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Abstract 

 

Silicon quantum dots (QDs), a subset of Si nanocrystals (NCs), in dielectric matrices with 

bandgap tunability are promising thin film materials for third generation photovoltaics, 

which aim to cost effectively exceed the Shockley-Queisser limit of efficiency. The Si QDs 

investigated in this thesis were fabricated by magnetron sputtered thin film superlattice 

bilayers of silicon rich oxide (SRO) and silicon dioxide (SiO2) followed by annealing at 

1100 °C. The annealing causes solid-state nucleation and subsequent formation of Si NCs 

in the SRO layers. However, the main issue with this type of Si NC material is its poor 

carrier transport and material quality. Solar cell devices in the past have experienced 

heavy current crowding and high series resistance despite their reasonable open-circuit 

voltages up to 492 mV.  

 

Aluminium doped zinc oxide (AZO) is a promising transparent conducting oxide (TCO) 

which is often used in thin-film solar cells as transparent contacts. From the literature 

surveyed, AZO has never been used to make Si NC solar cell devices before. The key 

advantage of AZO is its high melting point of 1975 °C, which is much higher than other 

common TCOs. This allows AZO to be annealed at 1100 °C together with the SRO/SiO2 

bilayers, although the structural, electrical and optical properties of the AZO thin films 

change after annealing. The main issue is the heavy decrease in conductivity and cross-

diffusion of elements. 

 

For the first time, nucleation of Si NCs in SRO/SiO2 bilayers was observed in real-time via 

an aberration-corrected high resolution transmission electron microscope with in situ 

heating up to 600 °C. This particular experiment showed that nucleation of Si NCs begins 

at an unexpectedly low temperature (450 °C) which suggests that ex situ annealing at 

1100 °C may not be necessary. However, through external furnace annealing temperature 

dependence experiments later it was shown that the higher the annealing temperature, the 

better the extent of crystallisation of the Si NCs. The advantages of high Si content 

SRO/SiO2 bilayer superlattices with boron and phosphorus doping were also investigated. 

It was also shown that AZO forms a good ohmic contact to both the high Si content B and 

P doped SRO/SiO2 bilayer superlattices. Finally, together with utilising AZO as a 

transparent contact, a prototype superstrate configured Si NC solar cell device is 

demonstrated. 
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Preface 

 

This thesis is written for the fulfilment of the requirements for the degree of doctor of 

philosophy in photovoltaic and renewable energy engineering at the University of New 

South Wales Australia. The author’s candidature dates from 18th July 2011 to 31st August 

2015 with a period totalling to approximately 4 years. The research work was mostly 

conducted at the School of Photovoltaic and Renewable Energy Engineering which is the 

head node of the Australian Centre for Advanced Photovoltaics. Some research work was 

also conducted at MIKA, the Electron Microscopy Centre of the Materials Science and 

Engineering Faculty at the Technion – Israel Institute of Technology in Israel during the 

author’s 4 month research exchange from November 2012 to March 2013. 

 

This preface was written in hopes of improving the readability of the thesis. 

It is assumed that readers should have a reasonable knowledge of photovoltaics and solar 

cells as well as a background in fundamental physics. The overall technical content and 

main findings have already been outlined in the abstract. Furthermore, as this thesis is 

based on third generation all-Si quantum dot material, a large proportion of the research 

leans heavily towards materials characterisation. So ideally the reader should also have 

some background in common materials characterisation techniques. In summary, this 

thesis combines two major topics: silicon quantum dots for third generation photovoltaics 

and transparent conducting aluminium doped zinc oxide (AZO). Some research work 

undertaken during the author’s 4 year candidature have been omitted from this thesis to 

maintain consistency and length. These topics were namely optical emission spectroscopy 

for monitoring the magnetron sputtering set-up and sol-gel spin coated AZO thin films as 

an alternative to magnetron sputtered AZO thin films. Also critical equipment was 

unavailable for extended time due to the transition between the old Electrical Engineering 

building to the new Tyree Energy Technologies Building (TETB) between late-2013 to 

2014. The AJA sputtering system was unavailable for more than 11 months during its 

transfer from the Bay Street facility to the TETB. 

 

This thesis consists of 9 chapters with the individual chapter outline presented at the end 

of Chapter 1. Some chapters are based on work that has already been published by the 

author and colleagues either in referred journal publications or as conference proceedings. 

The citations are based on the generic IEEE numbering style. All acronyms in the thesis 
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are introduced when used for the first time in each new chapter. There is a list of Figures 

and Tables, a list of Symbols, Abbreviations and Nomenclature and a Full Reference List 

at the end of this thesis for your reference. The author hopes that the reader will have a 

clear, enjoyable and fruitful experience when reading this thesis. A list of Unique 

Contributions from the work in this thesis is presented on the next page. 
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Unique Contributions 

 

1) Observed for the first time, the solid-state nucleation of silicon nanocrystals (Si 

NCs) in SRO/SiO2 bilayers in real time via an aberration corrected high resolution 

transmission electron microscope (HRTEM) with in situ heating up to 600 °C. 

 

2) Investigated the dependence of annealing temperature up to 1100 °C on Si NC 

formation in SRO/SiO2 bilayer superlattice thin films (although, similar experiments 

have been done for Si NCs from plasma enhanced chemical vapour deposition 

(PECVD) and for Si nitrides and carbides). It was shown that the higher the 

annealing temperature, the better the extent of crystallisation of the Si NCs. 

 

3) Investigated the use and advantages of high Si content SRO in SRO/SiO2 bilayer 

superlattice thin films used in the fabrication of Si NCs. High Si content SRO tends 

to produce thin films with lower resistivity and higher absorption cross-sections 

which are better properties for fabricating Si QD solar cell devices. The effects of 

boron and phosphorus doping on the properties of high Si content SRO/SiO2 

bilayers were also studied. 

 

4) Investigated the structural, electrical and optical properties of transparent 

conducting aluminium doped zinc oxide (AZO) thin films annealed at temperatures 

up to 1100 °C. A special method was developed so that the thin film AZO samples 

could retain their conductive nature to within approximately 2 to 3 orders of 

magnitude after annealing in the absence of oxygen. This result may also have 

various applications outside of photovoltaics. 

 

5) Demonstrated that AZO forms a good ohmic contact to both the high Si content B 

and P doped SRO/SiO2 bilayer superlattices. 

 

6) Conceptualised the first Si QD/NC n-i-p superstrate configured solar cell using AZO 

as a transparent conducting layer. AZO is often used as a transparent conducting 

layer for thin-film amorphous Si and CIGS solar cells although AZO has never been 

investigated in the device structure of Si NC solar cells due to the high temperature 

annealing step for Si NCs that is required. 
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“I am enough of an artist to draw freely upon my imagination. 

Imagination is more important than knowledge.  

For knowledge is limited,  

whereas imagination embraces the entire world,  

stimulating progress, giving birth to evolution.” 

 

– Albert Einstein 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

1 

Chapter One: Introduction, Motivation, Aims 

and Objectives 

 

1.1 Third Generation Photovoltaics 

Photovoltaics is the process by which solar radiation is converted to electrical energy 

through the use of semiconductor materials. Conventional first generation single-junction 

silicon solar cells are bound by the theoretical Shockley-Queisser limit of efficiency which 

is 31% at 1-sun and 40.8% at maximum terrestrial concentration [1] (1961). To exceed 

these limits, other approaches must be used and this is where third generation 

photovoltaics comes in. Third generation photovoltaics [2-4] aim to achieve higher 

efficiencies with low fabrication/production costs. The idea is to utilise second generation 

thin-film solar cell [5] deposition techniques with the use of materials that are non-toxic, 

abundant and robust. 

 

 

Figure 1.1. Efficiency & cost projections of 1st (I), 2nd (II) and 3rd (III) generation PV 

technologies [2] (2003). 

 

Figure 1.1 shows the three generations and their theorised efficiency to dollar per Watt 

price bubble in 2003. It was understood quite early on that traditional first generation wafer 

based crystalline Si (c-Si) solar cells have high per unit area manufacturing costs and 
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somewhat reasonable efficiencies. According to the latest International Technology 

Roadmap for Photovoltaics (ITRPV) the average price for multi-crystalline silicon (mc-Si) 

modules were 0.62 US$/Wp in 02/2015 [6], with about 51% coming from the cell material 

and manufacturing cost and 49% from just the module manufacturing cost. This average 

price is actually surprisingly lower than what was predicted from the chart in Figure 1.1 in 

2003. From the ITRPV the average stabilised efficiency for Si solar cells of all technologies 

on the market in 2015 was estimated to be between 18.2 to 23.0% and is estimated to 

increase to 26% in 2025 [6]. However, 26% is seen at the practical limit of efficiency for 

single-junction c-Si solar cells in production [7] as it impinges on the theoretical limiting 

efficiency of single-junction c-Si solar cells which is 29.43% [8]. This means that cost 

effectiveness may become an issue at some point in the future. The fundamental reason is 

that even under large manufacturing scales, the raw material costs become the limiting 

factor, hence the idea of second generation photovoltaics. Third generation concepts aim 

to increase the efficiency whilst reducing the material cost per unit area and ultimately 

reduce the whole balance-of-systems cost. 

 

 

Figure 1.2. Energy band diagram displaying the main energy loss mechanisms: 1) non-

absorption due to photons with insufficient energy (i.e. energy below the bandgap); 2) 

thermalisation of photogenerated carriers; 3-4) contact and junction losses; 5) 

recombination loss [2]. 

 

Figure 1.2 shows the basic single p-n junction band diagram under illumination. To 

surpass the Shockley-Queisser limit, one must understand the fundamental energy loss 

mechanisms of conventional single-junction solar cells. Of the loss mechanisms shown, 

the largest losses for single-junction solar cells are 1) the inability to absorb photons with 
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wavelengths below the bandgap and 2) thermalisation of photons with energy greater than 

the bandgap. There are several ways to avoid these losses, which are: 

 

1) Multiple energy threshold processes, i.e. to increase the number of bandgaps by 

using multiple cells and there are several methods of achieving this such as 

spectrum splitting and tandem cells. 

 

2) Having multiple carrier generation with either a high energy photon or the addition 

of two or more lower-energy photons. 

 

3) The capturing of carriers before they thermalise, i.e. hot-carrier solar cells [9-11]). 

 

Of the three advanced concepts only 1) has surpassed the Shockley-Queisser limit in 

practice. A brief discussion of multiple energy threshold concepts will be discussed below 

with progression towards all-Si nanostructure tandem solar cells. 

 

 

Figure 1.3. Multiple bandgap concepts: (a) spectrum splitting; (b) tandem cell [4]. A 

combination of both concepts is also feasible. 

 

Multiple bandgap concepts are shown in Figure 1.3. The concept of using light splitting to 

reach high PV efficiencies was first proposed by Jackson [12] in 1955. The spectrum 

splitting design, concept (a) in Figure 1.3, consists of complex spectrally sensitive mirrors 

and/or dichroic filters with multiple types of solar cells. This concept has been 

demonstrated with high efficiencies over the years in research [13-16]. However, the more 
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successful approach has been concept (b), the multi-junction or interchangeably the 

tandem solar cell approach. III-V tandem solar cells have already been demonstrated and 

widely used in concentrator photovoltaics [17]. Tandem solar cells essentially consist of 

multiple layers of different bandgap solar cells stacked on top of each other with the 

highest bandgap at the top (where light enters the cell) and the lowest at the bottom. This 

allows preferential absorption of the light in its various layers. There are two types of 

tandem cells: the “mechanically” stacked type with individual contacts for each of the sub-

cells and the other type is the “monolithic” structure with the sub-cells connected in series 

with only two terminals for the whole stack. Factors such as correct bandgap 

combinations, layer thicknesses, lattice matching characteristics, doping and junction 

depth are all very important in the design of tandem cells and particularly the monolithic 

type. Over the years, the monolithic approach based on III-V materials has been more 

successful due to its simpler and more efficient two-terminal design. Only one substrate is 

needed in monolithic tandems which gives it a cost benefit over mechanically stacked 

tandem cells. However, the biggest disadvantages with III-V tandem solar cells compared 

to conventional c-Si solar cells are their high material cost, expensive growth techniques 

and the need for current matching in each of the sub-cells. High-quality III-V tandem cells 

require metalorganic vapour phase epitaxy (MOVPE) to achieve lattice matched single-

crystal arrangements. An alternative approach in terms of decreasing the $/Watt and 

greater industrial scale manufacturability is to use alternative materials that are less costly 

and require lower energy deposition techniques. This brings the topic to all-Si 

nanostructure tandem solar cell research which is the main topic in this thesis. 

 

1.2 All-Si Tandem Solar Cells 

Nanostructures are an ever growing area in the optoelectronics and semiconductor 

industry. Research and development in this area seems to be intensifying with promising 

results. For solar cell applications, Si nanostructures can be bandgap engineered through 

the concept of quantum confinement either in one dimension as “quantum wells” (QW) or 

all three dimensions as “quantum dots” (QD*). A tandem solar cell which is based only on 

Si elements and its dielectric compounds (consisting of common elements such as 

oxygen, nitrogen and carbon) can ultimately be produced by thin film deposition 

                                                

*
 A Si quantum dot (QD) refers specifically to a Si nanocrystal (NC) that is spherical in shape with a 
diameter less than 10 nm. In this thesis, the terms Si QD and Si NC are used interchangeably. 
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techniques followed by some form of crystallisation via thermal annealing processes. The 

main advantage compared to III-V tandems is the abundance and non-toxicity of the 

materials used. Nevertheless these thin film deposition methods do come at a 

disadvantage due to poorer crystal quality with extensive defect densities and thus lower 

achievable efficiencies compared to III-V solar cells. Furthermore, these tandem cells need 

to be made thin to reduce recombination with short diffusion distances, thus high 

absorption coefficients are required [18]. 

 

 

Figure 1.4. A theoretical design of an all-Si tandem cell using quantum confined QDs [19]. 

 

The most important aspect for tandem solar cells is the value of the bandgaps of the 

individual sub-cells in the stack and depending on the type of reference spectrum the 

optimal combinations can be easily found. For example using the Shockley-Queisser 

detailed balance calculations [1] and the program code EtaOpt [20], a three-junction 

device with bulk silicon as the substrate would have 2.0, 1.5 and 1.1 eV as the ideal 

bandgaps (Figure 1.4) based on current matching for the AM1.5 spectrum. The whole idea 

of quantum confinement is that the bandgap of the materials can be engineered with 

precision to allow for the best possible combination such that the correct wavelength range 

of the incoming spectrum can be absorbed preferentially from top down and allow for 

better utilisation of the energy available, i.e. reducing losses 1 and 2 from Figure 1.1. 
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Despite the promising future of all-Si nanostructure tandem solar cells, the current 

photovoltaic quality of the Si QD material for the upper sub-cells is still very far from ideal. 

Consequently current research is still focused on improving the quality of the Si QD 

material and single-junction Si QD solar cell devices. 

 

1.3 Thesis Objectives 

The thesis objectives are: 

 

1) To investigate the growth and nucleation kinetics of Si nanocrystals (NCs) in a SiO2 

matrix using in situ high resolution transmission electron microscopy with real time 

heating. 

 

2) To investigate and characterise the properties of high Si content silicon rich oxide 

(SRO)/SiO2 bilayer superlattice thin film material with boron and phosphorus 

doping and address their advantages for Si QD photovoltaics. 

 

3) To investigate the properties of magnetron sputtered transparent conducting 

aluminium doped zinc oxide (AZO) after thermal annealing up to 1100 °C. 

 

4) To demonstrate the first stand-alone superstrate configured Si QD solar cell device 

using AZO as a transparent conducting contact. 

 

5) To investigate the contact between AZO and the high Si content B and P doped 

SRO/SiO2 bilayer superlattice thin films.  

 

1.4 Thesis Chapter Outline 

This chapter (Chapter 1) puts the rest of the thesis in context by briefly introducing third 

generation photovoltaics and motivation towards all-Si tandem solar cell research. The 

thesis objectives are also presented followed by this thesis chapter outline. 

 

Chapter 2 and Chapter 3 are the literature review chapters. The literature review is 

separated into two chapters because it consists of two different topics. Chapter 2 outlines 
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the fundamental physical theory of silicon QDs and provides an overview of the 

experimental progress to date. The literature review in Chapter 2 serves as the underlying 

theory for the experimental Chapters 5, 6 and 8. 

 

Chapter 3 reviews the literature on AZO and its use as a transparent conducting oxide 

(TCO). This chapter begins with a general background of TCOs, followed by properties of 

zinc oxide. The literature review in Chapter 3 serves as the theory for the experimental 

Chapters 7 and 8. 

 

Chapter 4 presents the different fabrication, materials characterisation and photovoltaic 

device characterisation techniques used in the rest of the thesis. Some techniques include 

magnetron sputtering, furnace annealing, transmission electron microscopy, X-ray 

diffraction and Hall effect measurements. A brief introduction is given for each of the 

techniques followed by their purpose and relevance to the research work. 

 

Chapter 5 is the first of the four experimental chapters. This experiment involves in situ 

high resolution transmission electron microscopy (HRTEM) observation of silicon NC 

nucleation in a SiO2 bilayered matrix. The purpose of this experiment is to study the solid-

state nucleation and formation of Si NCs from SRO/SiO2 bilayer superlattice samples 

using a special type of HRTEM equipped with a heating stage. 

 

Chapter 6 is the second experimental chapter which studies the properties of high Si 

content SRO/SiO2 bilayer superlattice thin films by various characterisation techniques. 

The dependence of annealing temperature on Si NC formation using both GIXRD and 

Raman spectroscopy is investigated as well as the effects of boron and phosphorus 

doping in the SRO layers. 

 

Chapter 7 is the third experimental chapter which studies the properties of magnetron 

sputtered AZO thin films and their dependence on post annealing temperatures up to 1100 

°C. A short literature review survey of magnetron sputtered AZO thin films is presented at 

the beginning of the chapter. A special method was discovered during the course of the 

experiments which allowed the AZO to partially retain of its conductive nature even after 

annealing at high temperature. This special method was used to create the superstrate Si 

QD solar cell devices in Chapter 8. 
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Chapter 8 is the final experimental chapter which combines the results from Chapter 6 and 

Chapter 7 to demonstrate for the first time the concept of a stand-alone superstrate Si QD 

solar cell device on quartz using AZO as the transparent conducting contact. This device is 

compared to the different Si QD devices designed by other authors in the past. AZO on B 

and P doped Si NC bilayers were also fabricated to examine the contact properties. New 

potential Si NC solar cell device structures are also discussed at the end of the chapter. 

 

Finally Chapter 9 summarises the research work of this thesis. A list of unique 

contributions to the field of photovoltaics is also included. Lastly the chapter suggests 

directions for future work. 
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Chapter Two: Basic Theory of Silicon 

Quantum Dots and Work to Date 

 

2.1 Introduction 

Quantum dots (QDs) are nanocrystals (NCs) made from semiconductor materials ranging 

in size from approximately 2-10 nm. As QDs are usually in the scale of a few nanometres, 

they are small enough to exhibit quantum mechanical properties. Their optoelectronic 

properties exist somewhere between bulk semiconductors and discrete atoms. QDs have 

possible applications in multiple areas from transistors, light emitting diodes (LEDs), diode 

lasers, medical imaging, quantum computing and solar cells. Research efforts in Si 

nanostructures and QDs have been focused in the areas of optoelectronics [21-26], 

semiconductor memories [27-31] and third generation photovoltaics [18, 19, 32-34]. In 

general terms, QD characteristics are related to the size and shape of their individual NCs, 

whereby the smaller the size the larger the bandgap and hence the greater the difference 

in the energy between the valence and conduction bands. The usefulness of QDs lies in 

this particular characteristic of bandgap tunability or bandgap engineering by simply 

varying their size or shape. 

 

This chapter outlines the fundamental theory of Si QDs and provides an overview of the 

experimental progress to date in this field of research. As this thesis is mainly focused on 

the experimental side of Si QD solar cells the theory is not extensive and is simply here to 

serve as a brief overview for the reader. For more information on the theory, please refer 

to the references cited in this chapter. 

 

2.2 Quantum Confinement in Si QD Nanostructures 

In bulk semiconductors excitons are free to move in all directions, however when the 

dimensions of the semiconductor are reduced to the same order of magnitude as the 

characteristic length termed the “exciton Bohr radius”, quantum confinement occurs. In 

other words, quantum confinement is the phenomenon where electrons and holes are 

squeezed into a dimension that approaches a critical quantum measurement and 



 

 

10 

consequently properties are modified because no two nearby electrons can share the 

same energy level according to Pauli’s exclusion principle. Quantum confinement defines 

both the electronic properties (the arrangement of the energy levels in the semiconductor) 

and the optical properties. Often quantum confinement can be modelled using the “particle 

in a box” analogy which leads to the result that energy levels of QDs are related to their 

size and shape. As the dimensions of a QD approach the length of the exciton Bohr 

radius, electron crowding causes splitting of the original discrete energy levels into further 

smaller ones. Depending on the dimensions of confinement, three kinds of structures can 

be defined: 

 

1) Quantum well (QW) – confinement in one spatial dimension 

 

2) Quantum wire (QR) – confinement in two spatial dimensions 

 

3) Quantum dot (QD) – confinement in all three spatial dimensions. 

 

The explanation below, adapted from Ref. [35], shows how the effective mass 

approximation (EMA) can be used to determine the absolute confined energy levels for 

such small NCs. As with most approximations, there are limitations and deviations from 

the true nature of these nanostructures. The EMA of the solution to the Schrödinger 

equation for electrons (or holes) confined in three dimensions for the increase in energy for 

the nth confined energy level in a QD is shown below: 

 

 ∆𝐸𝑛 = 
ℏ2𝑘2

2𝑚∗
 

 

(2.1) 

 

 

where ℏ is the reduced Planck’s constant (ℏ =  
ℎ

2𝜋
), k is the wave-vector and m* is the 

effective mass of the particle. 

 

For a QD with a diameter 𝑎 is confined by an infinite or large potential barrier: 

 

 𝑘
𝑎

2
≈ 𝑛𝜋 (2.2) 



 

 

11 

 

Hence, the confined energy level can be found by substituting Eq. (2.2) into Eq. (2.1) 

yielding the discrete solutions for quantum numbers in each confined dimension denoted 

by n1, n2 and n3: 

 

 ∆𝐸𝑛 = 
𝜋2ℏ2

2𝑚∗𝑎2
(𝑛1
2 + 𝑛2

2 + 𝑛3
2) = 3

𝜋2ℏ2

2𝑚∗𝑎2
𝑛2 

 

(2.3) 

 

 

Note: n1 = n2 = n3. 

 

The equation above is similar to the solution for a QW which is confined in one dimension 

and the extra ×3 term is due to the confinement in all three dimensions in the case of a 

QD. The corresponding energy levels for QWs and QDs are non-degenerate with the 

same quantum number, i.e. in Eq. (2.3), n = n1 = n2 = n3 and therefore for a specific size of 

confinement a QW has confined energy levels a third of the height of a QD. In physical 

terms, for a given quantum confinement level the size or diameter of a QD is √3 of the 

width of a QW. Note this relation applies strictly only for a cubic quantum dot, whereas for 

a spherical QD of diameter, d, the confinement is actually a little greater with a factor that 

is slightly larger than √3. As mentioned before and as a reminder to the reader, the EMA 

predicts the general trend of an increase in confined energy level with the decrease in 

dimension of these quantum structures. 

 

Given the symmetry of the conduction band valley and valence band hill leading to a 2-fold 

degeneracy in the transverse directions for Si the effective masses have been calculated 

[36] as 𝑚𝑒
∗ = 0.27𝑚0 and 𝑚ℎ

∗ = 0.59𝑚0 for electrons and holes respectively. By substituting 

the above approximate masses into Eq. (2.3) for the first quantised ground state energy 

yields: 

 

 𝐸1 = 𝐸𝑔 + ∆𝐸1 = 𝐸𝑔 +
4.1808

𝑎2
+
1.9132

𝑎2
= 𝐸𝑔 +

6.09408

𝑎2
 

 

(2.4) 

 

 

for 𝑎 in nm and E1 and Eg (bandgap of bulk Si) in eV. 



 

 

12 

 

The results of the above equation show that there is an increase in bandgap energy with 

the decrease in the dimensions of the QD. This is because smaller QDs result in a more 

pronounced overlap or folding of the wave-function in k-space with transitions becoming 

more quasi-direct. This has been proven experimentally from photoluminescence (PL) 

data on QD nanostructures from various sources in Ref. [18]. However the EMA deviates 

progressively as the diameter of the QD decreases, this is partially due to the fact that 

experimentally, the confining barriers are non-infinite. In the case of real dielectric 

matrices, the approximation of 𝑘 in Eq. (2.2) has to be calculated implicitly via:  

 

 𝑘
𝑎

2
= 𝑛𝜋 − sin−1 (

ℏ𝑘

√2𝑚∗𝑉0
) 

 

(2.5) 

 

 

where V0 is the confining barrier height. Hence, ∆𝐸𝑛 is reduced to [36]: 

 

 

∆𝐸𝑛 ≈
3 ∙

𝜋2ℏ2

2𝑚∗𝑎2

(

 
 
1+

ℏ

(
𝑎

√2𝑚∗𝑉0
)
)

 
 

2 ∙ 𝑛
2  

(2.6) 

 

 

For finite confinement barriers, ∆𝐸𝑛 from Eq (2.6) will also be lower than Eq. (2.2). Thus, 

finite confinement barriers will lower the confinement energy. 

 

2.3 Carrier Tunnelling Transport in Si QD Superlattices 

Carrier transport properties are dependent on the type of matrix that Si QDs are 

embedded in. Figure 2.1 shows three different matrices that Si QDs may be confined in. It 

is shown that each type has different transport barriers with tunnelling probabilities closely 

related to the barrier height. SiO2 (bandgap 9eV) has the highest barrier, followed by Si3N4 

(bandgap 5.3 eV) and SiC (bandgap 2.5 eV), with the lowest barrier. This means that 

compared to Si QDs in SiO2, Si3N4 or SiC can have greater spacing between each other 

for a given tunnelling current value.  
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Figure 2.1. Bulk band alignments between crystalline Si (c-Si) and its corresponding 

oxides (SiO2), nitrides (Si3N4) and carbides (SiC) [18]. 

 

It is known that the wave-function, k, of an electron confined to a spherical QD influences 

the surrounding material which decreases in an exponential fashion into the barrier. Also, 

the rate of the exponential decay is reduced for a lower barrier height material. The 

approximate equation for tunnelling probability, 𝑇𝑒 through a “square” potential well is 

shown below [36]:  

 

 
𝑇𝑒 = 16𝑒

(−𝑑√
8𝑚∗

ℏ2
∆𝐸)

 

 

(2.7) 

 

 

where, 𝑑 is the barrier width or separation between the QDs, 𝑚∗ is the effective mass of 

the electron within the barrier, √∆𝐸 = √𝐸𝐶 − 𝐸𝑉, the square root of the energy difference 

between the conduction band edge of the matrix to the confined energy level of the QDs 

as viewed by the electron and ℏ is the reduced Planck’s constant. By combining the first 

three parameters, the tunnelling probably of QDs will be dependent on the factor 𝑚∗𝑑2∆𝐸. 

This means in qualitative terms that for a given tunnelling probability, if the barrier height is 

increased then the barrier width, i.e. separation between the QDs, should decrease and 

vice versa. Furthermore, as the size of the QD decreases (higher bandgap) ∆𝐸 will 

decrease, which would give a higher tunnelling probability. Note, that Eq. (2.7) only 
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assumes the ideal case where electrons are tunnelling between two isolated QDs and 

hence should be used merely as a qualitative outlook. In reality, the tunnelling probability 

will depend on the coupling of wave-functions across many QDs. 

 

Jiang and Green [37], used the effective mass approach shown above to calculate the 

conduction band structure of three-dimensional cubic Si QD superlattices embedded in 

matrices of SiC, Si3N4 and SiO2. They first showed that the calculated band energy is not 

highly sensitive to a change in the dielectric effective mass of the electron compared to the 

QD size and distribution. However, it was found that the interdot separation has a larger 

influence on the “Bloch” carrier mobilities than the actual size of the QDs. 

 

In summary, to theoretically increase the tunnelling probability and hence mobility of QD 

materials, the effective mass of the electrons in the barrier would need to be as large as 

possible (smallest effect), the size of the QDs to be as small as possible, the height of the 

confining matrix barrier material to be as low as possible and the separation in the QDs as 

small as possible (largest effect). In terms of the confining matrix barrier material, theory 

postulates that SiC with a bandgap of 2.5 eV would be the best candidate for Si QD solar 

cells. However in reality, as the polarity and the length of the Si-Si bonds decrease from 

SiO2 to Si3N4 to SiC, the phase segregation and nucleation of Si in SiC matrices would 

also be the least effective of the three types of matrix material. 

 

2.4 Fabrication of Si QD Nanostructures and the SRO/SiO2 

Superlattice Structure 

Si NCs, which exhibited room temperature (RT) PL, were fabricated by sputtering Si into 

SiO2 as early as 1988 [38]. In the following years other techniques included ion 

implantation of Si into SiO2 matrices followed by thermally induced crystallisation of the Si 

[39-41]; etching of porous Si [22, 42]; CVD [43-45], reactive evaporation [46] and 

sputtering [47-50] of sub-stoichiometric SiOx (where 0<x<2) films followed by thermal 

annealing/nucleation. The main problem with these methods is the broad size distribution 

of the resulting non-constrained Si NCs which makes characterisation more complicated 

and the material less useful for making practical devices. Some form of confinement must 

then be used to decrease the size distribution of these Si NC films. The first attempt at 

confining these Si NCs was the amorphous Si (a-Si)/SiO2 superlattice structure by Lu et al. 
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[23] back in 1995. There were further improvements to this design by incorporation of a 

post high temperature anneal [51, 52]. However there was a major drawback to this 

method as the NCs fabricated in this way could not be constrained in all three directions 

due to the thickness of the Si layer that was used. Another problem with the method used 

was the resulting layered structure was more of a polycrystalline film due to the NCs 

touching each other. A large size distribution of the Si NCs still made the PL spectrum 

broad. In 2001, Zacharias et al. presented a neat and simple method of constructing Si 

QDs that were constrained satisfactorily in all three directions [53]. The fundamental 

technique involved deposition of alternating bilayers of stoichiometric silicon rich oxide, 

SRO† (or SiOx used interchangeably) and silicon dioxide, SiO2, which forces the NCs into a 

“dense and layered arrangement” [53]. Once this step was complete a post-deposition 

thermal anneal was then required to nucleate the Si QDs (Figure 2.2). In the study by 

Zacharias et al., the SiO2 dielectric barrier layers were 2 nm or 3 nm and the SRO layer 

with a silicon-to-oxygen ratio of 1:1 was either 3 nm or 1 nm. The samples consisted of 46 

to 96 bilayers which were later annealed at 1100 °C for 1 hour in a nitrogen (N2) 

atmosphere. Through this method Zacharias et al. claim that precise size and control of 

density of the Si NCs can be managed independent of the stoichiometry. 

 

 

Figure 2.2. Superlattice bilayered structure illustrating the nucleation of Si QDs in a 

“Silicon Rich Oxide” (SRO or SiOx) layer [18]. 

 

For most semiconductor device applications, precise engineering of spatial position, size, 

shape and the density of these NCs is critical. Thin film deposition techniques are required 

                                                

†
 Silicon rich oxide in this thesis is abbreviated as SRO or SiOx. SRO is normally used in general, 

whereas SiOx is used when the stoichiometry is emphasised. 



 

 

16 

for nanostructure fabrication. The most common thin film deposition techniques used to 

fabricate these Si based superlattices are plasma enhanced chemical vapour deposition 

(PECVD) and sputtering. Both of these deposition techniques are well established and 

have advantages over other techniques such as: low temperature deposition, large 

availability of different deposition materials, good uniformity over a large area, precise 

deposition rate and many others. 

 

For the case of Si QDs embedded in a SiO2 matrix, the phase separation of excess Si in 

the SRO layers by a high temperature anneal (usually between 1050-1150 °C in N2) is 

governed by the following equation: 

 

 𝑆𝑖𝑂𝑥 → 
𝑥

2
𝑆𝑖𝑂2 + (1 +

𝑥

2
) 𝑆𝑖 

 

(2.8) 

 

 

where 0 < 𝑥 < 2 [53]. The phase separation of the SiOx ensures that nucleated Si NCs will 

be separated from one another via SiO2 shells. Furthermore, Zacharias et al. with the aid 

of cross-sectional transmission electron microscopy (TEM) showed that the self-

arrangement of the Si NCs is destroyed if the buffer SiO2 layer is too thin, specifically 

below 2 nm thickness; this is due to the interaction with the interface roughness or in the 

other case if the layer is too thick then strain relaxation occurs. With regard to the size of 

the Si QDs themselves, the lower limit is set by the crystallisation theory adapted to fit 

nanometre-thick layers [54] and this turns out to be approximately 1.8 nm for the type of 

superlattice structure presented above. Definitive PL characterisation showed a strong 

blue-shift with decreasing NC size (Figure 2.3). 
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Figure 2.3. Normalised PL spectra displaying a definitive blue-shift concurrent with the NC 

diameter [53]. 

