing configuration IV measurement of 

undoped Ag/a-Si:H/FTO-coated-glass Schottky junction solar cell.         
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Figure 6.9 I-V characteristic curves of 5 devices on sample of undoped Ag/a-Si:H/-FTO-

coated-glass Schottky junction solar cells. 

 
Table 6.5 Summary of Schottky Solar cell Voc.Isc and Io parameters of silver top contact on 

undoped a-Si:H thin film on FTO-coated-glass from I-V curve. All parameters measured are 

not applicable (N/A) since diode behaviour is poor     

 
S/N 

 
    Junction 

Open 
circuit 
voltage 
Voc(V) 

Short 
circuit 
current 
Isc(mA) 

Dark 
saturation 
current 
Io(mA) 

Ideality 
Factor             
n 

Rectification 
Ratio RR 

1 Ag/a-Si:H/FTO N/A N/A N/A N/A N/A 

2 Ag/a-Si:H/FTO N/A N/A N/A N/A N/A 
3 Ag/a-Si:H/FTO N/A N/A N/A N/A N/A 
4 Ag/a-Si:H/FTO N/A N/A N/A N/A N/A 
5 Ag/a-Si:H/FTO N/A N/A N/A N/A N/A 
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Figure 6.10 Schematic structural and the electrical biasing configuration I-V measurement of 

undoped Al/a-Si:H/FTO-coated-glass solar cell Schottky junction solar cell.          
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 Figure 6.11 I-V characteristic curves of 5 devices on a sample of undoped Al/a-Si:H/FTO-

coated glass Schottky junction solar cells. 

 

Table 6.6 Summary of Schottky Solar cell measured Voc.Isc and Io of Aluminium top contact 

on undoped a-Si:H thin film on FTO-coated-glass from I-V curve. N/A is not applicable and 

this is indicative of   bad diode behaviour being exhibited by the devices 

 
S/N 

 
    Junction 

Open 
circuit 
voltage 
Voc(V) 

Short 
circuit 
current 
Isc(µA) 

Dark 
saturation 
current 
Io(µA) 

Ideality 
Factor 
n             

Rectification 
Ratio RR 

1 Al/a-Si:H/FTO 0.03 5 1 5.53    N/A 

2 Al/a-Si:H/FTO 0.01 4 15 6.10    N/A 
3 Al/a-Si:H/FTO 0.01 5 74 5.98    N/A 
4 Al/a-Si:H/FTO 0.01 10 120 7.73    N/A 
5 Al/a-Si:H/FTO 0.01 6 730 7.10    N/A 

 

6.3.2                DISCUSSION OF RESULTS ON FTO-COATED-GLASS 

Tables 6.4, 6.2 and 6.6 presents the results and measurements of the electrical parameters 

extracted from the solar cell I-V characteristics curve of Cu, Ag and Al top contacts 

respectively on FTO-coated-glass. Observation shows, all the solar cells manifest bad 

rectifying property and diode behaviour [6-10]. This poor rectifying solar cell quality is mainly 

due to the unstable nature of FTO as studies from optical emission spectroscopy (OES) [11], 

An extensive work carried out in the aforementioned study [11], establishes  the effects of 

Hydrogen plasma   TCOs’ namely (AZO, FTO and ITO) and their contributions on undoped 
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a-Si:H active layer. The worked carried out by [11] reveals variations in the optical 

transmittance as a result of exposure to H2-plasma and the work further suggests there is a 

reduction in metallic constituent in FTO and ITO. Moreso it was also discovered that a 

discontinuity in the transparent conductive oxide layer, resulting, in increased series resistance 

in the solar cells and reduction in open circuit voltage which is evident from the I-V 

measurements obtained. As mentioned earlier, the formation of native oxides at the Cu/a-

Si:H/FTO, Ag/a-Si:H/FTO and Al/a-Si:H/FTO interfaces is suspected to be responsible for the 

devices exhibiting  non-rectifying behaviour of the solar cell [6]. The band energy diagram 

indicating the band alignment for Cu/a-Si:H/FTO, Ag/a-Si:H/FTO and Al/a-Si:H/FTO 

interfaces are presented in Appendix 13 of this work on page 298. From the band diagram it is 

evident that Cu/a-Si:H/FTO-interface exhibits rectifying behaviour in all tested devices based 

on the difference in the barrier heights at the Cu/a-Si:H and a-Si:H/FTO interfaces which are 

0.77eV and 0.37eV. This clearly shows that a near Schottky junction behaviour is evident at 

the Cu/a-Si:H-interface, due to higher barrier height which results in more band bending (when 

the conduction (Ec) and valence (Ev) bands are a function of the position at because of the 

existence of an electric field inside the material).  

 

Furthermore, the a-Si:H/FTO-coated-glass interface in this case exhibits the ohmic behaviour, 

whilst, the Al/a-Si:H interface displays a non-ohmic or Schottky behaviour if consideration is 

given to the difference in work function and electron affinity. On the next few pages the 

structural configuration, IV characteristic curves and the values obtained from the IV 

measurements of Cu/ a-Si:H/AZO-coated-glass, Ag a-Si:H/AZO-coated-glass and Al/a-

Si:H/AZO-coated-glass is analysed and discussed. Figure 6.12 depicts the structural 

configuration of the solar cell and the electrical behaviour setup. The light source, for 

measuring the electrical behaviour, is also shown as well. 
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Figure 6.12 Schematic structural and the electrical biasing configuration for the I-V 

measurement of undoped Cu/a-Si:H/AZO-coated-glass solar cell Schottky junction solar cell.        
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Figure 6.13 I-V characteristic curves of 5 devices on a sample of undoped Cu/a-Si:H/AZO-

coated-glass Schottky junction solar cells. 

 

Table 6.7 Summary of Schottky Solar cell measured Voc.Isc and Io of Copper top contact on 

undoped a-Si:H thin film on AZO-coated-glass from IV curve. N/A is not applicable and this 

is indicative of   bad diode behaviour being exhibited by the devices 

 
S/N 

 
Junction 

Open 
circuit 
voltage 
Voc(V) 

Short 
circuit 
current 
Isc(µA) 

Dark 
saturation 

current 
Io(nA) 

Ideality 
Factor n 

Rectification 
Ratio RR 

1 Cu/a-Si:H/AZO 0.24 19.9 400 3.35 101 

2 Cu/a-Si:H/AZO 0.20 11.6 3100 5.11 N/A 
3 Cu/a-Si:H/AZO 0.20 12.5 3300 5.21 N/A 
4 Cu/a-Si:H/AZO 0.20 13.5 2840 4.89 N/A 
5 Cu/a-Si:H/AZO 0.20 12.5 3300 5.21 N/A 
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Figure 6.14 Schematic structural and the electrical biasing configuration for the I-V 

measurement of undoped Ag/a-Si:H/AZO-coated-glass Schottky junction solar cell.       
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Figure 6.15 IV characteristic curves of 5 devices on a sample of undoped Ag/a-Si:H-AZO-

coated-glass Schottky junction solar cell.         

 

Table 6.8 Summary of Schottky Solar cell measured Voc.Isc and Io of silver top contact on 

undoped a-Si:H thin film on AZO–coated-glass from IV curve. N/A is not applicable and this 

is indicative of   bad diode behaviour being exhibited by the devices 

 
S/N 

 
    Junction 

Open 
circuit 
voltage 
Voc(V) 

Short 
circuit 
current 
Isc(µA) 

Dark 
saturation 
current 
Io(nA) 

Ideality 
Factor  n            

Rectification 
Ratio RR 

1 Ag/a-Si:H/AZO 0.26 18.1 166 3.96 N/A 

2 Ag/a-Si:H/AZO 0.24 17.2 100 4.48 101 
3 Ag/a-Si:H/AZO 0.26 16.5 100 4.50 N/A 
4 Ag/a-Si:H/AZO 0.25 16.0 100 4.49 101 
5 Ag/a-Si:H/AZO 0.25 20.0 336 4.60 101 

 
 



 
 

180 
 

 
Figure 6.16 Schematic structural and the electrical biasing configuration for the IV 

measurement of undoped Al/a-Si:H/AZO-coated-glass Schottky junction solar cell.  
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Figure 6.17 IV characteristic curves of 5 devices on a sample of undoped Al/A-Si:H/AZO-

Coated-Glass Schottky junction solar cells 

 

Table 6.9 Summary of Schottky Solar cell measured Voc, Isc and Io of Aluminium top contact 

on undoped a-Si:H thin film on AZO –Coated-Glass from IV curve. N/A is not applicable and 

this is indicative of   bad diode behaviour being exhibited by the devices 

 
S/N 

 
    Junction 

Open 
circuit 
voltage 
Voc(V) 

Short 
circuit 
current 
Isc(µA) 

Dark 
saturation 
current 
Io(µA) 

Ideality 
Factor             
n 

Rectification 
Ratio RR 

1 A1/a-Si:H/AZO N/A N/A N/A N/A N/A 

2 A1/a-Si:H/AZO N/A N/A N/A N/A N/A 
3 A1/a-Si:H/AZO N/A N/A N/A N/A N/A 
4 A1/a-Si:H/AZO N/A N/A N/A N/A N/A 
5 A1/a-Si:H/AZO N/A N/A N/A N/A N/A 

 

6.3.3                    DISCUSSION OF RESULTS ON AZO-COATED-GLASS 

The I-V measurement results obtained from the usage of Cu, Ag and Al top contacts on 

undoped a-Si:H-SC  deposited  on  AZO-coated-glass as the bottom contact is  presented on 

Tables 6.7,6.8, and 6.9, also reveal interesting properties with regard to the kind of diode 

behaviour exhibited . In the results, there is no distinct correlation or pattern consistence with 

regard to the Voc and Isc when compared to the earlier results from ITO- and FTO-coated 

glass. Silver and copper both showed some rectifying properties on a-Si:H thin film. Ag 

however, displayed better diode and rectifying behaviour if consideration is given to the 

rectification ratio from the three devices analysed. The most likely reason for this behaviour is 

the ability of Ag metal top contacts to prevent obscuration losses [12-13].  
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Moreover, considering the values of the energy band diagrams in Appendix 14, page 283 and 

the work functions in Table 6.10, for which the work functions of Cu, Ag and Al are 4.7eV, 

4.26 eV and 4.28 eV respectively and the electron affinity of a-Si:H which is 3.93eV as reported 

[14], it will be assumed then that, Al would show some considerable rectifying and diode 

behaviour, since its work function is close to Ag.  

On the contrary, Al only exhibited a near-ohmic and no diode behaviour on all devices tested. 

This action seems to suggest some interface phenomenon between Al metal and undoped a-

Si:H. Additionally, the manifestation of a near–ohmic, non-rectifying behaviour with the 

undoped a-Si:H maybe suggestive of very high series resistance and extremely low shunt at the 

Al/a-Si:H-interface. Although copper top contact inspite of the fact that it has a higher work 

function of 4.7eV would be expected to produce better band bending, however, this seems not 

to be the case as silver, with a lower work function than the other two metals, seems to deliver 

the best rectifying quality amongst the three metallic contacts.   

It can be reasoned that, the differences in work function are not the only phenomenon to be 

considered here and it seems as if fermi level pinning activities has introduced metal induced 

gap states (MIGS) into the band gap of undoped a-Si:H-layer, inspite of the difference in the 

values of the work functions of the metal top contacts [15]. In Al top contacted solar cells, there 

is a remote possibility that, the series resistance is increased between the Al/a-Si:H-interface 

layer culminating in the formation of a non-rectifying junction [15-16]. All these are probably 

the reasons why the diode behaviour in silver top metal contacted solar cell samples is much 

better than the rest. 
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Figure 6.18 The Electrical conductivity of some semiconductors, metals and transparent 

conductive oxide glass, used with permission from [12]. 

 

Table 6.10 The work function of metals used in this work extracted and adapted from [17].  

 
     S/N 

 
Metal 

 
          Work Function(eV) 

1 A1uminium (Al) 4.28 

2 Indium(In) 4.12 
3 Silver (Ag) 4.26 
4 Copper(Cu) 4.70 

 

At this junction and based on the measurements and discussions presented, the choice of AZO-

coated-glass as the preferred substrate is validated as previous reported by others [11]. Indium 

metal was also considered as a top metal contacts.The sole aim is to determine the possibility 

of having a better rectifying and/or Schottky junction interface with undoped a-Si:H.  
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Figure 6.19 Schematic structural and the electrical biasing configuration for the I-V 

measurement of undoped In/a-Si:H/AZO-Coated-Glass Schottky junction solar cell.         
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Figure 6.20 I-V characteristic curves of 5 devices on a sample undoped of In/A-Si:H/AZO-

Coated-Glass Schottky junction solar cell.         

 

Table 6.11 Summary of Schottky Solar cell measured Voc, Isc and Io of Indium top contact on 

undoped a-Si:H thin film on AZO –coated-glass from IV curve. N/A is not applicable and this 

is indicative of   bad diode behaviour being exhibited by the devices 

 
S/N 

 
    Junction 

Open 
circuit 
voltage 
Voc(V) 

Short 
circuit 
current 
Isc(µA) 

Dark 
saturation 
current 
Io(nA) 

Ideality 
Factor  n                

Rectification 
Ratio RR 

1 In/a-Si:H/AZO 0.22 5.5 36      6.25 102 

2 In/a-Si:H/AZO 0.20 5.0 80 6.27 102 
3 In/a-Si:H/AZO 0.22 7.1 40 6.58 102 
4 In/a-Si:H/AZO 0.20 5.1 80      6.61 102 
5 In/a-Si:H/AZO 0.25 6.5 10 6.60 103 

 

6.3.4      DISCUSSION OF RESULTS ON In/a-Si:H/AZO-COATED-GLASS 

From Figure 6.20 and Table 6.11 (In) top metal contact has also exhibited diode and rectifying 

behaviour. The Voc obtained is comparable to that obtained from Ag top contacted devices. 

Observation  of the  Isc for indium top contacted devices is on average two times lower than 

that obtained from silver top contacted devices. This is we suspect is likely due to the slightly 

higher series resistance at the In/a-Si:H-interface in comparison to Ag/a-Si:H-interface.The 

series and shunt resitance values has been computed from the Equations 6.1 and 6.2 according 

to investigations by [17] and the values are presented on Table 6.12. 

ISCRS  = nKT
e

Ln(
�( Ioexp (eVocnkT )−ISC�]

(Io )
)                                    [6.1] 
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Voc
   Rsh

= Isc−Ioexp eVoc
nKT

                                            [6.2] 

Investigations reveals, that a difference in the barrier height determines the extent to which the 

band bends on the semiconductor layer [15]. Inspite of the difference in the barrier height 

shown in Appendix 14 on  page 299 of this work and the work function between silver and 

indium as shown on Table 6.10. The difference in the average rectification ratio in both devices 

is 101 magnitude of order and this is suggestive of the higher shunt resistance with In/a-

Si:H/AZO-coated-glass solar cell devices. Furthermore, there may be the possibility that other 

surface and interface phenomenon and processes may be responsible for the modification and 

the nature of junction (Schottky or Ohmic) formed in these devices [16]. The reverse saturation 

current (Io) for In/a-Si:H/AZO-coated-glass is lower than that of Ag/a-Si:H/AZO-coated-glass 

devices despite the fact that, the Voc on devices fabricated on both samples have an average of 

0.23V ± 0.01. The fill factor and efficiency can then be estimated using the fill factor value 

obtained from Equation 6.3 is then used to compute the efficiencies of the solar cell. 

 

FF      =        
Voc−

KT
e Ln[�𝑒𝑒VOCKT �+0.72]

Voc +
KT
e

                                        [6.3] 

Ƞ        =      FF x Isc x𝑉𝑉𝑜𝑜𝑜𝑜 
Pin 𝐴𝐴𝐶𝐶

                                                       [6.4] 

Where,  

• FF is the Fill Factor. 

• Voc is the open circuit voltage. 

• 
kT
e

  is the Thermal Voltage at equilibrium, here considered = 0.026mV.  

• Ƞ is the efficiency of the solar cell. 

• Isc is the short circuit voltage. 

• Pin is the input power =8.58mW/cm2. 

• Ac is area of solar cell =0.177cm2. 
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Table 6.12 Summary of electrical parameters measured and calculated from IV curve of 

undoped Ag/a-Si:H/AZO-coated-glass Schottky junction solar cell.         

Voc(V) Isc(A) Io(A) n Rsh(KΩ) Rs(Ω) FF Ƞ(%) 

0.26 1.80E-05 1.66E-07 3.96 16.28 15.62 0.04 1.36E-04 
0.24 1.72E-05 1.00E-07 4.48 14.62 10.70 0.02 6.17E-05 
0.26 1.65E-05 1.00E-07 4.50 16.69 15.62 0.04 1.25E-04 
0.25 1.60E-05 1.00E-07 4.49 16.50 13.78 0.03 7.87E-05 
0.25 2.00E-05 3.36E-07 4.60 14.47 15.72 0.03 9.84E-05 

 

Table 6.13 Summary of electrical parameters measured and calculated from IV curve of In/a-

Si:H/AZO-coated-glass Schottky junction solar cell.         

