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Abstract 
 

 The semiconductor alloy indium gallium nitride (InxGa1-xN) offers substantial 

potential in the development of high-efficiency multi-junction photovoltaic devices due 

to its wide range of direct band gaps, strong absorption and other optoelectronic 

properties. This work uses a variety of characterization techniques to examine the 

properties of InxGa1-xN thin films deposited in a range of compositions by a novel 

plasma-enhanced evaporation deposition system. Due to the high vapour pressure and 

low dissociation temperature of indium, the indium incorporation and, ultimately, control 

of the InxGa1-xN composition was found to be influenced to a greater degree by 

deposition temperature than variations in the In:Ga source rates in the investigated region 

of deposition condition space. Under specific deposition conditions, crystalline films 

were grown in an advantageous nano-columnar microstructure with deposition 

temperature influencing column size and density. The InxGa1-xN films were determined to 

have very strong absorption coefficients with band gaps indirectly related to indium 

content. However, the films also suffer from compositional inhomogeneity and In-related 

defect complexes with strong phonon coupling that dominates the emission mechanism. 

This, in addition to the presence of metal impurities, harms the alloy‟s electronic 

properties as no significant photoresponse was observed. This research has demonstrated 

the material properties that make the InxGa1-xN alloy attractive for multi-junction solar 

cells and the benefits/drawbacks of the plasma-enhanced evaporation deposition system.  

Future work is needed to overcome significant challenges relating to crystalline quality, 

compositional homogeneity and the optoelectronic properties of In-rich InxGa1-xN films 

in order to develop high-performance photovoltaic devices.
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CHAPTER 1:  
       INTRODUCTION AND RESEARCH OBJECTIVES 

 

1.1. The Need for Solar Power 
 

1.1.1. Solar Photovoltaics: A Sustainable Energy Source  
 

Solar photovoltaic (PV) technology converts sunlight directly into electricity and 

is well-established as a technically viable source of renewable and clean energy [1,2]. 

During a solar module‟s ~40 year lifetime, the only energy required and emissions 

produced occur during the manufacturing phase and end of life recycling. As a result, 

current PV modules have an energy payback period between just one and four years and 

thus can produce enough electricity over their lifetime to reproduce themselves many 

times over (at least 5-30 times under the minimum warranties) depending on the material, 

balance of systems and geographical location [3]. Compared to fossil fuel power plants, 

solar PV emits far less GHGs and other pollutants per unit of energy produced in a life-

cycle analysis [4].  

 It is clear that a global path to a sustainable future must include a major 

transition from conventional energy sources to solar and other renewable energy sources 

[1]. In addition to being one of the cleanest energy sources, the solar resource is also the 

most abundant. The energy from sunlight absorbed by the Earth in one hour equates to 

80% of the anthropogenic energy consumption in 2005 [5]. Covering 0.16% of the 

Earth‟s land area in 10% efficient solar modules would produce over 150% of this global 

energy demand [5]. No other single renewable energy resource (such as geothermal or 
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wind energy) can meet future energy demands if the use of fossil fuels is curbed or the 

resources become depleted.  

 

1.1.2. Developing the Most Economic Solar Cell 
 

 Although solar energy is clean and abundant there are still significant hurdles to 

overcome before PV technology can be employed on a massive global scale. The most 

important challenge facing the solar PV industry is the relatively high cost of solar 

electricity. Although costs have been steadily declining over the last few decades, the 

price of electricity produced from solar modules remains higher than electricity from 

conventional sources in most parts of the world. Despite the significant environmental 

benefits, solar PV energy will not achieve widespread adoption until it can reach grid 

parity in terms of electricity price per kw·hr. 