 

Zacharias et al. presented a simple method in constructing these Si QD nanostructures 

with good control of both size and density. PL and TEM characterisation were performed 

on the samples with positive although limited results. Further investigation is required in 

terms of the structure of the NCs. Some authors [55-59] through various TEM techniques 

have reported elliptical or more extensive networks deviating from the expected spherical 

QD shape. This is more likely to occur for relatively thick layers where diffusion is not 

constrained. Potential merging of several QDs is also a possibility. The irregular shape will 

most certainly affect the quantum confinement of excitons due to their higher interface 

defect densities as the surface area-to-volume ratio increases when the shape digresses 

from that of an ideal spherical QD, at least for QD with the same amount of Si atoms. Also, 

the uniformity of QDs and methods to decrease the size distribution even with this 

superlattice structure should be improved. Both these issues will most certainly affect the 

bandgap energies of the material. In addition electrical characterisation such as 

conductivity and electron or hole mobility should be further explored. 
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2.5 Effect of Silicon Rich Oxide Stoichiometry on the 

Properties of Si QD Superlattice Structures and the 

Size and Density Control of Si QDs 

To date, the most extensive investigation has been with Si QDs embedded in a SiO2 

matrix. Hao et al. [60] investigated the structural and optical properties when the 

stoichiometry of the SRO is altered. Their experiment involved co-sputtering multiple 

bilayers of SRO/SiO2 films on Si wafers and quartz substrates followed by a thermal 

anneal at 1100 °C for 1 hour in a N2 atmosphere. The method used was similar to the one 

outlined in the previous section. The O/Si ratio in the SiOx was the dependent variable in 

their experiment with x being 0.86, 1.0 and 1.3. The thicknesses of the SRO and SiO2 

layers were approximately 4 nm and 6 nm respectively. Each superlattice sample 

consisted of fifteen bilayers with approximate stoichiometry denoted as SiO0.86/SiO2, 

SiO1.00/SiO2 and SiO1.30/SiO2.  

 

TEM measurements were performed on the samples which showed clear multi-layer 

formation and at higher resolution clear QD structures could be seen (Figure 2.4). As 

expected the TEM images showed that the average QD size decreases as the O/Si ratio 

increases from 0.86 to 1.30 and the total number and density of the QDs also decreases. 

Both these observations were consistent with similar work from Yi et al. [61]. Hao et al. 

also show together with GIXRD that the average size of the Si QDs is smaller in a 

multilayered structure versus an unconstrained full monolayer structure, i.e. Si QDs 

embedded in a thick a-SiO2 layer. In addition, from other sources, the size distribution of 

the Si NCs is greater in an unconstrained full monolayer structure [61, 62].  
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Figure 2.4. TEM images of cross-sectional annealed SRO/SiO2 specimens: (a) 

SiO1.30/SiO2 multiple bilayers (b) SiO1.30/SiO2 multiple bilayers at higher magnification (c) 

SiO1.00/SiO2 multiple bilayers (d) SiO1.00/SiO2 multiple bilayers at higher magnification (e) 

SiO0.86/SiO2 multiple bilayers (f) SiO0.86/SiO2 multiple bilayers at higher magnification [60]. 

 

Hao et al. also investigated the optical properties on the O/Si variation in the multi-layered 

films. Their conclusions were that the optical absorption is blue-shifted with an increase in 

the O/Si ratio as bandgap becomes larger when the size of the QD decreases. Also, as the 

O/Si ratio decreases, i.e. as x increases, the degree of absorption increases. This is 

intuitive as an increase in Si content in the SRO layers with the same thickness means 

that there is more Si to absorb the incoming photons. This does not necessarily mean that 
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the absorption coefficient is higher for SRO layers with a lower O/Si ratio, only that there 

are more QDs for the absorption. It is experimentally difficult to compare the absorption 

coefficients in this way, as it is still not possible to fabricate superlattices with different size 

QDs whilst having the same QD population density. In reality, quantum confinement theory 

would dictate that smaller Si QDs would have a higher absorption coefficient due to the 

loss of their indirect bandgap nature with the decrease in dimension. Further discussion on 

the direct versus indirect bandgap of Si QDs can be found in “Silicon quantum dot based 

solar cells: addressing the issues of doping, voltage and current transport” by Conibeer et 

al. [63]. 

 

It was also reported that the PL spectrum changes with the O/Si ratio in band position, 

FWHM and intensity. It is important to mention that the correct inference of the optical data 

is difficult and limited. It should be interpreted with care due to the fact that the change in 

the O/Si ratio may not only change the QD size, but also their size distribution and 

concentration, type of phase (crystalline or amorphous) and/or QD surface properties 

(Si/SiO2 or Si/SiOx interface [64]). The tolerance to the thickness of the layers also plays a 

part in the optical data analysis [61]. From the PL measurements there was a clear red-

shift from SiO1.30/SiO2 to SiO1.00/SiO2 which follows the quantum confinement theory and 

was consistent with the work of several authors [53, 61]. However from SiO1.00/SiO2 to 

SiO0.86/SiO2 there was another blue-shift which is the opposite of what quantum 

confinement theory posits. The explanation for this is that different properties and 

mechanisms come into play besides just QD size, for example the different types of phase 

(crystalline or amorphous) or QD surface properties. It is possible, given the higher Si 

content in the SiO0.86/SiO2 multi-layers, that there is the existence of weakly absorbing 

background a-Si atoms or sub-stoichiometric SiOx causing the blue-shift. A more 

comprehensive explanation is given by Hao et al. [60] and Allan et al. [65]. 

 

Elsewhere, Yi el al. [61] performed some similar experiments using reactive evaporation to 

fabricate the SiOx/SiO2 superlattices. In their experiment they kept the stoichiometry of the 

SRO layers constant whilst varying the thickness of the SRO layers from 2 to 7 nm. Most 

importantly, they demonstrated that the size of the Si QD could be well controlled by 

varying the SRO up to a thickness of 5 nm (which is around the exciton Bohr radius of bulk 

Si). However, after 5 nm, more than one NC nucleus could form over the total layer 

thickness. 
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2.6 Doping of Si QD Nanostructures 

Impurity doping of Si NCs is more complex than doping in c-Si as impurity doping can 

drastically alter the structural, electrical and optical properties of the Si NCs themselves. 

Boron (B) and phosphorus (P) are the most common dopants for c-Si solar cells. 

Assuming that bulk c-Si has a density of 5 × 1022 atoms/cm3 or approximately 50 

atoms/cm3, the number of Si atoms in typical Si QDs with a diameter of 3 nm and 5 nm will 

be approximately 700 and 3300 respectively. A simple matrix model consisting of 5 nm 

cubic Si QDs separated by 2 nm of SiO2 with 1 dopant atom per QD would translate to a 

bulk doping density of about 3 × 1018 cm-3. It was found however that dopant densities 

used to dope Si QDs in the SRO/SiO2 superlattice structures are actually much higher as a 

large number of dopants are in fact inactive and do not contribute to the doping. Previous 

ab initio studies have shown that the formation energy for doping of Si NCs is higher than 

bulk c-Si mainly because of the reduced dimensionality [66]. Furthermore the formation 

energy of the dopant increases with decreasing Si NCs size (Figure 2.5). 

 

 

Figure 2.5. Formation energy of dopant atoms of (a) B and (b) P placed substitutionally at 

the centre of a Si nanocluster as a function of inverse NC radius. The shapes (filled 

square, empty square and empty triangle) represent different modelling regimes [66]. 
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Figure 2.5 shows the modelled formation energy of (a) B and (b) P dopant atoms placed 

substitutionally at the very centre of a Si nanocluster as a function of the inverse radius of 

the Si nanocluster. The shapes in the graphs represent different modelling regimes (for 

more information please refer to Ref. [66]). Cantele et al. [66] point out that for a particular 

nanocluster radius, R, the bond relaxation surrounding the central dopant causes a 

reduction in the formation energy. However, the overall effect is small compared to the 

dependence on the radius of the nanocluster. This effect of increasing size (due to 

increasing annealing temperature) on the doping efficiency of Si NCs has been shown 

experimentally by Fujii et al. [67] through PL measurements of Si NCs embedded in SiO2 

which were individually doped by B and P.  

 

Furthermore, Cantele et al. show through their ab initio study that the position of the 

dopant impurity within the NC also has a strong effect on the formation energy. In Figure 

2.6, the effect of location on the formation energy of B in a Si146BH100 nanocluster is 

presented. In short, as the B dopant is moved towards the surface of a Si NC, the 

formation energy decreases. This assumption is plausible due to the fact that such 

positions may allow greater atomic bond relaxation around the impurity. The conclusion 

then seems to be that the sub-surface positions are more stable and energetically 

favourable. Further evidence is provided through the “self-purification” mechanism [68] in 

Si QDs. 
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Figure 2.6. (a) Location of the dopant impurity within the Si nanocluster as it moves along 

two separate paths to the surface (b) The formation energy of the dopant impurity versus 

the distance from the central location (marked by the numbers 1-6) [66]. 

 

Despite the theoretical difficulties, “successful” doping of Si NCs has been demonstrated 

by several reports [63, 67, 69-73]. Specifically Hao et al. has demonstrated doping of Si 

QDs in SRO/SiO2 superlattices by co-sputtering of B for p-type and phosphorus pentoxide 

(P2O5) for n-type samples. XPS measurements showed the existence of B-B/B-Si [70] and 

P-P/P-Si [74] bonding. In addition, XPS estimated that the atomic ratio of O/Si in the SRO 

layers was approximately 0.694 for the intrinsic (undoped) samples [71], with little change 

in the atomic ratio of O/Si for the doped samples. Transmission line measurements (TLM), 

a type of lateral resistivity measurement method proposed by Reeves and Harrison [75] 

were performed to evaluate the resistivity of the doped Si QD superlattices at 300K in the 

dark. 
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Figure 2.7. (a) Resistance versus B dopant concentration in 4 nm SRO/6 nm SiO2 

superlattices (15-bilayers) on quartz measured by TLM [63, 70]. (b) Resistance versus P 

dopant concentration in 5 nm SRO/6 nm SiO2 superlattices (15-bilayers) on quartz 

measured by TLM [71]. 

 

Figure 2.7(a) shows that the intrinsic samples have a very high resistivity of 1.0 ˣ 108 Ωcm, 

but decreases by about two orders of magnitude to 1.0 ˣ 106 Ωcm when the B doping is 

increased to 0.17 atomic percent and decreases by another four orders of magnitude to 

1.0 ˣ 102 Ωcm as the doping is further increased to 0.5 atomic percent. This decrease in 

resistivity gives a strong indication of effective doping in Si QDs as a consequence of 

increased carrier concentration. The situation is slightly different for P doping in Figure 

2.7(b) however, because as the doping is increased from 0 to 0.1 atomic percent, the 

resistivity drops sharply by over seven orders of magnitude from 1.3 ˣ 108 to 1.0 ˣ 10 Ωcm. 

However from 0.1 to 0.35 atomic percent, the resistivity actually increases by just under 

three orders of magnitude to 1.8 ˣ 103 Ωcm. Possible reasons for this could be the over 

saturation of the Si QD surface states, clustering of P atoms and/or degradation of the Si 

crystallinity as a result of over doping. The result then implies that there is an optimum P 

doping level. 

 

Elsewhere, metal oxide semiconductor (MOS) devices (pp. 197) [76] were fabricated by 

Dong et al. [77] to estimate the true doping density of B and P in SRO/SiO2 superlattices 

structures via capacitance-voltage (C-V) measurements. The reported MOS structures 

consisted of 25 bilayers of 2 nm thick SiO2 and 4 nm thick B or P doped SRO (with a Si-to-
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SiO2 ratio of approximately 1:1) followed by a 20 nm SiO2 as the oxide and Al as the metal 

contacts.  

 

Table 2.1. Results of the material properties extracted by C-V measurements of B and P 

doped SRO/SiO2 superlattices in a MOS structure [77]. 

 

 

Table 2.1 shows the important material properties extracted by C-V measurements for B 

and P doped SRO/SiO2 superlattices in a MOS structure. Firstly, it should be noted that 

the method that the authors used to extract the mobility of their SRO/SiO2 material is 

different from that for c-Si. The conductance is dependent on both the separation between 

the QDs and the dopant concentration in the SRO layers. However it is difficult to separate 

these two dependencies. Nevertheless, they state that the mobility can still be estimated 

by the standard equation: 

 

 𝜇 =
1

𝑞𝑛𝜌
 

 

(2.9) 

 

 

where q is the elementary electronic charge, n the doping concentration and ρ the 

resistivity. From Table 2.1, the effective/active doping densities for both the B and P doped 

SRO/SiO2 superlattices are 4 ˣ 1017 cm-3 and 1 ˣ 1017 cm-3, while the mobilities are 2.2 

cm2/Vs and 8.9 cm2/Vs respectively. These mobility values are rather low compared to c-Si 

with the same active doping concentrations (if we assume the dopant concentration is 1 ˣ 

1018 cm-3 then the mobility for B and P doping would be approximately 200 and 400 cm2/Vs 

respectively [78]).  
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Fundamentally, this is expected, as the dielectric matrix that the Si QDs are confined in is 

the insulator SiO2 which in itself has a very high resistivity of roughly 1017-1018 Ωcm [79]. 

As mentioned in the Section 2.3 “Carrier Tunnelling Transport in Si QD Superlattices”, the 

mobility is strongly dependent on the interdot separation of the QDs as well as the size of 

the QDs. The carriers can only travel either through tunnelling across the dielectric barriers 

or “hopping” from one QD to another. Another effect on mobility is the high defect densities 

in the superlattice material itself, which usually increases with doping concentration 

especially when the majority of the dopants are not actually active. Importantly, Dong et al. 

mention that the extracted doping density and mobility do not correspond directly to that of 

the Si QDs, rather the material as a whole, which comprises all of the dielectric matrix, the 

interfaces and the quantum dots. 

 

Contact properties of aluminium and nickel on the doped SRO/SiO2 material were also 

investigated through TLM and it was found that the contacts were ohmic. This indicates 

that the films were either heavily doped or more likely that the surface defect density was 

very high. Furthermore, it was found that the contact resistivity decreased for films with 

higher Si contents. 

 

2.7 Doping Characteristics of Silicon QD Superlattice 

Structures 

As shown in the previous section, there is some evidence to show effective doping of 

SRO/SiO2 films. However, the exact doping characteristics of the Si QDs are still not well 

understood. Theoretical work has shown that substitutional doping inside perfectly 

crystalline Si QDs is highly unlikely as it is energetically unfavourable for this to occur [66]. 

The mechanism of “self-purification” termed by Dalpian et al. [68], i.e. the segregation of 

the dopant atoms from within the perfectly crystalline NC to the surface seems to be the 

general consensus surround modelling work in this area [66, 69, 80]. Furthermore as the 

size of the NC decreases, the formation energies of defects increases meaning that it 

becomes even more difficult for impurities/dopants to exist inside smaller NCs [68]. 

Stegner et al. [69] show from experimental electron paramagnetic resonance (EPR) data 

on free electron density in P doped Si NC films that 95% of P atoms are in fact inactive 

and self-purified to the surface. For NC diameters above 12 nm in the EPR experiment the 

number of electrically active substitutional P atoms and hence the free donor-electron 
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density are at least one order of magnitude smaller than the number of total P atoms in 

their films. The authors further report that for smaller NC diameters with higher P densities, 

the free donor-electron density sharply decreases. They attribute this result to the “inter-

NC compensation or electron capture at surface states”. In conclusion they then state that 

control of doping in Si NCs is better and more well-defined the larger the size of the Si NC, 

namely greater than 12 nm in diameter [69]. 

 

A second possibility is doping of just the dielectric matrix material, i.e. the SiO2 surrounding 

the Si QD. The idea is that the doped matrix can provide free carriers which can then be 

captured by the QD. This mechanism, usually known as “modulation doping” is often 

encountered in III-V semiconductor nanostructures. However, in III-V semiconductor 

nanostructures, the barrier height is typically in the order of a few 100 meV [36], which 

means that ionisation of dopant atoms is fairly probable at RT. However, in SRO/SiO2 

superlattices nanostructures, the dielectric matrix SiO2 has a barrier height of 9 eV, making 

the ionisation of dopant atoms at RT highly improbable ruling out this possibility, shown in 

Figure 2.8(a). The “modulation doping” can only happen through direct tunnelling of 

carriers if the dopants in the SiO2 are in the vicinity of less than 1 nm from the QDs which 

in reality is usually not the case. 
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Figure 2.8. Schematic illustration of two different mechanisms. (a) Doping of the dielectric 

a-SiO2 material surround the Si QD with an abrupt transition. (b) Doping of the amorphous 

sub-oxide region surrounding the Si QD [32]. 

 

The third and most likely scenario is the doping of the stoichiometric sub-oxide (SiOx, 

where 0<x<2) region surrounding the QDs. Daldosso et al. [64] provide strong evidence of 

this through energy filtered transmission electron microscopy (EFTEM) and ab initio total 

energy calculations. They show through experimental and theoretical studies that the 

interface between the crystalline Si QDs and the surrounding dielectric SiO2 matrix is not 

abrupt. A transition region, of amorphous nature, links the two together. This amorphous 

SiOx could provide flat “Bloch” bands doped in a pseudo bulk-like fashion. If the SiOx was 

highly Si rich, where x was less than 0.5, the shallow B and P doping levels would allow 

ionisation at RT as shown in Figure 2.8(b). The free donor-electrons or donor-holes can 

then be easily captured by the adjacent Si QDs and raise or lower the Fermi level in the 

material and result in n- or p-type material respectively.  Direct doping of the sub-oxide 

itself is also a possibility. 
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The three scenarios suggested above are still subject to debate until further evidence on 

the exact position of dopant atoms is elucidated. Characterisation techniques such as 

atom probe tomography (APT), EPR, high resolution electron energy loss spectroscopy 

(HREELS), aberration corrected high resolution TEM (HRTEM) and/or energy-filtered TEM 

(EFTEM) may be needed to further analyse these Si QD superlattice materials. 

 

2.8 Summary 

Si QDs are a promising material for all-Si tandem solar cells due to their ability to vary their 

bandgap with size due to quantum confinement. They are promising candidates for upper 

sub-cells in tandem stacks with c-Si as the bottom sub-cell to improve on the Shockley-

Queisser limit of efficiency for single-junction solar cells. However, the main issue is still 

with the Si QD material. More precise and comprehensive understanding of the structural, 

optical and electrical properties of Si QD material is still required. Special characterisation 

techniques such as various high resolution transmission electron microscopy techniques, 

atom probe tomography and photo-thermal deflection spectroscopy may also bring new 

insight to this area of research. 

 

Addressing the quantum confinement involves shifting down to smaller QDs which would 

increase the bandgap of the material which is desired for upper sub-cells in a tandem solar 

cell for preferential absorption of “shorter” wavelength photons. Furthermore transport 

properties may be improved as a result of smaller QDs (see Section 2.3). The current 

problem here however is the need for tighter control, precision and repeatability in the 

deposition techniques as the dimensions are decreased. This is still extremely difficult in 

the present time as there are limitations in the precision of current deposition systems. 

 

Finally, the current transport of both the Si QD material and photovoltaic devices need to 

be improved. Possible ways to do this include, decreasing the size distribution, maintaining 

the spherical shape and increasing the density of the Si QDs. A decrease in the size 

distribution of the Si QDs would see a reduction in the radiative recombination and 

improve uniformity of Si QDs in the layers due to better current transport. By maintaining 

the spherical shape, the surface area to volume ratio of the QD would be at a minimum 

which should theoretically result in the lowest amount of surface defects. A better method 

would be to increase the density of the Si QDs which would increase the absorption cross-
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section to allow more photons to be absorbed in a per-volume basis. The higher density 

would also improve the mobility and current transport as the inter-dot distance is 

decreased thus improving the tunnelling and “hopping” probabilities (see Section 2.3). 

Also, although not explored in this thesis, using a dielectric material with a lower barrier 

height should theoretically improve the current transport. Finally, a better device 

architecture, such as using a conducting substrate or transparent conducting oxide 

(common in thin-film photovoltaics), would aim to reduce lateral current flow and improve 

current transport (Chapter 8). 
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Chapter Three: Properties of Transparent 

Conducting Aluminium Doped Zinc Oxide  

 

3.1 General Overview of Transparent Conducting Oxides  

Transparent conducting (or conductive) oxides (TCOs) are a unique type of material with 

high optical transparency and good electrical conductivity. In photovoltaics, TCO thin films 

act as a window layer for light to pass through to the active material underneath for carrier 

generation as well as a means to transport current out of the photovoltaic device. TCOs 

have bandgaps which are usually larger than 3.2 eV that allow photons in the visible (390-

700 nm) and some photons in the near infrared (800-2500 nm) spectral region to be 

transmitted. The most common TCOs for photovoltaics are tin doped indium oxide 

(In2O3:Sn) which is abbreviated as ITO [81-83]; fluorine doped tin oxide (SnO2:F) as FTO 

[84, 85] and various dopants for zinc oxide [86-91]. Currently, ITO has the best properties 

in terms of transparency and conductivity compared to FTO or doped ZnO, however it is 

not the best option for long term large scale manufacturing due to the low abundance of 

indium.  

 

TCOs are essential for thin-film photovoltaics because they provide a way to extract the 

photocurrent. TCOs reduce the series resistance by providing a lateral conducting 

pathway for current which is illustrated in Figure 3.1. In a-Si solar cells for example, the 

intrinsic a-Si active material has a fairly high resistivity of around 3 × 105 Ωcm [92], so 

carriers must first travel vertically to the TCO before they can be collected by the metal 

contacts or fingers. The lateral distance that carriers have to travel in the doped ZnO can 

be fairly large; this is to allow a sufficient area to receive sunlight; therefore the resistivity 

of the doped ZnO must be low. If there was no TCO, but only metal fingers, a significant 

amount of current would be lost due to the series resistance resulting in a heavy efficiency 

loss. This is not the case however for first-generation Si wafer based solar cells where 

metal fingers directly contact the relatively thick and doped emitter to provide sufficiently 

low sheet resistance typically in the 30-100 Ω/□ range [93]. This minimises the series 

resistance to a level that would not significantly lower the efficiency of the wafer based 

solar cell. However with thin-film solar cells this is not possible. 
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Figure 3.1. Schematic diagram of a typical amorphous silicon (a-Si) solar cell illustrating 

the necessity of TCOs for thin-film solar cells. Typical values for the thicknesses are given 

for each layer. 

 

The important criteria that make an effective TCO for thin-film solar cells are as follows: 

 

 High transmittance in the visible and near infrared spectrum 

 

 High conductivity (< 10-3 Ωcm) 

 

 Good interface to the underlying active semiconductor/absorber material 

 

 Must be able to be deposited uniformly over large areas via a type of thin film 

deposition method 

 

Doped ZnO, over all other TCOs, satisfies the above criteria as well as one more 

important criterion, namely the ability to withstand elevated temperatures above 1100 °C 

(an important fabrication step in solid-state nucleated Si QD solar cells for this thesis). The 

next section examines the structural, electrical and optical properties of ZnO in closer 

detail with emphasis on its use as a TCO thin film. 
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3.2 Introduction to Zinc Oxide 

3.2.1 A Brief History and Applications of ZnO 

Zinc oxide is an inorganic compound widely used in the electronics industry for ferrites, 

phosphors, surface-acoustic wave filters [94], lasing devices [95] and as transparent 

conducting oxides [96]. ZnO is a compound semiconductor that has been researched 

since the mid-20th century, with reviews by various authors. Since the 1990s however, 

there has been an enormous resurgence in ZnO research leading to more recent reviews 

by Ӧzgur et al. [97], Nickel and Terukov [98], Jagadish and Pearton [99] and Ellmer et al. 

[86, 100].  

 

The two main properties of ZnO that interests optoelectronic researchers most are its wide 

direct bandgap of approximately 3.3 eV (at 300K) and high exciton binding energy of 60 

meV. ZnO, with its wide tuneable bandgap has the potential to be used in light emitting 

diodes (LEDs) [101]. ZnO’s large exciton binding energy is 2.4 times the thermal voltage 

(
𝑘𝑇

𝑞
= 26 meV), making it possible for efficient near band-edge excitonic emission at room or 

higher temperatures. Additional advantages of ZnO include: high energy radiation 

hardness, amenable to wet chemical etching and a wide variety of available deposition 

methods. The main drawback however, in terms of optoelectronic application, is the 

difficulty of producing high quality p-type ZnO, because in its intrinsic (undoped) form, ZnO 

is actually n-type. This is a prerequisite for many optoelectronic devices. The nature of the 

intrinsic n-type conductivity is presented later in this chapter. 

 

3.2.2 Basic Structural, Physical and Optical Properties of ZnO 

Under normal ambient conditions, the thermodynamically stable phase of crystalline ZnO 

is the wurtzite structure. The ZnO wurtzite structure belongs to the hexagonal system 

which has two lattice parameters of a = 3.25 Å and c = 5.2 Å [102, 103] with a ratio  

𝑐

𝑎
= √

8

3
= 1.633.  It belongs to the space group 𝐶6𝑣

4  or P63mc. A schematic representation 

of wurtzite ZnO is shown in Figure 3.2(a). The fourfold co-ordinated structure consists of 

two superimposed hexagonal close-packed (HCP) sub-lattices shifted along the c-axis. 

Each sub-lattice consists of four sample atoms per unit cell surrounded in a tetrahedral 
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fashion by four atoms of the other kind and vice versa. In addition, Figure 3.2(b) shows the 

different crystallographic orientations and surface planes (a-, r- and c-) for a crystal with a 

hexagonal structure. 

 

 

 

Figure 3.2. (a) Primitive cell and hexagonal prism of wurtzite structured ZnO lattice, where 

a and c are lattice constants. (b) Schematic drawing of a single crystal hexagonal prism 

showing the different surface planes (a-, r- and c-) and crystallographic orientations [104]. 

 

The basic properties of ZnO are given in Table 3.1 below. ZnO has a very high 

melting/boiling point under high pressure and only sublimes at atmospheric pressures 

above 1200 °C. The sublimation of ZnO happens correspondingly by decomposition to its 

gaseous constituent elements by the following equation. 

 

 𝑍𝑛𝑂(𝑠) ⇌ 𝑍𝑛(𝑔) + 0.5𝑂2(𝑔) 

 

(3.1) 

 

 

For this thesis, this is the most crucial property of ZnO as it is annealed at temperatures 

up to 1100 °C together with SRO/SiO2 superlattice films. 

 

 

 

Figure has been removed due to Copyright restrictions 

 

Refer to Fig. 3.1. in K. Ellmer, A. Klein, and B. Rech, "Transparent 

Conductive Zinc Oxide: Basics and Applications in Thin Film Solar 

Cells," in Springer Series in Materials Science 104, R. Hull, P. 

Jürgen, R. M. Osgood Jr., and H. Warlimont, Eds., ed: Springer 

Berlin Heidelberg, 2008, p. 82. 
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Table 3.1. Basic structural, physical and optical properties of zinc oxide 

Properties Unit Value Ref. 

Chemical formula  ZnO  

Abundance in the earth’s crust ppm 40 [102, 103] 

Crystal structure  Wurtzite  

Space group  𝐶6𝑣
4  or P63mc  

Lattice constant (at 300 K) Å a = 3.25 

c = 5.2  

[102, 103] 

Co-ordination geometry  Tetrahedral  

Molar mass g/mol 81.38 [105] 

Density, ρ g/cm3 5.67 [106] 

Thermal conductivity, κ (at 300 K) W/m·K 69ǁ, 60┴ [107] 

Thermal expansion coefficient, α (at 300 K) 10-6/K 2.92ǁ, 4.75┴ [108] 

Melting point °C 1975 (decomposes) [109] 

Boiling point °C 1975 (decomposes) [109] 

Sublimation point °C > 1200 [106] 

Melting point of zinc °C 420 [107] 

Heat of formation, ∆Hf kJ/mol -350.46 ± 0.27 [105] 

Refractive Index, n (at 589 nm)  2.0034 [110] 

Static dielectric constant, ε(0)  8.75ǁ, 7.8┴ [107] 

Optical dielectric constant, ε(∞)  3.75ǁ, 3.70┴ [107] 

 

3.2.3 Electrical Properties of ZnO 

Intrinsic polycrystalline ZnO thin films, as mentioned above, have a large direct bandgap 

reported around 3.1 to 3.4 eV at room temperature. The electronic structure of 

tetrahedrally bonded compounds (e.g. ZnO) with wurtzite, diamond, zincblende or 

chalcopyrite arrangements are very similar [111, 112]. The wurtzite and zincblende 

configurations are almost identical apart from their symmetry. The cation and anion s- and 

p-orbitals create overlapping sp3-hybrids which form bonding/anti-bonding combinations. 

Their valence band maximums are found from the anion p-states which are threefold 

degenerate, but the degeneracy is lifted by non-centrosymmetric crystal fields and spin-
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orbit splitting. The valence band maximum can be derived using the linear combination of 

atomic orbitals, LCAO theory which uses the anion p-levels and their energy [111]: 

 

 𝐸𝑉 =
(𝐸𝑝

𝑎 + 𝐸𝑝
𝑐)

2
− √{[

𝐸𝑝
𝑎 + 𝐸𝑝

𝑐

2
]

2

+ [
1.28ℏ2

(𝑚𝑒𝑑
2)
]

2

} 

 

(3.2) 

 

 

where 𝐸𝑝
𝑎 and 𝐸𝑝

𝑐 are the p-orbital energies of the anion and cation respectively, 𝑚𝑒 is the 

free electron mass in the semiconductor and d is the inter-atomic spacing. Eq. (3.2) 

dictates that a larger valance band maximum is expected for anions with smaller p-level 

binding energies. The binding energies of the p-orbitals of oxygen, sulfur, selenium and 

tellurium (calcogens of group-16 in the periodic table) decreases monotonically from 

16.72, 11.60, 10.68 and 9.54 eV respectively. This trend corresponds well with the band 

alignment diagram of II-VI semiconductors in Figure 3.3. However, complex interactions of 

the anion p-levels and cation d-levels shift the energy bands from their expected positions 

creating slight exceptions, e.g. ZnO (3.4 eV) has a slightly smaller bandgap than ZnS (3.7 

eV). 

 

 

Figure 3.3. Band alignment diagram for II-VI semiconductors derived using the density 

functional theory (DFT) calculations by Wei and Zunger [113]. The ZnS valence band 

maximum energy has been arbitrarily set to 0 eV [114]. 

 

Figure has been removed due to Copyright restrictions 

 

Refer to Fig. 1.10. in K. Ellmer, A. Klein, and B. Rech, 

"Transparent Conductive Zinc Oxide: Basics and Applications 

in Thin Film Solar Cells," in Springer Series in Materials 

Science 104, R. Hull, P. Jürgen, R. M. Osgood Jr., and H. 

Warlimont, Eds., ed: Springer Berlin Heidelberg, 2008, p. 13. 
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Even though ZnO has been under research for a few decades now, the true nature of the 

n-type conductivity in intrinsic (undoped‡) ZnO is still not fully understood. The general 

consensus attributes the residual background to intrinsic (or native) point defects. Intrinsic 

point defects cause deviations from the ideal crystalline structure through displacement or 

removal of lattice atoms, these are namely vacancies, interstitials and anti-sites. In terms 

of ZnO, these are denoted as VZn and VO, Zni and Oi and ZnO and OZn, respectively. Some 

authors suggest that the Zni is the dominant defect on the basis of ionic diffusion or size 

considerations as the Zn++ ion has an ionic radius of only 74 pm whereas oxygen has an 

ionic radius of 138 pm [115-118]. Literature elsewhere suggest that the predominant 

defects are due to the VO through diffusion experiments [119], reaction rate calculations 

[120] and Hall effect measurements [121]. 

 

This means that the stoichiometry of the ZnO is very important in terms of its electrical 

properties. In most experimental cases, intrinsic ZnO samples seem to contain an excess 

of Zn, i.e. a deficiency in O [116]. That is in ZnO1-x, x is typically between the ranges of 0 to 

0.05. By varying the oxygen content of the crystals, for example by annealing at different 

oxygen partial pressures, the carrier concentration and hence conductivity will vary as 

shown by Wagner and Schottky [122] as well as Hauffe and Block [123]. The reaction 

balance equation between the zinc interstitials, Eq (3.3) or oxygen vacancies, Eq. (3.4) 

and the conduction band electrons are given below: 

 𝑂2(𝑔𝑎𝑠) + 2𝑍𝑛
∙∙(𝑖) + 4𝑒 ⟺ 2𝑍𝑛𝑂 

 

(3.3) 

 

 𝑂2(𝑔𝑎𝑠) + 4𝑍𝑛(𝑙) + 2𝑂
∙∙(𝑣) + 4𝑒 ⟺ 2𝑍𝑛𝑂 (3.4) 

 

where i, l and v represent the interstitial position, lattice location and vacancy respectively. 

Furthermore, by applying the law of mass action the following equation is obtained: 

 

 [𝑍𝑛∙∙(𝑖)]2[𝑒]4𝑝𝑂2 = 𝑘 

 

(3.5) 

 

 

                                                

‡
 To avoid confusion, the term “intrinsic” used in this thesis to describe ZnO refers to the fact that it 

is undoped. 
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where k is a constant. Now, given that only doubly charged zinc interstitials (or oxygen 

vacancies) provide donor electrons, a partial oxygen pressure dependence on the 

conductivity can be thus deduced as: 

 

 𝜎 = [𝑒] ∙ 𝑘′ = 𝑝𝑂2
−
1
6 ∙ 𝑘′ 

 

(3.6) 

 

 

where k’ is a constant. Experimentally, the exponent in Eq. (3.6) is not −
1

6
, but somewhere 

between −
1

4
 and −

1

5.6
 [123]. The lower than expected variation in conductivity is due to the 

porosity of the ZnO samples which were only 60-70% of the density of bulk crystalline 

ZnO.  