Voc(V) Isc(A) Io(A) n Rsh(KΩ) Rs(Ω) FF Ƞ(%) 

0.22 5.50E-06   3.6E-08 6.25 41.04 18.05 0.02 1.15E-05 
0.20 5.00E-06 8.0E-08 6.27 42.31 17.45 0.01 2.97E-05 
0.22 7.10E-06 4.0E-08 6.58 31.63 18.10 0.02 1.48E-05 
0.20 5.10E-06 8.0E-08  6.61 41.29 17.64 0.01 3.03E-05 
0.25  6.50E-06 1.0E-08 6.60 48.72 19.28 0.03 3.20E-05 

 

A comparison of Table 6.12 and 6.13 shows that the efficiency in silver top metal contacted 

devices is on average 101 order of magnitude higher than indium top metal contacted devices. 

This is due to the difference in the values of short circuit current density which scales directly 

with the generation rate, because, more generated charge carriers within the bulk of the solar 

cell requires that all photons will get absorbed in the solar cell with minimal optical losses [5] 

and [18-19].In Equation 6.5, it is evident that, the short circuit current density is directly related 

to the generation rate.  

                    Jsc=edG                                                       [6.5] 

Where 

• Jsc is the short circuit current density in (mA/cm2). 

• e is the electron charge = 1.6e-19C. 

• G is the generation rate (cm-3s-1). 

• d is absorber layer thickness (nm) of undoped a-Si:H =70nm. 
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Table 6.14: Summary of measured and computed parameters Silver and Indium top contacted  

undoped a-Si:H Schottky junction solar cell on AZO-coated-glass. 

Isc(A)  
of Ag 

Isc(A)  
of In 

Area of 
Solar 

Cell cm2 

Jsc of  
Ag 

(mA/cm2) 

     Jsc of 
       In 
(mA/cm2) 

GL Ag 
(cm-3s-1) 

GL In 
(cm-3s-1) 

1.80E-05 5.50E-06 0.177 1.02E-03 3.11E-04 9.08E+20 2.77E+20 
1.72E-05 5.00E-06 0.177 9.72E-04 2.82E-04 8.68E+20 2.52E+20 
1.65E-05 7.10E-06 0.177 9.32E-04 4.01E-04 8.32E+20 3.58E+20 
1.60E-05 5.10E-06 0.177 9.04E-04 2.88E-04 8.07E+20 2.57E+20 
2.00E-05 6.50E-06 0.177 1.13E-03 3.67E-04 9.98E+20 3.28E+20 

 

 

The data presented above alludes to the fact that the nature and properties of top metal contact 

are vital in the fabrication of the solar cell. Although, the generation rate (amount of electrons 

produced in the material as a result of photon absorption), is a bulk property of the material. It 

can be observed that the generation rates of silver and indium metal top contact on undoped 

amorphous silicon is of the same order magnitude and the generation rate of silver top metal 

contact is more than twice that of indium metal which is attributed to the lower values of Isc 

and Jsc of obtained from In/a-Si:H/AZO solar cell devices. It is worth mentioning here, that 

the charge carrier generation rate for silicon based solar cells is typically 1021cm-3s-

1[19].Therefore, the choice of Ag top metal contact on undoped a-S:H as the preferred metal is 

further strengthen by reported generation rate which is closer to the values reported [19]. The 

type of top metal contact used in the fabrication of solar cells determines to a large extent the 

kind of junction formed in a solar cell and the extent of charge carrier separation and collection 

[20-22]. 

 

 Some preliminary test was conducted using (Ag) top contacts in the fabrication of the SiNWs 

solar cell devices. These SiNWs devices exhibited rectifying and diode behaviour with 

rectification ratios of 102. Unfortunately, indium metal did not exhibit diode behaviour with 

SiNWs, thus, it  is suspected to have been due to surface and interface states within the SiNWs 

arrays, coupled with the possibility of many pores spaces between adjacent SiNWs leading to 

short circuit of the device. Consequently, further investigations was discontinued. In Figure 

6.21, the I-V characteristic curve of five devices on a sample of undoped Ag/SiNWs/AZO-

coated-glass fabricated at 300oC is presented to ascertain the use of Ag metal as the top contact. 
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Figure 6.21 I-V characteristic curves of 5 devices on samples of undoped Ag/SiNWs/AZO-

coated-glass Schottky junction solar cell deposited by PECVD at 300oC, 5W, 900mtorr with a 

gas flow rate of 100:20 hydrogen to silane for 30minutes. 
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Table 6.15: Summary of measured and computed parameters of Ag/SiNWs /AZO-coated-

glass Schottky junction solar cell.  

Voc(V) Isc(A) Io(A)         
n Rsh(KΩ) Rs(Ω) GL 

(cm-3s-1) FF Ƞ(%) 

0.44 1.80E-05 1.00E-07 7.9 25.66 16.34 3.35E+20 0.28 1.46E-03 
0.43 1.84E-05 1.20E-07 8.5 24.49 16.55 3.42E+20 0.27 1.39E-03 
0.43 1.84E-05 1.70E-07 8.0 25.21 15.92 3.42E+20 0.27 1.39E-03 
0.42 1.70E-05 1.63E-07 8.0 26.63 16.03 3.16E+20 0.26 1.20E-03 
0.42 1.76E-05 1.50E-07 8.4 25.34 16.34 3.27E+20 0.26 1.24E-03 

 

A comparison of the efficiencies obtained in Ag/a-Si:H/AZO  and Ag/SiNWs/AZO solar cells 

on Table 6.12 and 6.15 gives a clear indication of the ability of SiNWs to produce higher  

energy conversion efficiency based on photon-nanowire interaction as a result of optical 

coupling with SiNWs and enhanced light trapping capability [21]. Furthermore, it is observed 

that higher values of Voc which scales directly with the FF is obtained from I-V measurements. 

The generation rate on both devices are the same and this is expected given that there are no 

significant changes in the values of the Isc. Although, the ideality factor in SiNWs is higher 

compared to undoped a-Si:H this may be as a result of accelerated recombination processes of 

electrons and hole as a result of the geometry and orientation of nanowires. Additionally, the 

presence of a tunnelling current at the Ag/SiNWs-interface can also be responsible for the high 

values reported of the ideality factor [22-23]. The values of the series resistances in SiNWs are 

higher than undoped a-Si:H. This is most likely due to the interface created by the Sn-metal 

caps residue at the top of the nanowires after growth. As a result, additional resistance is 

increased between the top contact and the SiNWs surfaces [24].With this preliminary test and 

measurements, the structural, optical, electrical and charge transport properties in SiNWs 

fabricated between 200oC-400oC are investigated.  

 

6.4   EFFECTS OF DEPOSITION PARAMETERS ON SILICON NANOWIRE     

GROWTH 

This section presents a brief description of the way in which the deposition conditions impact 

the morphology (shape, size, density and orientation) of SiNWs. The major emphasis is placed 

on the effects of temperature on the morphology, electrical parameters and ultimately the 

charge carrier lifetime and mobility. 
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6.4.1            METAL CATALYST DEPOSITION IN SILICON NANOWIRE 

In order to fully understand the behaviour of SiNW-SCs with a view to optimising the carrier 

mobility and lifetime, the first step is to conduct a proper investigation into the structural 

properties of the nanowires. As mentioned in Chapter 4, the geometry of the nanowire and 

interface states makes a large contribution to the charge carrier transport in the material. The 

structure is the foundation upon which the solar cell is fabricated. The VLS bottom-up approach 

has been adopted for this research work. The analysis and study of the factors of key parameters 

relevant to the SiNW-SC fabrication is discussed in subsequent sections.   

.   

 
Figure 6.22 SEM images of tin metal catalyst with a mass thickness of 5nm thermally 

evaporated on AZO-coated glass before H-plasma treatment.  

 

The catalyst determines how the growth of the nanowires will be defined in terms of the 

orientation. For well-defined proper growth of nanowires, the wettability of the catalyst is a 

prime factor; this is the tendency of the metal catalyst droplets to form spheres [22-25]. This is 

also a function of the surface tension, i.e. the ability of the droplets to hold together. Most 

catalysts are highly unstable during the growth of nanowires. There is always a trade-off 

between stability and thermal equilibrium attainment within the process. Matching the inflow 

of silicon atoms from the precursor gas to the condensation of silicon atoms is key for the 

growth of nanowires. The complete loss of the metal catalyst during the hydrogen plasma 

treatment and growth process leads to tapered growth of the nanowires and also parasitic 

deposition of silicon by burying the catalyst underneath an undoped a-Si:H layer [26]. During 

the course of annealing, larger droplets will swallow up smaller droplets, due to the reduced 

volume surface ratio of more energetic large droplets.  
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In spite of the morphology of the metal catalyst, SiNWs in general always tend to have a rod-

like, spring-like, pasta- or worm-like overall cylindrical shape. This is attributed to the contact 

area of the SiNW droplets, coupled with the surface tension and the catalyst. The unstable 

property of the catalyst tends to make the droplets form a spherical shape by pulling the surface 

atoms or molecules inwards to minimise the surface area. The metal catalyst plays a significant 

role in the morphology and growth direction of the nanowires. The rectilinearity or otherwise 

is a function of the catalyst morphology. This can be seen from images of the effects of 

temperature on nanowire growth in section 6.4.7 of this chapter 

6.4.2         EFFECT OF RF POWER-ON SILICON NANOWIRE GROWTH  

The effect of the RF power on the fabrication of SiNWs has been reported in several studies.  

An increase in RF power will enhance the dissociation of the precursor gas, in this case silane 

(SiH4) gas and hydrogen (H2) into its reactive and constituent species. However, there is a 

demerit in increasing the power too high during the growth of SiNWs, possibly because the 

catalytic effect is stopped and the nanowire growth is suppressed [27]. It has been reported that 

increasing RF power in the growth of nanowires leads to a corresponding growth in the 

diameter of the nanowires and in some instances the length [27-30]. It can be inferred that the 

RF power affects the uniformity and the length in the diameter of the SiNWs formed during 

the growth process [27]. In this work, we maintained a constant RF power of 5W throughout 

the experiment for all nine samples and only the temperature was varied, as seen in Chapter 4, 

Table 4.3.  

 

6.4.3       EFFECT OF RF POWER DENSITY ON SILICON NANOWIRE GROWTH 

It is worth mentioning that an increase in the RF power correspondingly increases the energy 

and density associated with the ions contained in the plasma. The major impact on the system 

is an enhancement of the concentration of dissociated silane (SiH4) molecules within the 

PECVD chamber. Increasing the RF power density results in the formation of thicker SiNWs 

in the PECVD process, according to findings by [30]. Furthermore, it has been reported that an 

increase in the power density experiment performed to grow SiNWs increases the rate of 

growth, such that the nanowire length increases by five times when the power density is ramped 

up from 5mW/cm2 to 55mW/cm2, as reported in the PhD thesis of [11]. The reason adduced 

for this, is that due to the increased concentration of silane radicals (SiHX) in plasma, the 

adsorption of silicon by the metal catalyst is improved. In this work, the RF power density was 

maintained constant at 11mW/cm2 for all nine fabrication temperature values. 
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6.4.4       EFFECT OF GAS FLOW RATE ON SILICON NANOWIRE GROWTH 

In this work we maintained a constant gas flow rate, as shown in Table 4.3 of Chapter 4. 

However, the growth rate of SiNWs increases with increases in the gas flow rate. This is 

suggestive of more dissociated silane radicals (SiHx) within the plasma system, leading to faster 

precipitation and improved absorption of silicon. A low flow rate leads to lower catalytic 

effects, thus, covering the nanowires with a blanket of amorphous silicon [30]. A correlation 

between higher precursor gas flow rates and the feed species is reported in SiNWs grown from 

tin catalyst [31].                  

 

6.4.5    EFFECT OF DEPOSITION TIME ON SILICON NANOWIRE GROWTH   

Many have reported that in the growth of SiNWs, the deposition time is directly related to the 

length of the SiNWs grown. This is evident from the images of the SiNWs obtained through 

SEM characterisation [32-34]. The growth time enhances the wire-wire contact densities. 

Moreover, the efficient nucleation and incubation of nanowires proceeds as the growth time is 

increased, since more silicon from the dissociation of the precursor gas diffuses into the metal 

catalyst, leading to an increase in the wire length [35-37].  

 

 

Figure 6.23 SEM images of sparsely grown Silicon Nanowires due to the effects of insufficient 

growth time. The incubation time for the activation of catalyst particle was too short.  
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6.4.6   EFFECT OF CHAMBER PRESSURE ON SILICON NANOWIRE GROWTH      

This is a vital and crucial parameter that can used to control the morphology of SiNWs by 

PECVD technique. An increase in the pressure results in elongated and vertically oriented 

SiNWs with less twisting or kinked orientation [11]. It is crucial to obtain less twisted wires as 

they seem to possess more defect states, making them unsuitable for solar cell fabrication and 

affecting the electrical and charge carrier properties of the device. Conversely, it is important 

to obtain dense nanowires so as to be able to trap light. Thus, a balance is required between 

elongated straight wires and dense nanowires [38]. In this thesis, we maintained a constant 

chamber pressure of 900 mtorr because at a lower pressure of 600mtorr, SiNWs are denser and 

really twisted when compared to the nanowires grown at 900mtorr, as seen in the SEM images 

in Figures 6.24 and 6.25. Additionally, at low pressures, the ion energy of the reactive species 

is high, leading to more SiHx radicals being generated, causing the metal catalyst to absorb 

more silicon atoms. This result in speedy precipitation and less time to obtain a uniform 

stacking of silicon atoms, which also leads to amorphous SiNWs growth [39].Although, the 

growth rate is a function of the chamber pressure, however, as chamber pressure is increased, 

the SiNWs length increases as a result of  elongation process of  formation in SiNWs arrays as 

a whole. 

 
Figure 6.24: Silicon nanowires grown at 600 mtorr for 30 minutes at RF power of 5W, 

temperature of 300OC with hydrogen to silane flow rate of 100:20 using PECVD technique on 

AZO-coated glass. Nanowires have shorter and more kinked lengths.  
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Figure 6.25 Silicon nanowires grown at 900 mtorr for 30 minutes at RF power of 5W, 

temperature of 300oC with hydrogen to silane flow rate of 100:20 using PECVD technique, on 

AZO-coated glass. The images show more elongated and denser nanowires. 

 

                 
Figure 6.26: Effect of chamber pressure on the electrical behaviour based on I-V measurement 

of undoped SiNWs Schottky junction solar cell with silver top contact at fabricated 300oC for 

30 minutes at gas flow rate 100:20sccm at a RF power of 5W.At a pressure of 900mTorr better 

rectifying property of the solar cell is observed and the Voc is increased at fairly constant Isc. 
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6.4.7    EFFECT OF FABRICATION TEMPERATURE ON THE GROWTH OF  
SILICON NANOWIRES 

This section presents some explanations of the effects of fabrication temperature on the growth 

of SiNWs for solar cell applications. In chapter 1, part of the aim of this work was to optimise 

charge carrier transport parameters, namely mobility and carrier lifetime, with respect to the 

fabrication temperature. The fabrication temperature, just like many other growth parameters, 

is crucial to the VLS growth of SiNWs. This factor is important because it is the process 

parameter affecting the catalytic effects with regard to H-plasma annealing during nanowire 

growth. As stated in the table presented in Figures 4.2 and 4.3 of Chapter 4, a constant 

fabrication temperature of 300oC has been maintained for Hydrogen plasma treatment for all 

nine samples fabricated within the range of 200oC ≤ T ≤ 4000C at 25oC incremental intervals. 

It has been reported in numerous studies that SiNWs or nanowires in general will only grow 

above the eutectic temperature of the metal catalyst with silicon [40-44]. Tin catalyst used in 

this work has the eutectic temperature of 232oC. Thus, it is expected that this will favour the 

adsorption, nucleation and precipitation of silicon atoms, for the growth of SiNWs at 

fabrication temperatures lower than 300oC [45].   

Irrespective of the incorporated catalyst within the nanowires and the vaporisation of the 

catalyst, there is a linear correlation between the growth of nanowires and the availability of 

the metal catalyst. Nanowires only terminate when there is no more catalyst available at the tip 

of the nanowire. SEM images of the nanowires grown in this work are presented below. The 

fabrication temperature has a significant impact on the crystallinity and morphology of SiNWs, 

as reported in several studies [37], [44-45]. In this section, the SEM images of the SiNWs 

grown at nine different fabrication temperatures presented in Table 4.3 of Chapter 4 are 

discussed. The SiNWs are grown on AZO-coated glass substrates.  
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Figure 6.27 SEM images of SiNWs with no pronounced growth at 900 mtorr for 30 minutes at 

RF power of 5W, at fabrication temperatures of 2000C and 2250C as seen on the left and right 

respectively with hydrogen to Silane flow rate of 100:20 using PECVD on AZO-coated glass. 