 There are two methods for reducing the price of PV electricity: improve module 

efficiency and reduce module cost. There is typically a trade-off between the two as 

higher efficiencies are often a product of more expensive materials or increasingly 

complex solar cell designs. Consequently, researchers have developed numerous solar 

cell technologies using a variety of materials in an effort to find the most economic solar 

cell. A timeline of the many solar cell technologies and the record efficiencies obtained 

from each is shown in Figure 1.1 [6]. There has been a steady progression in solar cell 

efficiencies for nearly every type of material and cell design.  
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       Figure 1.1: Efficiency records for various solar cell technologies [6] 

 

 

 The progression of photovoltaic technology is often broken down into three 

generations. The first generation consists of high-quality polycrystalline (multicrystalline) 

and monocrystalline (single crystal) silicon solar cells. These are still the most common 

commercially available solar cell available. However, they require significant production 

energy and costs and are limited by the Shockley-Quessier limit of 31% for a single 

layered cell [7].  

 The second generation of solar cells was developed with the goal of lowering 

production costs primarily through the use of cheaper manufacturing processes such as 

sputtering and roll-to-roll deposition. The majority of these cells employed a variety of 

thin-film technologies such as amorphous silicon, cadmium telluride (CdTe) and copper 

indium gallium diselenide (CIGS), which also reduce material costs. However, due to the 
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lower-quality materials used the thin-film cell efficiencies are lower than those of the 

crystal silicon cells. These second generational solar cells currently possess a small but 

increasing share of the market.  

 Research and development of the third generation of solar cells aims to 

drastically increase efficiency (above the Shockley-Quessier limit) while maintaining 

relatively low production costs. A wide variety of material combinations, device 

technologies and production techniques are being researched to achieve these ultra high-

efficiency solar cells. The development of multi-junction (multi-layered) solar cells (see 

Section 2.1.3) is one proven method that has achieved efficiencies of nearly 40% without 

light concentration. Indium gallium nitride (InxGa1-xN) is one semiconductor alloy that is 

well-suited for use in these multi-junction devices.  

 Figure 1.3 illustrates the potential efficiencies and cost projects for each 

generation of solar cells [8]. In order to produce a solar cell that can compete 

economically with conventional energy sources, it is clear that third generation 

technologies are required.  
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                    Figure 1.2: Efficiency and cost projections for each generation of solar cells [8] 

 

 

1.2. Research Objectives 
 

The indium gallium nitride (InxGa1-xN) semiconductor is not a very well 

understood alloy system and research into its application for photovoltaics is still in the 

development stages. The overall goal of this research is to examine the optoelectronic 

properties of this semiconductor and determine its suitability for use in ultra high-

efficiency multi-junction solar cells. Additionally, the unique plasma-enhanced 

evaporation technique used to deposit the InxGa1-xN films will be assessed. The effect of 

growth parameters on the film properties will also be examined.  

Research into the properties of InxGa1-xN thin films will be focused on optical 

characterizations with additional electronic and microstructural analyses. For the optical 

characterization, the goal is to determine the absorption and emission properties of 

InxGa1-xN through an entire range of compositions. In multi-junction solar cells, each 
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layer must be tuned to absorb a specific region of the solar spectrum. Therefore, the 

ability to deposit InxGa1-xN films with a precise band gap is of critical importance. 

Another important goal is to create a model to fit and analyze the optical responses of the 

films. However, even if the optical response is excellent, the ability to extract 

photogenerated electrons from the films is the most important property in transitioning 

from an InxGa1-xN film to an efficient solar cell. Therefore, dark and photocurrent 

measurements will be performed to assess the electronic properties of the material. 

Another goal is to examine the effects of different growth conditions on film 

microstructure. The growth of InxGa1-xN nanocolumns, in particular, is very interesting 

for application in high-efficiency PV cells. 

 

 There a number of key research questions addressed in this thesis: 

 How does the composition of the InxGa1-xN film affect the optical and electronic 

properties? Does the microstructure change? 

 How does the substrate temperature during deposition affect the optoelectronic 

properties? Does it play a large role in indium incorporation and composition? 

 Do the reported high density of defects and dislocations have a detrimental effect on 

the optical responses of InxGa1-xN? 