 

Generally, the energy required to produce a point defect depends on the charge on the 

defect and the lattice site with which it wishes to occupy. In ZnO, vacancies or interstitials 

have a charge of ±2 while anti-sites have a charge of ±4. Vacancies and interstitial 

dopants are more common and thus important in polar compounds like ZnO, whereas anti-

site defects are more common in covalent compounds, for example in many III-V 

semiconductors [124-126]. In terms of energetics of native defects in a crystal, the 

formation energy for one mole of a defect, 𝑮𝒅, involves a change in total energy ∆𝑬𝒅 

(including chemical potential terms). The distribution of defects on available sites per unit 

volume, Nsites, raises the change in vibrational entropy ∆𝑺 of the system. The free energy of 

formation in a crystal is given by [124]: 

 

 ∆𝐺𝑑 = ∆𝐸𝑑 − 𝑇∆𝑆 

 

(3.7) 

 

 

At equilibrium and in the dilute limit, the concentration of defects is thus given by: 

 

 𝑁𝑑 = 𝑁𝑠𝑖𝑡𝑒𝑠𝑒
−∆𝐺𝑑
𝑘  

 

(3.8) 
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In summary, the formation energies of the native defects have a strong effect on the 

chemical potential and Fermi level position in the bandgap [127]. The chemical potential is 

related to the concentration of the elemental species present. For example, for gases, an 

increase (decrease) in the partial pressure of oxygen will lower (increase) the ∆𝐺𝑑  for 

defect reactions that add oxygen, Oi, or remove zinc, VZn, and vice versa. For defects that 

are charged, the Fermi level or chemical potential of electron (or holes) will shift due to its 

relation to the defect formation enthalpy. 

 

 

Figure 3.4. Defect formation energy for common ZnO defects as a function of Fermi level 

calculated via the first-principles pseudopotential method by Kohan et al. [124]. The graph 

on the left (a), is for high and on the right (b), for low zinc partial pressure. The 0-axis of 

the Fermi level is fixed at the top of the valence band. 

 

Improvements in computational modelling methods in recent times have led to first-

principle studies to derive the formation enthalpies of ZnO intrinsic point defects [124-126, 

128-130] and to elucidate the exact nature of the intrinsic n-type doping nature in ZnO. 

Figure 3.4 shows results from such a study by Kohan et al. [124]. The horizontal lines 

correspond to neutral defects and the positive and negative slopes correspond to charged 

donors or acceptors, respectively. The kinks in the curves correspond to a change in the 

charge state for a particular species. From Figure 3.4, the donor that has the lowest 

formation enthalpy is the oxygen vacancy, VO and the acceptor with the lowest formation 

enthalpy is the zinc vacancy, VZn. This particular case is typical of “Frenkel” defect 

behaviour. Note, for Figure 3.4, there are two types of interstitial defect sites for the 

wurtzite ZnO structure: one is octahedrally co-ordinated denoted as (oct) and the other by 

default is tetrahedrally co-ordinated. In addition, negative defect formation enthalpies 
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means that the system is unstable and spontaneous defect formation will occur. Typically, 

the Fermi energy shifts up (down) with donor (acceptor) doping, thus decreasing the 

formation enthalpy of intrinsic acceptors (donors). This is a well-known self-compensation 

mechanism in many semiconductors which limits the Fermi level movement and a 

limitation to the doping. An important issue that is often encountered is the loss in electron 

concentration when donor doped ZnO becomes compensated by high oxygen content 

which leads to the increase in VZn.  

 

Overall, despite all the computational modelling analysis and practical experimental 

research there is still no consensus for the intrinsic n-type conductivity in ZnO. It is 

understood, that the VO is a deep donor and cannot deliver enough carriers due to its large 

ionization energy, but on the other hand the Zni has low ionization energy, but a relatively 

high formation enthalpy, hence their concentration is relatively lower. A possible factor that 

may have been overlooked is the significance of the role of hydrogen which is known to 

play a role as shallow donors in intrinsic ZnO. Hydrogen is always present in all growth 

methods of ZnO due to its small size and high diffusivity. Hydrogen in ZnO has been 

investigated via first-principle calculations [124, 131, 132]. The unique attribute of 

hydrogen in ZnO, is that it occurs exclusively as a donor, whereas in other semiconductor 

materials, hydrogen can be amphoteric, which means that it occurs as H+ in p-type and H- 

in n-type materials. The defect formation energy of hydrogen is relatively low at only 1.56 

eV and ionization energy of approximately 30 meV [124, 131-134]. 

 

To conclude this section, Table 3.2 on the next page lists the basic electrical properties of 

ZnO: 
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Table 3.2. Basic electrical properties of zinc oxide 

Properties Unit Value Ref. 

Bandgap (at 300 K) eV 3.1 - 3.4 (direct) [76, 86, 135-

137] 

Binding energy meV 60 [97, 138] 

Static dielectric constant, 
𝑒𝑠

𝑒0
 

 8.4 - 8.5 [76, 139] 

Effective electron mass in conduction 

band, 𝑚𝑒
∙

 

 0.27·m0 [76] 

Effective hole mass in valence band, 𝑚ℎ
∙   1.8·m0 [139] 

Electron affinity eV 4.35 [137] 

Work function eV 4.35 - 4.45 [137, 140, 

141] 

Donor level, EC – ED eV 0.03 [142] 

Effective conduction band density of 

states, Nc (at 300 K) 

/cm3 3.7 × 1018 [86] 

Electron mobility (at 300 K) cm2/V·s 120 - 440 [97] 

Hole mobility (at 300 K) cm2/V·s 180 [76] 

 

Note, some parameters such as bandgap, mobility, carrier density and conductivity have 

large variances, simply because as explained in the previous sections, these values 

depend on issues such as: whether the ZnO is bulk single crystal, polycrystalline or thin 

film; how they were prepared and of course their stoichiometry. 

 

3.2.4 Extrinsic Doping of ZnO 

Extrinsic doping of ZnO almost always occurs as n-type. N-type doping of ZnO is simple; 

however there is still difficulty in achieving p-type doping. N-type conductivity of ZnO can 

be controlled by intrinsic doping, i.e. creation of intrinsic donors through point defects or 

through extrinsic doping. As explained in the last section, intrinsic doping can be realised 

through adjusting the stoichiometry of the ZnO during the deposition or post-annealing in 

vacuum or a hydrogen-containing (reducing) atmosphere. However, there is a limit to the 

conductivity of intrinsically defect doped films, which is only about 10-2 to 10-3 Ωcm [100] 

and the electrical properties of the films are often unstable due to the re-oxidation of the 
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sub-stoichiometric ZnO1-x, where x is between 0-0.05 [143]. Therefore, for more 

controllable and stable n-type conductivity, extrinsic doping is used. Extrinsic doping can 

be achieved either through the substitution of anions on oxygen lattice sites and/or cations 

on zinc lattice sites. The latter doping method is much more common. Much higher carrier 

concentrations and thus higher n-type conductivities can be achieved through extrinsic 

doping. The most common dopants for ZnO are the group-III trivalent elements: Al, B, Ga 

and In [100]. Aluminium is the most common dopant for ZnO due to its high incorporation 

levels and low resistivity. 

 

Dopants are commonly incorporated into the films in the form of oxides, such as the group-

III oxides: Al2O3, B2O3, In2O3 and Ga2O3. It is assumed that the dopants substitute the zinc 

lattice sites providing the conduction band with one additional electron not required in the 

bonding, shown by the following equation: 

 

 𝑀2𝑂3⟺ 2𝑀𝑍𝑛 + 2𝑒 + 2𝑂0 +
1

2
𝑂2 

 

(3.9) 

 

 

where M represents a group-III metal. Other oxides with three or even four valence 

electrons can be used to increase the conductivity of ZnO. The oxygen partial pressure 

dependence equality is shown below: 

 

 [𝑒] = [𝑀𝑍𝑛]~𝑝𝑂2
−
1
8 

 

(3.10) 

 

 

This equality shows that extrinsically doped ZnO at high oxygen partial pressures or 

annealing in high oxygen environments unfortunately results in high resistivity. A plausible 

explanation is the formation of zinc vacancies due to their low enthalpy of formation in 

oxygen-rich conditions (see Section 3.2.3). 
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3.2.5 Carrier Transport Properties in Polycrystalline ZnO Thin films 

Ionised impurity scattering, which is the most important scattering mechanism in doped 

ZnO, describes the scattering of free carriers via the screened Coulomb potential of fix 

charged impurities or defects. It is well known that an increase in extrinsic doping results in 

an increase in fixed charges which increases the scattering of free carriers and thus 

decreases the mobility. For further information on the types of scattering mechanisms 

please refer to Chapter 2 of Ref. [144] and references therein. Another factor that affects 

the mobility is grain boundaries or barriers which are inherent in polycrystalline films. The 

amount of grain barriers depends on the size and shape of the film’s grains. Grain barriers 

result in crystallographically disturbed regions which lead to electronic defects in the 

semiconductor’s bandgap. 

 

 

Figure 3.5. (a) mobilities and (b) resistivities of various doped and intrinsic ZnO thin films 

vs. the carrier concentration compiled by Ellmer in Refs. [143, 144] and references therein. 

The thin films were deposited by various methods including: magnetron sputtering (all 

squares), MOCVD (open diamond) and PLD (open circle). The different lines represent 

different theoretical estimations. 

 

Figure 3.5 shows a compilation by Ellmer [143, 144] of various mobility and resistivity 

values versus carrier concentration for doped and intrinsic ZnO thin films prepared by 

magnetron sputtering, metalorganic chemical vapour deposition (MOCVD) and pulsed 

laser deposition (PLD) in the last 25 years. From Figure 3.5(b) the lowest doped ZnO 

resistivities are in the range of 1.5 × 10-4 to 3 × 10-4 Ωcm, which is still a little higher than 

the lowest reported ITO resistivity of 1.2 × 10-4 Ωcm [145]. The maximum mobility is 

Figure has been removed due to Copyright restrictions 

 

Refer to Fig. 2.14. in K. Ellmer, A. Klein, and B. Rech, "Transparent Conductive Zinc 

Oxide: Basics and Applications in Thin Film Solar Cells," in Springer Series in Materials 

Science 104, R. Hull, P. Jürgen, R. M. Osgood Jr., and H. Warlimont, Eds., ed: 

Springer Berlin Heidelberg, 2008, pp. 62. 
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around 50-60 cm2/Vs. Although doped ZnO has been researched extensively for over 

three decades, with improvements such as larger grain sizes and higher dopant 

incorporation rates, there have not been significant breakthroughs in increasing the 

mobility or reducing the resistivity. This issue points universally to ionised-impurity 

scattering, which puts a constraint on the mobility of degenerately doped ZnO as well as 

other TCOs. The highest reported carrier concentration in doped ZnO thin films is 1.5 × 

1020 /cm3 and this is already close to the solubility limit of group-III dopants in ZnO [146]. In 

most cases there is in fact an optimum dopant concentration that yields the lowest 

resistivities. Using high doping to lower the resistivity may seem intuitive; however another 

problem is introduced with higher carrier concentrations, which is the free carrier 

absorption in the long wavelengths [147]. Therefore there is a trade-off between increasing 

the dopant concentration, the mobility, resistivity and the transmittance of the TCO. 

 

3.2.6 Types of Deposition Methods 

ZnO thin films can be prepared by various deposition methods including: 

 

 Non-reactive magnetron sputtering [references provided in Table 7.1 of Chapter 7] 

 

 Reactive magnetron sputtering [148-155] 

 

 Sol-gel spin or dip coating [156-168] 

 

 Metalorganic chemical vapour deposition [90, 169] 

 

 Pulsed laser deposition [170, 171] 

 

 Electron beam evaporation [172, 173] 

 

 Spray pyrolysis [158, 174] 

 

 Thermal plasma [175] 
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The method that is used to fabricate ZnO and AZO thin films in this thesis is non-reactive 

radio frequency (RF) magnetron sputtering. A literature review survey of RF magnetron 

sputtered-deposited AZO thin films is given in Section 7.2 of Chapter 7. 

 

3.3 Summary 

Transparent conducting AZO is a useful material in thin-film photovoltaics. It allows light to 

pass through to the active material underneath as well as transport photogenerated 

current out of the photovoltaic device. In addition AZO can act as anti-reflection coatings or 

be textured to provide light scattering [152, 176-178]. The basic structural, electrical and 

optical properties of ZnO were discussed in Section 3.2. The most crucial property of 

ZnO in terms of the work in this thesis is that it does not decompose when annealed at 

1100 °C. The n-type intrinsic nature of ZnO was explained as well as the difficulty in 

achieving p-type ZnO. Degenerate extrinsic doping of ZnO leads to very low resistivity 

films, however there is a fundamental physical limit to this resistivity due to the effect of 

ionized impurity scattering which is the most important scattering mechanism. 
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Chapter Four: Fabrication and 

Characterisation Techniques 

 

4.1 Introduction 

This chapter gives an overview of the different fabrication, materials characterisation and 

photovoltaic device characterisation techniques used in this thesis. The overviews start 

with a general introduction to each of the techniques followed by their purpose and 

relevance to the research in this thesis. The materials characterisation section (Section 

4.3) is arranged beginning with the structural characterisation followed by the optical and 

then the electrical characterisation techniques. Please refer to the contents page at the 

start of this thesis for the comprehensive list of fabrication and characterisation techniques 

used in this work. The key techniques used in this thesis such as radio frequency (RF) 

magnetron sputtering, high resolution transmission electron microscopy (HRTEM), X-ray 

diffraction (XRD), have slightly more detailed explanations. 

 

4.2 Fabrication Techniques 

4.2.1 RF Magnetron Sputtering 

In this thesis, the key deposition tool is RF magnetron sputtering. Sputtering is a technique 

where thin film materials are deposited onto a surface (i.e. substrate). The sputtering 

process involves the formation of gaseous plasma from an inert gas such as argon (Ar) 

and the ions in the plasma are then accelerated onto a ‘target’. The target is eroded by the 

high energy ions and neutral particles are continuously ejected from the target in the form 

of either atoms, a collection of atoms or molecules. These neutral particles travel in a 

straight line towards the substrate surface to produce a thin film comprised of the target 

material [179]. RF generators with a frequency of 13.56 MHz are connected to the cathode 

targets via an impedance matching network consisting of variable capacitors. “Magnetron” 

sputtering is an improved process to sputtering where a magnet is utilised behind the 

target to create a magnetic field directly above the target surface which traps free 

electrons that cause unwanted bombardment of the substrate surface as well as improve 
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the efficiency of the gaseous plasma formation (i.e. ionising the neutral gas) and hence of 

the sputtering process. Figure 4.1 shows a schematic diagram of a typical RF magnetron 

sputtering system. 

 

 

Figure 4.1. Schematic diagram of a typical RF magnetron sputtering system. 

 

The instrument used in this work is a computer-controlled AJA ATC-2200 magnetron 

sputtering system. In this thesis, thin films of silicon rich oxide (SRO), silicon dioxide 

(SiO2), zinc oxide (ZnO) and aluminium doped zinc oxide (AZO) are all deposited in this 

manner. RF magnetron sputtering is the preferred technique due to the easily controllable 

and stable deposition rates, ability to co-sputter multiple targets and ability to produce thin 

films with good compositional and structural uniformity. The types of solid targets used in 

this thesis are Si, SiO2, B, P2O5, ZnO and ZnO:Al (ZnO + 2% wt. Al2O3). The three main 

control parameters during the sputtering process are: 1) the Ar working pressure, 2) the 

power of the RF sources and 3) the sputtering time. The substrate heating temperature is 
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used for the deposition of ZnO and AZO. An increase in RF power will increase the 

deposition rate. The thickness of the deposited layers is given by the following equation: 

 

 dthin film = Rdep × tdep 

 

(4.1) 

 

 

where, Rdep is the deposition rate and tdep is the deposition time. For the work in this thesis, 

the thickness of the thin films and the deposition rates are calibrated externally via 

spectroscopic ellipsometry (SE) measurements and modelling. External calibration via SE 

is more accurate than the in-built crystal monitor and it allows the calibration of co-

sputtering rates. SRO is created by co-sputtering Si and SiO2 targets and if doping is 

required, B or P2O5 targets are also co-sputtered. 

 

4.2.2 Furnace Annealing 

The formation of Si nanocrystals (NCs) in this thesis requires high temperature annealing 

(≈1100 °C) of the deposited superlattice thin films [53]. The equation for the phase 

separation of Si and SiO2, nucleation and subsequent formation of the Si NCs can be 

found in Section 2.4 of Chapter 2. AZO thin films are also annealed at high temperatures 

in this thesis. An inert gas such as nitrogen (N2) or Ar is used to avoid extensive oxidation. 

Forming gas (96% Ar or N2 + 4% H2) is also employed to assist in the annealing process.  

 

The primary annealing apparatus is a conventional quartz tube furnace. The furnace used 

in this thesis is an MTI OTF-1200X quartz tube furnace with programmable functions. The 

properties of the samples can be affected by the following: 1) the temperature of the 

annealing, 2) the annealing time and 3) the cleanliness of the quartz tube, boat and/or 

sample. Two tubes are used: 1) a dedicated tube for annealing the SRO/SiO2 superlattice 

thin film samples and 2) a general annealing tube for annealing AZO thin films and other 

samples (e.g. ones that include metals). 

 

4.2.3 Metallisation 

The metallisation for this thesis was done by the common physical vapour deposition 

(PVD) method of thermal evaporation. Thermal evaporation of metals is a simple process 
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where a metal is heated above its boiling point/vapour pressure in an evacuated chamber 

[79]. The evaporated metal then travels at high velocity in a straight-line trajectory to 

condense onto a substrate some distance away. The metal is heated by means of a 

resistive heater, electron gun or pulsed laser heating. The evaporation takes place in a 

vacuum chamber so the evaporated particles have a long mean free path to travel to the 

deposited substrate without colliding with the background gas molecules. Patterned masks 

can be made for specific metal contact designs. The thermal evaporator used in this thesis 

is an INTERCOVAMEX H2 PVD/PECVD system, which is used for making Al contacts for 

the solar cell devices in Chapter 9. 

 

4.3 Materials Characterisation Tools 

4.3.1 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a well-known technique where electrons are 

transmitted through an ultra-thin specimen (typically below 100 nm). The accelerated 

electrons interact with the specimen as they pass through allowing an image to be formed 

and magnified onto an imaging device such as a charge-coupled device (CCD) camera or 

fluorescent screen. Most TEMs nowadays operate at high voltages between 100–400 kV 

[180]. TEM has significantly higher resolution than light microscopy owing to the shorter de 

Broglie wavelength of the electrons. It is a very powerful imaging tool that allows the study 

of the sample microstructure, crystallography of phases, lattice defects, microchemical 

material properties and can allow the acquisition of atomic resolution images. TEM is one 

of the most common analysis techniques in many scientific fields and can come in several 

different forms denoted by different acronyms such as HRTEM (high resolution 

transmission electron microscope), S/TEM (scanning transmission electron microscope) 

and EFTEM (energy-filtered transmission electron microscopy) [180].  

 

Three forms of filaments create the electrons which accelerate through the TEM column: 

1) tungsten, 2) lanthanum hexaboride (LaB6) and 3) field emission. The first two are 

thermionic emitters and the field emission is based on electron tunnelling. Usually a TEM 

equipped with a field emission gun (FEG) emits the finest and most intense beam of the 

three forms and thus allows the highest spatial resolution and reduces problems such as 

aberration. There are three types of FEGs: cold, thermal or Schottky with different 
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advantages and disadvantages. The work in this thesis requires HRTEM as detail down to 

the nanometre scale is studied, hence the instruments used in both Chapter 5 and Chapter 

6 are FEG based HRTEMs. The resolution of HRTEM is limited by: 1) the brightness of the 

electron beam, 2) chromatic aberration and most importantly 3) spherical aberration due to 

the electron source geometry as a manifestation of inconsistencies in the objective lens 

system. Fortunately, the spherical aberration can be reduced by installing multipole 

correctors in the microscopes. The limit of resolution of a particular HRTEM can be 

compared in several ways. A common method is to use the contrast transfer function cut-

off [181]: 

 

 𝑞𝑚𝑎𝑥 =
1

0.67 ∙ (𝐶𝑆𝜆
4)
1
4

 

 

(4.2) 

 

 

where, CS is the spherical aberration correction, λ is the wavelength of the electrons. So 

for example, a 200 kV aberration corrected HRTEM with a CS of 1 μm would have a best 

theoretical cut-off of 42 pm whereas the same HRTEM without aberration correction would 

only have a theoretical cut-off of around 200 pm (with a CS of 0.5 mm).  

 

As mentioned above, a TEM specimen should be fairly thin (<100 nm) to allow sufficient 

electron transmission and improved resolution. Specimen preparation is therefore an 

important step in good HRTEM. Specimen preparation is often tricky and requires a 

significant amount of time relative to the actual HRTEM imaging. Typical methods include 

manual mechanical thinning and ion milling/slicing by focused ion beam (FIB). FIBs which 

allow local sputtering and generation of thin sections use Ga ions rather than electrons as 

their medium. Another method for samples deposited on Si wafers is the small angle 

cleavage technique [182]. 

 

Chapter 5 uses in situ HRTEM microscopy with real-time specimen heating. The special 

instrument that can conduct this type of experiment is the aberration-corrected FEI Titan 

800-300 keV FEG S/TEM system. There are only a few of these systems around the 

world, one of which was used in this thesis and is housed at MIKA, the Electron 

Microscopy Centre of Materials Science and Engineering Faculty at the Technion – Israel 

Institute of Technology. This type of real-time HRTEM imaging is used to study the growth 
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and nucleation kinetics of Si NCs via in situ annealing using a heating stage accessory 

inside the specimen chamber of the microscope. 

 

Chapter 6 uses HRTEM and EFTEM. The advantage of EFTEM is that it has the ability to 

provide higher spatial resolution information on the chemistry and composition of the 

specimen being imaged [183]. This is especially useful when studying the structural 

properties of NCs, thin films and interfaces. The second microscope used for this purpose 

in this thesis is the JEOL 200 kV FEG 2200FS. 

 

4.3.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is another type of electron microscope where the 

electron beam from a thermionic, Schottky or field-emission cathode is scanned across the 

specimen. The potential difference between the cathode and anode can be from as low as 

0.1 keV to as high as 50 keV [184]. Although SEM does not have the same resolution 

limits as HRTEM, SEM is a simpler and quicker tool for observing the topography and 

surface morphology of samples down to a few nanometres [185]. The electron beam is 

usually scanned in a raster pattern where the beam’s position is combined with the 

detected signal (usually secondary electrons, backscattered electrons and x-rays) to 

produce an image. In addition, elemental and compositional information can be obtained 

by SEM using in-built techniques such as energy dispersive x-ray spectroscopy (EDS). A 

FEI Nova nanoSEM 230 field-emission scanning electron microscope (FE-SEM) is used in 

Chapter 7 to observe the surface morphology of annealed AZO thin film and together with 

XRD to estimate its grain size. 

 

4.3.3 Atom Force Microscopy 

Atom force microscopy (AFM), which is sometimes termed scanning force microscopy, is a 

type of microscopy that uses a tiny physical probe or sharp tip to scan the surface of a 

sample [186]. The advantage of AFM is that it has a very high resolution limit in the order 

of fractions of a nanometer which is more than 1000 times greater than that of the optical 

diffraction limit. It is a non-destructive technique that works by measuring the attractive and 

repulsive forces with the probe and the sample whilst scanning across the sample surface 

to produce real space 2D and 3D images. There are three main AFM operating modes: 1) 

contact, 2) non-contact and 3) tapping mode. The AFM instrument used in Chapter 7 is the 
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Bruker Dimension ICON SPM and its main purpose is to measure the surface roughness 

of AZO thin films before and after annealing at different temperatures and after various 

treatments. 

 

4.3.4 X-ray Diffraction 

XRD is a fast and simple non-destructive characterisation technique for analysing the 

crystalline phases of thin films and structural information such as the preferred orientation 

and average grain size [187]. X-ray diffractometry is based on the Bragg equation [188]: 

 

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛 𝜃 

 

(4.3) 

 

 

where, n is an integer, λ is the wavelength of the X-ray, d is the spacing between the 

diffracted planes and θ is  the angle of incidence. XRD works by varying the incidence 

angle, θ (i.e. the angle between the X-rays and the surface of the sample) over a specific 

range and measuring the reflected intensity as a function of 2θ. This type of scan, which is 

the most common scan used in XRD, is called the θ-2θ scan. Particular diffraction peaks 

are observed, at particular d-spacing values (particular 2θ Bragg angles) where 

constructive interference from specularly reflected X-rays occur. Polycrystalline thin films 

consist of many grains with different orientations so diffraction occurs from those grains 

that happen to have an orientation which satisfies the Bragg condition. 

 

The average crystallite or grain size of a thin film material can be estimated via the 

Scherrer equation [189]: 

 

 𝐿 =
𝐾𝜆

𝛽 cos 𝜃
 

 

(4.4) 

 

 

where, K is a dimensionless shape factor which has a typical value of 0.9, but varies with 

the type of crystallite, λ is the wavelength of the X-rays, β is the line broadening at half 
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maximum or full width at half maximum (FWHM) in radians and θ is the centre of the peak 

in degrees (i.e. Bragg angle). 

 

Measurements of thin films (1-1000 nm) using the conventional θ-2θ scan generally 

produce a weak desired signal from the actual thin film and a strong unwanted signal from 

the substrate [190]. Grazing incidence XRD (GIXRD) is a special technique that avoids this 

problem by using a fixed angle of incidence which is chosen to be slightly above the critical 

angle for total reflection of the thin film material and only the detector moves during the 

measurement scan. The XRD instrument used throughout this thesis is the PANalytical 

Xpert Materials Research Diffractometer (MRD). GIXRD is used to study the SRO/SiO2 

bilayer superlattice thin films and to estimate the average size of the Si NCs in Chapter 6 

and in Chapter 7 it is used to study the preferred crystal orientation and average size of 

the AZO grains before and after annealing. 

 

4.3.5 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) or ESCA (electron spectroscopy for chemical 

analysis) is a surface chemical analysis technique [191]. XPS is a widely used due to its 

comparative ease and data interpretation. It can measure the elemental composition in the 

vicinity of parts per thousand (≈0.1%) as well as analyse the empirical formula, chemical 

and electronic state of the elements within a material. The XPS method works by 

irradiating a sample surface with known monoenergetic X-rays, with photon energy, hv, 

which cause the emission or ejection of electrons. The ejected electrons must have 

sufficient energy to overcome the electrons’ binding energy (BE) as well as their work 

function, Φ. The identification of the elements in the sample is made by measuring the 

kinetic energy (KE) of these ejected electrons which is given by the following equation: 

 

 Kinetic Energy (KE) = Photon Energy (hv) – (Binding Energy (BE) + Φ) 

 

(4.5) 

 

 

Or more commonly rearranged and presented as: 
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 Ebinding = Ephoton – (Ekinetic + Φ) 

 

(4.6) 

 

 

where, Ebinding is the binding energy of the electron, Ephoton is the energy of the X-ray 

photons, Ekinetic is the kinetic energy of the ejected electron and Φ is the work function 

which is dependent on the spectrometer and element. The binding energy depends on 

both the element and the orbital shell from which the electron is ejected. XPS allows a 

binding energy spectrum with various peaks to be generated. In addition, information on 

the chemical or molecular species can be obtained by analysing subtle changes in binding 

energy. A quantitative analysis can be performed through the integration of the peak 

intensities, however this is quite complex and includes many corrections and requires 

careful expert interpretation. Depth profiling and/or surface sputter cleaning is usually 

possible by thinning using Ar ion guns in an XPS instrument. Finally, it should be pointed 

out that XPS has poor lateral resolution but good depth resolution and only elements from 

Li upwards can be analysed. The XPS instrument used in this thesis is a Thermo 

ESCALAB250Xi X-ray photoelectron spectrometer. Its purpose is to measure the 

elemental composition of the AZO films in Chapter 7 before and after annealing at various 

temperatures in N2 up to 1100 °C. 

 

4.3.6 Time-of-Flight Secondary Ion Mass Spectrometry 

Secondary ion mass spectrometry (SIMS) is based on the analysis of charged particles 

(i.e. secondary ions) ejected from a sample surface when sputtered by a primary beam of 

ions. The interaction of the primary sputtering beam with the sample surface causes three 

effects: 1) mixing of the upper layers of the sample resulting in amorphisation; (2) 

implantation of the sputtered ions and (3) ejection of secondary ions which include atoms, 

ions and molecules from the surface of the sample being analysed. The ejected species 

can be electrically neutral or charged species (ions), but only charged ions can be 

detected. The emission of different species depends on their ionisation potential which can 

vary by several orders of magnitude depending on the bonding state of the species. The 

mass/charge ratios of these secondary ions are collected and measured with a mass 

spectrometer to determine the elemental, isotopic, or molecular composition of the surface 

at a depth of typically 1 to 2 nm although resolution down to 1-3 monolayers is possible. 

https://en.wikipedia.org/wiki/Mass_spectrometry
https://en.wikipedia.org/wiki/Mass_spectrometry
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Normally SIMS is regarded as a qualitative technique, however quantitative measurements 

are possible by calibration with the standards with known elemental composition. SIMS is 

an extremely sensitive surface analysis technique, with elemental detection limits ranging 

from the ppm to ppb level (i.e. 1012-1016 atoms/cm3) [192]. Another major advantage of 

SIMS is that all elements in the periodic table, even down to H, can be detected. 

 

A typical SIMS instrument consists of: 1) an ultra-high vacuum system, 2) a primary beam 

source (typically O-, O2
+, Cs+, Ar+ or SF5

+) (the type of beam source depends on the 

required current, beam dimensions and most importantly on the sample being analysed), 

3) a flood gun for analysis of insulators, 4) a method of collecting the ejected secondary 

ions, 5) a mass analyser to isolate ions of interest and 7) an ion detection system to record 

the magnitude of the secondary ion signal (typically a CCD camera and image plate). 

 

Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) is a special type of SIMS 

where the mass spectrum is detected and acquired in parallel rather than series. The 

unique time-of-flight mass analyser is able to accelerate the sputtered secondary ions into 

a “flight tube” and their mass is determined by measuring the exact time at which they 

reach the detector (i.e. time-of-flight). ToF-SIMS is quicker than SIMS and has a high 

signal to noise ratio and thus has better sensitivity. It is often the best method of choice for 

elemental depth profiling analysis of thin films. The instrument used in this thesis is the 

IONTOF GmbH TOF.SIMS5 which is equipped with equipped with a reflectron TOF 

analyser giving high secondary ion transmission with high mass resolution, a sample 

chamber with a 5-axis manipulator (x, y, z, rotation and tilt) for flexible navigation, a fast 

entry load-lock, charge compensation for the analysis of insulators, a secondary electron 

detector for SEM imaging, a state-of-the-art vacuum system and an extensive computer 

package for automation and data handling [193]. ToF-SIMS is used in Chapter 8 to obtain 

an elemental depth profile of the AZO superstrate Si QD solar cell device. 

 

4.3.7 Raman Spectroscopy 

Raman spectroscopy is a fast and non-destructive technique based on the inelastic 

scattering of monochromatic light by matter [194], typically from a laser source (most 

commonly in the IR, visible or UV range). When a photon of light that is too small to excite 

an electronic transition in a particular molecule (instead it interacts with optical phonon(s)), 
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it can be scattered in one of three ways: 1) elastic scattering retaining its incident energy, 

or inelastic scattering (i.e. the frequency of the incident photon changes) by either 2) giving 

up or 3) removing energy from the molecule [194]. The frequency of the re-emitted 

photons is shifted up or down in relation to the incident photon frequency and this is 

termed the Raman effect. This shift provides specific information regarding the vibrational, 

rotational and other low frequency transitions in molecules of the sample. Multi-channel 

detectors such as a photodiode array (PDA) or a CCD are used to detect the re-emitted 

Raman scattered light. A spectrum presented as a wavenumber shift (cm-1) versus the 

intensity is obtained. The Raman instrument used for this thesis is the inVia (Renshaw) 

confocal microscope system. A green 514.4 nm wavelength Ar+ laser is used as the 

excitation source. Raman spectroscopy is used in Chapter 6 for estimating the crystalline 

to amorphous Si ratio in the SRO/SiO2 bilayer superlattice thin films. 

 

4.3.8 Spectrophotometry (Reflection, Transmission and Absorption) 

Optical measurements are one of the most common and important measurements when it 

comes to investigating the properties of thin films in photovoltaics. A spectrophotometer is 

used to quantitatively measure the transmission and reflection of a thin film. Photometers 

measure the light beam’s intensity as a function of wavelength which is created by lamp(s) 

and a monochromator. The important features of a spectrophotometer are its spectral 

bandwidth (the range of wavelengths it can transmit through a sample) and the measured 

percentage transmission/reflection of the sample. The optical absorption at a particular 

wavelength of a thin film is given by the following equation: 

 

 A = 1 – (T + R) 

 

(4.7) 

 

 

where T and R denote the fraction of light that is transmitted and reflected at a particular 

wavelength respectively.  Additionally, other properties of the thin films can be inferred 

from spectrophotometry measurements such as optical bandgap, film thickness, internal 

quantum efficiency (IQE), free carrier concentration in the film, etc. 
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The thin films in this thesis were measured with a UV/Vis PerkinElmer Lambda 1050 

spectrophotometer system equipped with two light sources: 1) a deuterium lamp which 

generates light in the ultraviolet (UV) and 2) a tungsten lamp that generates light in the 

visible and near infrared (Vis/NIR) spectral range. The system also contains a double-

beam double-monochromator with a set of focusing mirrors and lenses to split the light into 

specific wavelengths. The double-beam spectrophotometers have the advantage that 

fluctuations in the lamp intensity do not affect the measurement as a reference signal can 

be taken continuously throughout the scan. Three different accessories/modules are 

available for this instrument, albeit only the integrating sphere accessory is used. An 

integrating sphere is an optical component comprising of a hollow spherical cavity with a 

diffuse white reflective coating for the interior walls and small openings for entry and exit of 

light beams. An integrating sphere allows the measurement of the absolute transmission, 

reflection and absorption of diffusely scattering thin film samples. The PerkinElmer 

integrating sphere accessory consists of a 150 mm diameter InGaAs sphere with a 

photomultiplier tube PMT detector for the UV/Vis range (up to 900) and a 

thermoelectrically cooled InGaAs Photodetector for the NIR range (860-2500 nm). The 

white highly reflective and diffuse material on the inside walls of the integrating sphere are 

made of Spectralon®. 