 

In SiNWs with fabrication temperatures lower than the eutectic temperature of 2320C of the 

Sn-Si two metal alloy catalysts, that is, at 2000C and 2250C, no profound SiNW growth is 

observed as seen in Figure 6.27. The white patches shown are that of the Sn metal catalyst caps 

that did not undergo precipitation, because, of the low temperature. Although in SiNWs at 

2250C it seems and looks like the start of nucleation and precipitation of SiNW growth, no 

significant growth is observable. This apparent phenomenon may be due to the high chamber 

pressure of the plasma which may have caused some kinetic enrichment of the metal catalyst 

to precipitate the growth of SiNWs [46].    
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Figure 6.28: SEM images of silicon nanowires grown at 900 mtorr for 30 minutes at RF power 

of 5W, at fabrication temperatures of 2500C and 2750C as seen on the left and right respectively 

with hydrogen to silane flow rate of 100:20 using PECVD on AZO-coated glass. 

 

In Figure 6.28, a slight variation can be noticed, especially at 2500C, where there is no 

significant SiNW growth, in spite of the fabrication temperature being slightly higher than the 

eutectic temperature of Tin-Silicon (Sn-Si) two components is formed, i.e. 2320C. A probable 

reason for this is the  inability of  the catalyst to supersaturate silicon needed in the formation 

of SiNWs due to insufficient  thermal energy  even though the fabrication temperature seems 

to be higher than 2320C [32]. 

 

Another reason may be the overwhelming deposition of undoped a-Si:H layer on the catalyst 

needed to precipitate SiNWs. At 2750C, very dense nanowires are noticeable, which is 

suspected to be the result of insufficient temperature needed to precipitate more nanowires 

from the silicon dissolving in the metal catalyst. 
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Figure 6.29: SEM images of silicon nanowires grown at 900mtorr for 30minutes at RF power 

of 5W, at fabrication temperatures of 3000C and 3250C as seen on the left and right respectively 

with hydrogen to silane flow rate of 100:20 using PECVD technique, on AZO-coated glass.      

 

At fabrication temperatures of 3000C and 3250C as seen in Figure 6.29 above, observations 

spaghetti and needle-like SiNWs can be seen to be formed. Although the SiNWs are not 

vertically oriented as would have been expected due to high chamber pressure of 900mTorr. 

Therefore, the formation of this well ordered SiNWs is suspected to be as a result of high 

concentration of hydrogen at the temperatures will improves SiNWs passivation. The image 

reveals spaghetti or worm-like and kinked in SiNWs. A distinguishing feature between them 

is the fact that the SiNWs formed at 3000C are more elongated and less dense than those formed 

at 3250C.     
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Figure 6.30 SEM images of silicon nanowires grown at 900mtorr for 30minutes at RF power 

of 5W, at fabrication temperatures of 3500C and 3750C as seen on the left and right respectively, 

with hydrogen to silane flow rate of 100:20 using PECVD technique, on AZO-coated-glass. 

 

Silicon nanowires grown at fabrication temperatures of 3500C and 3750C have a dense 

formation. At 3500C, the nanowires appear dense and kinked. White patches seem to suggest 

Sn metal formation caps that have not been catalysed into nanowires. As such, this has 

culminated in the formation of unevenly grown and oriented SiNWs. It is expected that as the 

fabrication temperature increases, SiNWs growth will increase.  

 

However, at a fabrication temperature of 3750C, SiNWs exhibit a sturdy orientation and rice-

like apparent uniform SiNWs morphology mainly composed of very short SiNWs. This 

abnormality may have been due to errors which may have arisen from the sample preparation 

process such as, substrate cleaning. It is further suspected that as a result of incomplete 

precipitation of SiNWs during the synthesis stage likely because, some metal catalyst was 

etched away during hydrogen plasma pre-treatment at the start of the deposition process to 

remove oxides of Sn metal catalyst. 
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Figure 6.31 SEM images of silicon nanowires grown at 900 mtorr for 30 minutes at RF power 

of 5W, at fabrication temperatures of 4000C with hydrogen to silane flow rate of 100:20 using 

PECVD technique, on AZO-coated glass. 

 

Silicon nanowires grown at a deposition temperature of 4000C produced elongated and sparsely 

distributed SiNWs. This is anticipated because at high deposition temperatures, the crystallinity 

is expected to increase. Several investigations have reported curly looking and straight 

orientated SiNWs at high deposition temperatures, most likely accompanied with amorphous 

silicon footprints. At high fabrication temperatures, it is expected that the crystallinity of the 

semiconductors will be much improved just as in thin-film semiconductors. However, in this 

work, based on observations from the SEM images in Figures 6.30 and 6.31, this is not the 

case, as uncatalysed deposition of silicon may have taken place on the sidewalls of the SiNWs 

and the AZO-coated glass. This has resulted in stunted growth and poor orientation of the 

SiNWs. 

 

6.4.8            EFFECT OF FABICATION TEMPERATURE ON SILICON NANOWIRE      

SOLAR CELL ELECTRICAL PARAMETERS 

With respect to the aims of this work, stated in chapter 1 section 1.3.1, current-voltage (IV) 

measurements have been carried out on no less than fifteen devices at each of the nine 

fabrication temperatures. This was done with the goal of understanding the effects of the 

fabrication temperature on the electrical properties of the solar cells.  
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For the purpose of the analysis, the best solar cell at each fabrication temperature is selected in 

other to understand the relationship between the SiNWs crystallinity and the electrical 

properties, occasioned by the changes in these temperatures. 

 

     
Figure 6.32 I-V characteristic curves of 2 Schottky junction solar cells having a silver-top 

contact on undoped SiNWs deposited by PECVD method at fabrication temperatures of 200oC 

and 225oC at 5W, 900 mtorr with a gas flow rate of 100:20 hydrogen to silane for 30 minutes. 

 

From the I-V curves in Figure 6.32 that the SiNW-SC exhibit very poor and bad rectifying 

characteristics. This is suspected to be due to the very thin layer of undoped a-Si:H separating 

the Ag top contact and the AZO-coated-glass layer resulting in a short circuiting between the 

top and bottom contact. Thus, this has a created a path of least resistance for the injected current 

flow. This is perhaps due to the lack of formation of SiNWs since the deposition temperatures 

are lower than the eutectic temperature of the Sn catalyst necessary for the precipitation of 

SiNW growth. As such, the formation of a very thin undoped a-Si:H absorber layer mixed with 

the Sn metal catalyst is evident as seen in the SEM images in Figure 6.27 at both deposition 

temperatures.  
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Figure 6.33 I-V characteristic curves of 2 Schottky junction solar cells having a silver-top 

contact on undoped SiNWs deposited by PECVD method at a fabrication temperature of 250oC 

and 275oC  at 5W, 900 mtorr with a gas flow rate of 100:20 hydrogen to silane for 30 minutes. 

 

In Figure 6.33, the I-V characteristics curve at these deposition temperatures seems to suggest 

low shunt resistance evident from the values of the dark saturation currents. At a deposition 

temperature of 250oC, there also appears to be short circuiting of the top and bottom contacts. 

This can be due to Sn metal catalyst formation along the periphery of the SiNWs and some 

pore spaces with the bottom contact. On the other hand, at a deposition temperature of 275oC, 

it is apparent from the SEM images in Figure 6.27 that the orientation and interface properties 

of the SiNWs are responsible for the poor electrical behaviour of the solar cell, also occasioned 

by short circuiting within the device. Even though, in both devices, there is an open-circuit 

voltage of 0.3 and 0.42 V respectively, the rectifying properties of the solar cells are poor given 

that the asymmetry of the curves is higher at the second quadrant of the IV characteristics and 

a rectification ratio is virtually absent.  
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Figure 6.34 I-V characteristic curves of 2 Schottky junction solar cells having a silver-top 

contact on undoped SiNWs deposited by PECVD method at deposition temperatures of 300oC 

and 325oC at 5W, 900 mtorr with a gas flow rate of 100:20 hydrogen to silane for 30 minutes. 

 

The devices depicted from the I-V characteristics in Figure 6.34 exhibit some reasonable 

rectification properties. This is anticipated, because both deposition temperatures are far above 

the eutectic temperature of the Sn metal catalyst which is needed to facilitate the growth of 

SiNWs. Additionally, there appears to be enhanced hydrogen passivation at these moderate 

temperatures, thereby culminating in better rectifying and electrical properties of the device. 

This is evident in the low values of dark saturation current in both devices, coupled with both 

solar cells having an average open circuit voltage of 0.45V and an average rectification ratio 

of about 103.  
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Figure 6.35 I-V characteristic curves of 2 Schottky junction solar cells having a silver-top 

contact on undoped SiNWs deposited by PECVD method at fabrication temperatures of 350oC 

and 375oC at 5W, 900 mtorr with a gas flow rate of 100:20 hydrogen to silane for 30 minutes 

 

From the I-V curves of the solar cells presented in Figure 6.36, it can be seen that both solar 

cells exhibit rectifying properties. Although the open-circuit voltage drops by about 0.15V 

compared to the solar cells in Figure 6.35, this is most likely due to lower hydrogen 

concentration within the PECVD system as the deposition temperature increases, thereby 

reducing the process of hydrogen passivation in the devices. The short circuit current is much 

higher. 

 
Figure 6.36 I-V characteristic curves of a Schottky junction solar cell having a silver-top 

contact on undoped SiNWs deposited by PECVD method at a temperature of 400oC at 5W, 

900mtorr with a gas flow rate of 100:20 hydrogen to silane for 30 minutes. 
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Table 6.16 Extracted photovoltaic electrical parameters from the I-V measurements of 

Schottky junction Ag/SiNWs-SC/AZO-coated-glass with respect to fabrication temperature.  

 
Fabrication   

Temperature 
TOC 

 
Open circuit 

voltage 
 Voc(V) 

 

 
Short 
circuit 
Isc(µA) 

               

 
Dark 

saturation  
Current 
Io(nA) 

 
Rectification 

Ratio 
RR 

200 N/A N/A N/A N/A 
225 N/A N/A N/A N/A 
250 0.2 8 N/A N/A 
275 0.42 0.5 N/A N/A 
300 0.44 18 100 102 

325 0.48 2.5 8 103 
350 0.3 9.0 100 102 
375 0.3 10 10 102 
400 0.24 7 5 103 

 

The value obtained from the I-V characteristic curve measurements displayed on table 6.15, is 

used to plot the trend lines between each parameter with respect to the fabrication temperature 

of the SiNWs. It is evident that, there is no significant silicon nanowire growth at 200oC and 

225oC, thus, the electrical parameters is not considered for analysis. The I-V characteristic 

curves indicate poor rectifying and diode behaviour.  

 

The rectifying and diode behaviour between 250oC and 275oC is poorly formed, given the 

asymmetric nature of the I-V curve in which the forward current at dark and light should be 

slightly higher in first quadrant as opposed to the second quadrant being higher as seen on the 

semilog plot. Thus, the Voc within the range of 250oC to 275oC is not considered for analysis. 

Not applicable (N/A) is written on both columns corresponding to these data points, as such, 

the fabrication temperatures are not considered in the analysis due to the impracticality of 

values obtained. 



 
 

207 
 

 
Figure 6.37 Scatter graph with hand fitted curve depicting how the open circuit voltage (Voc) 

varies with the fabrication temperature in undoped Schottky junction Ag/SiNWs/AZO-coated-

glass. Two outlier points in red circular border around the data points are noticeable at 3000C 

and 3750C due to experimental error. 

 

Variation of the open-circuit voltage (Voc) of Ag/SiNWs/AZO-coated-glass solar cell devices 

with the fabrication temperature (ToC) is displayed in Figure 6.37. A sharp exponential 

decrease in the Voc from 3250C to 4000C is clearly evident because, at higher fabrication 

temperatures in the PECVD system, the hydrogen concentration reduces resulting in less 

passivation of SiNWs leading to a widening in the band gap of SiNWs. Furthermore, physics 

of semiconductor informs us that, as the  absolute temperature is increased, there is a reduction 

in Voc and in most cases is due to an increase in the inter-atomic spacing between the 

semiconductor materials  and in this case SiNWs [18].   
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Figure 6.38 Scatter graph with hand fitted curve depicting how the short circuit (Isc) varies 

with the fabrication temperature in undoped Schottky junction Ag/SiNWs/AZO-coated-glass. 

Two outlier points in red circular border are noticeable around the data points at 3250C and 

3750C due to experimental error. 

  

The Isc within the range of 250oC to 275oC is not considered here as the devices exhibited poor 

diode behaviour as seen on the I-V characteristic curve in Figure 6.33. In Figure 6.38, the hand 

drawn fit curve shows an approximate steady decrease in Isc from 300oC to 400oC is noticeable 

and this is suspected also to be as a result of reduced hydrogen passivation in the PECVD 

chamber during the synthesis of SiNWs. So also, this decrease in Isc observed from the Figure 

6.38 may perhaps be due to surface and interface phenomenon in SiNWs. The synthesised 

SiNWs at these fabrication temperatures appears to exhibit a-Si:H phase [46].This is also 

confirmed by the diffraction patterns shown by X-ray diffraction (XRD) measurements in 

Figure 6.40.  
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Figure 6.39 Scatter graph with hand fitted curve depicting how the short circuit (Io) varies with 

the fabrication temperature in undoped Schottky junction Ag/SiNWs/AZO-coated-glass. Two 

outlier points in red circular border are noticeable around the data points at 3250C and 3500C 

due to experimental error. 

 

Generally, the dark saturation current (IO) in a solar cell is a current that is independent of the 

reverse voltage, but, principally a function of the charge carrier diffusion to the depletion or 

space region from the neutral region within the device [15-16].From Figure 6.39, we observe 

an exponential decreasing trend in the value of (Io) at fabrication temperatures >3000C. This is 

suspected to be due to reduced hydrogen passivation at higher temperatures which is 

characteristic of plasma deposition process and also as a result of increased recombination 

activities occurring occasioned by the surface interface effects in SiNWs arrays, resulting in 

uneven sparely distributed SiNWs formation.  

 

Additionally, physics of solar cells makes us understand that, an increase in recombination 

currents which scales directly with dark saturation currents results in a decrease in the Voc 

produced by the solar cell [17]. Hence, the trend observed here appears to validate this theory 

as the Voc reduces due to increased recombination activities with increased fabrication 

temperature in SiNWs. 
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6.5       STRUCTURAL INVESTIGATION OF SILICON NANOWIRES BY XRD 

In twentieth-century scientific investigations of solids, powders, liquids, thin films etc. X-ray 

diffraction measurements have become a versatile characterisation tool for gaining an 

understanding of the crystallinity of these materials such as amorphous, crystalline and 

polycrystalline silicon and SiNWs. In order to gain and ascertain the crystalline structure of the 

devices fabricated, a-Si:H thin films and SiNWs have been deposited and grown on ordinary 

corning glass substrate respectively.  

The crystallinity of these materials is determined by using a Bunker D2 Phaser XRD machine 

mentioned in section 5.2.6 of this work. The deposited amorphous film and SiNWs are 

determined from a monochromatic source of Cu kα (λ =1.54 Å) radiation. This equipment has 

a 1-D Lynexe detector having a resolution angle of ±0.02° used to scan the samples. As seen 

in Figure 6.40, the diffraction spectra formed by a-Si:H and SiNWs are plotted on the same 

graph, for the purpose of comparison. The diffraction pattern obtained for both materials 

indicates only amorphous silicon broadening taking place. The absence of visible pronounced 

crystalline silicon sharp peaks is based on the way the equipment is calibrated and configured. 

It is reasoned that there is the possibility that multiple reflection interactions from the surface 

of the wires are occurring, resulting in an inaccurate data compared with what has been reported 

by several researchers [47-49].  

An alternate solution is already in the pipeline to get the right equipment calibrated and 

configured to obtain the right XRD measurements for all the nine samples. The diffraction 

pattern of SiNWs and undoped a-Si:H at a growth temperature of 3250C is only compared here 

for this reason. Finally, the effect of fabrication temperature on the structural properties of the 

SiNWs has been analysed and presented. It is expected that the crystallinity will improve with 

increases in the fabrication temperature. However, what is noticeable is the fact that at certain 

fabrication temperatures, the growth of SiNWs is more pronounced than at other temperatures, 

reflected in the changes in the values of the band gap evidenced in Table 7.1 of Chapter 7 in 

this work. 
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Figure 6.40 The XRD patterns of undoped hydrogenated amorphous thin film and undoped 

silicon nanowire measured in this work is compared. 
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Table 6.17 A summary of the orientation, density and geometry/shape of silicon nanowires 

based on the micrographs from SEM images in this work. 

 
Fabrication   

Temperature 
TOC 

 
Silicon Nanowire 

Orientation 

 
Silicon  

Nanowire 
Density 

 
Silicon 

Nanowire 
Geometry and 

Shape 
200 N/A a-Si:H Thin 

Film present 
N/A 

225 N/A a-Si:H Thin 
Film present 

N/A 

250 Horizontal Less dense  Single isolated 
strand 

cylindrical like  
275 Random and  acute-angled 

to AZO-coated-glass  
Very dense Cylindrical and 

spaghetti like 
300 Random , kinked and acute-

angled  to AZO-coated-
glass  

Less dense 
and sparsely 

spaced 

Cylindrical and 
spaghetti like 

325 Random, elongated and  
acute angled to AZO-

coated-glass  

Very dense Cylindrical, 
spaghetti and 
needle like 

350 Random , short and tilted at 
an acute angle  to AZO-
coated-glass substrate 

Very dense Cylindrical and 
spaghetti like 

375 Random Short and acute 
angled to AZO-coated-glass  

Very dense Cylindrical, 
stunted and rice 

like 
400 Random small and few 

vertically elongated  and 
titled at an angled to AZO-

coated-glass  

Less dense 
and sparsely 

spaced 

Cylindrical, 
curly and 

spaghetti like 
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                                                           CHAPTER 7 

7.0          OPTICAL PROPERTIES OF SILICON NANOWIRE SOLAR CELLS 

The major bottleneck of thin film materials for use as an energy harvesting and conversion 

platform is the challenge of how thick or thin the absorber layer should be in order to absorb 

the entire light spectrum. Texturing the transparent conducting oxide upon which the absorber 

layer is deposited has been the way around this challenge for many years [1]. Nanowires, on 

the other hand, made from a microscopic array of light-absorbing objects with outstanding 

optical absorption properties have motivated the use of this structure in the fabrication of solar 

cells. Absorption behaviour in nanowires and solar cells in general is predicated upon the 

excitation of electrons from the valence band to the conduction band within the material when 

a photon of light is incident on the material. An absorption characteristic of a material provides 

information which is helpful in deducing the band gap of the material. In this section, the results 

of UV-Vis measurements obtained from SiNW samples and undoped a-Si:H samples are 

compared in this chapter at nine deposition conditions. The major parameter of interest 

determined using this characterisation tool is the optical band gap of the material. Furthermore, 

the correlational effects between the optical band gap, the fabrication temperature, open-circuit 

voltage and short-circuit currents of the SiNWs are investigated. A Thermo scientific Evolution 

350 UV-Vis Spectrophotometer was used in this work to measure and collect all the 

measurements of these materials. Two associated graphs were obtained from the data collected, 

i.e., the transmittance versus wavelength graph and the Tauc plots. A comparison of each result 

at each fabrication temperature was tabulated and analysed. The plots for each set of samples 

are hereby presented in sections 7.1 and 7.2. The Tauc plot is used in determining the optical 

band gap of the active layer of the solar cell. This shows the product of the square of absorption 

coefficient (αhυ)1/2on the Y-axis against the photon energy (hυ) on the X-axis. An 

extrapolation of linear region is drawn on the absorption edge of the Tauc plot and the 

intersection point on the X-axis translates to the band gap of the active layer. When performing 

this measurement for silicon based thin films and SiNWs, these materials are deposited on 

corning (7059) glass because, if silicon wafers are used, the contribution of silicon from the 

wafers will affect the measurements obtained. Additionally, due to the large band gap of glass, 

the values obtained are the band gap of the film or SiNWs which is much lower than glass.[3-

4]. At a fabrication temperature of 200oC, no visible pronounced SiNWs growth are evident, 

hence, that data values obtained at this fabrication temperature was not considered in band gap 

analysis.  
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Figure 7.0 Plot of (a) Transmittance Vs Wavelength. (b)√αhv Vs Photon energy of undoped 

SiNWs and undoped a-Si:H thin film are compared at deposition temperature of 225oC. 

          

                                         
Figure 7.1: Plot of (a) Transmittance Vs Wavelength. (b)√αhv Vs Photon energy of undoped 

SiNWs and undoped a-Si:H thin film are compared at deposition temperature of 250oC 

 

                                                    
Figure 7.2: Plot of (a) Transmittance vs Wavelength. (b)√αhv Vs Photon energy of undoped 

SiNWs and undoped a-Si:H thin film are compared at deposition temperature of 275oC. 
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Figure 7.3: Plot of (a) Transmittance vs Wavelength (b) √αhv Vs Photon energy of undoped 

SiNWs and undoped a-Si:H thin film are compared at deposition temperature of 300oC. 

 

                                     
Figure 7.4: Plot of (a) Transmittance vs Wavelength (b) √αhv Vs Photon energy of undoped 

SiNWs and undoped a-Si:H thin film are compared at deposition temperature of 325oC. 

 

                                            
Figure 7.5: Plot of (a) Transmittance vs Wavelength (b) √αhv vs Photon energy of undoped 

SiNWs and undoped a-Si:H thin film are compared at deposition temperature of 350oC. 
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Figure 7.6: Plot of (a) Transmittance vs Wavelength (b) √αhv vs Photon energy of undoped 

SiNWs and undoped a-Si:H thin film are compared at deposition temperature of 375oC. 

 

                                   
Figure 7.7: Plot of (a) Transmittance vs Wavelength (b) √αhv vs Photon energy of undoped 

SiNWs and undoped a-Si:H thin film are compared at deposition temperature of 400oC. 

7.1         DISCUSSION ON THE OPTICAL ABSORPTION OF SiNWs 

It has been established that glass absorbs UV light between the ranges of 190nm-320nm [1]. 

However, in SiNWs as shown in Figure 7.0 and 7.1 respectively, the optical absorption between 

the ranges of 225oC and 250oC appear to only absorb light just up to 600nm within the UV 

range and begins to transmit light 100% entire spectrum. This perhaps is expected, giving the 

absence of no pronounced growth of SiNW’s at both fabrication temperatures. At 275oC and 

300oC as shown in Figure 7.2 and 7.3 above, SiNWs starts to absorb light up to 600nm and 

620nm respectively within the UV entire spectrum, because, under visible light, SiNW’s 

displays a darker surface translating to low reflectance in the nanowire [4]. The light begins to 

get transmitted at these wavelengths from 70%, Furthermore, the higher transmission levels 

reached by the SiNWs compared to a-Si:H  is suspected to be due to the lower coverage of  

SiNWs compared to the much higher coverage of continuous a:Si:H films over the nanowires.  
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Observations of the optical absorption property of SiNW at 325oC and 350oC in Figure 7.4 and 

7.5 respectively, shows the SiNW’s are able to absorb light up to about 600nm and 650nm 

respectively within the UV entire range and light begins to get transmitted at these wavelengths 

from 70%. Although the SiNW’s at 325oC, exhibits thick needle like structure from SEM 

images shown in figure 6.29 of chapter 6 and would suggest better absorption and lower 

transmittance, however, this does not reflect this reality. This may have arisen as a result of 

low anisotropic, resonance effects and possibly the coating of SiNWs with metal catalyst which 

enhances the transmittance of light at higher wavelengths [5].  SiNW’s grown at 375oC as seen 

from the Figure 7.6 are able to absorb light up to 700nm within the visible spectral region.  

 

On the other hand, at 400oC, the SiNW’s are able to absorb light up to 850nm which is the near 

infrared range. Although, there appears to be more than one absorption edge from the graphs 

at both fabrication temperatures, this may be due to multiple reflections of light from the SiNW 

surfaces which are randomly oriented leading to destructive interference. Another major reason 

is an increase in the diameter of SiNWs tends to modify the absorption of light, thereby; 

resulting in spectral shift to longer wavelengths [6]. In conclusion, there appears to be an 

increase in the diameter of the SiNW as the fabrication temperature increases.  Another reason 

may also be due to the coupling of light with adjacent SiNWs. As earlier mentioned in section 

4.1.5 and chapter 4 of this work, SiNWs have been reported to possess high absorption and low 

reflectivity of less than 10% transmittance within the visible spectral region (400–700nm) 

peaking at just 50% which is due to the dark surface properties exhibited by SiNWs  occasioned 

by trapping  excitation of light [6]. 

 

In this work, the optical properties within the visible spectral region was not absorbed at 

fabrication temperatures is lower than 375oC likely due to surface interactions and random 

orientation of SiNWs. The absorption peaks of undoped a-Si:H thin films are consistent with 

what has been reported in several literature like [7-8]. Thus, a trend is observable which is 

consistent with reported values for which the optical band gap of the material increases with 

hydrogen concentration and decreases with increasing fabrication temperature. More so, the 

values of the band gap in undoped a-Si:H obtained from the Tauc plot are consistent with 

reported values from [9]. In SiNWs, the values of the band gap are a function of the structure 

and morphology of SiNWs. 
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Table 7.0 Show the fabrication temperature, band gap of undoped SiNW’s and undoped a-Si:H  

and the corresponding extracted Voc and Isc from IV characteristic curves of these devices as 

presented in Figures 6.33 to 6.36 of chapter 6 on pages 202-205 of this work.  

Fabrication 

Temperature  

ToC 

Band Gap of 

undoped 

SiNWs 

EG(eV) 

Open Circuit 

Voltage 

Voc(V) of 

SiNWs 

Short Circuit 

Current 

Isc(µA) of 

SiNWs 

 
Band Gap of   

Undoped 
a-Si:H EG(eV) 

225 1.9 N/A N/A 2 

250 1.89 0.2 8 2 

275 1.76 0.42 0.5 1.86 

300 1.68 0.44 18 1.7 

325 1.55 0.48 1 1.69 

350 1.66 0.3 9 1.75 

375 1.50 0.3 10 1.64 

400 1.40 0.24 7.0 1.63 
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Figure 7.8 Scatter graph depicting how the band gap decreases as the fabrication temperature 

increases in undoped SiNWs on the left .Two outlier points in red circular border are noticeable 

around the data points at 3500C and 4000C, similarly, outlier points are noticeable around the 

data points at 3000C and 3500C in undoped a-Si:H thin film on the right respectively due to 

experimental errors. 

 

In Figure 7.8 there is an exponential decreasing trend noticeable in the band gap for undoped 

SiNWs and a-Si:H film with increasing fabrication temperature respectively. This behaviour 

exhibited in both materials appears to suggest a reduction in hydrogen concentration with 

increasing fabrication temperature which has resulted in a corresponding reduction in the 

binding energies between Si-H and Si-Si bonds in a-Si:H film and SiNWs respectively [3]. 

 

In addition to this, further investigations carried out on hydrogenated amorphous silicon (a-

Si:H) and pure crystalline silicon (c-Si), reveals that the Si-H bond has an average binding 

energy higher than Si-Si bond, as such, the reason for higher band gap (EG) in a-Si:H [12]. Now 

since an increase in binding energy scales directly with EG [12] and physics of solar cells 

informs us that, temperature-induced bandgap reduction occurs in solar cells [14], then, as 

observed from Figure 7.8, the fabrication temperature increases as  the EG  decreases. Thus, it 

is suggested that SiNWs covered with an amorphous silicon phase is perhaps tending towards 

more crystalline structure at higher fabrication temperatures.  
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The relationship between the open circuit voltages (Voc), short circuit (Isc) and the band gap 

EG are shown on Figures 7.9 and 7.10 respectively. For the sake of analysis and discussion, 

only the Voc and Isc between the ranges of 3000C   to 4000C, are considered. The reason being, 

Ag/SiNW/AZO-coated-glass-solar cell fabricated at 2750C exhibits non- satisfactory rectifying 

and diode behaviour inspite of having a Voc = 0.42V.The I-V characteristics curve shows a 

higher asymmetric behaviour on the second quadrant instead of the first quadrant of the curve 

which is abnormal when investigating the I-V characteristics of solar cells.   

 

First and foremost in Figure 7.9, the relationship between  Isc and EG in undoped Schottky 

junction Ag/SiNW/AZO-coated-glass-solar cell is observed by considering  the hand drawn  

red non-linear fitting curve which reveals an exponential growth relationship between Isc and 

EG in Ag/SiNW/AZO-coated-glass-solar cell. This apparently contradicts the relationship 

between Isc and EG from well-established principles of the physics of solar cells. It is a known 

fact that the Isc scales inversely with the band gap of the semiconductor material in a solar cell. 

This is understood from the physics of solar cells in which every photon absorbed in the active 

layer of the solar cell will contribute to one electron  flowing into the external load connected 

to it.Thus, for photon absorption to take place, the energy of the photon must be higher than 

the EG of the material.  

 

Consequently, Isc is a function of the semiconductor absorber material used in the fabrication 

of a solar cell. Hence, a semiconductor absorber material with a large EG will absorb fewer 

electrons and vice versa [13-14]. In Figure 7.9, the deviation from the aforementioned physics 

principle may have arisen based on the random orientation along the axis of SiNWs and uneven 

growth of SiNWs at various fabrication temperatures. 
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Figure 7.9 Scatter graphs of short circuit current (Isc) vs band gap (EG) in undoped Schottky 

junction Ag/SiNW/AZO-coated-glass solar cell. Two outlier points in red circular border are 

noticeable around the data points at 1.5eV and 1.55eV due to experimental errors. 

 

From the Figure 7.10, below, an overall exponential decrease in the Isc as the fabrication 

temperature increases is evident from the graph. This perhaps is most likely due to decreased 

hydrogen concentration at high fabrication temperatures, since, hydrogen passivation is a 

strong function of the hydrogen concentration that improves the electrical quality in solar cells 

by passivating bonds and reducing the defect density or midgap/tail energy states [3], [7-9], 

[15]. It is expected that the crystallinity should improve with fabrication temperature and by 

extension electrical properties [16]. However, a contrary scenario reveals a decrease in Isc. 

There is a likelihood that the decrease in Isc may have resulted from the unevenness in structure 

of SiNWs and randomness in the orientation of SiNWs as seen from the SEM images Figures 

7.13 to 7.15. 
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Figure 7.10 Scatter graphs of short circuit current (Isc) vs fabrication temperature (ToC) in 

undoped Schottky junction Ag/SiNW/AZO-coated-glass solar cell. Two outlier points in red 

circular border are noticeable around the data points at 3250C and 3750C due to experimental 

errors. 

 

A photon having energy higher than the EG energy of a semiconductor material when absorbed 

in the solar cell allows an excitation of electrons from the valence to the conduction band, 

thereby raising the potential energy to an amount equivalent to the EG. Thus, as the upper limit 

or the thermodynamic limits of the Voc are mostly set by the EG of the absorber semiconductor 

material, then, there is an increase in the EG as the Voc increases [13]. Furthermore, In Figure 

7.11 below, this phenomenon is apparently evident in the Schottky junction Ag/SiNW/AZO-

coated-glass-solar cell fabricated in this work.        
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Figure 7.11 Scatter graphs of short circuit current (Voc) vs band gap (EG) in undoped Schottky 

junction Ag/SiNW/AZO-coated-glass solar cell. Two outlier points in red circular border are 

noticeable around the data points at 1.5eV and 1.65eV due to experimental errors. 

. 

 

The relational trend between the Voc and EG in undoped Schottky junction Ag/SiNWs/AZO-

coated-glass solar cell shown in Figure 7.11 above represents a near linear relationship. At 

lower fabrication temperature in the PECVD chamber, the hydrogen concentration is higher 

and helps to improve the electrical quality of SiNWs by passivation, hence, this is one reason 

is suspected to have contributed to the direct relationship between the Voc and the EG obtained 

from the device. Moreover, another reason for this near linear relationship between the Voc 

and EG is perhaps the hydrogen concentration is known to scale directly with the binding energy 

between silicon and hydrogen atoms and since there is more of an amorphous silicon matrix 

within the SiNWs absorber material of the solar cell devices, the higher the binding energy, the 

higher the band gap and the higher the Voc[3],[13].The trend  appears to be consistent with the 

well-established classical theory from the physics of solar cells and semiconductors that the 

Voc scales directly with the EG.[14-15].   
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Figure 7.12 Scatter graphs of short circuit current (Voc) vs fabrication temperature (T) in 

undoped Schottky junction Ag/SiNW/AZO-coated-glass solar cell. Two outlier points in red 

circular border are noticeable around the data points at 3000C and 3750C due to experimental 

errors. 

 

From the graph of Figure 7.12, the relationship between the Voc vs fabrication temperature in 

SiNWs appears to support this well-established principle of the design in silicon based solar 

cells. Another important reason for the exponential decay relationship between Voc and the 

fabrication temperatures, is reduced the passivation effects of SiNWs arrays, because of the 

low hydrogen concentration with the PECVD chamber mentioned earlier. Some other reasons 

that is probably responsible for the reduced Voc as fabrication temperatures are increased can 

be variations in the interfacial oxide layer at the Ag/SiNWs-interface based on studies 

conducted on a-Si:H by [13].This is considered possible in this work, since, the SiNWs exhibit 

amorphous silicon property at seen from the XRD measurements in Figure 6.40 chapter 6, page 

220 and appendix 11 page 274.  