 

4.3.9 Spectroscopic Ellipsometry 

Spectroscopic ellipsometry (SE) is an extremely sensitive characterisation technique which 

uses polarized light to characterise thin films, surfaces and material microstructure [195]. 

SE is most commonly used to determine thin film thicknesses and optical constants, 

although it is certainly not limited to these purposes. The sensitivity of SE can be down to 

the sub-monolayer range. However, the biggest disadvantage with SE is that it is an 

indirect measurement technique and the acquired experimental data must be fitted to a 

model, with the fit parameters providing the desired information [195]. In other words, SE 

is extremely precise, but its accuracy depends on the users’ interpretation and modelling 

of the properties at hand. The Levenberg-Marquardt multivariate regression algorithm is 

typically used for model fitting process. The more that is known about the physical 

parameters before the model fitting, the better because the model fit should more 

accurately represent the true physical nature of the sample. Sometimes in order to verify 

the SE model another characterisation technique, which usually takes more time and 
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resources, is required. SE works by measuring the polarization state of a beam of light 

after it travels through an optical system, i.e. a thin film. The measured values are 

expressed as Psi (Ψ) and delta (Δ) in the following equation [195]: 

 

 𝜌 =
𝑅𝑝
𝑅𝑠
= tan(𝜓) 𝑒𝑖∆ 

 

(4.8) 

 

 

where, Rp and Rs are the Fresnel reflection coefficients for p- and s- polarised light 

respectively. Because SE works by measuring the ratio between the two values Rp and Rs, 

SE can be extremely accurate and repeatable. 

 

The variable angle spectroscopic ellipsometer (VASE) used in this thesis is the M-2000VI 

VASE from J.A. Woollam Co. Inc. VASE and modelling is used in this thesis to measure 

the deposition rates of all the magnetron sputtered thin films as well as study the structural 

properties of the AZO thin films. 

 

4.3.10 Photoluminescence 

In photovoltaics research, photoluminescence (PL) is a widely used technique which 

involves the radiative emission of photons from a semiconductor when it is illuminated by a 

light source (usually a monochromatic laser with higher photon energy than the bandgap 

of the semiconductor). The radiative process or in other terms, the inverse absorption of 

photons [196] happens when an electron occupying a higher energy level makes a 

transition down to an empty lower-energy state. A ‘radiative’ emission is when a photon 

with energy equal to the difference between the energy states is emitted, whereas a ‘non-

radiative’ transition involves the emission in the form of heat via phonons. PL is commonly 

used to study the electronic bandgap of Si NC materials although the exact mechanisms of 

PL from Si NCs are still subject to debate [62, 197]. The photon energy at the centre of the 

broad Si NC peak in the PL spectrum is often conveniently taken as an estimation of the 

material’s bandgap. PL of Si NCs is used to study Si NCs in Chapter 6 using an in-house 

built system with a 405 nm violet-blue laser as the excitation source. The PL signal 

detection is captured by a Si CCD camera. The PL measurements are usually corrected 
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by normalisation for the spectral response of the system and the PL spectrum is usually 

given in emission intensity versus wavelength or intensity versus photon energy. 

 

4.3.11 Four-Point Probe and Hall Measurements 

Fast electrical characterisation of semiconductor materials can be done by four-point 

probe (4-PP) and Hall Effect measurements. 4-PP measurements work by passing current 

through two outer probes and voltage through two inner probes which allow the 

measurement of substrate resistivity [198] as shown in Figure 4.2.  

 

 

Figure 4.2. 4-PP sheet resistivity measurement of the n-p solar cell [198]. 

 

The sheet resistivity is calculated from the follow equation [199]: 

 

 𝜌□ =
𝜋

ln2
∙
𝑉

𝐼
 

 

(4.9) 

 

 

To measure the bulk resistivity, the sheet resistance value is multiplied by the thickness, t 

of the thin film layer or wafer: 
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 𝜌□ =
𝜋

ln2
∙
𝑉

𝐼
∙ 𝑡 

 

(4.10) 

 

 

where, t is the thin film layer or wafer thickness in cm. 

 

Measurement problems are often encountered when taking 4-PP measurements. A 

Schottky diode (rather than an ohmic contact) may be formed between the metal probes 

and the semiconductor. Very high or very low resistivity samples require adjustment of the 

current between the two outer probes to obtain reliable readings [198]. The 4-PP 

instrument used in this thesis is the Jandel RM3 system. The upper voltage limit is set at 

150 mV and the minimum current is set at 10 nA. The most accurate readings can be 

obtained when the current is set at a point where the voltage reading is closest, but not 

surpassing 150 mV. 

 

The Hall measurement technique allows the determination of the electrical resistivity, 

carrier density and mobility as well as the carrier type in semiconductor materials [200]. It 

is based on the Hall Effect discovered by Edwin H. Hall in 1879 [201]. The Hall Effect 

occurs when a current carrying conductor placed in a perpendicular magnetic field 

generates a voltage in the conductor that is perpendicular to both the magnetic field and 

the current. The most common Hall measurement technique involves the van der Pauw 

technique [202, 203] which works by contacting a thin-plate sample (around 1 cm × 1 cm) 

on four small ohmic contacts placed on the four corners of the sample. Firstly a series of 

resistivity measurements are taken to measure the sheet resistivity using the method 

outlined for the 4-PP. Afterwards a Hall voltage measurement is taken which comprises of 

a series of voltage measurements with a constant  current and a constant magnetic field 

that is applied perpendicular to the plane of the sample [200]. Once the Hall voltage is 

found other parameters such as the carrier concentration, carrier mobility, Hall coefficient, 

magnetoresistance and conductivity type (n- or p-) can be derived. For more detailed 

information please refer to Ref. [200]. The Hall measurement instrument used in this thesis 

is an Ecopia HMS-5000 Hall Effect measurement system. 

 

Both the 4-PP and Hall measurements are used throughout this thesis to measure the 

electrical properties of the various thin films. 
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4.4 Photovoltaic Device Characterisation Tools 

4.4.1 Suns-VOC (Quasi-steady-state Open-circuit Method) 

Suns-VOC is a special quasi-steady-state open-circuit method developed by Sinton et al. 

[204] which allows the measurement of the open-circuit voltage, VOC, of a solar cell without 

the effect of series resistance. The method works by using a flash lamp with a slow decay 

that illuminates a separate reference solar cell such that the reference solar cell monitors 

the change in illumination intensity over time. Suns-VOC is very similar to the JSC-VOC [205] 

measurement except a reference cell in Suns-VOC is used to simultaneously measure the 

illumination intensity rather than requiring the JSC of the sample solar cell. Assuming that 

the short-circuit current density, JSC, is proportional to the light intensity a pseudo I-V curve 

can be fitted from the data. The Suns-VOC measurement is very useful because solar cells 

can be measured before metallisation as the results are not affected by series resistance 

(unless the series resistance is very large). Furthermore, the actual measurement itself is 

extremely fast and simple. 

 

It is reasonable to analyse Sun-VOC curves by fitting with a 2-diode model plus a shunt 

resistance: 

 

 𝑆𝑢𝑛𝑠 ∙ 𝐽𝑆𝐶 = 𝐽𝐿 = 𝐽01
′ (𝑒𝑥𝑝 (

𝑞𝑉𝑂𝐶
𝑛1𝑘𝑇

) − 1) + 𝐽02
′ (𝑒𝑥𝑝 (

𝑞𝑉𝑂𝐶
𝑛2𝑘𝑇

) − 1) +
𝑉𝑂𝐶
𝑅𝑆ℎ𝑢𝑛𝑡

 

 

(4.11) 

 

 

where the light generated current density, JL, is proportional to the “Suns” and JSC is the 

short-circuit current at 1-Sun intensity, J01
’ and J02

’ are the diode’s reverse saturation 

current densities, 
𝑘𝑇

𝑞
 is the thermal voltage, n1 and n2 are diode ideality factors and RShunt is 

the shunt resistance. Using the above equation and examining the diode ideality factors, 

Suns-VOC can provide an insight to the type of carrier recombination mechanisms and 

areas where recombination is occurring. An in-house built Suns-VOC system is used in 

Chapter 9 for characterising the superstrate Si QD solar cell devices before and after 

metallisation. 
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4.4.2 DarkStar I-V Tester 

The most fundamental solar cell characterisation is the measurement of its efficiency. A 

solar cell simulator with standardised testing conditions is required for this type of 

characterisation. The in-house built DarkStar I-V tester solar simulator is a fully computer-

controlled solar cell data acquisition and characterisation system [206]. A typical solar 

simulator I-V tester such as DarkStar consists of a light source close to the standard 

AM1.5G spectrum (1000W/m2 for 1-Sun illumination), a temperature stage (with a range 

from 0 to 100 °C; default 25 °C), measurement electronics and software to generate I-V 

curves. DarkStar uses an Advantest TR6143 DC V-I source/monitor for its data acquisition 

which has computer control functions to automatically sweep the voltage and current. 

 

Dark I-V measurements are performed in the absence of light. In the DarkStar I-V tester, 

this is available by covering the sample stage and solar cell under test with a copper 

casing. Dark I-V measurements are usually the first measurements to be performed as 

they are invaluable in examining diode properties. The current is measured as a function 

of the swept voltage. In dark I-V measurements, carriers are injected into the solar cell as 

opposed to light generated photocurrent in light I-V measurements. In most cases the dark 

and light I-V curves are the same except that the light I-V curve is shifted downwards in 

the graph by the light generated current. I.e. the light I-V curve is the superposition of the 

solar cell diode in the dark (dark I-V curve) by the light generated current, IL [207, 208]. 

 

In light I-V measurements, the intensity of the light is calibrated by a standard reference 

solar cell. The illumination intensity is adjusted by the distance between the lamp and the 

sample stage before the actual measurement. The light I-V curve provides the essential 

solar cell characteristics such as the: open-circuit voltage (VOC), short-circuit current (ISC), 

short-circuit current density (JSC), max voltage (VMP), max current (IMP), max power (PMP), 

fill factor (FF) and percentage conversion efficiency (PCE) usually denoted as η of the 

solar cell. The light I-V characteristics are governed by the following equation [208]: 

 

 𝐼 = 𝐼0 (𝑒𝑥𝑝 (
𝑞𝑉

𝑘𝑇
) − 1) − 𝐼𝐿 

 

(4.12) 
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where I0 is the dark saturation current and 
𝑘𝑇

𝑞
 is the thermal voltage. The DarkStar I-V 

tester is used to measure the dark and light I-V of the superstrate Si QD solar cell devices 

in Chapter 8. 
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Chapter Five: In situ High Resolution 

Transmission Electron Microscopy of Silicon 

Nanocrystal Nucleation in a SiO2 Bilayered 

Matrix
§
 

 

5.1 Introduction 

Tight control over the size, shape and distribution of Si nanocrystals (NCs) or Si quantum 

dots (QDs) is of great importance in order to realise silicon-based nanostructure tandem 

solar cells. One of the most common and fundamental characterisation techniques to 

assess the size, shape and distribution of Si QDs is transmission electron microscopy 

(TEM) and for the dimensions of our structures specifically high resolution transmission 

electron microscopy (HRTEM) is required. At present, the nucleation of the Si QDs in the 

SRO/SiO2 bilayer matrix configuration requires heating, more commonly referred to as an 

annealing step. The most common annealing process requires a temperature around 1100 

°C and duration of 1 hour in an inert gas atmosphere (N2 or Ar). This solid-state annealing 

step takes place below the melting point of both Si (1414 °C) and SiO2 (1600 °C). Si QDs 

form during this annealing step and only then can their lattice fringes be seen by TEM. 

This chapter investigates the growth and nucleation kinetics of Si NCs via in situ annealing 

using a heating stage accessory inside the chamber of an aberration-corrected FEI Titan 

800-300 keV FEG S/TEM. The temperature of the experiment was varied from room 

temperature up to 600 °C. The work in this chapter was conducted at MIKA, the Electron 

Microscopy Centre of Materials Science and Engineering Faculty at the Technion – Israel 

Institute of Technology where the author of the thesis took a student research exchange 

during the period from mid-November 2012 to late-March 2013. 

 

                                                
§
 See author’s journal publication: T. C. J. Yang, et al., “In-situ high resolution transmission electron 

microscopy observation of silicon nanocrystal nucleation in a SiO2 bilayered matrix,” Applied 
Physics Letters, vol. 105, p. 053116, 2014. 
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The aim of this study was to examine the nucleation kinetics of Si NCs in real-time. The 

exact temperature at which nucleation begins to occur in Si NCs embedded in a SiO2 

matrix is not known. This promising in situ experiment reveals the approximate 

temperature at which the onset of Si NC nucleation occurs for a specific sample, which 

may be helpful in assessing the method the samples should be annealed with in the future. 

However, there are differences associated with annealing by a heating accessory inside a 

TEM chamber compared to conventional furnace or rapid thermal annealing (RTA) 

procedures, which will be discussed later in this chapter. This experiment also allows the 

observation of the evolution in the size and structure of the NCs with temperature and 

time. It is expected that the investigation into HRTEM in situ heating and annealing of Si 

NCs will also bring additional insights for future experiments in this field of research. 

Significant time and resources were needed to obtain the results in this chapter as TEM 

specimen preparation is often challenging as well as time consuming. The first batch of 

samples prepared for the in situ TEM experiment had nickel contamination in the 

SRO/SiO2 layers due to the sputtering from the nickel TEM grids during the ion thinning 

stage of the preparation and hence are not presented here. 

 

5.2 Experimental Details 

Superlattice structures consisting of alternating layers of amorphous SiO2 (a-SiO2) and 

amorphous SRO (SiOx) were deposited via computer-controlled AJA ATC-2200 magnetron 

sputtering system at room temperature. Radio frequency (RF) power supplies at 13.56 

MHz were connected to both a 4 inch SiO2 and a 4 inch intrinsic Si target. The SRO layers 

were created by the co-sputtering of both targets, resulting in a sub-oxide, SiOx (x < 2), at 

a combined sputtering rate of 4.87 nm/min. Doping was achieved with RF co-sputtering of 

a boron (B) 2 inch target for p-type doping and phosphine (PH3) gas diluted in Ar (99:1) 

was injected into the sputtering chamber for n-type doping. Argon (Ar) was used as the 

sputtering gas and was introduced into the chamber at 15 sccm with the pressured 

maintained at 1.5 mTorr. PH3 at a rate of 3 sccm was used for doping with the Ar rated 

decreased to 12 sccm in this case. 

 

Single-sided polished p-type Czochralski Si (100) wafers (1-10 Ωcm) were used as 

substrates for the experiment. The substrates were cleaned in piranha solution (3:1 ratio of 

H2SO4 to H2O2) followed by a rinse in deionised water. To remove the native oxide a 
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diluted 5% HF dip followed by a deionised water rinse and a final N2 blow dry was 

performed on the Si substrates prior to placing them in the load-lock chamber of the 

sputtering system. 

 

The sample consisted of 35 phosphorus (n) bilayers: 10 intrinsic (i) bilayers, and 25 boron 

(p) bilayers. The sample was similar to the first p-i-n structures on quartz presented 

previously by Perez-Wurfl et al. [209], however with different Si content as well as different 

boron and phosphorus doping concentrations. The SiO2 thickness was 2 nm and SRO 

thickness was 4 nm with a Si/SiO2 volume ratio of 1.92:1. According to the estimated 

sputter target densities of Si and SiO2, the estimated stoichiometry is approximately SiO0.7.  

The deposition rates of the layers were accurately calibrated externally via X-ray 

reflectivity (XRR) measurements (PANalytical X’Pert Pro MRD) and spectroscopic 

ellipsometry (J.A. Woollam Co. M-2000). The stoichiometry of the SRO layer could be 

accurately controlled by adjusting the power of the Si and SiO2 targets. A final 20 nm SiO2 

capping layer was deposited to avoid unwanted oxidation through the top surface both 

during the standby and annealing stages. 

 

The sample for TEM analysis was prepared by focused ion beam (FIB) slicing, producing 

small lamellas on a titanium grid holder. Gentle Ar+ milling was performed on both the top 

and bottom sides of the specimen at an angle between 12° and 15° using a Technoorg 

LINDA, Gentle Mill, IV8 system (to allow for further thinning below 100 nm) prior to TEM 

observation. The in situ heating experiments were conducted in a Titan 80-300 S/TEM 

(FEI) equipped with a spherical aberration (CS) corrector for the objective lens, operated at 

an accelerating voltage of 300 kV. The TEM specimens were mounted on a Gatan 652 

double-tilt heating holder stabilized by active water cooling when used at temperatures 

above 500 °C. A maximum temperature of 950 °C can be achieved by this system, but in 

this work the temperature did not exceed 600 °C. 

 

5.3 Results and Discussion 

Figure 5.1 shows a bright-field TEM micrograph of as-deposited n-type phosphorous 

doped SRO/SiO2 bilayers of the p-i-n stack. The substrate at the top of the image is 

crystalline Si (c-Si). Note that when deposited, the thickness of the amorphous SRO 
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(darker) and SiO2 (lighter) layers were 4 nm and 2 nm respectively. These values were 

calculated from accurate XRR and spectroscopic ellipsometry measurements. However, 

from the TEM micrograph, the SiO2 layers appear thicker and the SRO layers slightly 

thinner than expected. According to measurements performed on the digital micrographs 

using the software ImageJ, the SiO2 layers are 2.3-2.4 nm and the SRO layer thickness 

between 3.7 and 3.8 nm. A possible explanation to the apparent change in thickness may 

be stress induced across the SiO2/SRO interface due to preferential growth of the oxide 

nucleus in the vertical direction during pre-imaging preparation steps and/or due to long 

term standby in air. Nevertheless, the total thickness of 10 bilayers is 61 nm, which gives 

an average thickness of 6.1 nm for a single bilayer which was consistent within the 

measurement error for the original calculated sputter deposition rate. 

 

 

Figure 5.1. Bright-field TEM micrograph of the as-deposited n-type phosphorous doped 

SRO/SiO2 bilayers of the p-i-n sample on a silicon substrate at room temperature. 

 

In TEM imaging of amorphous materials, contrast arises due to the differences in atomic 

number and density of the materials as well as the thickness of the specimen. In general, 

the denser or thicker the material, the darker the region will be due to increased scattering 

of the incident electrons. However at high magnifications, such as Figure 5.2 and Figure 
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5.5, complex wave interactions modulate the intensity of the image, requiring further 

analysis. There has been ongoing discussion on the ability of HRTEM to resolve 

amorphous structures [210]. The resolution of HRTEM is constrained most heavily by 

spherical aberration of the objective lens, CS, which delocalise the contrast of a point 

object. The Titan S/TEM system which is equipped with CS correction has a best point 

resolution of 0.07 nm. Therefore it has the ability to image individual columns of atoms in 

c-Si. In general, however, when imaging Si NCs. The image contrast of the NCs are 

superimposed onto that of the surrounding amorphous matrix and this leads to slight loss 

in detail [211]. Hence, the specimen must be prepared additionally thin when viewing NCs 

in an amorphous matrix to reduce the fraction of amorphous material being imaged. In this 

study, the sample thickness in all images was below 80 nm. Specimen thicknesses can be 

measured accurately using electron energy loss spectroscopy (EELS). When the electron 

beam penetrates a thin specimen with thickness, t, the fraction of inelastic scattering will 

depend on the density and thickness by the log-ratio equation [212]: 

 

 
𝑡

𝜆
= ln (

𝐼𝑇
𝐼𝑍𝐿𝑃

) 

 

(5.1) 

 

 

Where λ is the electron mean free path for inelastic scattering, IT is the total integrated 

area under the EELS spectrum and IZLP is the total area under the zero-loss peak. The 

electron mean free path was determined previously for Si at 199 ± 20 nm and amorphous 

SiO2 at 238 ± 12 nm by the microscopy experts at the Technion – Israel Institute of 

Technology where this experiment was conducted [213]. The experimental values of the 

electron mean free path that the authors obtained underestimates the true sample 

thickness for high accelerating voltages (300 kV) and at large collection angles. 
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Figure 5.2. In situ HRTEM micrograph of the p-i-n specimen at 400 °C. 

 

From Figure 5.1, the temperature was gradually increased to 400 °C over a period of 30-

45 min and allowed to stabilise before the image was captured at a higher magnification 

shown in Figure 5.2. There was drift associated with the expansion and contraction of the 

heating stage that may have contributed to a decrease in resolution. Note the [200] arrow 

in Figure 5.2 points into the Si (100) substrate and the direction looking perpendicular into 

the page (i.e. the normal to the page) is the Si (111) plane, which is the plane that the 

electron beam is aligned to. The diamond-cubic Si (111) plane arrangement is recognized 

by the typical 70.5° angle between the two main crisscrossing planes, and a lattice 

separation of 3.1 Å which is typical for diamond-cubic Si. When analysing lattices images 

however, caution should be exercised due to the fact that the observed images do not 

necessarily reflect the atomic arrangement. What the observers sees is actually an image 

which is the deconvolution of the difference in the amplitude of the electron wave functions 

from interference of the transmitted and diffracted beams.  
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Figure 5.3. In situ HRTEM micrograph of the p-i-n specimen at 450 °C. 

 

From Figure 5.2 to Figure 5.3, the contrast between the SRO and SiO2 layers seems to 

decrease as the temperature is increased to 400 °C. This may indicate that the density of 

the SRO is becoming closer to that of the SiO2, although the defocus conditions may have 

some effect on this (see below for explanation). This result may be attributed to the phase 

separation and rearrangements of the Si and SiO2 in the SRO layers. More importantly, 

this may be an indicator to the pre-nucleation or onset of nucleation stage. The phase 

separation is governed by the following reaction: 

 

 𝑆𝑖𝑂𝑥 ⟶
𝑥

2
𝑆𝑖𝑂2 + (1 +

𝑥

2
) 𝑆𝑖 

 

(5.2) 

 

 

In Figure 5.3, the nucleation of the Si NCs has occurred, with lattices visible (circled). 

However, not all existing Si NCs can be seen, because the lattice planes will only be 

visible when they are oriented in the same way as the substrate orientation, as the 

electron beam is aligned to the substrate zone axis [18, 211, 214, 215], in this case, the c-
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Si (111) plane. Hence, only those Si NCs that are orientated in the Si (111) alignment with 

a lattice separation of 3.1 Å are visible. Furthermore, there is a phenomenon that the 

lattice fringes of Si NCs can only be seen if the specimen is either slightly over-focused or 

under-focused [211]. If the specimen is completely in focus, ∆f = 0 nm, then the contrast 

between the Si NCs and the background amorphous matrix disappears. A defocused set 

of images would better differentiate the regions of crystallinity with the background 

amorphous film. An estimate for reasonable values of the focus setting in this case would 

be ∆f = < ±20 nm, according to a few sources [211, 214, 216-218]. Taking this limitation 

into consideration, the total proportion of the Si NCs in the SRO layers is actually much 

higher than the visible nanocrystalline areas in the images, as shown by Yurtsever et al. 

[55] through direct comparison of TEM and plasmon tomography. In addition, the true size 

and shape of the individual NCs is difficult to discern from 2D TEM images alone because 

limited information is given along the third dimension (depth) and what we really observed 

is the average along the specimen. This means that along the depth there could be 

overlaps of isolated NCs or complex networks, making the exact morphology difficult to 

determine. This has been an ongoing discussion in several past publications [55, 56, 59]. 

 

 

Figure 5.4. In situ HRTEM micrograph of the p-i-n sample after 15 min at 500 °C. 
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The sudden nucleation of the Si NCs at a relatively low temperature of 450 °C was rather 

peculiar. Most centres around the world involved in this research have used much higher 

annealing temperatures to grow Si NCs in an oxide [18, 53, 60, 218-221]. There are some 

significant advantages of lower nucleation temperatures, such as lower cost in 

manufacturing or compatibility with other materials, for example, glass substrates and 

transparent conducting oxide electrodes. There are a few plausible explanations for this 

unexpected phenomenon: 

 

1) The Si content of the SRO layers was relatively high compared to most other 

samples to the point that the SRO layer may behave more like a quantum-well type 

of structure. The distance for diffusion Si atoms is therefore decreased for higher Si 

content SRO. 

 

2) The specimen thickness was well below 80 nm (measured with EELS). Therefore, 

the properties may deviate from thicker films. 

 

3) The in situ annealing experiment was conducted under vacuum conditions; in 

almost all other cases, an inert gas (Ar or N2) was used during furnace annealing at 

atmospheric pressure 

 

4) High-electron beam accelerating voltages may have been an additional source of 

energy, resulting in lower activation energy for the nucleation process to occur 

[216, 222, 223] (this is sometimes a problem with conventional TEM imaging of 

sensitive materials) It was brought to recent attention work from Stevens-Kalceff 

[224] which demonstrated the radiolytic properties and sensitivity of SiO2 under 

electron irradiation through cathodoluminescence. The results showed the 

radiolytic production of interstitial oxygen molecules in oxygen deficient and 

stoichiometric SiO2 polymorphs under electron beam energies well below the 

minimum for knockon (momentum transfer) to occur. 

 

5) Preparation damage from either the impact of the Ga+ ions in the FIB or Ar milling 

may have altered the surfaces prior to observations. E.g. further amorphisation or 

mixing of the SRO and SiO2 layers. 
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Figure 5.5. In situ HRTEM micrograph of the p-i-n sample after 40 min at 500 °C and 10 

min at 600 °C. 

 

There were no significant visible changes between Figure 5.4 and Figure 5.5 after 40 min 

at 500 °C and 10 min at 600 °C, which may indicate that the nucleation has stabilised. In 

general, Si QDs in HRTEM usually appear spherical according to most sources [18, 51, 

53, 60, 225-227]; however, the images seen in this in situ HRTEM experiment seem to be 

of an irregular nature. Although the shape is difficult to discern in 2D HRTEM, we observed 

roughly an aspect ratio of over 2:1 for some of the Si NCs. Previous X-ray diffraction 

(XRD) measurements by Di et al. [228] on moderate content, 1.24:1 volume ratio, Si/SiO2 

samples suggest a NC line size greater than 10 nm, but do not address the actual shape. 

Furthermore, it was suggested that the Si NCs were “physically penetrating three thin 

layers” in the vertical direction across adjacent SiO2 layers. However, in all of the figures in 

this chapter, this does not seem to be the case. Instead, the Si NCs are well confined 

consistently within each layer, even for thin 2 nm SiO2 barrier layers. The 

irregular/elongated shape however may affect the quantum confinement of excitons due to 

higher interface defect densities as the surface area-to-volume ratio increases when the 
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shape digresses from the ideal QD sphere, at least for QDs with the same number of Si 

atoms. Yurtsever et al. [55] also show that the dominant morphology of Si NCs is indeed 

irregular and complex rather than the commonly assumed near-spherical structures. 

These findings may provide an explanation for the broad photoluminescence spectra 

characteristic of Si NCs formed by solid phase crystallisation [229]. With further analysis 

some percolation threshold may also be established in these Si NC films. 

 

5.4 Conclusion 

This experimental study illustrates the utility of spherical aberration corrected HRTEM with 

real-time in situ heating on the nucleation of Si NCs in an amorphous SiO2 bilayered 

matrix. Low temperature nucleation was observed beginning already at 450 °C, however 

there are differences between in situ annealing inside a TEM compared to conventional ex 

situ annealing methods as discussed above. If this unexpected low temperature nucleation 

of the Si NCs was indeed true, other materials that would otherwise not survive the 

standard high temperature (1100 °C) annealing stage could be incorporated in the device 

design of Si QD solar cells, such as low melting point transparent conducting oxides for 

example. In future, a comparison between in situ HRTEM annealing and ex situ annealed 

specimens would be beneficial to further understanding the solid-state nucleation kinetics 

of Si QDs in an amorphous SiO2 bilayered matrix. Unfortunately due to time and resource 

constraints a direct comparison between in situ and ex situ annealed specimens could not 

be conducted during the author’s time at the Technion – Israel Institute of Technology. The 

shape and morphology of the Si NCs appears to be highly irregular which may possibly be 

due to the high Si content that was used. However, the Si NCs were well confined within 

their own SRO layers. Other techniques such as Rutherford back-scattering spectroscopy 

(RBS), atom probe tomography (APT), plasmon tomography and/or 3D HRTEM may need 

to be investigated to obtain a better understanding to the size, shape and proportion of the 

silicon NCs. A more careful analysis of the actual annealing temperature for ex situ 

annealed SRO/SiO2 bilayer can be found in the next chapter. 
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Chapter Six: Study of High Silicon Content 

SRO/SiO2 Bilayer Superlattice Thin Films with 

Boron and Phosphorus Doping
**
 

 

6.1 Introduction 

The Si QDs studied in this chapter were fabricated by magnetron sputtering Si rich oxide/S 

dioxide (SRO/SiO2) bilayer thin film superlattices followed by high temperature annealing. 

This chapter investigates the use of high Si content in the SRO layers with advantages 

such as lower resistivity and higher absorption cross-sections which are more suitable for 

photovoltaic devices. A possible drawback however is that higher Si content SRO seems 

to produce greater size distribution and larger Si NCs, theoretically lowering the bandgap 

towards that of crystalline Si (c-Si). For these reasons, it seems that many researchers 

have been hesitant to pursue this path. 

 

This chapter also investigates the dependence of annealing temperature on the Si NC 

formation using both grazing incidence X-ray diffraction (GIXRD) and Raman spectroscopy 

as the previous chapter on in situ temperature annealing high resolution transmission 

electron microscopy (HRTEM) [230] and elsewhere [56] have suggested that the ex situ 

furnace annealing nucleation temperature may not need to be as high as the 1100 °C 

which is the temperature that most previous studies have used. 

 

Impurity doping of Si QDs is still not well understood as the doping mechanism is more 

complex than in c-Si [63]. Nevertheless to create solar cell devices, a selective doping 

mechanism for carrier separation is required. This could either mean a p-n or a p-i-n 

junction. Boron (B) and phosphorus (P) are the most common dopants in the photovoltaics 

industry today for c-Si solar cells due to their high solid solubility in Si and their reasonable 

diffusion rates that make junction depths easily controllable. Therefore, doping with B or P 

                                                
**
 See author’s conference proceeding: T. C.–J. Yang et al., “High Si Content SRO/SiO2 Bilayer 

Superlattices with Boron and Phosphorus Doping for Next Generation Si QD Photovoltaics” in 42
nd

 
IEEE Photovoltaic Specialists Conference (PVSC), New Orleans, LA, United States, 2015, pp. 1-6. 
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is also studied in this chapter as they alter the structural, optical and electrical properties of 

these SRO/SiO2 superlattice thin films. Previous investigation on the doping of Si QDs in 

more moderate Si content SRO/SiO2 bilayer thin films have shown effective doping of both 

B and P for p-type [70] and n-type [71] respectively. A general decrease in resistivity of 

many orders of magnitude accompanies the doping of the Si QD superlattice structures. 

Current crowding and high series resistance were encountered for p-i-n Si QD solar cell 

devices with an open-circuit voltage of 493 mV, fabricated by Perez-Wurfl et al. [209, 231]. 

Recent efforts in Si QD solar cell devices have focused on higher Si content SRO to avoid 

current crowding and to decrease series resistance [232]. It has been suggested that 

higher Si content SRO tends to make better solar cell devices due to both their lower 

resistivity [77] and higher light absorption cross-sections [63]. The work in this chapter may 

be beneficial for future researchers in the area of solid-state Si QDs for third generation 

photovoltaics. 

 

6.2 Experimental Details 

Bilayers of SRO/SiO2 were deposited via a computer-controlled AJA ATC-2200 magnetron 

sputtering system at room temperature. Radio frequency (RF) power supplies (13.56 MHz) 

were connected to a 4 inch intrinsic Si and 4 inch SiO2 target. Doping was achieved via co-

sputtering with either a 2 inch B or 2 inch P2O5 target. Argon was injected into the chamber 

at a rate of 15 sccm with the chamber pressure maintained at 1.5 mTorr. 

 

Both fused quartz and single-side polished p-type Czochralski Si (100) wafers (1-10 Ωcm) 

were used as substrates. The substrates were piranha cleaned and then rinsed in 

deionized water. Additionally, the Si wafers were dipped in 5% HF solution to remove the 

native oxide prior to deposition. 

 

There were 3 depositions with 3 sample sets. Each set of samples consisted of 30 bilayers 

of 4 nm thick SRO and 1.8 nm of SiO2. A final 20 nm SiO2 capping layer was deposited to 

protect the film from oxidation and contamination during standby and annealing stages. 

The RF power to the Si and the SiO2 targets were 264 W and 120 W respectively with a 

combined deposition rate of 4.74 nm/min. The resultant volume ratio of Si:SiO2 was 

approximately 7:3. The deposition rates were calculated ex situ via spectroscopic 

ellipsometry. According to the estimated sputtered target densities of the Si and SiO2 thin 
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films, the calculated stoichiometry is approximately SiO0.3. In the first deposition there was 

no doping (intrinsic samples). For the second and third deposition, B and P2O5 targets 

were co-sputtered in the SRO layers with a target power of 25 W each. There was no 

measureable change in the deposition rate with the addition of the B and P2O5 targets 

during the co-sputtering as their rates were almost insignificant compared to the rates of 

the Si and SiO2. 