 

7.2                                 GEOMETRY OF SILICON NANOWIRES 

In chapter 4, sections 4.1.5 and 4.1.6 of this work, the manner in which the geometry impacts 

the optical properties and by extension the band gap of silicon nanowires has been discussed 

[15]. In this section, the correlation between the diameter of the nanowires with the fabrication 

temperature and the optical band gap is discussed. Smart-tiff software has been used to estimate 

the average diameter of these nanowires.  The fabrication temperature range of 275oC-400oC 

is considered in this analysis.  
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The average diameter has been estimated, based on an average of 5 points from the extracted 

from the SEM images of the nanowires using smartifff. It is worth mentioning; that a 

computation of the surface volume ratio (SVR) of the silicon nanowires is based on the 

universal expression of SiNWs band gap [10]. Equation 7.0 is the equation for universal 

expression of silicon nanowire band gap.            

   EG = 1.28 + (0.37x(SVR)nm−1)                                      [7.0] 

Where, 

• Eg is the band gap of SiNWs. 

• SVR is the Surface Volume Ratio of SiNWs.  

 

In the succeeding pages, an approximate estimation of the average diameter of SiNW as seen 

in the micrographs of the SEM images are measured with the use the Smartifff software. The 

measurements are seen on figures 7.13 to 7.15.The values obtained are shown on Table 7.1. 

 

          
Figure 7.13 SEM images of silicon nanowires at fabrication temperatures of 2750C and 3000C, 

on the left and right respectively imported unto the smart-tiff software for the purpose of 

computing the diameter.   
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Figure 7.14 SEM images of silicon nanowires at fabrication temperatures of 3250C and 3500C, 

on the left and right respectively imported unto the smart-tiff software for the purpose of 

computing the diameter. 

 

     
Figure 7.15 SEM images of silicon nanowires at fabrication temperatures of 3750C and 4000C, 

on the left and right respectively imported unto the smart-tiff software for the purpose 

computing the diameter.    
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Table 7.1 Show the relationship between the fabrication temperature, diameter and band gap 

of silicon nanowires.  

 

 

 

 
Figure 7.16 Scatter graphs showing the relationship between the fabrication temperature, 

diameter and band gap of silicon nanowires. Hand drawn fitting curve lines in black and red 

have been applied to show the trend line behaviour of these parameters. Two outlier points in 

red and black circular border are noticeable around the data points at 3250C, 3500C and 3750C 

due to experimental errors. 

Fabrication  
Temperature 

ToC 

Average Estimated 
Diameter of  SiNWs  

D(nm) 

Band Gap of 
SiNWs 
Eg(eV) 

275 128 1.76 

300 74 1.68 

325 85 1.55 

350 54 1.66 

375 159 1.50 

400 162 1.40 
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The relationship between the band gap and the fabrication temperature of SiNW’s was earlier 

discussed in section 7.1 of this chapter. The band gap (EG) is seen to decrease as the fabrication 

temperature is increased represented in red from Figure 7.16. This is suggestive of the SiNWs 

tending towards a more polycrystalline silicon (Poly-Si) phase from an a-Si:H phase. This may 

be reasoned to be due in part to an increase in thermal energy supplied to the SiNWs which 

eventually prompts a rearrangement of silicon atoms within the matrix of SiNWs and resulting 

in the formation of more localised crystalline structures [16].  

 

On the other hand, an exponential growth correlation appears to exist between the diameter of 

the SiNWs and the fabrication temperature from Figure 7.16 which is represented with the 

fitted black curve. Hence, as the fabrication temperature is increased; there is an increase in the 

diameter of the SiNWs. This perhaps is due to the high formation of random eutectic, Silicon-

Tin (Si-Sn) two-component liquid alloy due to an aggregation as the fabrication temperature 

increases, resulting in large diameter type SiNW’s randomly formed on the substrate [15-16].  

 

 
Figure 7.17 Scatter graphs of diameter of silicon nanowire vs band gap of silicon nanowire. 

Hand drawn fitting curve lines in black and red have been applied to show the trend line 

behaviour of these parameters. Two outlier points in red circular border are noticeable around 

the data points at 1.5eV and 1.68eV due to experimental errors. 
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Band gap dependence on the diameter of nanowires in general has been widely investigated by 

many researchers [10] and [17-18]. In the graph presented in Figure 7.17, the diameter of 

silicon nanowires with a decrease in the band gap is evident. The reason for this, stems from 

nanoscale level phenomenon in nanowires and nanomaterials in which the size of particles 

(molecules and atoms) consist of overlapping energy levels which decreases with an increased 

energy between the valence and conduction band, resulting in narrowing of the band gap. 

 

In conclusion, a change in the fabrication temperature provides some form of modification to 

the optical and geometric properties of SiNWs. Since there is an apparent decrease in the optical 

band gap as evident from the values obtained from UV-Vis measurements presented   on Table 

7.1 and the fit curves in Figure 7.13. The fabrication temperature therefore seems to increase, 

whilst, there is a corresponding decrease in the optical band of SiNW’s. This means there is an 

apparent improvement in the crystallinity of SiNWs with an increase in fabrication 

temperature. This will be further validated as a future work by carrying out Raman 

measurements, transmission electron microscopy and XRD. 
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CHAPTER 8 

8.0             CHARGE CARRIER MEASUREMENT AND OPTIMISATION 

In this work, the main aim is to optimise the charge carrier lifetime and charge carrier drift 

mobility in SiNW solar cells. Here are the results and methodology used to measure these two 

critical solar cell properties and to analyse their respective correlation with the growth 

temperature of SiNWs. Charge carriers are basically free-moving electrons and holes within a 

semiconductor material. They move about randomly within the material at thermal equilibrium. 

When an electric field is developed across the material, via the application of an applied 

voltage, the charge carriers begin to align themselves in the direction of the applied voltage 

and opposite the electric field developed in the material. As such, charge carriers are 

contributors to the delivery of an electric current to a load and they can also be referred to as 

current carriers. It is interesting to note in semiconductors like silicon that these charge carriers 

can vary in concentration or density. Hence, the charge carrier concentration is an important 

factor that influences both the carrier mobility and carrier lifetime of any semiconductor. 

Silicon nanowire charge transport has been discussed in Chapter 4 section 4.1.7 of this thesis. 

However, references will be made to carrier mobility and carrier lifetime results extracted from 

the literature for the purpose of comparison. The mobility and carrier lifetime in SiNWs are 

also affected by the geometry and orientation of the nanowires.  

Quantum confinement properties refer to the change in the optical and electronic properties of 

a nanomaterial. This confinement effect results in a phenomenon in which the size of the 

nanowire or nanoparticle is extremely small when compared to the wavelength of the charge 

carrier (electron or hole), because the electron and holes are of tiny dimensions referred to as 

the Exciton Bohr radius [1].  

Quantum confinement also plays a crucial role in charge carrier transport in this type of device 

because, as the nanowire diameter becomes 10nm or less, the band gap increases. Furthermore, 

it has been proven that the carrier mobility value can equal that of monocrystalline silicon in 

several nanostructured devices [2-3]. Investigations have theoretically proven that some 

generic characteristics are common to both bulk silicon and SiNWs, especially if the wire 

diameter is ≤ 10nm.  

 



 
 

238 
 

Several experimental and theoretical models have been developed and tested according to 

findings by [4] for measuring the carrier or doping concentration, carrier lifetime and carrier 

mobility in semiconductor devices. Experimentally, these parameters can be measured using 

several characterisation methods, such as Mott-Schottky plots from Capacitance-Voltage (CV) 

measurement, Atomic Probe tomography (APT), which can measure the doping profile within 

nanowires, Reverse Recovery Transient Spectroscopy (RRTS), Photoconductive Open Circuit 

Voltage Decay (POCVD), Hall Mobility measurements and Field Effect Transistor mobility 

measurements, just to mention a few [5-8]. 

In this research work, a simple method through the use of the impedance spectroscopy 

characterisation technique is being utilised to find the intrinsic carrier concentration and carrier 

lifetime of the SiNWs from the originating Nyquist curves. Additionally, the equivalent 

electrical circuit for each tested solar cell is modelled by the use of impedance spectroscopy. 

This method has been found to be useful for characterising devices; because the effects of 

surface interface state contributions from SiNWs are highly reduced using this technique, 

compared to the capacitance-voltage (CV) measurement technique using the same inductance-

capacitance-resistance (LCR) instrument. The main contribution of the results is that they 

describe the correlational effect of varying the fabrication temperature and the charge carrier 

parameter (lifetime and drift mobility) in SiNW-SCs.  

8.1    INTRINSIC CARRIER CONCENTRATION AND LIFETIME OF SiNW-SC 

Intrinsic semiconductors are materials that do not consist of dopant atoms. In intrinsic 

materials, the electrons and holes are of equal densities, since one conduction electron gives 

rise to one valence band hole, resulting in bipolar flow carrier conduction and the total current 

is carried equally by both charge carriers. The solar cells fabricated are intrinsic in nature, based 

on the Sn catalyst used for the growth of the wires. Tin (Sn) does not contribute towards doping 

of SiNWs. So also, they do not form deep traps with silicon or recombination centres within 

SiNWs structure, as enumerated in Chapter 4, section 4.4. The results of the intrinsic carrier 

concentration of SiNW-SC samples in the temperature range of 300oC–400oC are presented in 

this section. The lower temperature ranges are not considered due to the fact that they exhibit 

poor rectifying junction properties as seen from the IV measurements. On the other hand, only 

the SiNW-SCs that gave the best rectifying properties were characterised for the purpose of 

data analysis and discussion.  
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An LCR meter set at a fixed AC perturbation root mean square voltage of 10mV and a varying 

DC bias voltage from -0.5 to 0 volts was used to sweep each device under reverse bias 

conditions. The resulting maximum reciprocal frequency indicated by the maximum peak of 

the semicircle from the Nyquist plot gives the carrier lifetime of the solar cell. This has been 

explained in Chapter 5, section 5.5 of this work. The corresponding capacitance is deduced by 

the expression shown below at each voltage. Additionally, C-V graphs were plotted and Mott-

Schottky plots and equations were used to find the charge carrier concentration. The 

capacitance component of the solar cell is depicted in equation 8.0. 

                                     Cp  =  𝜏𝜏
RP

                                                              [8.0] 

Where, 

• Cp is the capacitance of the solar cell by the imaginary axis   

• RP is the parallel or recombination resistance of the solar cell, represented by the real axis. 

• 𝜏𝜏 is the charge  carrier lifetime in the solar cell.   

An equivalent RC model corresponding to each SiNW-SC per growth temperature was drawn 

to show the behaviour of each cell under test. Appropriate curve fitting was also applied to 

each plot; this helps to give some level of accuracy to the computed data, since in most cases 

for non-ideal devices, leaky junction properties, diffusion properties and electrode inductances 

at low frequencies possess the capability to distort the shape of the Nyquist semicircle plot, 

thereby resulting in wrong calculations and data.  

All measurements to find the intrinsic carrier concentration and the carrier lifetime by 

impedance spectroscopy have been conducted under dark conditions. The reason for this is that 

the recombination properties are highest in the dark, most especially if there are traps within 

the band gap of the device, which is easily noticeable from the IS measurements. In addition 

to this, under dark conditions, the quality of the solar cell is easier to deduce, because if the 

experiment was done under illumination conditions, the charge carriers would gain sufficient 

energy to break free from the traps into the conduction band. Impedance spectroscopy 

measurements were carried out on a known P-type (boron doped silicon wafer) with a 

resistivity of 1-10Ω-cm used to fabricate a P-type/Schottky junction solar cell, with aluminium 

top contact, whose doping concentration had been supplied by the manufacturer at 1015cm-3. 

The value of the doping concentration obtained is validated with the online resistivity-mobility 

calculator presented in Appendix 16 page 282. The measurements from this wafer are presented 

first in section 8.11 below. 
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8.1.1      NYQUIST PLOT OF SCHOTTKY JUNCTION Al/P-Si SOLAR CELL 
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Figure 8.0 The Nyquist plots and its corresponding IV measurement on a sample Aluminium 

top contacted P-type Schottky Solar cell (Al/p-Si). This is used to validate measurement 

technique. Dc voltage was applied from -0.5V to 0V on a single device. The maximum 

frequency (fmax) at 90o on the semicircle with the corresponding capacitance (CP) and parallel 

resistance (RP) are at this point shown above. 

        

 
Figure 8.1 Plots of CV and 1/C2-V of Aluminium top contacted on P-type silicon wafer Al/p-

Si Schottky junction solar cell. Three outlier’s points are noticeable in the 1/C2 vs V graphs 

and this is may have arisen due to experimental errors.   
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Table 8.0 Presentation of the extracted values of capacitances, parallel resistances and carrier 

lifetimes from Nyquist plot by varying the DC bias voltage on Al/p-Si Schottky junction solar 

cell, used to validate the measurement technique. 

DC Bias 

Voltage V 

Parallel 

Resistance 

Rp(kΩ) 

Capacitance 

Cp(F) 

1/(Capacitance)2 

1/Cp2 (1/F)2 

Carrier 

Lifetime τ(µs) 

-0.5 157.796 4.04E-10 6.13E+18 64.0 

-0.4 145.998 4.36E-10 5.26E+18 64.0 

-0.3 127.00 4.96E-10 4.06E+18 53.1 

-0.2 91.632 5.80E-10 2.97E+18 45.0 

-0.1 43.500 9.15E-10 1.19E+18 39.8 

0 28.00 9.47E-10 1.12E+18 27.0 

  

 

Table 8.1: Data and computed values of doping concentration, built-in voltage and barrier 

height of Al/p-Si Schottky diode. 

Slope of MS 

plot 

Doping Carrier 

Concentration(cm-3) 

Built in 

Voltage 

Vbi (V) 

Barrier Height 

ФB(eV) 

Resistivity 

Ω-cm 

9.88E+18 3.87E+15 0.11 0.36 1-10 

 

The measured and computed value of the doping concentration was found to agree with the 

manufacturer’s order of doping concentration. This results obtained in this work was further 

validated using an online calculator and the results pasted in Appendix 16, page 285 of this 

work. The manufacturer data sheet is also pasted in Appendix 17 page 328. The reference 

barrier height from literature in Schottky solar cells can be seen on Table 2.0 in page 26 in 

chapter 2 of this work.  
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Although, there is a difference in the reported value by 0.24eV, this is suspected may have to 

do with errors from components of the measuring equipment and sample preparation process. 

Consequent upon this, impedance spectroscopy characterisation measurement technique has 

now been used to compute the intrinsic carrier concentration of various samples of SiNWs-SCs 

in the fabrication temperature range of (3000C–4000C). The Nyquist curves at the various DC 

bias voltages clearly indicate a semicircle representative of a resistance and capacitance (RC) 

connection in parallel and values at 0V DC bias in the dark is considered, because, under this 

condition, the traps within the solar cell are not excited into the conduction band and the 

diameter of the semicircle is not altered Furthermore, the depletion layer width of the solar cell 

remains unchanged according to findings by [9]. As a result of this, the equivalent electrical 

circuit of the solar cell is seen in Figure 8.2 by considering only the values of Rp and Cp at 0V 

DC bias, since at this voltage the Fermi level is not pinned. The carrier lifetime is deduced from 

the maximum point of the semicircle. This point corresponds to a relaxation of carriers to their 

equilibrium state, due to their inability to respond to significantly high frequency changes [9]. 

 

                                                         
Figure 8.2 The RC equivalent circuit based on the shape of the Nyquist plots and structural 

configuration of an Al/p-Si Schottky junction solar cell on the left and the right respectively.  

The impedance spectroscopy measurements in Figure 8.0 was used to verify and test the 

applicability and suitability of this characterisation technique in deducing  the  value of the 

intrinsic carrier concentration (ni) of the SiNWs fabricated in this work. The slope derived from 

the graph of 1/C2 vs V was then imputed into the Mott-Schottky equation to compute the value 

of (ni) in SiNWs as stated in Equation 8.1. Additionally, the barrier height for each device is 

computed from Equation 8.2.  
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This equation gives the correlation between the built-in-voltage (VBi), carrier or doping 

concentration (N) and the density of states in Schottky junction solar cells.  

                                           N =  2
εεoA2

(
d 1
C2

dV
)−1                    [8.1] 

                                        ФB = Vbi + kT
e

ln (NDOS
N

)               [8.2] 

Where,  

• N is either the doping or the intrinsic carrier concentration. 

• ε is the dielectric constant of silicon = 11.8 

• εo is the dielectric constant in free space = 8.85x1014 Fcm-1. 

• d
1
C2

V
 is the slope of the 1/C2 vs V graph. 

• A is the area of the active layer of the solar cell.  

• NDOS = 4x1019cm-3 is the density of state, since the SiNWs from XRD measurements 

exhibits amorphous behavioural phase. 

• 
kT
e

  = 0.026V is the voltage at thermal equilibrium. 

8.1.2      FACTORS THAT AFFECTING THE SHAPE OF NYQUIST SEMICIRCLE  

The shape of the Nyquist semicircle curves in impedance spectroscopy measurements can be 

affected by numerous factors. These factors are listed and briefly discussed below.  

1. DC bias voltage and type: the diameter of the semicircle is proportional to the impedance 

or resistance Rp to the flow of charge carriers in the solar cell denoted on the x-axis of the 

Nyquist curve. As such, the larger the diameter, the more the impedance hindering the flow of 

charge carriers at the interface, otherwise termed the charge transfer resistance. Thus, when the 

DC bias voltage is increased, the diameter is reduced [10]. The type of DC biasing is a very 

important factor that has a direct correlation with the capacitance and diameter of the 

semicircle.  

There are three kinds of biasing methods used in impedance spectroscopy: forward, zero and 

reverse bias. In forward bias, there is a massive shrinking of the diameter of the Nyquist plot 

with an increase in the DC bias voltage. This can be reasoned from the standpoint that, as the 

voltage is increased, the Schottky barrier is lowered, so that more carriers flow over the barrier 

as a result of the drop in junction resistance. Conversely, the opposite situation happens in 
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which there is an upsurge in the diameter of the Nyquist plot at zero bias and a much greater 

step increment in the reverse bias. So a widening of the depletion layer takes place and the 

junction resistance is considerably increased.  

2. AC bias voltage: this happens when AC voltage is superimposed on a DC bias voltage over 

a wide range of frequencies. This aids the deduction of several pieces of information with 

regard to the characteristic response times of the solar cell from the Nyquist plot. It is important 

to set a small amplitude for AC voltages within (20Hz-1MHz) range of frequencies, so as to 

have a sort of pseudo-linearity with the amplitude of the AC current, thereby making the 

impedance unchanged, depicted by the diameter of the Nyquist semicircle. Large amplitudes 

of the AC voltage will most likely introduce inductances and harmonics into the solar cells 

[10]. The single semicircles formed at different DC bias voltages are just a reflection of the 

fact that the capacitance elements at the Al/p-Si Schottky interface have little effect on the solar 

cell [12]. 

3. Illumination: when a light condition is applied to the solar cell in impedance spectroscopy 

measurements, there is a fixing of the Fermi level and this impedes or causes resistance to solar 

cell shrinkage, depicted by a reduction in the diameter of the Nyquist plot [11].  

Additionally, under light conditions the reduction in the capacitance and resistance network of 

the solar cell corresponds to increased photoconductivity due to excess carrier generation. 

4. Interface States:  an imperfect Schottky junction can lead to variations and skewness of the 

diameter of the Nyquist plot. This may arise due to defects at the interfaces, such as trap states 

and the improper stacking of the metal contacts during evaporation. Moreover, leaky junctions’ 

behaviour, due to imperfect capacitive components, also affects the shape of the Nyquist plot, 

and inductances can be introduced in the system by the contact electrodes [14].Here the Nyquist 

plots are fitted at each fabrication temperature with circular curve fitting derived from 

transposing the circle geometric formula [15].The R-squared values are also applied to the 

circular curve fitting via Origin software to ensure near proper and/or proper fit. The R-squared 

values are the measurement of the proportion of variance that exists between a dependent and 

an independent measured variable. The value of R-squared ranges from 0-1. It is expected that 

the R-squared value will be as close as possible to 1. This is indicative of good fit, according 

to [16]. 
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8.1.3 RESULTS AND DISCUSSIONS OF NYQUIST PLOT MEASUREMENT OF 

Ag/SiNW/AZO-COATED-GLASS-SOLAR CELL AT VARIOUS FABRICATION 

TEMPERATURES 

At 400OC                                         
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Figure 8.3 Nyquist plots to determine the intrinsic carrier concentration of undoped 

Ag/SiNW/AZO-coated-glass fabricated at 4000C exhibits double RC characteristics. The 

maximum frequency (fmax) at 90o on the each semicircle is f1 and f2 with the corresponding 

total capacitance is (C1 +C2 = CP) and total parallel resistance (R1 +R2 = Z’= RP).The total 

carrier lifetime is also the expressed as (τ1 + τ2 = τp) are shown above. 

 

Table 8.2 Extracted values of capacitance parallel and carrier lifetime undoped Schottky 

junction Ag/SiNW/AZO-coated-glass-solar cell fabricated at 4000C. 

DC Bias 

Voltage V 

Parallel 

Resistance 

Rp(kΩ) 

Capacitance 

Cp(F) 

1/Capacitance2 

1/Cp2 (1/F)2 

Carrier 

Lifetime τ(µs) 

-0.5 288 2.18E-10 2.10E+19 9.2 

-0.4 245 2.25E-10 1.98E+19 9.1 

-0.3 191 2.19E-10 2.09E+19 8.8 

-0.2 141 2.78E-10 1.29E+19 8.8 

-0.1 114 2.61E-10 1.47E+19 8.7 

0 58 3.81E-10 6.89E+18 8.5 
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Figure 8.4 CV and 1/C2 vs V plots of undoped Schottky junction Ag/SiNW/AZO-coated-glass 

solar cell fabricated at 400oC on the left and right respectively. Two outliers noticeable on the 

1/C2 vs V plots which may have arisen from experimental errors. 

 

Table 8.3: The values of carrier concentration, built in voltage and barrier height of undoped 

Schottky junction Ag/SiNW/AZO-coated-glass-solar cell fabricated at 4000C. 

Fabrication 

Temperature 

ToC 

Slope of MS 

plot 

Intrinsic Carrier 

Concentration 

ni(cm-3) 

Built in 

Voltage Vbi (V) 

Barrier 

Height 

ФB(eV) 

400 3.35E+19 1.15E+15 0.21 0.49 

  

 
Figure 8.5 Double RC equivalent circuit based on the shape of the Nyquist plots of Schottky 

Junction SiNW-SC at 0V DC fabricated at 400oC. 
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Nyquist plots from impedance spectroscopy measurements carried out on the SiNWs show 

double resistance capacitance (RC) behaviour at 4000C. This is an indication of multiple traps 

in Ag/SiNW/AZO-coated-glass-solar cell basically due to surface and interface state 

phenomena occurring between the SiNWs which results in the device having two time 

constants, one at a high frequency and the other at a low frequency. The double RC sub-circuits, 

if viewed from the AC equivalent standpoint are such that, the larger semicircle models the 

behavioural phenomena of the junction capacitance and the shunt resistance in Ag/SiNW/AZO-

coated-glass-solar-cell.  

The diffusion capacitance and recombination or parallel resistance are all modelled by the 

smaller semicircle as seen from the Nyquist plot. As the larger semicircle for each device is 

considered in this work and circular curves are fitted to compute the carrier lifetime and 

diffusion capacitance at the 90o maximum frequency points on each Nyquist plot at each 

applied DC voltage.  

In the process of carrying out impedance spectroscopy measurement and experimentation of 

various SiNWs solar cells devices in this work, it was discovered that some Nyquist plots don’t 

form complete semicircles and tends to stop at the peak from which the radius of the Nyquist 

plot is deduced. In such, a scenario, using defined function as shown in the Nyquist plots above, 

fit curves, coupled with fit semicircles have been used to complete the semicircle.  

Consequently, in this work, a methodology to determine the smallest or start frequency at the 

maximum real impedance Z’ point of the Nyquist plot was developed by choosing some  

portions of the low frequency values and plotting against its corresponding  Z’ values. A linear 

slope is then fitted and from the equation of that slope, the intercept at the frequency axis is 

deduced which translates to the lowest frequency of the semicircle. This is illustrated in 

Appendix 18, page 303. 
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  At 3750C  
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Figure 8.6 Nyquist plots to determine the intrinsic carrier concentration of undoped 

Ag/SiNW/AZO-coated-glass fabricated at 375OC with their corresponding IV curves. The 

maximum frequency (fmax) at 90o on the semicircle, the corresponding capacitance (CP) and 

parallel resistance (RP) are shown above. 

 

Table 8.4 Extracted values of capacitance, parallel resistance and carrier lifetime undoped 

Schottky junction Ag/SiNW/AZO-coated-glass-solar cell fabricated at 3750C. 

DC Bias 

Voltage V 

Parallel 

Resistance 

Rp(kΩ) 

Capacitance 

Cp(F) 

1/Capacitance2 

1/Cp2 (1/F)2 

Carrier 

Lifetime τ(µs) 

-0.5 52.752 1.06E-10 8.90E+19 5.6 

-0.4 42.964 1.28E-10 6.10E+19 5.5 

-0.3 29.944 1.80E-10 3.09E+19 5.4 

-0.2 25.564 2.04E-10 2.40E+19 5.2 

-0.1 18.960 2.54E-10 1.55E+19 4.8 

0 12.014 3.79E-10 6.96E+18 4.5 

 



 
 

252 
 

                  
Figure 8.7 CV and 1/C2 vs V plots of silicon nanowire solar cell fabricated at 375oC on the left 

and right respectively. Three outliers noticeable on the 1/C2 vs V plots which may have arisen 

from experimental errors. 

 

Table 8.5 The values of carrier concentration, built in voltage and barrier height of undoped 

Schottky junction Ag/SiNW/AZO-coated-glass-solar cell fabricated at 3750C. 

Fabrication 

Temperature 

ToC 

Slope of MS 

plot 

Intrinsic Carrier 

Concentration ni(cm-3) 

Built in 

Voltage Vbi (V) 

Barrier 

Height 

ФB(eV) 

375 1.32416E+20 2.91E+14 0.06 0.37  

 

 
Figure 8.8 RC equivalent circuit based on the shape of the Nyquist plots Schottky junction 

SiNW-SC at 0V DC fabricated at 375oC. 
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At 350oC 
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Figure 8.9 Nyquist plots to determine the intrinsic carrier concentration of undoped 

Ag/SiNW/AZO-coated-glass fabricated at 350OC with their corresponding IV curves. The 

maximum frequency (fmax) at 90o on the semicircle, with the corresponding capacitance (CP) 

and parallel resistance (RP) are at this point shown above. 

 

 

Table 8.6 Extracted values of capacitance, parallel resistance and carrier lifetime from undoped 

Schottky junction Ag/SiNW/AZO-coated-glass-solar cell fabricated at 3500C. 

DC Bias 

Voltage V 

Parallel 

Resistance 

Rp(kΩ) 

Capacitance 

Cp(F) 

1/Capacitance2 

1/Cp2 (1/F)2 

Carrier 

Lifetime τ(µs) 

-0.5 1000 5.30E-12 3.56E+22 5.3 

-0.4         899.639 5.70E-12 3.08E+22 5.2 

-0.3        719.658 7.20E-12 1.93E+22 5.1 

-0.2  699.660 7.20E-12 1.93E+22 5.1 

-0.1        310 1.60E-11 3.91E+21 4.9 

0 179.917 2.57E-11 1.51E+21 4.6 
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Figure 8.10 CV and 1/C2 vs V plots of silicon nanowire solar cell fabricated at 350oC.One 

outlier noticeable on the 1/C2 vs V plots which may have arisen from experimental errors. 

 

Table 8.7 The values of carrier concentration, built-in voltage and barrier height of undoped 

Schottky junction Ag/SiNW/AZO-coated-glass-solar cell fabricated at 3500C. 

Fabrication 

Temperature 

ToC 

Slope of MS 

plot 

Intrinsic Carrier 

Concentration ni(cm-3) 

Built in 

Voltage Vbi (V) 

Barrier 

Height 

ФB(eV) 

350 1.713858E+22 2.25E+12 0.023 0.46 
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Figure 8.11 RC equivalent circuit based on the shape of the Nyquist plots Schottky junction 

SiNW-SC at 0V DC fabricated at 350oC.                                                

At 325oC 
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Figure 8.12 Nyquist plots to determine the intrinsic carrier concentration of undoped 

Ag/SiNW/AZO-coated-glass fabricated at 325OC. The maximum frequency (f) at 90o with the 

corresponding capacitance (CP) and parallel resistance (RP) are at this point shown above. 

 

Table 8.8 Extracted values of capacitance, parallel resistance and carrier lifetime from undoped 

Schottky junction Ag/SiNW/AZO-coated-glass-solar cell fabricated at 3250C. 

DC Bias 

Voltage V 

Parallel 

Resistance 

Rp(kΩ) 

Capacitance 

Cp(F) 

1/Capacitance2 

1/Cp2 (1/F)2 

Carrier 

Lifetime τ(µs) 

-0.5 21980 2.59E-13 1.49E+25 5.7 

-0.4 18000 3.05E-13 1.07E+25 5.5 

-0.3 17000 3.17E-13 9.95E+24 5.4 

-0.2 8500 6.24E-13 2.57E+24 5.3 

-0.1 5600 9.17E-13 1.19E+24 5.1 

0 4000 1.22E-12 6.67E+23 4.9  
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Figure 8.13 CV and 1/C2 vs V plots of silicon nanowire solar cells fabricated at 325oC. Three 

outliers noticeable on the 1/C2 vs V plots which may have arisen from experimental errors. 

 

 Table 8.9 The values of carrier concentration, built-in voltage and barrier height of undoped 

Schottky junction Ag/SiNW/AZO-coated-glass-solar cell fabricated at 3250C. 

Fabrication 

Temperature 

ToC 

Slope of MS 

plot 

Intrinsic Carrier 

Concentration ni(cm-

3) 

Built in 

Voltage Vbi 

(V) 

Barrier 

Height ФB(eV) 

325 2.61292E+25 1.47E+09 0.025 0.65 

    

 
Figure 8.14 RC equivalent circuit based on the shape of the Nyquist plots Schottky junction 

SiNW-SC at 0V DC fabricated at 325oC.                                           
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At 300oC 

       
 

                                   
                                  

 

 

 

 

 

 



 
 

260 
 

 
Figure 8.15 Nyquist plots to determine the intrinsic carrier concentration of undoped 

Ag/SiNW/AZO-coated-glass fabricated at 300OC.The maximum frequency (f) at 90o with the 

corresponding capacitance (CP) and parallel resistance (RP) are at this point shown above. 

 

Table 8.10 Extracted values of capacitance, parallel resistance and carrier lifetime undoped 

Schottky junction Ag/SiNW/AZO-coated-glass-solar cell fabricated at 3000C, from the 

Nyquist plot. 

DC Bias 

Voltage V 

Parallel 

Resistance 

Rp(kΩ) 

Capacitance 

Cp(F) 

1/Capacitance2 

1/Cp2 (1/F)2 

Carrier 

Lifetime τ(µs) 

-0.5 8999.5590 6.30E-13 2.52E+24 5.7 

-0.4 6537.0340 8.25E-13 1.47E+24 5.5 

-0.3 4997.7412 1.06E-12 8.90E+23 5.3 

-0.2 3700.0000 1.41E-12 5.03E+23 5.2 

-0.1 3554.8400 1.47E-12 4.63E+23 5.2 

0 1992.2520 2.49E-12 1.61E+23 5.0 
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Figure 8.16 CV and 1/C2 vs V plots of silicon nanowire solar cells fabricated at 300oC. Three 

outliers noticeable on the 1/C2 vs V plots which may have arisen from experimental errors. 

 

Table 8.11 The values of carrier concentration, built in voltage and barrier height of undoped 

Schottky junction Ag/SiNW/AZO-coated-glass-solar cell fabricated at 3000C. 

Fabrication 

Temperature 

ToC 

Slope of MS 

plot 

Intrinsic Carrier 

Concentration ni(cm-3) 

Built in 

Voltage Vbi 

(V) 

Barrier 

Height 

ФB(eV) 

300 3.67E+24 1.05E+10 0.05 0.63 

  

 

Figure 8.17 RC equivalent circuits based on the shape of the Nyquist plots Schottky junction 

SiNW-SC at 0V DC fabricated at 300oC.                                                                                                              
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The Nyquist semicircle plots for Ag/SiNW/AZO-coated-glass-solar cell fabricated between the 

temperature ranges of (3000C-3750C) exhibits a single parallel RC equivalent electrical AC 

circuit. The shunt resistance and the junction capacitance of the solar cells are represented by 

the resistor and capacitor respectively. The SEM images of SiNWs at (3000C-3750C) in Figures 

6.29-6.30 appear to suggest better evenly distributed and orientated SiNWs in comparison with 

SiNWs formed at 4000C, hence, may be reflective of fewer traps states resulting in these 

parallel RC combinations.  

Furthermore, to this assertion of fewer traps in SiNWs, it is an established fact that, at low 

fabrication temperatures in the PECVD process, the concentration of hydrogen is much higher 

leading to improved SiNWs being passivated. On each Nyquist curve, the circular fitting 

equation has been applied on the graphs to improve accuracy of the data.  

Tables 8.4, 8.6, 8.8 and 8.10 present the values of the carrier lifetimes of the solar cells at 

different bias DC voltages from the impedance spectroscopy measurements. The carrier 

lifetime at 0V DC bias corresponds to the actual cell lifetime, because, under the no DC voltage 

bias condition, the Fermi level is not pinned in the band gap of the devices. Moreover, the 

recombination mechanisms within the solar cell are highest at 0V because, no excitation source 

via both DC forward or reverse bias and illumination was applied.  