 

Finally, all samples were annealed individually in a 1 L volume conventional quartz-tube 

furnace at various temperatures up to 1100 °C with a nitrogen (N2) flow of 2.5 L/min for 1 

hour to allow the Si NCs to form in the SRO layers. The samples were then analysed by 

grazing incidence X-ray diffraction (GIXRD), high resolution transmission electron 

microscopy (HRTEM), Raman spectroscopy and photoluminescence (PL) spectroscopy. 

Several basic electrical measurements were also conducted. The 20 nm SiO2 cap was 

removed by dipping in 5% HF solution for 90 seconds before the electrical measurements. 

 

6.3 Results and Discussion 

6.3.1 Grazing Incidence X-Ray Diffraction 

The GIXRD system (PANalytical X’Pert Pro MRD) with Cu Kα radiation (λ = 0.1542 nm) 

was operated at a voltage of 45 kV and a current of 40 mA. The grazing angle between the 

thin film surface and the X-ray beam was set at 0.27° which is close to the critical angle. 

The primary optics consisted of a 1/16° divergence slit in front of a parabolic mirror. The 

secondary optics consisted of a parallel plate collimator with an acceptance angle of 0.27° 

and a 0.04 radian aperture Soller slit. 
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Figure 6.1. GIXRD patterns of (a) intrinsic, (b) boron and (c) phosphorus doped high Si 

content SRO/SiO2 bilayered thin films on quartz substrates annealed at various 

temperatures for 1 hour in a 1 L quartz tube furnace with a N2 flow rate of 2.5 L/min. 

 

Figure 6.1 shows the GIXRD patterns of (a) intrinsic, (b) boron and (c) phosphorus doped 

high Si content SRO/SiO2 bilayered thin films on quartz substrates which were annealed at 

various temperatures up to 1100 °C for 1 hour in a 1 L quartz tube furnace with a N2 flow 

rate of 2.5 L/min. There is a distinct broad peak at 21.0° which is characteristic of the 

amorphous SiO2 (a-SiO2) phase for all samples. For the 3 types of samples other peaks 

associated with Si NC formation (which are described in more detail in the next paragraph) 

can be observed clearly when annealed at 1100 °C. In some cases a less distinct peak 

was observed at 1000 °C. At 1000 °C the P doped sample (Figure 6.1(c)) seems to show 

slightly larger and sharper peaks than the intrinsic, (Figure 6.1(a)) and B doped (Figure 

6.19(b)) samples. For annealing temperatures 800 °C and below there are no observable 

peaks other than the broad a-SiO2 peak at 21.0° for all samples. The temperature 

dependence results for the GIXRD suggests that conventional furnace annealing requires 

temperatures of at least 1100 °C for satisfactory Si NC formation, which is contrary to the 

hypothesis in the last chapter when the in situ HRTEM experiment suggested that Si NC 

nucleation may start at a low 450 °C. Although, it is worth mentioning that GIXRD will 

require a significantly higher density of crystals to detect their presence compared to 

HRTEM . 
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Figure 6.2. GIXRD patterns of the 1100 °C annealed intrinsic, B and P doped SRO/SiO2 

bilayer thin films on quartz substrates (a) full range and (b) with a separate higher 

resolution scan near range of the Si(111) peaks. 

 

Figure 6.2(a) compares the GIXRD patterns of the annealed intrinsic, B and P doped 

SRO/SiO2 bilayered thin film samples. For all three diffraction patterns four distinct peaks 

are visible at 21.0°, 28.5°, 47.4° and 56.4°. The wide peak at 21.0° is characteristic of the 

a-SiO2 phase as stated before and the latter three peaks are near the expected Bragg 

peaks of Si(111), Si(220) and Si(311) respectively. These strong peaks are indicative of Si 

NC formation in the thin films. 

 

In terms of the size effect that the dopants have on the Si QDs, there are some 

inconsistencies between reports on B doping with some sources reporting no change and 

some reporting of a decrease in the size. However the size seems to increase with P 

doping in most reports. TEM, XRD and Raman data from Hao et al. [70] seem to suggest 

that the size of the QD does not change with increasing B concentration but the crystalline 

volume percentage in the film decreases. This is consistent with a few references where 
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chemical vapour deposition is used to fabricate the Si thin films that indicate that B 

suppresses Si nucleation [233, 234]. The size of the Si NCs in this experiment were 

estimated using the Scherrer equation using the Si(111) peak 28.5° and a shape factor, K 

of 0.9 [189] from the high resolution scans in Figure 6.2(b). The Scherrer broadening 

equation estimates the dimension of columns of cubic cells aligned perpendicularly to the 

set of diffraction planes and gives the minimum size of the crystallite. The estimated 

average size for the Si NCs in the intrinsic, B and P doped samples are 9.1 ± 2.4 nm, 9.6 ± 

2.0 nm and 11.1 ± 2.2 nm respectively. The large estimation error is due to the difficulty in 

gauging the full width at half maximum (FWHM) of the Si(111) peaks as they are masked 

by the stronger and broader a-SiO2 peak at 21.0°. Even though the Scherrer equation is 

often used to measure the size of Si NCs, it does not clearly provide an indication of the 

shape or the size distribution of the NCs. If the bold assumption is that the Si NCs are 

indeed spherical, then the average volume of the Si NCs in the intrinsic, B and P samples 

are approximately 400, 460 and 720 nm3 respectively. And given that bulk c-Si has a 

density of 5 × 1022 atoms/cm3 or approximately 50 atoms/nm3, the number of atoms per Si 

NC in the intrinsic, B and P samples would be around 20000, 23000 and 36000 

respectively. Table 6.1 provides a summary of the GIXRD results. 

 

Table 6.1. GIXRD Si NC size and volume estimates 

 Intrinsic Boron Phosphorus 

Average diameter (nm) 9.1 ± 2.4 9.6 ± 2.0 11.1 ± 2.2 

Average volume (nm3) 400 460 720 

Average number of atoms per NC 20000 23000 36000 

 

The next subsection on HRTEM and energy-filtered transmission electron microscopy 

(EFTEM) provide a clearer examination of the extent of crystallization in these high Si 

content SRO/SiO2 bilayered films. 

 

6.3.2 High Resolution and Energy Filtered Transmission Electron Microscopy 

The HRTEM images were taken with a JEOL 2200FS operated at an accelerating voltage 

of 200 kV. The specimens were prepared by conventional mechanical thinning methods. 

EFTEM was employed to provide a clearer contrast between the Si and a-SiO2 regions. 
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Figure 6.3. (a) Bright-field HRTEM and (b) corresponding EFTEM image of annealed 

intrinsic SRO/SiO2 bilayers under a magnification of 800,000×. 

 

Figure 6.3(a) shows a HRTEM image of the annealed intrinsic SRO/SiO2 bilayered sample 

under 800,000× magnification. There is a clear distinction between the SRO and SiO2 

layers because lattice fringes, indicative of Si NC formation are clearly visible in the SRO 

layers. The measured lattice spacing is approximately 3.1 Å which is typical of diamond-

cubic Si. Note however, not all the existing Si NCs in the SRO layers can be seen in 

HRTEM, only those that are orientated in the same way as the substrate orientation 

(diamond-cubic Si(111)  plane) are actually visible [18, 211, 214, 215] (or see Chapter 5). 

Figure 6.3(b) shows the corresponding EFTEM image. EFTEM is often used for elemental 

mapping as it provides higher lateral resolution than conventional bright-field TEM. The 

EFTEM imaging was tuned to the value of 17 eV for the Si bulk plasmon and 23 eV for the 

SiO2 bulk plasmon signal with an energy window of 4 eV. The contrast between the Si and 

the a-SiO2 is clearly enhanced from Figure 6.3(a) to (b). Furthermore, given that higher 

amounts of Si tend to be found in Si NCs the location of the Si NCs also appear more 

intense and is also independent of the actual Si NC orientation. 
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Figure 6.4. (a) Bright-field HRTEM and (b) corresponding EFTEM image of annealed B 

doped SRO/SiO2 bilayers under a magnification of 500,000×. 

 

The Si NCs in Figure 6.3 mostly form exclusively within the SRO layers. However in Figure 

6.4 where B is doped in the SRO layers during the sputtering, there does not seem to be 

any distinction between the SRO/SiO2 bilayers. After the high temperature anneal at 1100 

°C, Si crystallisation has occurred across multiple layers. This shows that the 1.8 nm SiO2 

layers are insufficient to physically confine the Si NCs. The most likely reason is the 

softening of the matrix as seen by Fuiji et al. [73]. Although this may seem discouraging at 

first, it may not actually imply that the quantum confinement is necessarily compromised 

(see section on PL). Even though there are some areas in Figure 6.4 with extensive Si 

crystallisation, there are still large areas of a-SiO2 or possibly a sub-oxide (SiOx). 
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Figure 6.5. (a) Bright-field HRTEM and (b) corresponding EFTEM image of annealed P 

doped SRO/SiO2 bilayers under a magnification of 500,000×. 

 

The structural morphology in Figure 6.5 is similar to Figure 6.4 in that the bilayer formation 

is lost. However, it can be deduced that from Figure 6.5(b) the Si crystallisation is even 

more extensive as there are fewer areas of a-SiO2 regions and brighter Si NCs regions in 

the EFTEM image (i.e. higher contrast). This result for the P doped sample is consistent 

with previous studies on P doping of Si NCs, which strongly suggest that P assists in the 

crystallisation of Si NCs [71]. 

 

Although it is difficult to digitally estimate the average size of the Si NCs due to their 

irregular shape and wide size distribution, from the EFTEM image, the observable 

crystallisation is fairly extensive as most of the NCs are already wider than the 5 nm scale 

bar. Overall the Si NC size assessment from HRTEM and EFTEM correlate well with the 

GIXRD Scherrer equation estimates. Most previous HRTEM and EFTEM studies on lower 

Si content SRO have shown or suggested that the shape of the Si NCs as near spherical 

[18, 51, 53, 60, 225, 226], but this is not the case in this experiment as the average size for 

all three samples obtained from GIXRD are all greater than the thickness of the SRO 

layers which were only 4 nm before the high temperature anneal. The arbitrary shape is 

more likely due to the high amount of Si that is used in the SRO layers which probably 

exceeds a threshold for spherical nanocrystallisation. This could either mean that the Si 

NCs are penetrating through the adjacent 1.8 nm SiO2 layers as suggested by Di et al. 
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[228] or there could be an extensive nanocrystalline Si network [235] within the SRO 

layers making the Si NCs non-spherical in shape. Furthermore, if the Si NCs are confined 

well within the layers, Si quantum well structures could also be a possibility. In HRTEM it is 

often difficult to find the true shape of the individual Si NCs, because limited information is 

given to the viewer along the third dimension (depth) [55]. 

 

The shape has been suggested to be elliptical or even more eccentric as suggested by a 

few TEM based studies in the past [55-57, 59, 215]. In reality, Si NCs which initially begin 

as small spherical NCs will over time most likely combine with neighbouring Si NCs. The 

probability of this occurring is even greater in this case as the Si content in the SRO is 

much higher than most previous studies. An interpenetrating Si nanocrystalline network 

may actually assist in carrier transport. In addition, smaller surface area to volume ratio 

between the Si NCs and the a-SiO2 matrix could result in less defects and better electronic 

quality. 

 

6.3.3 Raman Spectroscopy 

Raman measurements were taken at room temperature with an inVia (Renshaw) confocal 

microscope system. A green 514.4 nm wavelength Ar+ laser was used as the excitation 

source. 
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Figure 6.6. Absolute Raman spectra of the (a) intrinsic, (b) B and (c) P doped SRO/SiO2 

bilayers on quartz substrates with annealing temperature up to 1100 °C. A normalised c-Si 

reference from a c-Si wafer is included as a guide. 

 

First order Raman spectra can easily determine whether a Si thin film is amorphous, 

crystalline or a combination of both. Raman spectroscopy measurements for intrinsic, B 

and P doped SRO/SiO2 bilayer  samples from Figure 6.6(a)-(c) show sharp peaks near a 

Raman shift of 519 cm-1 (i.e. c-Si Ref.) for samples annealed at 1000 °C and 1100 °C 

which is indicative of c-Si due to the conservation of the characteristic optical phonon 
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momentum. A broad peak around the 480 cm-1 region is attributed to the amorphous Si (a-

Si) component. The formation of Si NCs can be easily seen by the evolution of the Raman 

spectra as the annealing temperature increases. The ratio between the area under the 

broad a-Si peak and the sharp c-Si peak decreases sharply from an annealing 

temperature of 800 °C to 1000 °C signifying some type of activation energy that is required 

for the nucleation and formation of the Si NCs. 

 

 

Figure 6.7. (a) Normalized Raman spectra of the annealed intrinsic, B and P doped 

SRO/SiO2 bilayers on quartz substrates as well as the spectrum from a reference c-Si 

wafer. (b) Example of the peak fitting for the B doped sample. 

 

Figure 6.7(a) gives a clearer comparison between the intrinsic, B and P doped samples 

that were annealed at 1100 °C. The Raman peaks were deconvoluted into crystalline and 

amorphous components using the software package OriginPro 2015. An example of the 

peak fitting for the B sample is shown in Figure 6.7(b). Gaussian components were used to 

fit the broad amorphous peak at 480 cm-1 and Lorentzian components for the c-Si peak 

around 519 cm-1. For the intrinsic and B spectra, an additional small Lorentzian peak at 

512.4 cm-1 was required for the fitting. This peak is related to grain boundary interface 

between the Si NCs and the surrounding a-SiO2 matrix [236, 237].  The integrated 

intensities of the crystalline (Ic) and amorphous (Ia) peaks were calculated and using the 

quantitative model proposed by Tsu et al. [238] an estimate for the fraction of Si that is 
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crystalline can be obtained. The corrected equation for the crystalline fraction is shown 

below: 

 

 𝑥𝑐 =
𝑥𝑛𝑐

𝑥𝑛𝑐 + 𝑦 ∙ (1 − 𝑥𝑛𝑐)
 (6.1) 

 

where 𝑥𝑛𝑐 =
𝐼𝑐

(𝐼𝑐+𝐼𝑎)
 and 𝑦 =

Σ𝑐

Σ𝑎
 is the integrated Raman cross-section for c-Si to a-Si, which 

is usually between 0.8-0.9 as calculated from previous studies. The calculated crystalline 

fraction for the intrinsic, B and P doped samples are 0.65, 0.68 and 0.73 respectively. The 

calculation for the crystalline fraction using (6.1) above has been used in many studies for 

c-Si/a-Si mixture films. However, there are variations to equation (6.1) as well as the 

analysis of the Raman spectra between studies making cross-comparison of the absolute 

quantification of the crystalline fraction unreliable and should be done so with caution.  

Although generally within each study, the relative crystalline fraction between different 

samples seems consistent. In general for this analysis the crystalline fractions are 

relatively high compared to other studies as a result of higher Si content used overall as 

well as the high annealing temperature at 1100 °C. The analysis from Raman within this 

study agrees well with both the GIXRD and HRTEM results above. 

 

6.3.4 Photoluminescence 

The PL measurements were taken using an in-house built system with a 405 nm diode 

laser as the excitation source. The luminescence signal was collected by a multi-channel 

Si CCD thermoelectrically cooled to -30 °C for noise reduction. 
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Figure 6.8. Normalized RT PL spectra of the intrinsic, B and P doped SRO/SiO2 bilayer 

samples on quartz substrates. 

 

Figure 6.8 shows the normalized room temperature (RT) PL spectra of the three samples. 

There is a distinct red-shift from 840 nm (1.48 eV) to 940 nm (1.32 eV) when the SRO was 

doped with P, however there was no evidence of a significant change when doped with B. 

The quantum confinement model predicts a blue-shift in the PL spectrum with decreasing 

Si QD size which corresponds well with the increase in size of the Si NCs with P doping 

from GIXRD, however there is no shift for B doping, even though the GIXRD predicts a 

slightly larger NC size for B compared to the intrinsic case. Quenching and a slight blue-

shift in the PL with the addition of B have suggested indirectly that the size and number of 

Si NCs decreases with B doping [67, 72], although the effect of using higher Si content in 

the SRO resulting in larger Si NCs may have cancelled out this effect. It is also possible 

that there are smaller Si NCs left in the B doped sample which dominate the PL emission, 

particularly if B doping adds non-radiative defects to the larger NCs. On the other hand the 

size enhancement effect was also shown indirectly through the red-shift observed via PL 

when Si NCs are doped with phosphorus [67] which is consistent with these results. The 

PL intensity of the P doped sample before normlisation is about 4.5 times greater than 

both the intrinsic and B samples (which both had about the same absolute intensity). This 

again confirms the larger NC size and the higher crystalline to amorphous fraction of the P 

doped sample as the absorption capture cross-section for the PL laser is greater for larger 

Si NCs. It may also indicate that P improves the radiative recombination of crystals. 

0

10

20

30

40

50

60

70

80

90

100

1.2 1.3 1.4 1.5 1.6 1.7 1.8

N
o

rm
a
li
z
e
d

 P
L

 I
n

te
n

s
it

y
 (

a
.u

.)
 

Photon Energy (eV) 

Intrinsic

Boron

Phosphorus



 

 

90 

 

6.3.5 Electrical Measurements 

Table 6.2. 4-PP and Hall measurements 

 Rsheet (kΩ/□) Rbulk (Ωcm) Mobility, μ 

(cm2/Vs) 

Carrier 

Concentration 

(cm-3) 

B (4-PP) 43 0.75 - - 

P (4-PP) 6200 106 - - 

B (Hall) 41 0.66 0.36 +2.6 ×1019  

P (Hall) 7700 120 0.24 -2.2 ×1017 

 

Table 1 shows the four-point probe (4-PP) and Hall measurements for the B and P doped 

samples on insulating quartz substrates. Due to the high doping concentrations of B and 

P, the samples showed near ohmic properties with the Hall contacts. The intrinsic sample 

was not able to be measured by these two techniques because the resistivity is many 

orders of magnitudes higher than the doped samples [70, 71]. For the 25 W sputter power 

used, B samples have a very low resistivity of 0.66 Ωcm from Hall measurements. The 

hole concentration is 2.6 × 1019 cm-3 which is similar to films measured in the past by 

capacitance-voltage measurements on inverted metal-oxide-semiconductor devices [239]. 

The resistivity (120 Ωcm) and carrier concentration (2.2 × 1019 cm-3) of the P doped 

sample are higher than those of the B doped samples. This is surprising because a higher 

c-Si fraction should theoretically allow higher doping efficiency as well as better current 

transport. A possible explanation could be an over-doping of P as seen in the study by 

Hao et al. [71]. Their study suggested aggregation or clumping of inactive P atoms as well 

as compromise to the crystallinity of the films. A more likely scenario is the fact that P 

causes larger Si NCs, but also increases the inter-NC spacing as evident to some extent 

from the EFTEM images. The carrier mobilities of both samples are still much lower than 

carrier mobilities in degenerately doped c-Si. The low mobility is expected given the nature 

of the transport mechanisms in these types of materials. Previous electrical measurements 

by other authors on similar SRO/SiO2 superlattice thin films showed a large change in 

resistivity for a small change in dopant concentration [70, 71, 240]. It has been suggested 

that using phosphine gas instead of co-sputtering P2O5 for doping may be better due to 

phosphine’s ability to reduce defects [241]. 
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It was shown from the Section 2.7 of Chapter 2 that there is evidence to show effective 

doping of these SRO/SiO2 films. However, the exact doping characteristics of these Si 

NCs are still not well understood. The three regions of interest are dopants: 

 

1) Inside the Si NCs. 

 

2) In the SiO shell surrounding the Si NCs. 

 

3) In the SiO2 matrix 

 

The hypotheses and discussion as to the real nature of doping are explained below. 

Recent atom probe tomography (APT) [242] using proxigram analysis has shown that 

approximately 15% of the P atoms are found inside the Si NCs, 30% in the interface and 

55% in the SiO2 matrix. The relatively low value inside the Si NCs has already been 

explained by the self-purification mechanism (see Section 2.6 of Chapter 2). More recent 

work by König et al. [243] (2015) has shown that nearly all the 15% P atoms reside as 

interstitial rather than substitutional impurities. However neither interstitial nor 

substitutional impurities (which provide defect levels) are likely to contribute to free carriers 

at RT simply because their ionisation energies are still too high. This effect should be 

similarly for P atoms in the SiO shell surrounding the Si NCs although the deep defects 

should not be as deep. Furthermore, in this experiment, the ionisation energies decrease 

especially with larger Si NCs. The EFTEM images seem to suggest that the SiO shell 

extends further for B doped compared to P doped samples as the contrast change is 

higher from Si NC to the SiO2 matrix from Figure 6.5(b) to Figure 6.4(b). Further density 

functional theory (DFT) calculations show that P dopants in the SiO2 matrix actually reduce 

the transport barriers for electrons and holes by 97% and 85% respectively [243]. This 

would cause a substantial increase in conductivity although the P is strictly not acting as a 

dopant. 

 

6.4 Conclusion 

High Si content SRO/SiO2 bilayer superlattice thin films were fabricated via RF magnetron 

sputtering. The approximate stoichiometry of the SRO layers was SiO0.3. B and P were 
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incorporated by co-sputtering of B and P2O5 targets in the SRO layers. It was found that 

high temperature ex situ furnace annealing at 1100 °C is required to form satisfactory Si 

NCs in the SRO layers for all samples doped and undoped. Therefore the structural, 

optical and electrical properties of only these thin films annealed at 1100 °C were further 

investigated. In summary GIXRD, HRTEM, EFTEM and PL results show that P doped 

films produced Si NCs with larger average size. On the contrary B doping seemed to only 

have a small effect on the average size of the Si NCs. HRTEM showed that the Si NCs in 

the B and P doped samples spanned the distance of many layers and the 1.8 nm SiO2 

layers were incapable of physically confining the Si NC growth. PL data confirms these 

results as P doped samples produced a strong red-shift in the spectrum which follows the 

quantum confinement effect. Electrical characterisation shows a large decrease in 

resistance in both types of doping compared to the intrinsic sample. Although there was a 

much larger decrease for the B compared to the P doping for the same target power that 

was used. Table 6.3 summaries and compares the main properties between the intrinsic, 

B and P doped SRO/SiO2 bilayer samples. 

 

Table 6.3. Summary of the properties between intrinsic, B and P doped SRO/SiO2 bilayers 

 Intrinsic Boron Phosphorus 

Average Si NC Diameter from GIXRD (nm) 9.1 ± 2.4 9.6 ± 2.0 11.1 ± 2.2 

c-Si/a-Si ratio from Raman 0.65 0.68 0.73 

PL peak position (eV) 1.32 1.32 1.48 

Bulk resistivity from Hall (Ωcm) - 0.66 120 

 

Higher content Si in the SRO results in Si NC films with lower resistivity and higher 

absorption cross-sections. It is suggested that high Si content SRO is more useful in the 

current design of Si NC solar cell devices. The B doped SRO/SiO2 material with its 

relatively low bulk resistivity of 0.66 Ωcm may actually allow a heterojunction type of 

photovoltaic structure with an n-type transparent conducting aluminium doped zinc oxide. 

This novel photovoltaic device structure made with high Si content SRO/SiO2 bilayers is 

investigated in Chapter 8. 
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Chapter Seven: Annealing Temperature and 

Treatment on the Properties of Aluminium 

Doped Zinc Oxide Thin Films
††

 

 

7.1 Introduction 

Si quantum dot (QD) solar cells require a high temperature annealing step in their 

fabrication as shown in the previous chapter. Mesa-structured Si QD solar cells fabricated 

at the University of New South Wales had issues with current crowding due to the high 

lateral resistance of the dielectric layers [209]. As a result, heavy current crowding occurs 

in the photovoltaic devices leading to loss in output current and voltage. Furthermore, the 

photovoltaic devices required precise plasma etching for metallization purposes as well as 

lithography that both increased the time and complexity of the fabrication process. A 

superstrate structure on transparent quartz substrates consisting of a front transparent 

conducting oxide (TCO) would be expected to improve carrier transport as a larger 

proportion of generated current would be flowing perpendicular to the junction in this type 

of structure. This concept is similar to thin-film amorphous-silicon (a-Si) or microcrystalline-

silicon (μc-Si) and copper indium gallium (di)selenide (CIGS) solar cell designs. 

 

Common TCOS such as indium and tin based oxides cannot withstand high annealing 

temperatures. However, ZnO has a very high melting point of 1975 °C, which makes it a 

prospective candidate material. Aluminium doped zinc oxide (AZO) has been successfully 

used in the past as a TCO for thin-film a-Si/μc-Si [152, 176, 178, 244] and CIGS [147, 245] 

solar cells. However, these solar cells do not require high temperature processes and 

therefore there has not been extensive investigation into the properties of AZO for high 

temperature processes. The purpose of this chapter is to investigate the properties of 

magnetron sputtered AZO thin films after high temperature annealing with different 

treatments. The main criteria that need to be investigated for good quality TCOs include: 
                                                
††

 See author’s conference proceeding: T.C.-J. Yang et al., “Investigation into High Temperature 
Post-Annealing of ZnO:Al as a Prospective Transparent Conductive Oxide Window Layer for 
Superstrate Silicon Nanostructure Solar Cells,” in 29th European Photovoltaic Solar Energy 
Conference and Exhibition, Amsterdam, The Netherlands, 2014, pp. 284 - 290. 
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optical transmission, conductivity and surface roughness. We demonstrate for the first time 

a method that allows annealing AZO films up to 1100 oC without completely decomposing 

the films and maintaining a low enough conductivity to makes the films attractive for their 

application in Si QD based solar cells. 

 

7.2 Review of RF Magnetron Sputtered Aluminium Doped 

Zinc Oxide Thin Films 

7.2.1 Introduction 

This section reviews the literature on radio frequency (RF) magnetron sputtered AZO thin 

films and examines the parameters of sputtering that produce the best quality films in 

order to create similar quality films for the work in this chapter. The general principles of 

magnetron sputtering are presented in the RF magnetron sputtering section of Chapter 4. 

Table 7.1 presents a comprehensive literature review survey of RF magnetron sputtered 

AZO thin films. The final column of Table 7.1 displays the list of authors and the year that 

their work was published in chronological order starting from Minami et al. [89] in 1984 to 

Hwang and Park in 2010 [246]. Column 1 of Table 7.1 lists the targets that were used in 

each experiment. Substrate heating (column 2) is also an important parameter as it helps 

with crystallisation of ZnO, activation of Al dopants and reducing surface roughness. The 

substrate temperature generally varies from room temperature (RT) to 300 °C. The 600 °C 

substrate temperature is a special case by Kim et al. [247] for epitaxial growth on sapphire 

(0001) substrates, but the resistivity of their film was much higher than the rest of the 

examples and was therefore not given in their journal publication. The pressure parameter 

(column 3) ranged from 0.5 – 30 mTorr from the various references. Usually a lower 

pressure allows for a slightly higher deposition rate due to the increased mean free path of 

the deposited species. The thickness (column 4) of the film is also an important parameter. 

Often, thicker films will result in large crystal grains and fewer grain boundaries per unit 

volume which means the mobility should be higher. Furthermore, the sheet resistance of 

the TCO will be lower as it is inversely proportional to the thickness. However an increase 

in thickness also means an increase in optical absorption of the film as well as higher 

material cost, hence there is always a trade-off between these factors when designing 

solar cells that use TCOs. 
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7.2.2 Electrical Properties of Magnetron Sputtered AZO Thin Films 

Columns 6, 7 and 8 list the resistivity ρ; carrier concentration N; and Hall mobility μ of the 

deposited ZnO:Al films respectively. Resistivity is one of the two most important 

parameters in TCOs. To obtain a low resistivity, the carrier concentration and mobility must 

be as high as possible. The lowest resistivity from the list (excluding epitaxial growth by 

Igasaki et al. [250] (1991)) is the first case by Minami et al. [89] in 1984. Over three 

decades ago, Minami et al. achieved a minimum resistivity of 1.9 × 10-4 Ωcm with a 

mobility of 22 cm2V-1s-1 and a high carrier concentration of 1.5 × 1021 cm-3. Minami et al. 

[89] found that the highest carrier concentration could be achieved with an Al2O3 content of 

approximately 2% by weight with approximately 60% of the Al dopants electrically active. 

To act as a dopant and be active, the Al atoms in the films must be located on zinc lattice 

sites. To increase the percentage of active dopants, substrate heating or higher target 

powers are required. In addition, higher sputtering powers cause greater defects and 

damage to the film due to the higher intensity and deeper bombardment of sputtered 

species. Note, the sputtering power parameter has not been included in Table 7.1 as it is 

difficult to quantify and compare due to the large variability in the equipment 

configurations, e.g. target-to-substrate distances, etc for the different references. The 

optimum concentration of Al from Table 7.1 is approximately 2% by weight of Al2O3. A 

further increase in Al dopant content does increase the carrier concentration, however this 

increase is also accompanied by higher ionised impurity scattering resulting in a decrease 

in mobility. An example from Table 7.1 is the case by Li et al. [254] (2006), who uses a 

high Al2O3 content of 5%, which yields a carrier concentration of 4.1 × 1021 cm-3, but only 

achieves a resistivity of 3.0 × 10-3 Ωcm because the mobility is only 0.5 cm2V-1s-1. 

Furthermore, the transmittance at longer wavelengths drops owing to increased free 

carrier absorption. Bellingham et al. [255] investigates the fundamental physical limiting 

resistivity of TCO films and they theoretically calculated the limit of resistivity which they 

claimed to be about 4 × 10-5 Ωcm. This is about one order of magnitude lower than the 

resistivity values in Table 7.1. 

 

7.2.3 Structural Properties of Magnetron Sputtered AZO Thin Films 

The structural properties that are most important to researchers in the area of AZO thin 

films are crystal orientation and grain size. Magnetron sputter-deposited ZnO crystallise 

easily; for most of the cases in Table 7.1 the predominant orientation is the (002) c-axis 
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orientation which is perpendicular to the substrate surfaces as it has the lowest surface 

free energy [256]. Song [253] investigated the effect of Tsub, working pressure and target 

power on the structural properties of radio frequency magnetron sputtering (RFMS) AZO 

films. He found that the sputtering rate increases with target power and decreasing 

working pressure. The average grain sizes that he obtained using the Scherrer equation 

for his different sputtering parameters were between 19–38 nm in diameter. He also 

concluded that higher substrate temperature (from RT up to 250 °C) resulted in larger 

grain size. The experimentally observed crystal microstructure of magnetron sputtered 

AZO can be explained well by Thornton’s structure zone model [257, 258]. Song’s 

experimental results together with other authors from Table 7.1 agree well with the model’s 

general trend. The best quality AZO film deposition parameters appear to use Tsub 

between 200–300 °C, the lowest possible working pressure and a mid-range target power. 

 

7.2.4 Optical Transmittance Properties of Magnetron Sputtered AZO Thin Films 

The transmittance versus wavelength graph is the most important optical characteristic of 

TCOs. A typical transmittance curve of AZO with different Al content is shown in Figure 

7.1. Most magnetron sputtered AZO films have a relatively smooth surface without 

significant diffuse reflection; this is represented by the distinct interference fringes with 

deep valleys and high crests below 1000 nm. Most AZO on glass transmittance curves 

have an average transmission in the visible region (390-700 nm) of at least 80% and most 

have transmission 85% or higher. The AZO thin film itself actually has a higher 

transmission, but the glass or quartz substrate reflects/absorbs some of the incoming light. 

However, what is more important is how much the film absorbs, this can be calculated by 

Eq. 4.7 in Chapter 4, if the absolute transmission and reflection is measured. For thin films 

on transparent substrates, accurate transmission and reflection can be difficult to measure, 

however absorption can be directly measure through other techniques. Notice that one can 

tell if the film absorbs or not by observing the maxima in transmittance compared to the 

transmittance of the substrate (in this case glass or quartz). 
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Figure 7.1. Transmittance vs. wavelength of RFMS AZO (Tsub = 200 °C ) films on Corning 

glass substrates with different Al content [147]. 

 

Another distinct characteristic of AZO film transmittance‡‡ curves is the near the absorption 

edge of ZnO at 3.3 eV (380 nm). Here, as the Al content increases, i.e. increase in free 

carrier concentration, the absorption edge shifts monotonically towards higher energies 

(lower wavelengths). This phenomenon is called the Burnstein-Moss effect [259, 260]. 

From Figure 7.1, the absorption edge shifts from the ZnO (black) curve from approximately 

380 nm progressively to the ZnO:Al 2 wt. % (green) curve at approximately 340 nm. 

Another distinct characteristic of doped ZnO films can be seen in the infrared region, the 

transmission starts to decrease for higher content Al doped samples. This is simply due to 

free carrier concentration, which causes the thin film to reflect in the near-infrared region. 

Duenow et al. [147] investigates the Al content of AZO films used in CIGS solar cells. They 

suggest that even though the optimum content is around 2 wt.% of Al, it may be better to 

use a lower content due to better transmission values at longer wavelengths which could 

provide higher current despite the slightly higher resistivity of the AZO. 

 

7.2.5 Summary 

To achieve the lowest resistivity in AZO thin films, the mobility and free carrier 

concentration must be as high as possible. Higher mobility is achieved when films are 

                                                

‡‡
 N.B. Transmittance and (optical) transmission are essentially the same term and used 

interchangeably in this thesis. 
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single-axis orientated and consist of large grains. To achieve a high free carrier 

concentration, a high percentage of dopants must be active, as inactive dopants 

compromise the crystallinity. The literature for magnetron sputtered AZO thin films was 

extensively surveyed with the structural, electrical and optical properties briefly discussed. 