The intrinsic carrier concentration, built-in voltage and barrier height of the solar cells were all 

calculated indirectly from the impedance spectroscopy (IS) measurement. This was achieved 

by plotting the CV graphs and applying the Mott Schottky equation to each SiNW sample. 

Table 8.12 shows the summary of the parameters measured and calculated. Graphs to study the 

relational trend between these parameters are presented in Figure 8.18. 
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Table 8.12 A summary of the fabrication temperatures, intrinsic carrier concentration and 

carrier lifetime of undoped Schottky junction Ag/SiNW/AZO-coated-glass solar cell.  

Fabrication 

Temperature 

ToC 

Intrinsic Carrier 

Concentration(cm-3) 

Carrier 

Lifetime 

τ(µs) 

400 1.15E+15 8.5 

375 2.91E+14 4.5 

350 2.25E+12 4.6 

325 1.47E+09 4.9 

300 1.05E+10 5.0 

 

 

     
Figure 8.18 Graphs of intrinsic carrier concentration versus fabrication temperature and the 

carrier lifetime versus fabrication temperature on the left and right respectively in undoped 

Schottky junction Ag/SiNW/AZO-coated-glass solar cell. The with inset graphs for each in 

linear scale.  
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There appears to be an apparent exponential increasing relationship between the carrier 

concentration and carrier lifetime with respect to the fabrication temperature in the five 

Ag/SiNW/AZO-coated-glass solar cells devices. This seems to due to the fact that crystallinity 

in SiNWs is expected to increase with fabrication temperature due to better stacking and re-

arrangement  of silicon atoms with increased substrate and deposition temperature to form more  

localised  crystalline structure[19].Additionally, it was earlier mentioned that SiNWs seems to 

tend towards a Poly-Si based on the band gap measurement obtained in section 7.1 of chapter 

7.This observation is in agreement with well-established investigations into silicon based solar 

cells and semiconductor devices in general [20],[26]. 

 
Figure 8.19 A semilog graph showing the relationship between the intrinsic carrier 

concentration and carrier lifetime versus fabrication temperature undoped Schottky junction 

Ag/SiNW/AZO-coated-glass solar cell. 

It is evident from Figure 8.19 that an increase in the intrinsic carrier concentration between the 

ranges of 109 and 1015cm-3, increases with an increase in the fabrication temperature. Thus; this 

observation seems to be in agreement with already established knowledge from the physics of 

semiconductors devices investigated [20].Furthermore, it was reported that in intrinsic 

semiconductors at finite or non-zero temperatures, there is a continuous excitation of electrons 

from the valence to the conduction band as a result of thermal agitation leaving an equal amount 

of holes in the valence band. As such, as the temperature of the material is increased, the 

intrinsic carrier concentration is increased since more electrons and holes are created 

simultaneously [21-23].  
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8.2                          CHARGE CARRIER MOBILITY IN SINWs-SC 

This parameter has been discussed in Chapters 3 and 4 of this work. The charge carrier mobility 

in its basic form defines the ease of movement of a charge carrier, either an electron or hole, in 

a semiconductor material under the influence of an electric field. Numerous methods are 

currently being used to determine the carrier mobility of semiconductor materials. Some of the 

methods used are: Hall mobility measurement, the field effect transistor measurement 

technique, the time of flight, the photoconductive measurement technique and the indirect four 

probe resistivity method. Hole and electron mobility are electric-field dependent and are 

limited by scattering, which occurs within the crystal lattice of these materials.  

 

Scattering arises as a result of impurity ions, other charge carriers or what is referred to as 

carrier-to-carrier scattering, a surface state phenomenon that is very prominent in nanowires 

and crystal defects or imperfections within the material. Carrier mobility in semiconductor 

materials can also be deduced semi-empirically using what is termed carrier mobility fit 

parameters. These mobility fit parameters have been tested on commercial solar cell devices 

and also tested on fabricated aluminium top contacted Schottky diodes on p-type silicon wafers 

fabricated here in our laboratory. Very close agreement with the values reported by the 

manufacturer were obtained by direct measurements, using characterisation instruments are 

mobility fit parameters. Some examples of mobility fit parameters are:   

1. Masetti mobility model, which is dependent on scattering and doping according to [8]. 

2. Dorkel-Leturg fit model, which depends on the scattering, doping and carrier 

concentration and temperature [9]. 

3. Klaassen mobility model focuses on majority and minority carrier mobility by 

considering the lattice scattering, clustering centres by impurities within the device, 

screened coulomb charges and carrier-to-carrier scattering [10]. 

4. Arora mobility fit model, which emphasises doping dependence and temperature [11]. 

5. Thomas and Caughey mobility model, which is dependent on fabrication temperature 

and doping concentration [12].  

 

The Thomas and Caughey mobility fit model was adopted for estimating the charge carriers’ 

mobility in this work. This is based on varying the fabrication temperature of SiNWs and its 

correlation with the mobility and lifetime of undoped Schottky junction Ag/SiNW/AZO-

coated-glass solar cell in this work. 



 
 

266 
 

8.2.1                             THOMAS AND CAUGHEY MOBILITY MODEL 

This mobility fit model is strongly dependent on the doping concentration and in the case of 

this work, the intrinsic carrier concentration. This fit parameter is well adapted and suited for 

low electric field semiconductor materials. The model has been extensively used for estimating 

the charge carrier mobility for bulk silicon and silicon carbide devices. The model is 

represented mathematically by the expression given below:  

µ = µ∞ + ( µ𝑜𝑜−µ∞)

�1+ 𝑁𝑁
𝑁𝑁𝑛𝑛𝑒𝑒𝑛𝑛�𝛾𝛾

  cm2/Vs                                        [8.3] 

The parameters µ, µ∞ and Nref are all fitting parameters for charge carrier dependence at 300K. 

Each term is used to compute the hole and electron mobility in silicon based solar cells [12]. 

The fit parameters for the electrons and holes respectively are described below: -  

µo = 1412 �300
T
�
2.28

cm2/Vs                                                  [8.4] 

Nref = 9.7x1016 � 𝑘𝑘
300
�
3.51

  cm-3                                             [8.5] 

µ∞ = 66 �300
T
�
0.90

 cm2/Vs                                                     [8.6] 

𝛶𝛶 = 0.725�300
T
�
0.27

                                                              [8.7] 

And for holes, 

µo = 469 �300
T
�
2.10

 cm2/Vs                                                    [8.8] 

Nref = 9.7x1016 � 𝑘𝑘
300
�
4.13

 cm-3                                                                      [8.9] 

µ∞ = 66 �300
T
�
0.80

 cm2/Vs                                                     [8.10] 

𝛶𝛶 = 0.7 �300
T
�
0.00

                                                                 [8.11] 

Where  

• µo is the maximum mobility attainable within the material and limited only by phonon 

scattering. 

• Nref is the reference carrier concentration based on ionised impurity scattering at high 

temperature. 

• µ∞ is the minimum mobility within the material. 

• 𝛶𝛶 is a fit parameter.  

• N is the doping concentration. 
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8.2.2                       CARRIER MOBILITY HYPOTHETICAL MODEL 

A model is hereby proposed for computing and estimating the carrier mobility in undoped 

Schottky junction Ag/SiNW/AZO-coated-glass solar cell fabricated in this work. This is 

predicated upon modifications to the Thomas and Caughey fit model for p-type silicon 

described in Equations 8.8–8.11. A modification to this model was preceded by an 

investigation conducted into the reported carrier mobility values for undoped a-Si:H solar cells, 

methods of deposition, characterisation and measurement techniques as listed in the Appendix 

1 on page 282 of this work. 

The model considers the charge carrier concentration, fabrication temperature, and maximum 

and minimum drift carrier mobility of undoped amorphous silicon, based on reported values. 

It has been reported that the minimum electron mobility at 300K in hydrogenated amorphous 

silicon solar cells at electric fields of 105V/cm lies between 0.3 cm2/Vs and 0.4 cm2/Vs [11]. 

Drift mobility investigations using the abrupt mobility edge model in which charge transport 

is thought to occur above the conduction band, coupled with multiple dispersive trap 

mechanisms in amorphous silicon films, have proposed some maximum values for electron 

and hole drift mobility, as investigated by [18].  

Furthermore, drift carrier mobility in materials is also a function of the density of states within 

the material. Thus, in these models, the density of states of amorphous silicon is the reference 

concentration Nref. The density of states in hydrogenated amorphous silicon has been 

investigated by [14]. The hypothetical model for estimating the carrier mobility of the 

fabricated solar cells is based on equation 8.1. 

Where  

• µo is assumed maximum mobility = 5cm2/Vs. This value is taken from the electron 

mobility above the conduction band in the extended state having a mobility of 5cm2/Vs 

in undoped a-Si:H [14], [18]. 

• NDos is the density of states in a-Si:H = 4.9x1019cm-3[18].This is used in Equation 8.9 

instead of 9.76x1016cm-3 to determine the Nref at each fabrication temperature.  

• µ∞ is the minimum mobility = 0.004cm2/Vs, which represents the hole mobility in 

amorphous silicon.  

• 𝛶𝛶 is a fit parameter = 0.8  

• N = 𝑚𝑚𝑚𝑚 is the intrinsic carrier concentration determined at each fabrication temperature 

by impedance spectroscopy measurement from Nyquist plot. 
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Table 8.13: Carrier mobility values computed as a function of mainly fabrication temperature 

and intrinsic carrier concentration in undoped Schottky junction Ag/SiNW/AZO-coated-glass 

solar cell. 

Fabrication 
temperature 

T0C 

Reference carrier 
concentration  

(cm-3) 

Intrinsic carrier 
concentration  

(cm-3) 

Minimum 
mobility 
(cm2/Vs)  

Carrier  
Mobility 
(cm2/Vs)  

400 1.37844E+21 1.15E+15 1.42E-04 1.10 

375 1.17894E+21 2.91E+14 1.66E-04 1.19 

350 1.00212E+21 2.25E+12 1.96E-04 1.29 

325 8.46177E+20 1.47E+09 2.32E-04 1.41 

300 7.09355E+20 1.05E+10 2.76E-04 1.54 

 

  
Figure 8.20 Scatter plots with hand drawn fit curves showing the relationship between the 

carrier mobility and intrinsic carrier concentration in relation to fabrication temperature 

changes for the model based on modifications to Thomas and Caughey’s mobility fit 

parameters in undoped Schottky junction Ag/SiNW/AZO-coated-glass solar cells. An outlier 

is observed for the plot on right side due to experimental error. 
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8.2.3                                                 DISCUSSION 

It can be observed from the graph that the carrier mobility decreases with increases in 

temperature, due to interface effects between the nanowires and the phonon limited scattering 

within the SiNW-SC. Simultaneously, the fabrication temperature increases with a 

corresponding increase in the intrinsic carrier concentration. This is perhaps due to the fact 

that, at higher temperatures, phonon vibrations increase, resulting in greater kinetic energy 

transfer to free electrons from the valence band to the conduction band. Furthermore, it is 

evident that the carrier mobility decreases with increased intrinsic carrier concentration, 

because at room temperature most shallow electrons become ionised [17-18]. A favourable 

growth condition of well-oriented SiNWs for the fabrications of undoped Schottky junction 

Ag/SiNW/AZO-coated-glass solar cell with enhanced carrier mobility at an intrinsic carrier 

concentration of 108cm-3 can be achieved. 

8.3 RELATIONSHIP BETWEEN CARRIER MOBILITY, LIFETIME AND 

FABRICATION TEMPERATURE 

This section discusses the relationship between these parameters from the computed results. 

The graphical results are predicated based on the modified Thomas and Caughey hypothetical 

models. 

. 

Table 8.14 The values of fabrication temperature, lifetime and mobility values from the model  

 

 

 

Fabrication 

Temperature ToC 

Carrier 

Lifetime µs 

Carrier Mobility 

cm2/Vs 

 400  8.5 1.10 

375 4.5 1.19 

350 4.6 1.29 

325 4.9 1.41 

300 5.0 1.54 
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Figure 8.21 The plot is indicative of the relationship between fabrication temperature, carrier 

lifetime and mobility in undoped Schottky junction Ag/SiNW/AZO-coated-glass solar cell 

based on modifications to the Thomas and Caughey mobility fit model used in this work.  

 

 
Figure 8.22 The plot depicting a co-variance relationship between carrier mobility and carrier 

lifetime in undoped Schottky junction Ag/SiNW/AZO-coated-glass solar cell based on 

modifications to the Thomas and Caughey model used in this work.  
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8.3.1                                                     DISCUSSION 

The model adopted (impedance spectroscopy and Thomas and Caughey mobility fit parameter) 

for measuring and estimating the carrier lifetime and carrier mobility respectively in relation  

to the fabrication temperature in this work presents three fabrication temperature points of 

interest as observed in Figure 8.21, which are 300oC, 370oC and 400oC .The maximum mobility 

of 1.54cm2/V-s is obtained at 300oC and this is suspected to be due to higher hydrogen 

concentration leading to better passivation within the SiNWs arrays and  the devices fabricated 

at this temperature are observed to deliver the highest value short circuit current (Isc) amongst 

all devices fabricated as seen in table 6.15 and 6.16 of chapter 6,pp.205 and 206 respectively 

in this work. From physics of solar cells, we are informed that, the Jsc is proportional to the 

product of the carrier mobility and the number of photo generated carriers [20] and [25], hence, 

the reason for the highest carrier mobility reported. Additionally, physics of semiconductors 

informs us that, carrier mobility is dependent on the temperature of a material, because, as at 

lower temperatures, electron relaxation time increases resulting in increase in carrier mobility, 

coupled with the reduction in lattice vibrations (phonon scattering) at lower temperature of the 

material [20]. At 400oC, the maximum carrier lifetime of 8.5µs is obtained which perhaps is 

due to the tendency of SiNWs arrays transitioning from an a-Si:H phase to a poly-Si phase [21-

22]. There is a probability to consider 370oC as an optimal fabrication temperature point if 

other process parameters such as; metal catalyst mass thickness, gas flow rate of silane and 

hydrogen, pressure and time are adjusted and properly selected. Moreso, if effective and proper 

cleaning procedures are maintained, then, it is possible that higher values of carrier mobility 

and carrier lifetime may be obtainable for undoped Schottky junction SiNWs solar cells.    

 

Nevertheless, the focal aim of this work is to fabricate SiNWs at the lowest fabrication 

temperature possible, whilst delivering the highest possible mobility and lifetime values. From 

the values obtained from this model(impedance spectroscopy and Thomas and Caughey 

mobility fit parameter) , there is a possibility of fabricating Ag/SiNW/AZO-coated-glass solar 

cell within the range of (300oC ≤ T ≤ 325oC) with good rectifying, electrical and charge carrier 

transport properties. This seems to agree with structures of the SiNWs from the SEM images 

and IV measurements seen in Figures 6.30 and 6.35 of Chapter 6. Although, between (300oC 

≤ T ≤ 375oC) even with an increment of 25oC, there isn’t any pronounced changes in the carrier 

lifetime with respect to the carrier mobility. As such, a covariance relationship [26], is observed 

between (300oC ≤ T ≤ 375oC) as seen in Figure 8.22.  
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However, at fabrication temperature ≥ 375oC, there is a sharp rise in the carrier lifetime without 

any significant increase nor decrease in the carrier mobility. The carrier lifetime is dependent 

on the device quality and strongly affected by the carrier or doping concentration in 

semiconductor devices more than on the fabrication temperature as shown in Figure 8.19. An 

overall near exponential decrease like relationship existing between the carrier lifetime and 

carrier mobility undoped Schottky junction Ag/SiNW/AZO-coated-glass solar cell is evident 

from Figure 8.22 above appears to be in agreement with Einstein relationship as stated in 

Equation 8.15, [20], [24],[27] and [31].The carrier lifetime and carrier mobility in undoped 

Schottky junction Ag/SiNWs/AZO-coated-glass solar cell are independent parameters at 

fabrication temperatures ≤ 375oC and strongly dependent parameters at fabrication 

temperatures ≥ 375oC.   

 

Table 8.15 presents the summary of the electrical parameters, carrier lifetime, carrier mobility, 

diffusion length and theoretical efficiency of the best Ag/SiNW/AZO-coated-glass solar cell 

tested from samples of 20 solar cells each at these fabrication temperatures. An analytical 

approach [27], represented by Equations 8.12–8.14, was used to determine the series resistance 

(Rs), shunt resistance (Rsh), fill factor (FF) and solar cell efficiency (Ƞ), using values of data 

collected from IV curve characteristic measurements. These data include open-circuit voltage 

(Voc), short-circuit current (Isc), dark saturation current (Io) and ideality factor (n). 

 

On the other hand, the Nyquist plot from the IS measurements is used to determine the carrier 

lifetime, as shown in section 8.1 of this chapter, at a bias DC voltage of 0V in the dark. This 

was done because the Fermi level is not pinned at this voltage and the recombination 

characteristics of the devices are best investigated at no DC bias for the excitation of charge 

carriers from the valence to the conduction band, or through illumination from a light source. 