The magnetron sputtered AZO films have good TCO properties and appear promising for 

use with SRO/SiO2 superlattice films to create Si QD solar cells. Using the information 

gathered from the literature review survey on RF magnetron sputtering, the next section 

outlines the experimental details including the parameters used to deposit the AZO thin 

films used in this chapter for annealing temperature dependence experiments. 

 

7.3 Experimental Details 

AZO samples were prepared by RF magnetron sputtering. The AZO thin films were 

deposited via a computer-controlled AJA ATC-2200 sputtering system with substrate 

heating set at 250 °C. Argon (Ar) was introduced into the sputtering chamber at 15 sccm 

with a pressure of 1.5 mTorr. Quartz substrates with high optical transmission over a large 

wavelength range and boron (B) doped p-type Si (100) wafers were used as the 

substrates. The substrates were cleaned in piranha solution (3:1 ratio of H2SO4 to H2O2) 

for 15 minutes and then rinsed in deionised water prior to the deposition. The Si wafers 

were additionally dipped in 5% hydrofluoric acid (HF) for 30 seconds to remove the native 

oxide. The 4 inch target was ZnO:Al with 99.995% purity and 2.0 wt.% Al2O3. Sputtering 

was performed at two powers 150 W and 100 W with deposition rates of 2.17 nm/min and 

1.91 nm/min respectively. The deposition rates were externally calibrated using variable 

angle spectroscopic ellipsometry (VASE), with a J.A. Woollam Co. M-2000 ellipsometer. 

The as-deposited thicknesses for the 150 W and 100 W samples were made to be 

approximately 250 nm, by adjusting the deposition time. 

 

Three experiments were conducted: 

 

1) In the Preliminary Experiment (Section 7.4) ZnO and AZO samples were annealed 

at 1100 °C (to check that the films remained on the quartz substrate) followed by 

basic characterisation of their properties. 
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2) In Experiment 1 (Section 7.5), the 150 W samples were annealed at various 

temperatures ranging from 400-1100 °C for 1 hour in a 1 L quartz tube furnace with 

a N2 flow rate of 2.5 L/min. The 150 W samples were also annealed at various 

temperatures ranging from 400-800 °C in a N2 based forming gas (H2 4% / N2 96%) 

with the same flow rate. 

 

3) In Experiment 2 (Section 7.6), the 100 W samples were annealed at 1100 °C for 1 

hour in a 1 L quartz tube furnace with a N2 flow rate of 2.5 L/min and allowed to 

cool to a lower temperature (below 150 °C) before removing from the furnace. Prior 

to the 1100 °C N2 anneal, the quartz tube furnace was annealed together just with 

the quartz boat at 800 °C with Ar:H forming gas (see Section 7.6 for more details) 

to effectively ‘clean’ the furnace before the actual sample anneal. 

 

The experimental tools and techniques used to characterise the material properties 

include: spectroscopic ellipsometry for thickness measurements, X-ray diffraction (XRD) 

for the crystallinity which includes the preferred crystal orientation and crystallite size, X-

ray photoelectron spectroscopy for detection and estimation of the ratio of the constituent 

elements, four-point probe (4-PP) for sheet resistivity measurements, Hall effect 

measurements for the carrier concentration, mobility and resistivity, spectrophotometry for 

transmission, scanning electron microscopy (SEM) and atomic force microscopy (AFM) for 

surface morphology. 

 

7.4 Preliminary Experiment 

This preliminary experiment was conducted before the main experiments to assess their 

feasibility. For the preliminary experiment, intrinsic ZnO and AZO samples were prepared 

by RF magnetron sputtering. The sputtering powers to these targets were both 150 W. The 

rough thickness estimate was 330 nm. The same sputtering system was used for the 

deposition with substrate heating set at 250 °C. Argon and a small ratio of hydrogen gas 

(appoximately 1%) were introduced into the chamber at 15 sccm with a pressure of 1.5 

mTorr. Only piranha cleaned quartz was used as substrates in this preliminary experiment. 

One sample of ZnO and one sample of AZO were annealed at 1100 °C in a 1 L quartz 

tube furnace for 1 hr with an Ar flow rate of 2 L/min. 
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Figure 7.2. Transmission of RF magnetron sputtered as-deposited and 1100 °C annealed 

ZnO and AZO films. 

 

Figure 7.2 shows the transmission of the RF magnetron sputtered as-deposited and 

1100°C annealed ZnO and AZO thin films as well as the transmission for a bare quartz 

substrate with no film deposition (control). The preliminary experiment showed that even 

after high temperature annealing at 1100 °C, the ZnO based films remained on the quartz 

substrates with high transmission in the visible spectral region (390-700 nm). For the ZnO, 

annealed ZnO and annealed AZO samples, there is a strong transition from absorption to 

transmission from 380 nm onwards and for the AZO samples from 345 nm onwards. 

These wavelengths coincide with the bandgap for ZnO at approximately 3.2 eV (388 nm). 

The doping of Al in the as-deposited AZO sample results in a slight blue-shift of the 

bandgap due to the Burnstein-Moss effect [259, 260]. The Burnstein-Moss effect occurs 

when the electron carrier concentration exceeds the conduction band-edge density of 

states, which usually happens with degenerately doped semiconductors. The extra 

electrons populate the conduction band which then pushes the Fermi level above the 

conduction band minimum causing an apparent shift in the bandgap as Pauli’s exclusion 

principle does not allow excitation into these occupied states. In actual fact, the location of 

the Fermi level is not what causes the bandgap “widening” but rather the filling of states in 

the conduction band that causes the widening. The Burnstein-Moss bandgap widening 
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effect is related to the free electron carrier concentration, ne, given by the following 

equation: 

 

 ∆𝐸𝑔 =
ℎ2

8𝑚𝑒
∗2 (
3

𝜋
)

3
2
𝑛𝑒

2
3 

 

(7.1) 

 

 

where, h is the Planck’s constant and 𝑚𝑒
∗ is the effective electron mass in the conduction 

band. The opposite bandgap narrowing effects [261, 262] also compete with the Burnstein-

Moss effect although their influence is usually much smaller here. This may be due to the 

relatively high activation energy for Al in ZnO which from different reports ranges from 

around 53 meV [263] to 65 meV [264]. 

 

The average optical transmission for all samples on quartz is greater than 83.1% in the 

visible range. For the as-deposited AZO sample, the transmission begins to drop 

significantly as the wavelength continues into the infrared region. This is caused by the 

signature free carrier absorption which is consistent for a low resistivity degenerately n-

doped AZO sample. 

 

Table 7.2. Preliminary experiment parameters and results 

 ZnO AZO Annealed 

ZnO 

Annealed 

AZO 

Annealing Temperature (°C) - - 1100 1100 

Annealing Time (hours) - - 1 1 

Sheet Resistivity (kΩ/□) 2700 0.050 >10,000 >10,000 

Bulk Resistivity (Ωcm) 90 1.65 × 10-3 >330 >330 

RMS Surface Roughness 14.7 2.86 19.0 17.4 

 

Table 7.2 shows that the bulk resistivity of the intrinsic ZnO and AZO thin films are 90 Ωcm 

and 1.65 × 10-3 Ωcm respectively, however after annealing at 1100 °C in Ar, the electrical 

resistivity of both the thin films increases considerably. The reasons will be explained in 

the next section (Section 7.5). 
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Figure 7.3. AFM images of a) ZnO, b) AZO, c) annealed ZnO and d) 1100 °C annealed 

ZnO:Al thin films showing the surface roughness. 

 

The root mean squared (RMS) surface roughness (δrms) of the films shown in  

Figure 7.3 are provided in Table 7.2. The AFM results show that after annealing, the ZnO 

RMS surface roughness increases from 14.7 nm to 19.0 nm and for the AZO sample from 

a low 2.86 nm to 17.4 nm. The low 2.86 nm RMS surface roughness for the as-deposited 

AZO, as seen  

Figure 7.3b), is important for the purpose of this thesis, because additional SRO/SiO2 

bilayer thin films needed to be deposited on top to make up the active Si QD layers in 

Chapter 8. Additional texturing of AZO thin films through chemical or other means is an 

excellent way to provide light trapping properties. Textured AZO thin films are often used 

in amorphous Si [152, 176-178] and CIGS solar cells [265]. Unfortunately this thesis 

requires the deposition of thin bilayer films of SRO and SiO2 down to a minimum thickness 

of 1.8 nm and because sputtering is a very directional deposition process, the surface 
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should ideally be as smooth as possible. Song in his PhD thesis (2005) has shown that in 

general, the lower the RF power to the sputtering target, the smaller the surface roughness 

[253]. 

 

7.5 Experiment 1 

7.5.1 Introduction 

Minami et al. [89, 266] showed that the sheet resistance of magnetron sputtered ZnO thin 

films increase by “one to three orders of magnitude” when heat treated in vacuum and in 

inert gas ambients at 400 °C. This experiment is an extension of the studies by Minami et 

al. which  involves post annealing 150 W sputter deposited thin film AZO samples at 

higher temperatures in N2 and forming gas. Table 7.3 lists the different annealing 

temperatures and gases. For the first set (column 1) the samples were annealed up to 

1100 °C in N2 in a 1 L furnace. In the second set (column 2) the samples were only 

annealed up to 800 °C in forming gas in a large tube furnace as the AZO thin films started 

to decompose from 600 °C. This was due to the reduction reaction involving the H2 and 

initially thought to be due to possible contamination with other materials in the “general 

purpose” large tube furnace. A second forming gas experiment was later conducted in a 1 

L quartz tube furnace with similar results confirming the reduction by H2 (no presented). In 

this experiment the samples were removed from the furnace at between 200-250 °C. The 

initial thickness of all the AZO thin films were 250 nm. 

 

Table 7.3. Annealing temperature and gases 

N2 - 1 L furnace 

(°C) 

Forming Gas – large 

tube furnace (°C) 

400 400 

600 500 

800 600 

1000 700 

1100 800 
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7.5.2 Optical Transmission Measurements 

 

Figure 7.4. Transmission spectra of the AZO thin films annealed at different temperatures 

with N2 in a 1 L furnace. 

 

Figure 7.4 shows the transmission spectra of the first set of samples annealed in N2. The 

as-deposited sample has an absorption edge at the lowest wavelength of 351 nm (at 50% 

transmittance) followed by the sample annealed at 400 °C at 365 nm and then 600 °C at 

380 nm. There is no further change in the absorption edge from T4 to T6. This means that 

by annealing, there is a reverse in the Burnstein-Moss effect with loss in free carriers 

(electrons). In terms of free carrier absorption, the as-deposited sample has the highest 

absorption in the infrared region (λ = 700 nm), followed by the sample annealed at 400 °C. 

From 600 °C to 1000 °C, the transmission in the infrared region is almost identical. As for 

the sample annealed at 1100 °C, the transmission curve has changed significantly, 

indicating that the thickness, roughness and structure of the film has changed. Overall, it 

seems that post annealing AZO film causes the free carrier density to drop and Al no 

longer acts as a dopant (the reasons for this are given in Section 7.5.6). 
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Figure 7.5. Transmission spectra of the AZO thin films annealed at different temperatures 

with forming gas in a large tube furnace. 

 

Figure 7.5, shows the transmission spectra of the samples annealed in forming gas at 

different temperatures. Again, there is a clear red-shift in the absorption edge (351 to 400 

nm) for increasing post annealing temperatures from 400 to 500 °C. From 600 °C onwards 

however, the AZO films decompose completely from the reduction with H2 as their 

transmission spectra is similar to that of the quartz substrate (control) in Figure 7.2, where 

the transmission is high across the full wavelength range. 

 

7.5.3 Electrical Measurements 

Table 7.4. Four-point probe resistivity measurement results 

 Sheet Resistivity (Ω/□) Bulk Resistivity (Ωcm) 

As-deposited 12.2 3.05 × 10-4 

400 °C (Nitrogen) 24.5 6.13 × 10-4 

400 °C (Forming Gas) 72.2 1.40 × 10-3 

600 °C (Nitrogen) 54,000 1.35 × 10-1 
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Table 7.5. Hall Effect measurement results 

 Mobility 

(cm2/Vs) 
Carrier Density 

(cm-3) 

Sheet 

Resistivity 

(Ω/□) 

Bulk 

Resistivity 

(Ωcm) 

As-deposited 21.0 1.16 × 10-21 12.2 2.56 × 10-4 

400 °C (N2) 14.2 4.67 × 10-20 37.9 9.44 × 10-4 

400 °C (Forming Gas) 16.9 2.33 × 10-20 72.2 1.58 × 10-3 

600 °C (N2) 2.86 1.67 × 10-19 62,400 2.15 × 10-1 

 

It is already well known that the increase in resistivity as a result of loss in carrier 

concentration is attributable to the “chemisorption” of oxygen into the ZnO films either from 

the surface or from oxygen trapped at defects such as grain boundaries [267, 268]. It is 

suggested that chemisorption of oxygen from the surface of films should be small if 

ambients such as high vacuum, inert gases and nitrogen are used [269]. Such 

chemisorption of oxygen in ZnO is important above 200 °C [266]. Table 7.4 shows 4-PP 

measurements of the AZO samples with various post annealing treatments. The samples 

that are not shown did not have low enough resistivity to produce a reading on the 4-PP 

system. Table 7.5 shows the Hall measurements of the same samples in Table 7.4. The 

values of the sheet and bulk resistivity of the films in both tables are consistent with one 

another. From the Hall Effect measurements, the lowest resistivity is the as-deposited 

sample with a bulk resistivity of 2.56 × 10-4 Ωcm. After annealing in N2 at 400 °C and 600 

°C for 1 hour, the resistivity increases to 9.44 × 10-4 Ωcm and 2.15 × 10-1 Ωcm 

respectively. The resistivity continues to increase for post annealing temperatures after 

600 °C. When the AZO film was annealed in forming gas at 400 °C for 1 hour, the 

resistivity increased to 1.58 × 10-3 Ωcm which was slightly higher than the film annealed at 

400 °C in N2. The higher increase in forming gas was surprising, because it was thought 

that hydrogen, being a shallow n-type dopant, would assist in the increase in free electron 

concentration. A few references have suggested that hydrogen acts as a shallow donor in 

ZnO [132, 133]. It also improves the conductivity of the AZO films if added to Ar in the 

sputtering process [147, 246]. Most interestingly Takata and Minami, et al. [270] showed 

that annealing in a hydrogen environment has the ability to rejuvenate the conductivity of 

AZO that was annealed up to 400 °C in air. The Hall measurements in Table 7.5 show that 

the carrier concentration is roughly two times higher in the sample annealed at 400 °C in 
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N2 (4.67 × 10-20 cm-3) than in forming gas (2.33 × 10-20 cm-3). A possible explanation could 

be the deterioration of crystallinity with the reducing effect of forming gas. The carrier 

concentrations measured by the Hall Effect measurement system seems to correlate well 

with the optical transmission results in the previous section. 

 

7.5.4 Grazing Incidence X-ray Diffraction Measurements 

 

Figure 7.6. GIXRD patterns of the AZO thin films annealed at different temperatures with 

N2 in a 1 L furnace. 

 

The XRD patterns of the sample annealed in N2 at different temperatures are shown in 

Figure 7.6. All samples displayed a strong peak around the 2θ° = 34.5 region, which 

signifies a strong (002) c-axis preferred orientation to the quartz substrate surface. This is 

due to the self-texturing phenomenon shown by Deng et al. [271]. The average grain size 

as calculated by the Scherrer equation was between 40 nm to 43 nm for all the samples, 

although there was no distinct pattern with the increased annealing temperature.  
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Figure 7.7. GIXRD patterns of the AZO thin films annealed at different temperatures with 

forming gas in a large tube furnace. Note, the 700 °C and 800 °C are not shown here as 

the film completely decomposes after this temperature. 

 

Figure 7.7 shows the XRD patterns for the samples annealed in forming gas. The quartz 

substrate (control), with no film deposited is shown at the top of the figure. No peaks are 

visible for this quartz substrate control sample. For the 600 °C there are also no visible 

peaks, hence, the AZO thin film has completely decomposed and evaporated from the 

surface as a result of reduction from the H2 in the forming gas. For the AZO thin film 

annealed at 400 °C the grain size actually increases from 43 nm (as-deposited) to 59 nm, 

however at 500 °C, the grain size decreases back down to 43 nm. At 500 °C the 

morphological change from reduction of the AZO film with the forming gas may have 

decreased the thickness and increased the surface roughness making the GIXRD intensity 

decrease resulting in a larger FWHM. 
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7.5.5 Atomic Force Microscopy and Scanning Electron Microscopy Analysis 

 

Figure 7.8. SEM image of surface of the AZO sample annealed at 1000 °C in N2. 

 

The SEM image of the AZO sample annealed at 1000 °C in N2 (Figure 7.8) shows the 

typical surface morphology of the prepared RF magnetron sputtered AZO film. The grain 

size was measured by partitioning the y-axis into increments and then measuring the width 

of each of the grains along the x-axis. The average diameter of the grains from this 

analysis is 77 ± 5 nm with a large standard deviation of 39 nm. The average grain size was 

also estimated by measuring each of the grains at its maximum width along the x-axis, 

which resulted in an upper estimated average diameter of 95 ± 5 nm with a standard 

deviation of 48 nm. The average grain size from this image is much larger than those 

determined by the Scherrer equation in the XRD analysis (40 - 43 nm), which actually give 

a lower estimate to the grain size. Note, however that the size of the grains in XRD is 

strongly affected by the size of the grain in the vertical direction (c-axis orientation), which 

may not be representative in the SEM image shown here. Also, in general, having a wide 

range of diameters would result in peak broadening determined by the smallest crystal 

grains. Ideally to produce the best quality film in terms of the lowest resistivity the larger 

the grains the better due to a decrease in grain boundary scattering. 
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Table 7.6. RMS surface roughness of the 150 W RF magnetron sputtered AZO samples 

under various post annealing treatments 

Treatment RMS Surface 

Roughness (nm) 

As-deposited 5.1 

400 °C (N2) 6.6 

400 °C (Forming Gas) 7.7 

500 °C (Forming Gas) 11.5 

600 °C (N2) 6.0 

800 °C (N2) 8.6 

1000 °C (N2) 17.4 

1100 °C (N2) 49.0 

 

Table 7.6 shows that there is a general increase in the RMS surface roughness with 

increasing annealing temperature. Annealing in forming gas also results in greater RMS 

surface roughness than in plain N2 up to a temperature of 500 °C. This would most likely 

be due to the some form of surface etching effect of the H2 in the forming gas. From 1000 

°C to 1100 °C, there is a significant increase in RMS surface roughness from 17.4 to 49.0 

nm. This large change in surface roughness and possible subsequent coupling of light 

agrees well with the change in transmittance curves in Figure 7.4. 

 

7.5.6 X-ray Photoelectron Spectroscopy Analysis 

XPS analysis of the AZO films was used to determine their elemental composition. A 

Thermo ESCALAB250Xi X-ray photoelectron spectrometer with a hemispherical energy 

analyser was used to carry out the measurements. The X-ray source was a 

monochromatic Al Kα with energy of 1486.68 eV and the voltage, current and power to the 

X-ray source was 13 kV, 12 mA and 156 W respectively. A measurement area of 

approximately 0.3 mm2 over the sample surface was used and the background pressure 

was 2 × 10-9 mbar. The analysis was carried out by investigating the Zn 2p3, O1s A, O1s 

B, Al2p A, C1s A and Si2p core level spectra. The films were etched by means of Ar+ 

bombardment at a rate of 5 Å/s for 240 s, which means that the measurements were taken 
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at a depth of approximately 120 nm from the surface of the thin films. The AZO thin films 

for the XPS analysis were deposited on the p-type Si wafer substrates. 

 

 

Figure 7.9. Column graph of the atomic percentage of the major elemental species in the 

annealed AZO films as analysed by XPS. 

 

Figure 7.9 shows the atomic percentage of the major elemental species in the sputter 

deposited AZO at different annealing temperatures in N2 and at 400 °C in forming gas. For 

the samples annealed up to 1000 °C, the stoichiometry or the Zn-to-O ratio is in the range 

of 1:0.81-0.88. There is always an excess of Zn atoms which should in theory allow better 

conductivity if there are indeed interstitial Zn dopants, Zni or oxygen vacancies, VO that 

should both contribute two free electrons as carriers each. Even though the sensitivity and 

precision of XPS is not as high as other elemental analysis instruments, an important 

result to gather from this analysis is that all the samples annealed up to 1000 °C still 

contain Al, which vary from 1.49-1.88 at.% and the as-deposited AZO thin film contains 

1.67 at.% of Al. The Al does not evaporate exclusively from the film. When the as-

deposited AZO film is thermally annealed, the resistivity rises as seen from the electrical 

measurements as well as the drop in free carriers as seen from the transmission 

measurements. Therefore, the majority of the Al atoms no longer acting as dopants. A 

possible explanation could be the diffusion and gettering/segregation of Al atoms from 
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active dopant sites to inactive regions such as grain boundaries or micro-pores as 

suggested in the past [249]. Clumping of Al atoms could also be a possibility. Another 

possibility is that increased temperature or increased oxygen partial pressures may cause 

oxidation of the Al in the film to the unwanted electrically inactive compound Al2O3. 

Thermodynamic arguments suggests that Al2O3, which has a free energy of formation, ∆𝐻𝑓 

of -1675.7 kJ/mol can be more easily formed than ZnO (∆𝐻𝑓 = -350.5 kJ/mol) [272]. 

Furthermore, the bond disassociation energies of Al-O and Zn-O is approximately 502 

kJ/mol and 159 kJ/mol [272]. 

 

For the sample that was annealed at 1100 °C, which was the temperature at which the 

samples started to decompose, it seems that the film thickness has decreased. 

Evaporation of the surface layers of the AZO thin film may have occurred as well as a 

strong increase in surface roughness. The true final film thickness was not able to be 

estimated from ellipsometry and modelling of the dielectric constants as there was heavy 

inter-diffusion of Si from crystalline Si substrate and potentially Zn, O or Al into the wafer. If 

this was the case, the XPS results for the 1100 °C would have measured near the 

interface between the AZO film and the Si wafer substrate, which is very likely why the 

1100 °C bar in Figure 7.9 produced higher atomic percentage readings of Si (3.0 at.%) and 

Al (10.0 at.%). 

 

7.6 Experiment 2 

7.6.1 Introduction 

Experiment 2 involves a special process that was discovered unintentionally. It was found 

that separately annealing the quartz tube furnace (with no samples inside) using Ar based 

forming gas consisting of 4% H2 and 96% Ar prior to annealing the AZO samples at 1100 

°C in N2 causes the AZO thin film to partially retain its conductive nature. In addition, the 

furnace must be cooled down to at least 150 °C before removing the sample to prevent 

unwanted chemisorption of oxygen. Similarly, the N2 flow rate during the annealing should 

be high. This discovery was made when reannealing post-annealed AZO films that lost 

their conductivity when annealed at 1100 °C in Ar based forming gas at 600 °C in hopes of 

rejuvenating the carrier concentration using hydrogen [270], unfortunately the AZO film 

also evaporated as in the previous experiments. Immediately after that Ar based forming 
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gas anneal, an 1100 °C N2 anneal was done on as-deposited AZO films which 

unsuspectingly produced a 4-PP resistivity reading of approximately 2.2 kΩ/□. 

 

The following experiment examines the 100 W sputter deposited thin film AZO samples 

which were annealed at 1100 °C in a 1 L quartz tube furnace with a flow rate of 2.5 L/min. 

Prior to the main 1100 °C N2 anneal, the quartz tube furnace was pre-annealed together 

with the quartz boat at 800 °C using Ar based forming gas with a constant flow rate of 2.5 

L/min. The ramping rate for the main 1100 °C N2 anneal was 45 minutes from room 

temperature to 1100 °C; then the temperature was held at 1100 °C for 1 hour; finally the 

temperature was ramped down from 1100 °C to 150 °C in 120 minutes before the AZO 

samples were removed. Two separate experiments were conducted over separate weeks 

to ensure that this process was not a ‘one-off’ phenomenon. The separate experiments are 

labelled ‘Run 1’ and Run 2’ in the following results. 

 

7.6.2 Optical Transmission Measurements 

 

Figure 7.10. Transmission spectra of the 100 W AZO thin films annealed at different 

temperatures with N2 in a 1 L furnace with pre-forming gas treatment of the quartz tube. 

 

Figure 7.10 shows the transmission spectra of the 100 W as-deposited AZO sample on 

quartz as well as two samples from the same deposition run that were annealed using the 

special ‘pre-forming gas cleaning’ technique described above. The as-deposited 100 W 
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sputtered AZO transmission spectra is similar to the 150 W sputtered AZO transmission 

spectra in Figure 7.4 apart from the fact that it has a slightly higher wavelength absorption 

edge as well as higher transmission in the infrared region, both due to its lower free carrier 

concentration. It has already been shown that a higher sputtering power provides more 

energy for the formation of the extrinsic Al dopants in the ZnO film resulting in higher free 

carrier concentration. 

 

In Figure 7.10, the two samples from Run 1 and Run 2 both look very similar apart from 

the region below 370 nm where the AZO sample from Run 2 seems to have slightly higher 

transmission than the sample from Run 1. The difference in this spectral region below 370 

nm in expected to be magnified because it is the strong absorbing region of ZnO hence 

any slight difference in properties such as the thickness or surface roughness or 

measurement random errors will show up here. Both samples from Run 1 and Run 2 show 

a red-shift in the absorption edge from 344 to 376 nm (at 50 % transmittance) compared to 

the as-deposited sample as well as an increase in transmission in the infrared region from 

approximately 1200 nm onwards. Again, both these phenomenon are attributed to the loss 

in free carrier concentration which would suggest that conductivity is lost completely, 

although from further electrical analysis discussed below, this was not the case. 

 

7.6.3 Ellipsometry Fitting Analysis 

Spectroscopic ellipsometry (SE) is a useful although indirect technique that is used to 

analyse the optical properties of thin films. Variable angle spectroscopic ellipsometry 

(VASE) measurements were made using an M-2000VI VASE J.A. Woollam Co. Inc. 

ellipsometer on the thin film AZO samples. The wavelength range was measured from 

381.4 to 1697.6 nm at incidence angles of 55°, 65° and 75°. 

 

For the as-deposited AZO sample a pre-existing optical model consisting of a Drude 

oscillator, a Tauc-Lorentz (T-L) oscillator and a Gaussian oscillator was used to model the 

thin film. The Lorentz oscillator component is often used for amorphous semiconductors 

when coupled to an appropriate joint density of states near the bandedge and the Drude 

oscillator is often used for metals where there is high free carrier absorption. 
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Figure 7.11. Ψ values obtained by WVASE for as-deposited AZO on a Si wafer and its 

best fitting. 

 

 

Figure 7.12. Δ values obtained by WVASE for as-deposited AZO on a Si wafer and its 

best fitting. 

 

The green lines from Figure 7.11 and Figure 7.12 show the respective Ψ and Δ values 

obtained by WVASE for the 100 W sputter as-deposited AZO film on a silicon wafer 

measured with the ellipsometry beam at the centre of the wafer. The solid green lines from 

Figure 7.11 and Figure 7.12 show the best fit to the VASE data. From this particular 

ellipsometry measurement and fitting, the AZO film thickness was estimated to be 243.4 ± 
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0.2 nm. The mean squared error for the fitting was 17.8, which was slight higher than 

desired due to the poor fitting around the 400-500 nm region in Figure 7.11. Other points 

on the as-deposited AZO samples were also measured with an average thickness of 

approximately 245 nm.  

 

 

Figure 7.13. Optical constants for the as-deposited AZO thin film. 

 

Figure 7.13 displays the optical constants of the as-deposited AZO thin film. The optical 

constants are consistent with the AZO films measure previously by other authors and 

Kramers-Kronig consistent. The VASE measurements on the 1100 °C annealed AZO 

samples which were only deposited on quartz substrates were much harder to fit due to a 

few issues. Firstly the substrate was quartz which has a similar refractive index as the 

AZO thin film making the Δ sensitivity much lower. Secondly, as seen from Table 7.6 after 

high temperature annealing at 1100 °C, the RMS surface roughness increases 

dramatically from 5.1 to 49.0 nm (see earlier sections). Even though the WVASE software 

allows modelling of surface roughness using an effective medium approximation layer (an 

averaged composition of certain percentage of film material and voids), the fitting is still 

very difficult. Hence the results for the modelling of the 1100 °C annealed AZO films are 

not shown here. However the modelling studies does suggest significant surface 

roughness (not presented). 
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7.6.4 Electrical Measurements 

The samples were measured using a Jandel RM3 system for 4-PP and an Ecopia HMS-

5000 system in Van Der Pauw configuration for Hall measurements. 

 

Table 7.7. 4-PP and Hall measurements 

 Rsheet 

(Ω/□) 

Rbulk (Ωcm) Mobility, 

μ 

(cm2/Vs) 

Carrier 

Concentration 

(cm-3) 

As-deposited (4-PP) 22.0 5.50 × 10-4 - - 

1100 °C (N2) Run 1 (4-PP) 2,510 6.28 × 10-2 - - 

1100 °C (N2) Run 2 (4-PP) 3,020 7.56 × 10-2 - - 

As-deposited (Hall) 21.5 5.15 × 10-4 25.0 -4.85 × 1020 

1100 °C (N2) Run 1 (Hall) 2,570 6.21 × 10-2 12.7 -7.97 × 1018 

1100 °C (N2) Run 2 (Hall) 3,280 6.96 × 10-2 9.0 -1.02 × 1019 

 

Table 7.7 shows the 4-PP and Hall measurement results for the as-deposited 100 W AZO 

sample as well as the same AZO films annealed at 1100 °C in N2 with a ‘pre-forming gas 

cleaning’ technique. Due to the difficulty in estimating the thickness of the 1100 °C 

annealed AZO films via VASE, the thickness was taken to be 250 nm in the conversion 

from the sheet to bulk resistivity calculation. From Table 7.7, the sheet resistivity and bulk 

resistivity for the 4-PP and Hall measurements are fairly similar. Looking at just the Hall 

measurements, the as-deposited sample has a sheet resistivity of 21.5 Ω/□ and after the 

first and second anneal at 1100 °C, the sheet resistivity increases to 2,570 and 3,280 Ω/□ 

respectively which is about an increase of two orders of magnitude in resistivity. The 

electron carrier concentration decreases from -4.85 × 1020 cm-3 to -7.97 × 1018 cm-3 and -

1.02 × 1019 cm-3 , which is still fairly high. This is still higher than even undoped ZnO films 

where the dominant carrier concentration comes from intrinsic defects, namely Zn 

interstitials, Zni and O vacancies, VO. This could either mean that some of the extrinsic 

doped Al atoms (which remain in the film from the XPS measurements in Experiment 1) 

are still contributing to the carrier concentration and/or there has been an increase in the 

amount of intrinsic Zni or VO defects as a result of the annealing process. The carrier 

mobility decreases by about 50% from 25.0 to 12.7 and 9.0 cm2/Vs which is unexpected, 

because given that there should be little change in the grain size from the GIXRD in 
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Experiment 1 there should be little change in the grain boundary scattering effect that is 

known to decrease mobility. The decrease in carrier concentration should actually assist in 

the carrier mobility due to a decrease in the ionised carrier scattering effect. Nevertheless, 

even after the high temperature 1100 °C anneals in N2 the overall bulk resistivity from both 

runs (6.21 × 10-2 Ωcm) and (6.96 × 10-2 Ωcm) are below 10-1 Ωcm which is a typical range 

for ZnO. Subsequent annealing without the ‘pre-forming gas’ treatment resulted in samples 

with much higher sheet resistivities in the MΩ/□ region (not presented). Possible 

explanations for the retention of conductivity in this experiment include: 

 

1) The ‘pre-forming gas’ treatment removed any oxidising contaminants, perhaps 

residual oxides that may have caused unwanted chemisorption of oxygen from the 

surface of the AZO film. 

 

2) Possible, but unlikely contamination from other species in the “general” anneal 

furnace. 

 

3) Good isolation from the outside air and a high flow rate of N2 at 2.5 L/min in a 1 L 

quartz tube furnace would have resulted in higher than atmospheric pressure 

inside the quartz tube which would have prevented or greatly reduced any 

admission of oxygen into the quartz tube during the anneal. 

 

4) The removal of the sample at below 150 °C prevented oxidation of the film in air. 

 

5) The Al impurities rather than the native defects are more stable donors against 

oxygen chemisorption [270] and may have still contributed to some extent to the 

free carrier concentration. 

 

7.7 Conclusion 

The preliminary experiment showed that both ZnO and AZO thin films deposited by RF 

magnetron sputtering can be annealed at 1100 °C without peeling, decomposing or 

evaporating. It was also shown that after high temperature annealing, these films retain 

high transmission properties and their surface roughness increases. Most importantly, both 

the resistivity of the ZnO and AZO thin films increases dramatically. 
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Experiment 1 showed that RF sputtered AZO films maintained their high optical 

transmission properties and high crystalline structure with a strong c-axis orientation after 

post-annealing even at temperatures up to 1100 °C. High c-axis orientation from XRD 

measurements in the past have been correlated to better conductivity due to larger grain 

sizes and conformal plains which aid in carrier transport. However, this experiment 

showed that resistivity begins to increase after annealing above a relatively low 

temperature of 400 °C. The main cause for the increase in resistivity is most likely the 

chemisorption of oxygen on the surface of the thin film or oxygen trapped at defects such 

as grain boundaries as suggested by various authors [266-268]. From XPS analysis, Al is 

still present in the thin films even after annealing 1100 °C, however most of the Al seems 

to be inactive and does not contribute significantly anymore to the free carrier 

concentration. One possible explanation is that there is diffusion and gettering of the Al 

into grain boundaries or internal micro-pores [249]. This leads to the assumption that 

perhaps a higher initial Al2O3 content in the ZnO film could minimise the loss in resistivity 

after annealing at high temperature. Another possibility is microcracking of the thin films 

themselves due to thermal mismatch and stress, although this was ruled out due to the 

results in Experiment 2.  

 

Experiment 2 showed that annealing the furnace with forming gas prior to annealing AZO 

samples actually allows the AZO samples to partially retain their conductivity. Removing 

the samples at a lower temperature (below 150 °C) from the furnace also reduces the loss 

in conductivity. The best ‘pre-forming gas’ furnace treatment 1100 °C annealed AZO thin 

films showed a sheet resistivity of around 2.5-3 kΩ/□. Although these values seem large 

for TCOs, compared to the intrinsic SRO/SiO2 bilayers in the previous chapter (>1MΩ/□), it 

is actually relatively small and can therefore are used for making prototype Si QD solar cell 

devices. The next chapter uses this ‘pre-forming gas’ furnace treatment technique in 

making n-i-p Si QD solar cells using transparent conducting AZO. 
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Chapter Eight: Transparent Conducting 

Aluminium Doped Zinc Oxide for Superstrate 

Silicon QD Solar Cell Devices 

 

8.1 Introduction 

The previous chapter (Chapter 7) demonstrated how the transparent conducting oxide 

(TCO) aluminium doped zinc oxide (AZO) can partially retain its conductivity after 

annealing at 1100 °C in N2 using a special “pre-forming gas anneal” method. Chapter 6 

demonstrated the advantages of using high Si content in the SRO layers of the SRO/SiO2 

bilayer superlattice structure for fabricating Si nanocrystals (NCs). This chapter now 

combines the research work from both Chapter 6 and Chapter 7 to investigate a novel 

superstrate n-i-p Si QD solar cell device design. This new solar cell device is deposited on 

quartz substrates so the photovoltaic activity is only attributed to the Si NC layers 

compared to other designs that involve depositing the Si NC layers on conducting 

substrates such as crystalline Si (c-Si) wafers or poly-Si thin films. Furthermore, this Si QD 

solar cell device design is vertically structured meaning that it should avoid issues such as 

heavy current crowding and high series resistance as seen from previous mesa structured 

Si QD solar cell devices [209, 231]. The mesa devices also require precise plasma etching 

for metallisation purposes which increases the complexity during fabrication. This simple 

superstrate design on transparent quartz substrates consisting of a front transparent 

conducting AZO would be expected to improve carrier transport as a larger proportion of 

the generated current would flow perpendicular to the junction. Furthermore, larger device 

areas can be created with this design. This structure is similar to conventional thin-film 

solar cells which use TCOs [5]. A literature review survey of a few existing Si QD solar cell 

designs are given in the next section. In this chapter we demonstrate for the first time an 

attempt to fabricate a device using TCO and Si QDs. The device discussed here does not 

demonstrate a photovoltaic effect but the reasons for this are clearly identified. Potential 

disadvantages however of this new superstrate n-i-p Si QD solar cell device design 

include: 1) the cross-diffusion of elements between the AZO and the Si NC layers during 

the high temperature 1100 °C annealing step and 2) difficulty in reproducibility and low 
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yield due to this unwanted diffusion. Some ways to reduce these problems are discussed 

at the end of this chapter. 

 

8.2 Review of Current Silicon QD Solar Cell Device 

Designs 

As Si QDs are still in the research stages there have been few realisations of actual 

photovoltaic devices using this material. Most notably, the high temperature (1100 °C) 

annealing step needed to nucleate the Si QDs places severe requirements on the design 

of the devices. The issues include choice of substrate and separate contacts to the n- and 

p-type layers, thermal stability, thermal expansion coefficient mismatch, dopant diffusion 

and many more. For example, in almost all thin-film photovoltaics, a transparent 

conducting film - typically a transparent conducting oxide (TCO) - is needed for extraction 

of photocurrent; however most typical TCOs cannot withstand high temperatures and will 

decompose when exposed to temperatures as high as 1100 °C. In the case of the 

substrate glass, which is often used for thin-film solar cells, cannot be used for Si QD 

devices due to its lower melting point. Also, a lower annealing temperature for the solid 

phase nucleation of Si QDs is undesirable because passivation quality depends strongly 

on the thermal budget provided during the Si QD nucleation process [273]. This section 

reviews the recent developments in Si QD photovoltaic devices.  
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Figure 8.1 Schematic diagram of an interdigitated Si QDs in SiO2 superlattice mesas 

structure photovoltaic device [209].  

 

Table 8.1 shows a list of various Si QD photovoltaic devices from literature to date. 

Although more than one device was produced for some of the references in the Table 8.1, 

only the champion device in terms of highest open-circuit voltage followed by short-circuit 

current density are shown. The list compiled is not meant to be a comprehensive list rather 

that the example devices were chosen to illustrate the advantages and disadvantages 

behind their device design. The first example in the list was implemented at the University 

of New South Wales by Perez-Wurfl et al. [209, 231] in 2009. The device consisted of 

multiple bilayers of SiOx/SiO2 with co-doping through co-sputtering of B and P2O5 to 

produce the p- and n-type regions respectively (shown in Figure 8.1). Reactive ion etching 

was used to create mesas to isolate the p-type from the n-type layers followed by 

evaporation of Al contacts. The main issue with this structure was the high resistivity of the 

bilayers which restricted the lateral current flow resulting in severe current crowding. In 

addition the bilayers were deposited on an insulating quartz substrate. The advance of this 

device structure is that the active regions that contribute to the photovoltaic effect entirely 

comprised of Si QD material as opposed to devices which were deposited on a c-Si wafer 

or poly-Si films. However, the main drawback with this device is its very low short-circuit 

current due to the heavy current crowding and high series resistance. 
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Figure 8.2. Schematic diagram of Si QDs in SiC superlattice photovoltaic device structure 

[274]. 

 

The second photovoltaic device in the list was fabricated by a research group in Japan 

[274] who designed Si QDs in SiC matrices between p-type a-Si:H and n++-type poly-Si on 

quartz. The third photovoltaic device was fabricated by the same authors who improved on 

the structure by the addition of oxygen in the intrinsic Si QD/SiC layers and the reduction 

in the sheet resistance of the n++-type layers [276]. The first drawback from this device 

structure is the potential diffusion of dopants or even Si from the p-type a-Si:H and 

especially the heavily doped n++-type into the intrinsic Si QD/SiC bilayers and the 

subsequent effect it has on crystallisation and characteristics of the Si QD/SiC bilayers. In 

addition, it is difficult to separate the photovoltaic effect of the Si QD/SiC material from that 

of the rather thick high quality poly-Si layer. For these reasons the open-circuit voltage 

(518 mV) and short-circuit current density (0.34 mA/cm2) are higher than those of the first 

photovoltaic device by Perez-Wurfl et al. 
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Figure 8.3. Schematic diagram of the Si QD in SiC photovoltaic membrane device. The 

grey areas represent insulation layers separating the active regions from the c-Si wafer 

[277]. 

 

The “membrane device” presented by Löper et al. [277, 278] allows selective 

characterization of the Si QDs in SiC matrix material. The basic fabrication steps of this 

device, shown in Figure 8.3, starts with the deposition of multiple Si1+xC:H/SiC:H bilayers 

with buffer layers on either side on oxidised c-Si wafer substrates followed by a high 

temperature thermal anneal (>1000 °C) in N2 to nucleate the Si QDs. An n-type a-SixC1-x:H 

layer is then deposited on the bottom side. Inkjet resist masking allowed isolation of 

desired regions for local chemical etching through the c-Si wafer down to the Si QD/SiC 

bilayers. A p-type a-SixC1-x layer is then deposited followed by ITO on the top and bottom 

of the device. This device fabrication bypasses the need for in situ doping of the n- and p-

type layers so no diffusion of dopants occurs during the process. No high temperature 

processes are needed other than for the Si QD/SiC superlattices, which means full 

flexibility in the choice of materials for the selective contacts, e.g. ITO in this case. The 

main disadvantages of this device structure are its complexity and fabrication time. There 

are many steps involved in the fabrication of this device structure which means it would 

never be commercially viable. In terms of performance, as charge carrier mobility and 

lifetime are much higher in the Si wafer than in the Si QD/SiC superlattice layers, the two 

materials have to be separated very carefully from each other with no pinholes or 

unintentional etching into the insulation layers as shown from SEM images in Ref. [278]. 
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Furthermore, only small area devices can be fabricated due to the mechanical integrity of 

the thin “Si QD/SiC membrane” during the etching. 

 

 

Figure 8.4. Schematic diagram of a heterojunction photovoltaic device consisting of an n-

type Si QD/SiO2 bilayered superlattice on a p-type Si wafer with Al contacts (not to scale) 

[280]. 

 

The fifth to seventh Si QD photovoltaic devices in Table 8.1 all consist of Si QD 

superlattices deposited on c-Si wafers, an example is shown in Figure 8.4. These devices 

have much higher short-circuit current densities than all the other devices in Table 8.1 

simply because the Si wafers (with superior electronic properties) are contributing mostly 

to the photocurrent rather than the Si QD/Si dielectric superlattice layers. Furthermore the 

Si wafers (in the thickness range of 100-500 μm) are much thicker than the thin film Si 

QD/Si dielectric superlattices (<1 μm) which allows much more absorption of the incoming 

light. Furthermore, the high temperature anneal to create Si QDs would result in an 

unwanted diffusion of dopants into the Si wafer creating an active junction on the wafer 

and further explaining the relatively high short circuit current and open circuit voltage of 

these devices. The advantages of this device structure are its simplicity, short fabrication 

time and good consistent repeatability. The ability to produce large area devices is also a 

benefit. Thin films of Si rich dielectric/Si dielectric bilayered superlattices are simply 

deposited directly onto c-Si wafers and annealed at high temperature to form the Si QDs. 

A major drawback could be the cross-dopant contamination at the interface. Another major 

downside is the difficulty in separating the photovoltaic effect between the two materials, 

even though this structure is intended to be a heterojunction structure. Initially, this device 
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might seem quite impractical in assessing the properties of the Si QD/Si dielectric 

superlattice material, because the majority of the photovoltaic contribution seems to occur 

in the c-Si wafer, but because the fabrication is very quick and simple, many devices can 

be made. Therefore comparison with slight variations in a particular parameter of the Si 

QD/Si dielectric bilayers, such as thickness, Si richness and number of layers can be 

characterised quickly and in large quantities. Furthermore, ultimately the goal of third 

generation Si QD photovoltaics is to produce an “all-Si” tandem cell with a c-Si wafer as 

the bottom sub-cell.  

 

 

Figure 8.5. Schematic diagram of a colloidal Si QD Schottky photovoltaic device [283]. 

 

This final device is quite interesting because it is the only device in the list that does not 

require high temperature annealing to form the Si QDs, which comes as an advantage for 

device design. The Si QDs or NCs were synthesized by a “non-thermal plasma reactor 

under vacuum” [283], through the dissociation of silane precursor (SiH4). For more 

information on the colloidal synthesis of the Si QDs, refer to Refs. [283, 284]. The Si QDs 

were then spin-coated multiple times onto ITO on glass substrates with Al contacts 

deposited onto the other side. The authors mention that traditionally, the synthesis of 

colloidal Si NCs involves passivation by co-ordinating ligands that also provide solubility. 

However they managed create these Si NCs without the involvement of ligands. This in 

turn reduces the fabrication steps, cost and allows better large scale manufacturability of 

this type of Si QD photovoltaic device. 

 

Figure has been removed due to Copyright restrictions 

 

Refer to Fig. 1 in C. Y. Liu and U. R. Kortshagen, "A Silicon Nanocrystal 

Schottky Junction Solar Cell produced from Colloidal Silicon Nanocrystals," 

Nanoscale Res Lett, vol. 5, pp. 1253-6, 2010. 
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8.3 Experimental Details 

8.3.1 Introduction 

The following experimental details are separated into two sections: 

 

1) The first section (Section 8.3.2 - AZO Superstrate n-i-p Solar Cell Devices on 

Quartz) outlines the fabrication details for the AZO superstrate n-i-p solar cell 

devices. These devices were fabricated by first depositing AZO and then sputtering 

high Si content SRO/SiO2 bilayers through a metallic mask with an n-i-p 

configuration. Then the samples were annealed at 1100 °C using the special “pre-

forming gas clean” annealing technique outlined in Chapter 7 to allow the AZO to 

partially retain its conductivity. 

 

2) The second section (Section 8.3.3 - Superstrate AZO on B and P bilayers) outlines 

the fabrication details for the AZO on boron (B) or phosphorus (P) devices which 

were fabricated to investigate the interface properties between the as-deposited 

AZO and annealed B or P high Si content SRO/SiO2 bilayers. The B or P bilayers 

were annealed at 1100 °C first and then the AZO was deposited. 

 

The important difference between the first and second devices is that in the second device 

the AZO did not undergo any annealing. After fabrication, the devices were characterised 

using a four-point probe (4-PP) system, quasi-steady-state Suns-VOC system and Darkstar 

I-V system. An elemental depth profile was also obtained by ToF-SIMS for one of the AZO 

superstrate n-i-p solar cell devices. Characterisation was done before and after Al 

metallisation. 
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8.3.2 AZO Superstrate n-i-p Solar Cell Devices on Quartz 

 

Figure 8.6. Schematic diagram of the final superstrate n-i-p Si QD solar cell device 

structure. 

 

Figure 8.6 shows the cross-sectional schematic illustration of the final superstrate n-i-p Si 

QD solar cell device. The vertical design structure should ideally reduce the series 

resistance and current crowding. The steps for fabricating this novel superstrate n-i-p Si 

QD solar cell device structure is shown below: 

 

1) Quartz substrates with high optical transmission over a large wavelength range and 

high melting point (>1600 °C) were used as substrates. These quartz substrates 

were cleaned in piranha solution (3:1 ratio of 96% concentrated H2SO4 to 30% 

H2O2 solution) for 15 minutes then rinsed in deionised water and dried with N2 

before placing them in the load-lock chamber of the sputtering system. 

 

2) AZO thin films were deposited via a computer-controlled AJA ATC-2200 sputtering 

system with substrate heating set at 250 °C. Argon (Ar) was introduced into the 

sputtering chamber at 15 sccm with a pressure of 1.5 mTorr. The 4 inch target was 

ZnO:Al with 99.995% purity and 2.0 wt.% Al2O3. Sputtering was performed at 100 

W with a deposition rate of 1.91 nm/min. The deposition rates were externally 

calibrated using variable angle spectroscopic ellipsometry (VASE), with a J.A. 

Woollam Co. M-2000 ellipsometer. The as-deposited thicknesses for the samples 
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were 250 nm. This was achieved by adjusting the deposition time. The deposition 

method is similar to the work discussed in Chapter 7. 

 

3) A metallic mask (shown in Figure 8.7) with square openings (8 mm x 8 mm) was 

then placed between the quartz and the incoming sputtered particles. Bilayers of 

SRO/SiO2 were deposited in the same magnetron sputtering system at room 

temperature. Radio frequency (RF) power supplies (13.56 MHz) were connected to 

a 4 inch intrinsic Si and 4 inch SiO2 target. Boron (B) and phosphorus (P) doping 

was achieved via co-sputtering with either a 2 inch B or 2 inch P2O5 target. Argon 

was injected into the chamber at a rate of 15 sccm with the chamber pressure 

maintained at 1.5 mTorr. The RF power to the Si and the SiO2 targets were 203 W 

and 90 W respectively with a combined deposition rate of 3.46 nm/min. The SiO2 

rate at 90 W was 1.04 nm/min. The resultant volume ratio of Si:SiO2 was 

approximately 7:3. The deposition rates were calculated ex situ via spectroscopic 

ellipsometry. According to the estimated sputtered target densities of the Si and 

SiO2 thin films, the calculated stoichiometry is approximately SiO0.3. The bilayers 

were made to be 4 nm thick SRO and 1.8 nm of SiO2 respectively. B and P2O5 

targets were co-sputtered in the SRO layers with a target power of 25 W each. 20 

B doped bilayers were deposited followed by 40 intrinsic (undoped) bilayers and 

then 20 P2O5 doped bilayers. A final 20 nm SiO2 capping layer was deposited to 

protect the film from oxidation and contamination during standby and annealing 

stages. The deposition method is similar to the work discussed in Chapter 6. 

 

4) The samples were then annealed at 1100 °C for 1 hour in a 1 L quartz tube furnace 

with a N2 flow rate of 2.5 L/min and allowed to cool to a lower temperature (below 

150 °C) before removing from the furnace. Prior to the 1100 °C N2 anneal, the 

quartz tube furnace was annealed along with the quartz boat at 800 °C with Ar 

based forming gas. See Chapter 7 for more details. 

 

5) The next step involved the removal of the 20 nm SiO2 cap. Two methods were 

employed: 

i. By isolating the AZO and n-i-p Si QD regions with special vacuum tape and 

then dipping in 5% HF solution for 30 s. Only 30 s was used as opposed to 
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the usual 90 s because in some instances the HF solution removed some of 

the underlying AZO thin film which completely undercut the n-i-p regions. 

ii. By photolithography. The steps were: spinning positive AZ6632 

photoresist at a speed of 4000 rpm for 30s; prebaking at 95 C for 5 min; 

exposing for 10 s using a Quintel 6000 mask aligner equipped with an UV 

light source (365 nm) with a measured intensity of 10 mW/cm2 (no post-

baking); submerging in AZ326MIF developer for 60 s to fully remove the 

exposed photoresist. Dipping in HF for 90 s and rinsing in deionised water. 

Finally dipping in acetone for 30 s to remove the remaining photoresist and 

rinsing again in deionised water. 

 

6) Finally metal contacts were deposited onto the n-i-p Si QD and AZO regions. Al 

was chosen for the metal contacts as Al has a low specific contact resistance to 

ZnO which is in the range of ≈10-5 Ωcm2 [285, 286]. This low specific resistivity is 

due to the formation of an Al to ZnO interfacial phase which occurs at room 

temperature [286]. The high doping density of the n-type Si QD layers would also 

ensure an ohmic contact. Approximately 500 nm of Al was evaporated onto the n-i-

p Si QD and AZO regions using an INTERCOVAMEX H2 thermal evaporator. The 

final schematic superstrate n-i-p Si QD solar cell device structure is shown in 

Figure 8.6. 

 

 

Figure 8.7. Image of the metallic mask used in the sputtering of the n-i-p regions of the 

superstrate Si QD solar cell device. 
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Figure 8.8. Photographs of the final AZO superstrate n-i-p Si QD solar cell device 

structure before (a) and after (b) Al metallisation. 

 

8.3.3 Superstrate AZO on B and P bilayers 

 

Figure 8.9. Schematic diagram of the final superstrate AZOonB and AZOonP device 

structure. 
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1) Quartz substrates were cleaned in piranha solution for 15 minutes then rinsed in 

deionised water and dried with N2 before placing them in the load-lock chamber of 

the sputtering system. 

 

2) 20 bilayers of either B or P2O5 doped SRO/SiO2 were deposited by magnetron 

sputtering at room temperature. RF supplies were connected to a 4 inch intrinsic Si 

and 4 inch SiO2 target. Doping was achieved via co-sputtering with either a 2 inch 

B or 2 inch P2O5 target. Argon was injected into the chamber at a rate of 15 sccm 

with the chamber pressure maintained at 1.5 mTorr. The RF power to the Si and 

the SiO2 targets were 203 W and 90 W respectively with a combined deposition 

rate of 3.46 nm/min. The SiO2 rate at 90 W was 1.04 nm/min. The resultant volume 

ratio of Si:SiO2 was approximately 7:3. The deposition rates were calculated ex situ 

via spectroscopic ellipsometry. According to the estimated sputtered target 

densities of the Si and SiO2 thin films, the calculated stoichiometry is approximately 

SiO0.3. The bilayers were made to be 4 nm thick SRO and 1.8 nm of SiO2 

respectively. B and P2O5 targets were co-sputtered in the SRO layers with a target 

power of 25 W each. A final 20 nm SiO2 capping layer was deposited to protect the 

film from oxidation and contamination during standby and annealing stages. The 

method is similar to the work discussed in Chapter 6. 

 

3) The samples were then annealed at 1100 °C for 1 hour in a 1 L clean quartz tube 

furnace with a N2 flow rate of 2.5 L/min and allowed to cool to a lower temperature 

(below 150 °C) before removing from the furnace. 

 

4) The SiO2 caps on both the B and P doped SRO/SiO2 bilayer samples were 

removed by dipping in 5% HF solution for 90 seconds. 

 

5) The samples were rinsed in deionised water and dried before placing them in the 

load-lock chamber of the sputtering system. A metallic mask (shown in Figure 8.7 

on the next page) with square openings (8 mm x8 mm) was placed between the 

quartz and the incoming sputtered particles. 

 

6) AZO thin films were deposited with substrate heating set at 250 °C. Argon (Ar) was 

introduced into the sputtering chamber at 15 sccm with a pressure of 1.5 mTorr. 
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The 4 inch target was ZnO:Al with 99.995% purity and 2.0 wt.% Al2O3. Sputtering 

was performed at 100 W with a deposition rate of approximately 1.57 nm/min. The 

deposition rates were externally calibrated using variable angle spectroscopic 

ellipsometry (VASE), with a J.A. Woollam Co. M-2000 ellipsometer. The as-

deposited thicknesses for the samples were 410 nm. This was achieved by 

adjusting the deposition time. The method is similar to the work discussed in 

Chapter 7. 

 

7) Finally Al metal contacts were deposited. Approximately 500 nm of Al was 

evaporated onto both the B and P doped and AZO regions. The final schematic 

AZOonB and AZOonP device structure is shown in Figure 8.9 and photographs of 

the final AZOonB and AZOonP devices before and after Al metallisation are shown 

in Figure 8.10(a) and (b) respectively. 

 

 

Figure 8.10. Photographs of the final AZO on B (left) and P (right) 20 high Si content 

SRO/SiO2 bilayer devices before (a) and after (b) Al metallisation. 
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8.4 Results and Discussion 

8.4.1 Time-of-Flight Secondary Ion Mass Spectroscopy Analysis 

 

Figure 8.11. Optical microscopy image of the sputter and analysis area after the ToF-

SIMS depth profile measurement of the AZO superstrate n-i-p solar cell device before Al 

metallisation (top left), elemental maps of the analysis area (bottom) and the elemental 

maps side by side to the analysis area (top right). 
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In order to study the cross-diffusion of the different elemental species, ToF-SIMS was 

employed to obtain a depth profile of one of the AZO superstrate n-i-p solar cell devices 

before Al metallisation. An IONTOF GmbH TOF.SIMS5 system was used for the depth 

profile measurement and O2
+ was used as the sputtering source in positive polarity to 

enhance the detection of the positive ions (B+, Al+, Si+, P+ and Zn+). This however meant 

that the oxygen could not be one of the elements detected. Figure 8.11 shows an optical 

microscopy image of the analysis and sputter area after the ToF-SIMS depth profile 

measurement. The sputter area was 300 × 300 μm2 and the actual analysis area was 99.6 

× 99.6 μm2. The optical image shows an inhomogeneous surface with dark spots which 

coincide with the profile of the Al+ and Si+ elemental maps. 
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Figure 8.12 shows the ToF-SIMS depth profile of the superstrate AZO n-i-p solar cell 

device. The total sputtering time, t, was 2500 s over a total thickness of approximately 941 

nm with an average sputter rate of 0.38 nm/s. Note that the intensities are only relative 

values (a.u.) as there were no standard samples for referencing. However this analysis 

was sufficient for the purpose of this experiment. From the depth profile the first 270 s of 

sputtering time corresponds to the first 20 P doped SRO/SiO2 bilayers, this is around the 

region where the P+ concentration begins to drop off sharply (blue curve shoulder). The 

region between 270 s to approximately 810 s corresponds to the intrinsic SRO/SiO2 

bilayers. From 810s to approximately 1080 s is the B doped regions, although the region 

(red curve) does not seem as well defined as the P side due to the higher B diffusion rates 

in Si and SiO2. The B+ and P+ curves seem to make a fairly uniform n-i-p junction given 

that their depth profile is similar to the ToF-SIMS results from Perez-Wurfl et al.’s Si NC p-

i-n diodes [209]. From a sputtering time of 1100 s to approximately 1720 s is the AZO layer 

and the remaining is the quartz substrate. 

 

From the depth profile, the first noticeable issue with this AZO superstrate n-i-p device is 

the significant diffusion of Al and Zn from the surface shown by the grey and green curves 

respectively. This would most likely cause heavy unwanted shunting to the devices. The 

concentration of Al diffusing from the surface is 6 × 104 a.u. at t = 0 s and the 

concentration of Al from the AZO layer is approximately 8 × 105 a.u. at t = 1400 s, which is 

only just over an order of magnitude larger. If we assume that the initial AZO layer with 2% 

by weight Al2O3 has around 1.3 × 1021 Al atoms/cm-3 then (i.e. 8 × 105 a.u.), then the 

concentration of Al diffusing from the surface on the P region would be around 9.8 × 1019 

atoms/cm-3. This is actually a significant amount and in the same order of magnitude if we 

compare it to the concentration of the B and P which from similar experiments in the past 

involving B and P doping of SRO/SiO2 with similar sputter target powers in the range of 5 × 

1019 to 6 × 1020 atoms/cm-3 [70, 71, 209]. Given the localisation of the Al into spots on the 

surface, as seen from the elemental map in Figure 8.11, the actual shunting effect would 

be even more severe than what the concentration alone suggests. Similarly there is Zn 

diffusion from the surface with a concentration of 2 × 103 a.u. at t = 0 s, although this is 

around 2 orders of magnitude less when compared to the concentration of the Zn in the 

AZO region at approximately 1.5 × 105 a.u. at t = 1400 s. From the interface between the B 

SRO/SiO2 bilayers and the AZO there is also heavy cross-diffusion of dopants. Both the Zn 
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and especially the Al (given its smaller ionic radius) diffuse into the SRO/SiO2 and the B 

and Si into the AZO. The cross-diffusion was much worse than originally expected. 

 

8.4.2 Four-Point Probe Measurements 

4-PP measurements were performed on all the samples before Al metallisation:  

 

1) The AZO region of the AZO superstrate n-i-p Si QD solar cell device (tape) had a 

higher sheet resistance between 100-200 kΩ/□ which was higher than expected 

(see Chapter 7). The top of the n- layer had a sheet resistance between 150-400 

kΩ/□. 

 

2) For the AZO region of the AZO superstrate n-i-p Si QD solar cell device 

(lithography) which was annealed in a separate run from the previous device had 

an even higher sheet resistance between 1-2 MΩ/□. The top of the n- layer had a 

sheet resistance between 150-200 kΩ/□. The unexpected high resistance for this 

device and the previous one is again probably due to the heavy cross-diffusion of 

elements which seems to have degraded the desired properties of both the n-i-p 

and AZO regions. 

 

3) For the AZOonB sample, the sheet resistance of the B layers was 45 kΩ/□. The 

AZO layer on top of the B layers was 20.0 Ω/□. 

 

4) For the AZOonP sample, the sheet resistance of the P layers was 1.0-1.4 MΩ/□. 

The AZO layer on top of the P layers was 19.0 Ω/□. However, the same AZO 

deposition on insulating quartz (control) had a lower sheet resistance of 11.2 Ω/□. 

The difference between the AZO and the AZO on B and P could be a result of 

small cross-diffusion of elements across the interface during the AZO deposition 

which required substrate heating at 250 °C. 

 

8.4.3 I-V Measurements 

Dark and light I-V curves were measured using an in-house built DarkStar I-V tester. All 

the dark I-V measurements were measured with the quartz substrate facing down on the 

temperature stage which was set to 25 °C. The light I-V was measured with the substrate 
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facing up on a transparent glass stage which meant that the temperature could not be 

controlled. The halogen lamp had a spectrum close to AM 1.5. 

 

 

Figure 8.13. I-V curves of the AZO superstrate n-i-p solar cell devices in the dark before 

and after Al metallisation and with illumination (light). HF dip using (a) tape and (b) 

photolithography. 

 

Figure 8.13 shows the I-V curves of the AZO superstrate n-i-p solar cell devices in the dark 

before and after Al metallisation and with illumination (light). Figure 8.13(a) shows the I-V 

curves for the sample which was etched for 30 s in HF to remove with 20 nm SiO2 capping 

using tape to isolate the regions, whereas Figure 8.13(b) shows the I-V curves for the 

sample which was etched for 90 s in HF using photolithography to isolate the regions. 

From both figures (a) and (b) it can be seen that the AZO superstrate n-i-p solar cell 

devices do not produce rectifying junction responses (diode like I-V curves) and are hence 

not strictly solar cells. The heavy cross-contamination and mixing of Al and Zn across the 

n-i-p region as seen from the ToF-SIMS results seemed to have caused heavy shunting of 

the devices. From Figure 8.13(a) the graph shows a linear I-V response near the origin 

(0.00 V, 0.00 A) for all three curves which show a typical resistor type of device as a result 

of the heavy Al shunting. The curve starts deviating from the ideal linear response at 

higher voltages, but this could be due to a number of reasons such as high carrier injection 

or high field effects for which the exact nature cannot be deduced from I-V measurements 

alone. The resistance however can be estimated by the inverse of the gradients near the 
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origin which were 7.1 × 105, 7.1 × 105 and 3.1 × 105 Ω (V/A) for the dark I-V before and 

after Al metallisation and light I-V after Al metallisation respectively. Similarly the I-V 

curves (Figure 8.14(b)) of the photolithography device show a linear I-V response near the 

origin. The resistance as estimated by the inverse of the gradients near the origin were 9.6 

× 103, 3.4 × 103 and 3.8 × 103 Ω (V/A) for the dark I-V before and after Al metallisation and 

light I-V after Al metallisation respectively. The initial resistance of the sample with the 

SiO2 cap removed using photolithography is lower than the sample using tape.  However 

the conductivity improves much further once the Al is applied to the photolithography 

sample than the tape sample due to the higher initial sheet resistance of the AZO in the 

photolithography sample. 

 

 

Figure 8.14. I-V curves of the AZO on (a) B and (b) P devices in the dark before and after 

Al metallisation and with illumination (light). 

 

To study the interface properties between AZO and the B and P type layers, the I-V curves 

of the AZOonB and AZOonP devices were measured. From Figure 8.14(a) the resistance 

as estimated by the inverse of the gradients near the origin were 2.2 × 104, 8.0 × 103 and 

7.3 × 103 Ω (V/A) for the dark I-V before and after Al metallisation and light I-V after Al 

metallisation respectively. And from Figure 8.14(b) the resistance of the AZOonP device 

near the origin were 2.7 × 106, 1.2 × 106 and 8.6 × 105 Ω (V/A) for the dark I-V before and 

after Al metallisation and light I-V after Al metallisation respectively. From both Figure 

8.14(a) and (b) all the I-V curves are fairly linear which suggests that AZO produces a 
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good ohmic contact to the B and P type layers. Initially, it was thought that perhaps given 

that AZO is always an n-type semiconductor, a heterojunction may exist across the 

interface between AZO and the B doped bilayers. However, the doping concentration in 

the B bilayers is fairly high which results in a very high free carrier concentration (around 

2.6 × 1019 cm-3 from Chapter 6) and given that AZO is also heavily degenerately doped 

with a carrier concentration around 4.85 × 1020 cm-3 it actually acts more as a metal. So 

the interface is probably similar to that of a metal and a degenerately doped 

semiconductor which in this case acts more as a non-rectifying ohmic contact rather than a 

Schottky diode. Another likely possibility is the large defect density at the surface interface 

as often encountered with heavily doped SRO/SiO2 bilayer structures. The high defect 

density allows multiple states within the allowed bandgap of the Si NC SRO/SiO2 material 

right at the interface. The high defect density at the surface can interact with a large 

quantity of the charge provided by the metal which shields the semiconductor from the 

properties of the metal. Consequently, the semiconductor's band states may unavoidably 

align to a location relative to the surface states which are in turn pinned to the Fermi level 

(due to their high density), all without influence from the metal [287]. A possible method to 

create a Schottky diode still with the B or P layers would be to add a thin intermediate 

insulating layer to unpin the bands. Having ohmic contacts between AZO and the B and P 

type SRO/SiO2 bilayers may not be discouraging as this allows the potential for other type 

of solar cell device structures such as a standard quartz substrate p-i-n with patterned 

AZO across the surface or a HIT [288] type device with thin Si NC bilayers stacked on top 

of a crystalline wafer with transparent conducting AZO as an intermediate conducting layer 

before the metal finger contacts.  
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8.4.4 Suns-VOC 

 

 

 

Figure 8.15. Suns-VOC contact schemes. (a) From across the metal contacts or from the P 

doped n-type bilayers to the AZO. (b) From the P doped n-type to the B doped p-type 

bilayers in a previous sample where the bilayers were slight offset due to a misalignment 

in the mask. 

 

Suns-VOC measurements were also performed on all 4 devices. Suns-VOC allows the 

measurement of the open-circuit voltage, VOC, of a solar cell without the effect of series 

resistance and in turn can produce a pseudo light J-V curve using a separate reference 

cell to estimate the light-generated current. For both the AZO superstrate Si QD solar cell 
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devices which were contacted as shown in Figure 8.15(a), there was no VOC response 

which is what is expected if the device is in fact heavily shunted. A previous earlier sample 

which had a slight offset between the n and p layers because the B and P SRO/SiO2 

bilayers were deposited separately due to a slight misalignment with the metal mask was 

also tested. When this device was probed between the n and p layers on the very edge of 

the device as shown in Figure 8.15(b), it produced a Suns-VOC of 93 mV. This suggested 

that the n-i-p regions in the devices still produced a rectifying junction although the VOC 

was much lower than expected due to the heavy shunting. From the ToF-SIMS results 

shown before, the B and P dopants seem to make a reasonable n-i-p junction but the Al 

that diffused into the P side is actually a deep p-type dopant for Si and typically used in p++ 

back surface fields for c-Si solar cells. Perhaps there was still enough of a difference 

between the dopants to allow charge separation. 