The solar cell quality is therefore ascertained. The charge transport parameters (carrier lifetime 

(τ), carrier mobility (µ) and diffusion length (L) which is deduced from the Einstein relation 

by Equation are also presented. As mentioned earlier, the carrier mobility values have been 

computed based on the modifications to the Thomas and Caughey model. In order to estimate 

the value of the fill factor, a single diode model was used to analytically deduce the fill-factor 

of the solar cell with silicon as a reference in developed from a semi-empirical as stated in 

Equation 8.12 [22]. From this equation we observe that the fill factor scales directly with the 

Voc of the solar cell. However, there is a limitation in the formulation, which is that the series 

and shunt resistances are not considered here.  
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FF =  
Voc−�KTe �Ln[�𝑒𝑒VocKT �+0.72]

(Voc+
KT
e )

                                                        [8.12] 

In real solar cells, the parasitic resistances (shunt resistance (Rsh) and series resistance (Rs)) 

cannot be neglected. However, due to the skewness of the IV characteristic curves especially 

in linear scale, an analytical approach was adopted in order to estimate the Rsh and Rs using 

Equations 8.13 and 8.14. 

ISCRS  = nKT
e

Ln(
�( Ioexp (eVocnkT )−ISC�]

(Io )
)                                             [8.13] 

Voc
   Rsh

= Isc−Ioexp eVoc
nKT

                                                [8.14] 

                    L = �μτ kT
e

                                                                                      [8.15] 

 

Table 8.15 Show the summary of all parameters computed and the efficiency of undoped 

Schottky junction Ag/SiNW/AZO-coated-glass solar cell at the various fabrication 

temperatures fabrication temperatures. 
 

ToC 
 

Voc 
(V) 

 
Isc 
(A) 

 
Io 

(A) 

 
Rsh 

(KΩ) 

 
Rs 
(Ω) 

 
  n 

 
µ 

(cm2/Vs) 

 
τ 

(µs
) 

 
L 

(µm) 

 
FF 

 
Ƞ 

(%) 

300 0.44 2.8e-05 1e-07 16.21 16.25 7.9 1.54 5.0 4.47 0.28 2.4e-3 

325 0.48 2.5e-06 8e-09 207.2 17.53 5.9 1.41 4.9 4.43 0.33 1.7e-3 

350 0.3 9.0e-06 1e-07 34.98 17.36 8.0 1.29 4.6 4.29 0.10 5.9e-4 

375 0.32 2.0e-05 1e-08 16.03 19.73 8.7 1.19 4.5 4.24 0.13 6.2e-4 

400 0.24 7.0e-06 5e-09 34.34 22.92 13 1.10 8.5 5.84 0.02 5.8e-5 
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In Table 8.15, it is evident that Ag/SiNW/AZO-coated-glass solar cell fabricated at 300oC and 

325oC record the highest efficiencies. This is evident from the measured values of the Voc, 

which increases with the fill factor. Although the efficiency of the solar cell fabricated at 300oC 

has the highest efficiency value in comparison with the solar cell fabricated at 325oC, this is 

attributed to a larger short-circuit current at 300oC almost twice that at 325oC. Within the range 

of 2000C–400oC, it has been reported that the  short-circuit current increases due to increased 

optical absorption in the solar cells and the efficiency is expected to be relatively constant [27]. 

However, the opposite was seen in this case, even though the XRD measurements (Figure 6.40, 

page 198 of Chapter 6) show that SiNWs exhibit a hydrogenated amorphous silicon phase. 

Thus, the most logical suggestion for this departure is mostly due to the random orientation of 

the SiNWs and the interface states associated with the arrangement of atoms along the axis of 

the SiNWs fabricated at temperatures higher than 325oC.  

In spite of the well oriented and somewhat uniform growth of SiNWs obtained at a fabrication 

temperature of 325oC, as shown in Figure 6.29 of Chapter 6, it was hoped that the drift carrier 

mobility would be the highest. This was not the case, because, based on measurements obtained 

from the IV characteristic curve, the short-circuit current almost an order lower than SiNWs 

measured at 300oC. This supports the argument that the drift carrier mobility is directly 

proportional to the short-circuit current density and a well-established fact in physics of 

semiconductors [25]. In this chapter, it was demonstrated that the carrier mobility and carrier 

lifetime in silicon cells are independent parameters. The optimisation of either one or both of 

them can enhance the overall performance and efficiency of these silicon nanowire solar cells.  

In conclusion an increase in the fabrication temperature results in a corresponding decrease the 

carrier mobility in Ag/SiNW/AZO-coated-glass solar cell because of increased scattering 

occasioned by the uneven geometry kinking of the SiNWs, supposed grain boundaries or 

interface states between adjacent SiNWs and random orientation of the SiNWs. This seems to 

agree with well-established physics principle of increased phonon scattering within silicon 

based materials and semiconductor devices as the finite or non-zero temperature is increased 

[19] and [28-29]. However, the carrier lifetime is influenced more by the defects states within 

the SiNWs and not by the fabrication temperature. In most cases recombination rate becomes 

high as the length of SiNWs increases. Hence, an optimal length is required to reduce 

recombination and improve the carrier lifetime [7]. 
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CHAPTER 9 

9.0                            CONCLUSIONS AND CONTRIBUTIONS  

The scope and focus of this research work were to determine how best to optimise carrier 

mobility and carrier lifetime in the fabrication of silicon-based nanostructures at temperatures 

low. The type of structure in question is SiNWs structures, fabricated as single junction 

Schottky solar cells, which are favoured for their high optical absorption properties, based on 

the brilliant light trapping they offer. This has earned them the status of preferred candidate in 

the fabrication of novel and highly improved solar cells. The choice of the single junction 

Schottky configuration is a result of its reduced cost of fabrication and low complexity in the 

fabrication process for SiNWs.  

 

Basically, SiNWs possess some other comparative advantages. At a lower thickness, compared 

to bulk crystalline silicon wafer-based structures, they are able to absorb a lot of light within 

the same wavelength as bulk crystalline silicon. The charge carrier transport properties of these 

nanowires, especially the carrier mobility, can be as high as those obtained from wafer-based 

silicon solar cells when all process and growth conditions are fully optimised. Additionally, 

the process temperatures required for SiNWs are far lower than those required for wafer-based 

silicon solar cells. In terms of the fabrication process, tin (Sn), a metal catalyst, has been used 

to grow the SiNWs structure, because it is non-toxic, does not dope the nanowires, and does 

not form deep-level traps within the SiNWs material. The VLS growth mechanism using 

PECVD has been used to fabricate the solar cells. The major reason for this is that the process 

is fully scalable and highly adaptable, culminating in a wide application in industries.  

 

In trying to optimise the carrier mobility and lifetime, the process was preceded by setting a 

design process parameter to be used in the PECVD system. The fabrication temperature was 

varied and other parameters were fixed in this work. The fabrication temperature influence on 

the morphology of the SiNWs was investigated with a view to ascertaining its influence on the 

crystallinity, optical, electrical and charge transport (carrier mobility and carrier lifetime) 

properties of undoped SiNWs. SiNWs growth is not just influenced by the process parameters 

set for the major experiment, but also by the initial hydrogen-plasma treatment, which affects 

the arrangement and modifies the surface properties of the metal seeding layer. Thus, the 

structural outlook and overall geometry of the nanowires are greatly influenced by the shape 

of the catalyst droplet.  
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Line fitting of the linear region on the Tauc plot was used to estimate the band gap of the 

undoped SiNWs, which was compared with undoped a-Si:H. The results suggest a better blue 

shift observed by the lower band gap values recorded in the undoped SiNWs in comparison to 

amorphous silicon films at the same temperature. This technique may not be the best method 

to determine both the band gap of undoped a-Si:H and undoped SiNWs as errors may have 

been introduced as a result of multiple reflections, giving rise to more than one absorption peak 

from some of the devices tested. This was evident at some fabrication temperatures seen from 

the band gap measurements presented as Tauc plots. However, the results still validate the fact 

that undoped SiNWs have lower band gaps with respect to undoped a-Si:H films. Prior to the 

fabrication of the solar cells, an investigation was conducted for the most appropriate metal top 

contact to use in this work on 3 kinds of TCO-coated glass substrates. This work expanded 

upon the reported literature published by one of the research students at EMTERC. Aluminium 

doped zinc oxide (AZO)  coated glass was considered to be the most suitable in the fabrication 

of the nanowire solar cells, because it is the TCO glass least affected by hydrogen plasma. 

Furthermore, electrical characterisation by the use of current-voltage measurements was 

conducted on fabricated a-Si:H solar cells using several different metal top contacts, in order 

to ascertain the best rectifying properties. By comparing the rectification properties of four 

different metal top contacts on the various TCO-coated glasses, the choice of top metal contacts 

was finally narrowed down to silver.  

 

The theoretical efficiencies of these solar cells were computed and in spite of the fact that 

indium had a better rectification ratio (101 orders greater than the rectification ratio of silver), 

on a-Si:H-SC, the preferred chosen top contact metal for the fabrication of SiNWs-SC is silver. 

This is solely based on its higher efficiencies 101 order greater than indium metal based on the 

calculated efficiencies using the theoretical formulation developed by M.A. Green in 1982. 

This point was further strengthened with the computation of the generation rate. The generation 

rate is a bulk property that should not change irrespective of the metal contact used; which 

appears to have been validated by  the generation rate of silver top contacted a-Si:H solar cells 

having same order (1020)cm-3s-1 as the  indium contacted a-Si:H solar cells. Although, the 

generation rate of silver contacted a-Si:H solar cell is 3 times more than indium contacted a-

Si:H solar cell and generation rate for silicon based solar cells is typically reported to be 1021cm-

3s-1.Therefore, the choice of silver top metal contact on undoped a-S:H as the preferred metal 

is further strengthen by reported generation rate which is closer to the values reported.  
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When indium metal was evaporated as the top contact on SiNWs-SCs, a very poor rectifying 

junction was formed. An inference therefore is suggested: that the kind of metal contact used 

in the fabrication of the Schottky junction of SiNWs-SCs has a great influence on the overall 

performance of the device. The aforementioned work has given rise to a methodology for 

understanding two critical material parameters that can improve SiNWs-SC performance, since 

they directly relate to electrical conduction of SiNWs. These critical parameters are charge 

carrier mobility and carrier lifetime which were investigated in relation to the fabrication 

temperature. In this work a new methodology was introduced by incorporating both 

experimental and semi-empirical models. The best possible optimisation procedure was 

investigated in order to try to establish some relationship between these two parameters, in 

addition to studying the effects of fabrication temperature on each parameter. For this task, a 

model was explored based on modifications to existing mobility fit parameters by Thomas and 

Caughey. Fabrication temperature points were varied from the experimental design parameter 

in order to understand this phenomenon. Investigations revealed that the carrier lifetime is not 

considerably affected by fabrication temperature changes in SiNWs-SC devices between 

(300oC ≤ ToC ≤ 375oC), and a sharp exponential increase in carrier lifetime ≥ 375oC.This is 

attributed to the fact that, the carrier lifetime is highly dependent on the quality of the 

nanostructures mostly affected by crystal defects within the material rather than the fabrication 

temperature. The carrier mobility, on the other hand, is strongly dependent on the fabrication 

temperature since, the photo-generated excitation tends to increase the average kinetic energy 

of free electrons and simultaneously results in an increase in lattice vibrations. Both parameters 

however, are strongly dependent on the carrier or doping concentration and at higher carrier 

concentration, there is increased scattering. The relationship between carrier lifetime and the 

carrier mobility in all the SiNWs-SC devices fabricated is far from dependent throughout the 

fabrication temperature ranges of 300oC ≤ ToC ≤ 400oC. 

 

In conclusion, by combining impedance spectroscopy measurements technique to determine 

carrier concentration and modified Thomas and Caughey charge carrier mobility fit parameters, 

the mobility and lifetime of SiNWs-SC devices are determined. The product of both improves 

the overall performance of the SiNWs-SC devices. This is validated by Einstein’s relationship 

and photo conductivity relationship equations respectively. The optimisations of carrier 

lifetime and carrier mobility were best achieved at optimal low fabrication temperature ranges 

between 300oC ≤ ToC ≤ 3250C.  
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9.1                                                      FUTURE WORK  
Further optimisation and fabrication work on SiNW-SCs is to be carried out at the temperatures 

corresponding to the carrier transport optimisation points. Other appropriate characterisation 

will be conducted to characterise the solar cell, whilst the values of the carrier mobility and 

lifetime are determined. Another major future consideration is to study and understand the 

metal contact interaction with the surface states of SiNWs with a view to finding the most 

appropriate top metal contact (or a metal alloy combination) for delivering the most optimal 

charge carrier extraction, combined with brilliant Schottky properties, on SiNWs arising from 

band bending properties, based on work function difference and low diffusion coefficients in 

silicon. This will probably enhance carrier lifetime and carrier mobility, irrespective of the 

diameter, length or density of the nanowires.  

EMTERC has already investigated the possibility of screen-printing technology on electronic 

devices. This thick film technology can be exploited for further research into making more 

efficient top contacts on Schottky junction silicon micro and nano-structured solar cells, both 

on a small and larger scale, once the right metal or alloy able to produce the right rectification 

has been determined. This will most likely reduce the contamination of metal contacts and 

devices arising from contamination during the evaporation process.  

Silicon nanowire solar cells have not yet registered the same efficiencies as monocrystalline 

solar cells; thus, this opens up many opportunities for other properties like optical and structural 

to be optimised. Journal papers will be written and conferences attended so as to keep abreast 

with the current trends and developments in nanowire technology. 
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APPENDIX 1 

A tabulation of carrier mobility values obtained from past works by different researchers as a 

basis for which Thomas and Caughey mobility fit parameters where modified. 
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APPENDIX 2 

Characterisation Amorphous Silicon solar cell using Indium top contact at 300oC Some 

characterisation procedures these includes CV, Gap Cell, FTIR and Impedance spectroscopy 

measurements to find the carrier lifetime   of amorphous silicon thin films contacted using 

indium top metal contacts, with a view to ascertaining the quality of solar cell. These values 

have been used to find other parameters such as diffusion length, carrier mobility and 

generation rate in five different samples of these solar cells in a proposed paper. 

 
FTIR measurements of amorphous silicon on glass and P-type silicon. This was conducted for 

all samples at the nine temperatures. The FTIR images reflected here was for the sample 

deposited at 300oC. 
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APPENDIX 3 
Current Voltage and Impedance spectroscopy measurements of Silicon Nanowires solar-

cells with silver top contacts @ 300oC-400oC measured during the course of the 

experiments.  

300oC 
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APPENDIX 4 

325oC 
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APPENDIX 5 

350oC 

 
Nyquist of Silicon nanowires solar cells dark condition top and corresponding light conditions 

light below for 5 samples at 350oC 

N
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APPENDIX 6 

375oC 
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APPENDIX 7 

IV Curve of Amorphous Silicon solar cells at 200oC -275oC 

 

200oC 
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APPENDIX 8 

225oC 

 
 

 

 

 

 

 

 

 

 

 

 



 
 

291 
 

APPENDIX 9 

   

250oC 
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275oC 
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APPENDIX 10 
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APPENDIX 11 

       XRD measurements of SiNW at fabrication temperatures between (300-400)oC 
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APPENDIX 12 

The energy band diagrams for (Cu, Ag and Al)/a-Si:H/ITO) interface in Schottky junction 

Solar cell. 
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APPENDIX 13 

The energy band diagrams for (Cu, Ag and Al)/a-Si:H/FTO) interface in Schottky junction 

Solar cell. 
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The energy band diagrams for (Cu, Ag and Al)/a-Si:H/AZO) interface in Schottky junction 

Solar cell. 

APPENDIX 14  
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APPENDIX 15 

The energy band diagrams for (In and Ag)/a-Si:H/AZO) interface in Schottky junction Solar 

cell. 
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APPENDIX 16 
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APPENDIX 17 

 
https://www.powerwaywafer.com/4%E2%80%B3-cz-prime-silicon-wafer-thickness-525-

%C2%B1-25-%C2%B5m-2.html 
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APPENDIX 18A 

 
  

 APPENDIX 18B 
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APPENDIX 19 

 
APPENDIX 19B 

 
Since the equation of a line with negative slope = y = -mx + c, and from appendix 19B, a 

portion of the curve frequency against the impedance on the real axis or x-axis is plotted to 

determine the y value  which translates to the end from if the portion of the incomplete semi-

circle is projected to form a complete semi-circle. We know the following from appendix 19B:- 

• c = 38 which is the intercept  

• m = -0.000075 approximate which is the slope. 

• a = 155330 

• 2a = 310660 = x 

Now by simple substitution into the formula, the value of y = end frequency can be found. 

 y = -0.000075(310660) +38 = 15Hz. 
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