 

 

Figure 8.16. Suns-VOC pseudo light J-V curve of the superstrate Si QD n-i-p solar cell 

device when contacted on the edge between the n- and p- layers from a sample with a 

slightly offset. 

 

The AZOonB and AZOonP were also measured. The AZOonB produced no response for 

the Suns-VOC measurements. However the more resistive AZOonP sample actually always 

produced a small voltage around 47 mV. This may suggest some form of small Schottky 

contact barrier due to a strong band misalignment between the n-type SRO/SiO2 layer and 

the n-type AZO despite the ohmic I-V properties in the previous section. 

0.0

0.1
0.2
0.3

0.4
0.5
0.6
0.7

0.8
0.9
1.0

1.1
1.2

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

C
u

rr
e
n

t 
/ 
J

L
 

Voltage (V) 

Pseudo light J-V curve 

Data

Fit

Voc

MPP



 

 

148 

 

 

Figure 8.17. Suns-VOC pseudo light J-V curve of the AZOonP sample. 

 

8.5 Conclusion 

In summary, although this first demonstration of annealing Si QDs at 1100 °C together with 

a TCO did not produce a working photovoltaic device, it still provided information to arrive 

at interesting and useful conclusions. The most important observation is that the contact 

between AZO and the B and P doped SRO/SiO2 bilayers is ohmic believed to be due to 

the high doping or defects at both interfaces. If it were not for the inter-diffusion during the 

annealing stage, it seems that this could have been an excellent TCO for single-junction Si 

QD solar cells. This ohmic property could allow for other types of devices to be created 

with Si NC materials. For alternative methods for utilising AZO for Si QD solar cells and 

optoelectronic devices refer to the section on “Scope for Future Work in the Field” in the 

next chapter. 
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Chapter Nine: Conclusions, Original 

Contributions and Future Work 

 

9.1 Conclusions 

Third generation photovoltaic concepts [2-4] aim to increase the efficiency above that of 

the Shockley-Queisser limit [1], whilst reducing the material cost per unit area. This is the 

ultimate goal in the long term future of photovoltaics. Silicon is one of the most abundant 

elements in the Earth’s crust and its benefits include low cost, non-toxicity and 

compatibility with the current photovoltaics industry. A tandem solar cell consisting of low 

cost Si based materials with different bandgaps is a promising method to reduce the 

thermalisation and below bandgap losses. By using the quantum confinement 

phenomenon, the bandgap of Si quantum dot (QD) or nanocrystal (NC) material can be 

adjusted to meet the required values for an optimal tandem cell. The beauty of Si QDs lies 

in this particular characteristic of bandgap tunability or bandgap engineering by varying 

their size and shape. Currently, the research focus on third generation all-Si nanostructure 

tandem solar cell has been on the actual Si NC material itself rather than implementing full 

tandem cells. Nevertheless, there has been research into various Si NC solar cell devices 

albeit the demonstrated efficiencies have been low. An important issue has been the 

heavy current crowding and series resistance of the solar cell devices. Therefore, 

aluminium zinc oxide (AZO), a common transparent conducting oxide (TCO) often used in 

thin-film solar cells, has been proposed as a possible candidate to use in Si NC solar cell 

devices. The biggest issue however is the high temperature annealing step (1100 °C) that 

is required in the formation of the Si NCs which would most likely be detrimental to the 

properties of the transparent conducting AZO. The main results of this thesis from the 

experimental Chapters 5-8 are summarised below. 

 

Chapter 5 studies the utility of spherical aberration corrected high resolution transmission 

electron microscopy (HRTEM) with real-time in situ heating on Si NCs from phosphorus 

doped silicon rich oxide/silicon dioxide (SRO/SiO2) bilayers. The initial solid-state 

nucleation and formation of Si NCs were observed by an aberration-corrected FEI Titan 

800-300 keV FEG S/TEM with a heating stage. The results showed that the shape of the 
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Si NCs were not spherical at least for moderate content Si in the SRO layers and the Si 

NCs were well confined within their layers at least for temperatures up to 600 °C. With 

further analysis some percolation threshold may be established in these Si NC films. Also, 

the results from this HRTEM study suggested that nucleation of the Si NCs begins at an 

unsuspectingly low temperature (450  °C), this was the temperature when Si(111) lattice 

fringes could be observed during the HRTEM imaging. This low temperature nucleation 

suggests that ex situ annealing at 1100 °C may not be necessary. However it was shown 

in the next chapter that this was not the case. Possible reasons for the differences 

between conventional furnace annealing versus heating stage annealing in the chamber of 

a HRTEM were discussed. This technique is promising for future study in the area of Si 

NCs. 

 

Chapter 6 studies the use of high Si content SRO in magnetron sputtered SRO/SiO2 

bilayer superlattice thin films with boron (B) and phosphorus (P) doping. The stoichiometry 

was approximately SiO0.3, meaning that there were approximately three times as many Si 

atoms than O atoms in the SRO layers. Doping is also an important aspect for Si NC 

research because in order to make solar cell devices p-type and n-type material are 

required. Doping however also changes the structural, optical and electrical properties of 

these films. The dependence of annealing temperature on the Si NC with doping was first 

investigated by grazing incidence X-ray diffraction (GIXRD) and Raman spectroscopy. It 

was clearly established that conventional furnace annealing requires temperatures of at 

least 1100 °C for satisfactory Si NC formation contrary to the behaviour reported in the 

previous chapter when the SRO/SiO2 films were annealed inside the chamber of an 

HRTEM. 

 

Using the Scherrer equation, the GIXRD results showed that the high Si content created 

much larger average Si NC size. Furthermore, P doped samples resulted in the largest 

average size of 11.1 ± 2.2 nm, followed by the B of 9.6 ± 2.0 nm then intrinsic of 9.1 ± 2.4 

nm. The Raman spectroscopy results were also consistent with the GIXRD results which 

showed that the highest crystalline-to-amorphous Si fraction was found in the P doped 

samples, followed by the B and then the intrinsic. Through conventional HRTEM, it was 

observed that the intrinsic (undoped) samples maintained their SRO/SiO2 bilayer structure 

after annealing at 1100 °C. However, the SRO and SiO2 layers were intermixed after the 

annealing of both the B and P doped samples. Room temperature photoluminescence 
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showed that both the intrinsic and B doped samples had a peak at 1.48 eV however there 

was a strong red-shift for the P doped sample down to 1.32 eV which was attributed to the 

larger Si NC size and thus weaker quantum confinement. The intensity of the P was also 

4.5 times higher than both the intrinsic and B doped samples which suggested a larger 

absorption capture cross-section. Finally, the Hall measurements showed strong 

decreases in resistivity for the doped samples down to 120 Ωcm for the P and a low 0.66 

Ωcm for the B doped sample which opens new avenues for Si QD solar cell device 

structures. 

 

Chapter 7 looks at the applicability of AZO as a TCO for Si QD solar cell devices. The high 

temperature furnace annealed properties of magnetron sputtered AZO thin films were 

studied. The initial preliminary experiment showed that the AZO films did not peel, 

decompose or evaporate even when annealed at 1100 °C in an inert gas atmosphere 

although their surface roughness did increase significantly. The AZO films also maintained 

their high optical transmission properties, but had their conductivity reduced by many 

orders of magnitude. The first main experiment in Chapter 7 investigated the temperature 

dependence of the AZO films when annealed in N2 and forming gas (4% H2 / 96% N2). The 

forming gas reduced and decomposed the AZO films even at a low 500 °C. For the AZO 

films annealed in N2 the increase in annealing temperature resulted in loss in carrier 

concentration which was indirectly shown through the optical transmission data. There was 

a reverse Burnstein-Moss effect shown by the red-shift in the absorption edge with 

increasing annealing temperature. Furthermore, there was an obvious increase in optical 

transmission in the infrared region due to the loss in free carrier absorption with increasing 

temperature. Both of these effects showed that the free carriers as a result of extrinsic Al 

dopants are lost due to the annealing. The most likely explanation was the chemisorption 

of oxygen on the surface of the thin film or oxygen trapped at defects such as grain 

boundaries or from the air if they were removed from the furnace at an insufficiently low 

temperature. XPS measurements showed that the Al still remained in the films even at 

1100 °C rather than evaporate, which led to the conclusion that the Al becomes inactive 

after the annealing. Possible explanations include: Al diffuses or getters into grain 

boundaries or internal micro-pores where they are unable to act as a dopant. Formation of 

unwanted Al2O3 was also a possibility. 
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In the final experiment in Chapter 7 it was discovered that annealing the furnace with 

forming gas prior to annealing AZO samples actually allows the AZO samples to partially 

retain their conductivity (approximately two to three orders of magnitude change from the 

as-deposited AZO samples). Removing the samples at a lower temperature (below 150 

°C) from the furnace also reduces the loss in conductivity. The ‘pre-forming gas’ treatment 

may have removed any oxidising contaminants, perhaps oxides that may have caused 

unwanted chemisorption of oxygen from the surface of the AZO film. The final 1100 °C 

AZO films from this ‘pre-forming gas’ treatment had a best bulk resistivity of around 6.28 × 

10-2 Ωcm. 

 

Chapter 8 combined the work from Chapter 6 and Chapter 7 to investigate a novel AZO 

superstrate n-i-p Si QD solar cell device design. A literature review survey of the different 

Si QD solar cell device designs was presented and the advantages and disadvantages 

behind each device design were discussed. A new solar cell device using AZO and Si NC 

from SRO/SiO2 bilayers was proposed and then prototypes were fabricated. The AZO 

superstrate n-i-p Si QD solar cell device was deposited on quartz substrates so the 

photovoltaic activity could only be attributed to the Si NC layers compared to designs that 

involve depositing the Si NC layers on conducting substrates such as crystalline Si (c-Si) 

wafers or poly-Si thin films. It was shown from ToF-SIMS that there was heavy cross-

diffusion of elements such as Al and Zn into the n-i-p region during the high temperature 

(1100 °C) annealing stage. I-V measurements on the devices showed linear rather than 

rectifying diode responses. The linear resistor like responses pointed to shunting of the n-i-

p junction most likely due to the heavy cross-diffusion of Al and Zn. 

 

In Chapter 8, AZO were deposited on annealed high Si content B and P doped SRO/SiO2 

bilayers. It was shown that the contact between the AZO and the B and P doped 

SRO/SiO2 bilayers is ohmic, possibly due to the high doping or defects at both interfaces. 

Because the contacts were ohmic it may be possible to design other types of Si NC solar 

cell devices using AZO. Further ideas are discussed later in this chapter under Section 9.3 

- Scope for Future Work in the Field. 
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9.2 Original Contributions to the Field and Their 

Significance 

1) Observed for the first time, the solid-state nucleation of silicon nanocrystals (Si 

NCs) in SRO/SiO2 bilayers in real time via an aberration corrected high resolution 

transmission electron microscope (HRTEM) with in situ heating up to 600 °C. 

 

2) Investigated the dependence of annealing temperature up to 1100 °C on Si NC 

formation in SRO/SiO2 bilayer superlattice thin films (although, similar experiments 

have been done for Si NCs from plasma enhanced chemical vapour deposition 

(PECVD) and for Si nitrides and carbides). It was shown that the higher the 

annealing temperature, the better the extent of crystallisation of the Si NCs. 

 

7) Investigated the use and advantages of high Si content SRO in SRO/SiO2 bilayer 

superlattice thin films used in the fabrication of Si NCs. High Si content SRO tends 

to produce thin films with lower resistivity and higher absorption cross-sections 

which are better properties for fabricating Si QD solar cell devices. The effects of 

boron and phosphorus doping on the properties of high Si content SRO/SiO2 

bilayers were also studied. 

 

3) Investigated the structural, electrical and optical properties of transparent 

conducting aluminium doped zinc oxide (AZO) thin films annealed at temperatures 

up to 1100 °C. A special method was developed so that the thin film AZO samples 

could retain their conducting nature to within approximately 2 to 3 orders of 

magnitude after annealing in the absence of oxygen. This result may also have 

various applications outside of photovoltaics. 

 

4) Demonstrated that AZO forms a good ohmic contact to both the high Si content B 

and P doped SRO/SiO2 bilayer superlattices. 

 

5) Conceptualised the first Si QD/NC n-i-p superstrate configured solar cell using AZO 

as a transparent conducting layer. AZO is often used as a transparent conducting 

layer for thin-film amorphous Si and CIGS solar cells although AZO has never been 
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investigated in the device structure of Si NC solar cells due to the high temperature 

annealing step for Si NCs that is required. 

 

9.3 Scope for Future Work in the Field 

9.3.1 Improvement to the Si NC Material Towards an Ideal Si QD Matrix 

Current Si QD material research has been focused on depositing bilayers of Si along with 

its dielectrics. This method was introduced by Zacharias et al. [53] with “good size and 

density control”. However, in reality, the current Si QD material and structural is still very 

far from ideal. It was shown in Chapter 2 that due to the lack of periodicity, transport 

properties in Si QD matrices depend exponentially on the barrier width of the dielectric 

material (i.e. the distance between the QDs); the square root of the barrier height of the 

dielectric material; and the square root of the effective mass of the carrier. In terms of 

performance, the present physical structure of the Si QD material should have much: 

 

1) narrower Si QD size distribution 

 

2) closer and more evenly spaced Si QDs 

 

3) more spherical Si QDs 

 

4) lower barrier height (e.g. with other dielectric materials) 

 

5) better passivated surfaces 

 

If an “ideal Si QD matrix” were to be constructed it would most likely consist of perfect 

spherical Si QDs packed as closely as possible, that being in a face-centred cubic (FCC) 

or hexagonal close-packed (HCP) fashion. The volume of QD material (i.e. Si) in the 

matrix would therefore be 74.0%, with the remaining volume occupied by a dielectric 

material with a low barrier height. The diameter of the Si QD would need to be around 3.5-

4 nm if a bandgap of 1.7-1.8 eV is desired. An “ideal Si QD matrix” in photovoltaic terms 

should translate to much better carrier lifetime and mobility, high absorption co-efficient 
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and lower device series resistance compared to the Si QD matrices being studied 

currently.  At present, fabrication of an “ideal Si QD matrix” is still not possible as there are 

limitations to the technology available to engineer such intricate and precise structures 

down to the atomic scale. What should be done in the near future is modelling work 

through first principles (such as the work by Jiang and Green [37]) which may be a good 

starting point to access the true potential of such an “ideal Si QD matrix”. If indeed an 

“ideal Si QD matrix” material is possible this may remove the need for a conducting 

substrate or TCO altogether. 

 

9.3.2 Improvements on the AZO Conductivity with Temperature and Better Ways to 

Utilise AZO with the Si NC Material 

Even though it was shown that the conductivity for AZO decreases by about 2 to 3 orders 

of magnitude even after using the special “pre-forming gas” method in Chapter 7, the 

resistance to decrease in conductivity can probably be improved. Possibilities include: 

  

1) increasing the initial Al content of the AZO before annealing 

 

2) depositing a protective layer on the surface before annealing 

 

3) varying more annealing conditions such as gas flow or type of gas used 

 

4) post-annealing in forming gas  

 

5) using a different annealing method (see below) 

 

In addition to furnace annealing, there are other types of annealing methods such as rapid 

thermal annealing (RTA), flash lamp annealing or laser annealing. All of these methods 

involve much higher annealing rates and lower thermal budgets which may be more 

beneficial to this transparent conducting AZO for superstrate Si QD solar cells concept. 

RTA of Si NCs has already been investigated by a few authors [273, 289] with comparable 

results to conventional furnace annealing. Laser annealing has been used for fabricating 

crystalline silicon on glass (CSG) technology by both solid and liquid phase crystallisation 

[290, 291]. Laser annealing was also briefly investigated by the author of this thesis using 
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an 808 nm diode laser on high content SRO/SiO2 bilayers to form Si NCs although the 

results were so far unsuccessful. It seemed that the control of the laser power and thermal 

input to the SRO/SiO2 bilayer samples needs to be very precise; an insufficient laser 

power and thermal input results in no formation of Si NCs and too much power results in 

the melting and thus intermixing of the layers which is also undesirable. Nevertheless, 

further research into other annealing methods may be beneficial for annealing the 

transparent conducting AZO superstrate Si QD solar cells. 

 

Another interesting possibility is to use AZO or simply ZnO as the dielectric layer. Kuo et 

al. have demonstrated the formation of Si NCs embedded in ZnO by sputtered bilayers of 

amorphous Si (a-Si)/ZnO followed by rapid thermal annealing up to 1000 °C [292, 293]. 

The authors suggest that the carrier transport differs from that of traditional Si dielectric 

matrix materials. They believe that the transport through their Si NC/ZnO material is 

dominated by multistep tunnelling via the more conducting ZnO and thus the resistivity of 

their films is much lower than those deposited with SiO2 matrices by about four orders of 

magnitude. The use of ZnO as a matrix for Si NCs leaves plenty of scope for future work in 

photovoltaics as well as optoelectronics in general. 

 

9.3.3 Si QD Solar Cell Devices in General 

The open-circuit voltage of current Si QD photovoltaic devices still requires improvement. 

Currently, the best true Si QD solar cell, fabricated by Perez-Wurfl only has an open-circuit 

voltage of 493 mV [231], which, given its effective bandgap is, far from ideal. It is still in 

fact low compared to the open-circuit voltage of the most efficient crystalline Si (1.12 eV) 

HIT solar cell, by Panasonic at 740 mV [294] or the best thin-film a-Si solar cell at 896 mV 

[294]. Optimisation of certain aspects such as device shunting, doping, layer thicknesses 

and metal contacting should be further investigated. Hydrogen passivation of Si QD 

interface defects through methods such as doping with borane (BH3) or phosphine (PH3) 

or additional low temperature annealing in forming gas (Ar + H2 mixture) may improve the 

VOC in the near future. Furthermore, if the current transport is improved the VOC should also 

be improved due to better light absorption/trapping, reduced resistances and improved 

carrier collection in the depletion region. 
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So far, Si QD materials have much lower minority carrier lifetime and mobility compared to 

bulk Si [77]. These are the two important factors that limit the efficiency of the single-

junction Si QD solar cell devices. It therefore makes sense to theoretically model the effect 

of carrier lifetime and mobility on efficiency and to show that it is possible to achieve 

conversion efficiencies greater than at least about 15% if they are to be used in a tandem 

solar cell. For a 2-cell tandem with c-Si as the bottom cell, an optimum bandgap of 

approximately 1.7 to 1.8 eV is required [18]. In this case, according to the calculation by 

White et al. [295], in order to reach efficiencies greater than 30%, the top cell must have 

an efficiency of at least 18%. Some modelling work on estimating the highest achievable 

efficiencies with limited carrier lifetime and mobility has already been investigated by our 

third generation all-Si nanostructure tandem cell group [296]. It was shown that to achieve 

over 15% efficiency for a Si QD tandem cell with a 1.6 eV Si QD top sub-cell and a 1.12 

eV crystalline Si bottom cell, carrier mobility larger than 1 cm2/Vs and a lifetime of at least 

1 μs is required. For a lower mobility, a higher lifetime is required to reach the same 

efficiency and vice versa. In terms of actual Si QD solar cells, series resistance is another 

important limiting factor and it was also shown that series resistance becomes limiting 

once it increases above 10-2 Ωm2. 

 

In terms of actual tandem cells, a mechanically stacked Si QD tandem cell was 

demonstrated by our third generation all-Si nanostructure tandem cell group here at the 

University of New South Wales [297]. The mechanically stacked series connected tandem 

cell consisted of a lift-off [232] Si QD solar cell with a bandgap of 1.4 eV on top of a 

comparatively much more efficient thin-film polycrystalline Si solar cell. The open-circuit 

voltage was close to the sum of the two sub-cells whereas the short-circuit current was 

higher than even the top limiting Si QD sub-cell by itself. The improved short-circuit current 

was due to the higher current from the bottom thin-film polycrystalline Si  cell which 

boosted the current of the top Si QD sub-cell causing the top-cell to actually operate in the 

reverse bias condition. Overall, the open-circuit voltage and short-circuit current of the 

tandem cell were not very impressive and this further stresses the importance of improving 

the efficiency of the single-junction Si QD solar cells. 
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9.3.4 Other Areas of Research for Si QD Materials 

SiO2 is not the only dielectric material that can be used to confine Si QDs. Si3N4 and SiC 

are also possible candidate dielectric materials for this purpose. Both of these dielectric 

materials have lower bandgaps than SiO2 which would suggest better tunnelling 

probability, hence current transport would be greater for superlattice structures consisting 

of these materials. Many experimental studies on Si QDs in Si3N4 [228, 298-302], SiOxNy 

[219, 303] and even hybrid SiO2/Si3N4 bilayers [304] either by PECVD [219, 300-303] or 

sputtering [228, 298, 299, 304] have already been demonstrated. Si3N4 tends to constrain 

the growth of the Si NCs more effectively [228] than SiO2 due its higher stiffness  and 

density. SiC have also gained some attention in other studies by PECVD [277, 305, 306] 

and sputtering [225, 289, 307, 308], although for SiC the formation of β-SiC NCs hinders 

the formation of Si QDs and decreases their size and density. Another problem 

encountered with SiC is the potential current leakage across the SiC grain boundary traps 

which decrease the shunt resistance of the solar cell. 

 

Germanium [309, 310] and other group IV elements are possible candidates for future 

research in QDs and QWs. Compared to Si, Ge has smaller electron and hole masses and 

a greater dielectric constant. In addition, its exciton Bohr radius is 24.3 nm [310] compared 

to Si at only 4.9 nm [311]. This means that larger Ge QDs can produce the same quantum 

confinement effect making the size of the QDs less stringent and thus bandgap can be 

more easily controlled. And finally Ge has a lower melting point (approximately 938.3 ºC) 

than Si making it more advantageous for designing QD solar cell devices and especially 

with AZO. The main disadvantage of Ge is that it is much less abundant than Si so is 

unlikely to be used in long term mass manufacturing of solar cells. 

 

More recently some research effort has involved fabrication of free-standing colloidal [312] 

(solution based) Si QDs through many various pathways, such as non-thermal plasma 

synthesis [284, 313, 314], high temperature decomposition of hydrogen silsesquioxane 

(HSQ) [315, 316], high temperature annealing of SiOx powders [317], controlled oxidation 

of mechanically milled Si [318, 319] or solution reduction of SiCl4 [320]. Most of these 

synthesis pathways require a final dry or wet (using HF) etch to either remove the SiO2 

shell or reduce the Si nanocrystal size. Colloidal Si NCs show similar quantum 

confinement effects as solid-state Si NCs embedded in SiO2 or other Si based dielectrics. 



 

 

159 

In terms of applications for optoelectronics, colloidal Si QDs may provide promising 

methods for making solar cell devices, as well as better simplicity, cost-effectiveness and 

scalability. 
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List of Symbols, Abbreviations and 

Nomenclature 

 

A. Symbols and Physical Properties: 

Symbol Definition 

𝑎 Quantum dot diameter 

𝐴 Absorption 

Å Angstrom 

𝑎𝑡. Atomic 

𝑎. 𝑢. Arbitrary units 

𝐵𝐸 Binding energy 

𝛽 Line broadening at half maximum; or full width at half maximum 

(FWHM) 

𝐶𝑆 Spherical aberration correction 

°𝐶 Degrees Celsius 

$ Dollar 

𝑑 Diameter of a spherical quantum dot; inter atomic spacing; or 

spacing between diffraction planes 

𝛿𝑟𝑚𝑠 Surface roughness 

𝛥 Delta 

𝑒𝑉 Electronvolt 

𝑒𝑠
𝑒0

 Static dielectric constant 

𝐸1 First quantised ground state energy 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 Binding energy 

𝐸𝑐 Energy of the conduction band edge 

𝐸𝑐 − 𝐸𝑑 Donor level 

∆𝐸𝑑 Change in total energy; or change in total energy for one mole of 

a defect 

𝐸𝑔 Bandgap 
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𝛥𝐸𝑛 Increase in energy for the nth confinement level 

𝐸𝑝
𝑎 p-orbital energies of the anion 

𝐸𝑝
𝑐 p-orbital energies of the cation 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 Photon energy 

𝐸𝑝ℎ(𝜆) Energy of the photons at a specific wavelength λ 

𝐸𝑣 Energy of the valence band edge 

∆𝑓 Change in defocus 

𝐹𝐹 Fill factor 

𝑔 Grams 

𝐺𝑑 Formation energy for one mole of a defect 

ℎ Planck’s constant 

ћ Reduced Planck’s constant 

ℎ𝑟 Hour 

ℎ𝑣 Photon energy 

∆𝐻𝑓 Free energy of formation 

𝐼 Current 

𝐼0 Dark saturation current 

𝐼𝑎 Integrated intensity of the amorphous peak 

𝐼𝑐 Integrated intensity of the crystalline peak 

𝐼𝑙𝑖𝑔ℎ𝑡(𝜆) Short-circuit current at a specific wavelength λ 

𝐼𝑀𝑃 Maximum current 

𝐼𝑆𝐶 Short-circuit current 

𝐼𝑇 Total integrated area under the EELS spectrum 

𝐼𝑍𝐿𝑃 Total area under the zero-loss peak 

𝐽 Joule 

𝐽01
′  Reverse saturation current density of the diode 1 

𝐽02
′  Reverse saturation current density of the diode 2 

𝐽𝐿 Light generated current density 

𝐽𝑆𝐶 Short-circuit current density 

𝑘 Boltzmann’s constant; or wave-vector/function of a particle  

𝐾 Kelvin; or dimensionless shape factor 

𝐾𝐸 Kinetic energy 
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𝑘𝑇

𝑞
 

Thermal voltage 

𝐿 Litre; Average crystallite/grain size 

𝜆 Wavelength 

𝑚0 Electron rest mass 

𝑚∗ Effective mass of a particle 

𝑚𝑒 Free electron mass 

𝑚𝑒
∗ Effective electron mass 

𝑚ℎ
∗  Effective hole mass 

𝑚𝑖𝑛 Minute 

𝑚𝑜𝑙 Mole 

𝜇 Carrier mobility 

𝑛 Electron density; or ideality factor; or an integer 

𝑛𝑒 Free electron concentration; or electron flux per second flowing 

through the external circuit at short-circuit conditions 

𝑛𝑖 Confined energy level 

𝑛𝑝ℎ Photon flux at a wavelength λ incident on the solar cell per 

second 

𝑁 Carrier concentration 

𝑁𝐶 Effective conduction band density of states 

𝑁𝑑 Concentration of defects 

𝑁𝑠𝑖𝑡𝑒𝑠 Concentration of available defect sites 

𝜂 Efficiency 

𝛺 Ohm 

𝜋 Pi 

% Percent 

𝑝𝑝𝑚 Parts per million 

𝑃𝐶𝐸 Percentage conversion efficiency 

𝑃𝑖𝑛 Power of the incident light on the solar cell 

𝑃𝑚𝑎𝑥 Maximum power 

𝑃𝑚𝑜𝑛𝑜(𝜆) Power of the incident light beam at a specific wavelength λ 

ǁ Parallel 

┴ Perpendicular 
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𝛹 Psi 

𝑞 Elementary electronic charge 

𝑞𝑚𝑎𝑥 Contrast transfer function cut-off 

𝑅 Reflection; or nanocluster radius 

𝑅𝑎𝑑 Radian 

𝑅𝑝 Fresnel reflection coefficient for p- polarised light 

𝑅𝑠 Fresnel reflection coefficient for s- polarised light 

𝑅𝑆ℎ𝑢𝑛𝑡 Shunt resistance 

𝜌 Resistivity; ratio between the Fresnel reflection coefficients for p- 

and s- polarised light 

𝜌□ Sheet resistivity 

𝑠 Second 

∆𝑆 Change in vibrational entropy for one mole of a defect 

𝜎 Conductivity 

□ Square 

𝑡 Thickness of a thin film 

𝑇 Temperature; or transmission 

𝑇𝑒 Electron tunnelling probability 

𝑇𝑠𝑢𝑏 Substrate temperature during sputtering 

𝜃 Angle 

𝑣 Frequency 

𝑉 Voltage 

𝑉𝑂𝐶 Open-circuit voltage 

𝑉0 Confinement barrier height 

𝑉𝑚𝑎𝑥 Maximum voltage 

𝛷 Work function 

𝑥𝑛𝑐 𝐼𝑐
(𝐼𝑐 + 𝐼𝑎)

 

𝑦 Integrated Raman cross-section for c-Si to a-Si 

 

B. Materials and Devices: 

Symbol Definition 
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a-Si Amorphous silicon 

a-Si:H Hydrogenated amorphous silicon 

a-Si3N4 Amorphous silicon nitride 

a-SiC Amorphous silicon carbide 

a-SiC:H Hydrogenated amorphous silicon carbide 

a-SiO2 Amorphous silicon dioxide 

Al Aluminium 

Ag Silver 

Ar Argon gas 

Ar+ Argon ion 

ARC Anti-reflection coating 

AZO Aluminium doped zinc oxide 

B Boron 

BH3 Borane 

c-Si Crystalline silicon 

CIGS Copper indium gallium (di)selenide 

Cu Copper 

FG Forming gas (A small percentage of H2 gas mixed with either Ar 

or N2) 

FTO Fluorine doped tin oxide 

Ga Gallium 

H2O2 Hydrogen peroxide 

H2SO4 Sulphuric acid 

HF Hydrofluoric acid 

HSQ Hydrogen silsesquioxane 

i Intrinsic 

ITO Indium tin oxide 

In2O3:Sn Tin doped indium oxide 

LED Light emitting diodes 

MOS Metal oxide semiconductor 

μc-Si Microcrystalline-silicon 

n N-type 

N2 Nitrogen gas 
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NC Nanocrystal 

O Oxygen 

O2 Oxygen gas 

Oi Oxygen interstitial 

OZn Oxygen zinc anti-site 

p P-type 

P Phosphorus 

P2O5 Phosphorus pentoxide 

PH3 Phosphine gas 

Piranha solution 3:1 ratio of 96% H2SO4 to 30% H2O2 

QD Quantum dot 

QDSL Quantum dot superlattice 

QR Quantum wire 

QW Quantum well 

Si Silicon 

Si3N4 Silicon nitride 

SiC Silicon carbide 

SiO2 Silicon dioxide 

SiOx Silicon rich oxide 

SiOxNy Silicon oxynitride 

SL Superlattice 

SnO2:F Fluorine doped tin oxide 

SRO Silicon rich oxide 

TCO Transparent conducting oxide 

VO Oxygen vacancy 

VZn Zinc vacancy 

Zn Zinc 

Zni Zinc interstitial 

ZnO Zinc oxygen anti-site 

ZnO Zinc oxide 

ZnO:Al Aluminium doped zinc oxide 

ZnS Zinc Sulphide 
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C. Fabrication and Characterisation Techniques: 

Symbol Definition 

4-PP Four-point probe 

AFM Atom force microscopy 

APT Atom probe tomography 

CCD Charged-couple device 

C-V Capacitance-voltage 

EDS Energy dispersive x-ray spectroscopy 

EELS Electron energy loss spectroscopy 

EFTEM Energy filtered transmission electron microscopy 

EPR Electron paramagnetic resonance 

ESCA Electron spectroscopy for chemical analysis 

FEG Field emission gun 

FE-SEM Field-emission scanning electron microscope 

FIB Focused ion beam 

GIXRD Grazing or glancing incidence x-ray diffraction 

HREELS High resolution electron energy loss spectroscopy 

HRTEM High resolution transmission electron microscopy 

I-V Current-voltage 

LaB6 Lanthanum hexaboride 

MOCVD Metalorganic chemical vapour deposition 

MOVPE Metalorganic vapour phase epitaxy 

MRD Materials Research Diffractometer 

PDS Photothermal deflection spectroscopy 

PECVD Plasma enhanced chemical vapour deposition 

PL Photoluminescence 

PLD Pulsed laser deposition 

PVD Physical vapour deposition 

RF Radio frequency 

RFMS Radio frequency magnetron sputtering 

RBS Rutherford back-scattering spectroscopy 

RTA Rapid thermal annealing 
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SE Spectroscopic ellipsometry 

SEM Scanning electron microscopy 

SIMS Secondary ion mass spectrometry 

SPC Solid phase crystallisation 

SR Spectral response 

S/TEM Scanning transmission electron microscope 

TEM Transmission electron microscopy 

TLM Transmission line measurement or transfer length measurement 

ToF-SIMS Time-of-Flight secondary ion mass spectrometry 

VASE Variable angle spectroscopic ellipsometer 

WVASE Woollam variable angle spectroscopic ellipsometer 

XPS X-ray photoelectron spectroscopy 

 

D. Miscellaneous: 

Symbol Definition 

1D One-dimensional 

2D Two-dimensional 

3D Three-dimensional 

AISEF Australian Israel Scientific Exchange Foundation 

APA Australian Postgraduate Award 

ARENA Australian Renewable Energy Agency 

DFT Density functional theory 

EQE External quantum efficiency 

EMA Effective mass approximation 

FCC Face-centred cubic 

FWHM full width at half maximum 

HCP Hexagonal close-packed 

IQE Internal quantum efficiency 

IR Infrared 

LCAO Linear combination of atomic orbitals 

NIR Near infrared 

RMS Root mean squared 
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RT Room temperature 

SPREE School of Photovoltaic and Renewable Energy Engineering 

TETB Tyree Energy Technologies Building 

T-L Tauc-Lorentz 

UNSW University of New South Wales 

UV Ultraviolet 

Vis Visible 
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