 What are the advantages and disadvantages of the plasma-enhanced evaporation 

deposition system for the growth of InxGa1-xN films? 

 Can InxGa1-xN films ultimately be developed for high-efficiency multi-junction solar 

cells? What are the most critical challenges to overcome? 
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This research has been conducted in partnership with Mosaic Crystals Ltd., an 

Israeli semiconductor company. Mosaic Crystals Ltd. provided the InxGa1-xN thin films 

used in this research along with the associated deposition information. 

 

1.3. Thesis Structure 
 

 This thesis has been organized into nine chapters with references following each 

chapter, as necessary. Chapter 1 presents an introduction of the need for photovoltaics 

and its recent progress as well as the objectives and structure of this research. Chapter 2 

provides a detailed review of the InxGa1-xN alloy with its advantages and difficulties for 

photovoltaic applications. This will incorporate an extensive literature review of the 

material to date. Chapter 3 describes the characterization techniques and equipment used 

throughout this research process. Chapter 4 presents the results analyzing the effects of 

substrate temperature during deposition on film properties. Chapter 5 presents optical 

characterization results using spectroscopic ellipsometry. Chapter 6 presents the results 

for the low-temperature photoluminescence characterization with a comparison to the 

ellipsometry results. Chapter 7 wraps the various characterization results together in a 

discussion of InxGa1-xN‟s potential for photovoltaic devices. Chapter 8 summarizes and 

draws conclusions. Appendices A and B contain additional results, analysis and 

modelling/equipment protocols excluded from the manuscripts. 
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CHAPTER 2:  
INGAN FOR HIGH-EFFICIENCY PHOTOVOLTAIC DEVICES 

 

2.1. Solar Cell Technology 
 

2.1.1. Structure of a Solar Cell 
 

  Solar cell technology takes advantage of the photovoltaic effect to convert 

sunlight directly into electricity. This effect is initiated when a photon in sunlight is 

absorbed by the semiconducting absorber layer. If the photon‟s energy exceeds the band 

gap of the semiconductor (difference in energy levels between valence and conduction 

bands), the electron can be excited out of its atom into the conduction band creating an 

electron-hole pair. Selective metal contacts on either side of the semiconductor extract the 

electrons and holes to help form a circuit.            

  

   Figure 2.1: Structure of a solar cell [1] 
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 Figure 2.1 illustrates the simplified structure of a solar cell [1]. Most solar cells 

consist of an n-type semiconductor (emitter) and p-type semiconductor (base) joined 

together. This interface, known as the p-n junction, creates a built-in electric field which 

serves to direct the photogenerated carriers (electrons and holes) to their respective 

contacts thereby creating a circuit [2]. 

          

2.1.2. Factors Limiting Efficiency 
 

 One of the greatest hindrances to reducing the cost of photovoltaic energy is the 

relatively low efficiencies of commercial solar modules. The maximum theoretical 

efficiency of a single-junction solar cell (one p-n junction) is approximately 31% [3]. 

There are many sources of current and voltage losses that lead to this maximum 

efficiency limit. 

 The initial limitation is a reduction of photons reaching the semiconductor due to 

reflection of light off the module surface or absorption by the top contacts. Anti-

reflection coatings, textured surfaces and smart grid patterns can be used to reduce this 

effect. 

 The most significant loss of current and voltage results from an imperfect 

absorption of the solar spectrum (distribution of photons with varying wavelengths). 

Photons of energy below the band gap of the semiconductor cannot be absorbed to create 

electron-hole pairs. Photons of sufficient engergy will be absorbed by the semiconductor 

and used to excite an electron from the valence to conduction band energy levels. 

However, any energy of the photon in excess of this difference (band gap) will be lost in 

the form of heat in a process known as thermalization. 
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 Another major source of loss is recombination whereby a photogenerated 

electron recombines with a hole thereby reducing current density. There are two primary 

types of recombination: radiative and non-radiative. Radiative recombination occurs 

naturally when an excited electron decays back down from the conduction band to a hole 

in the valence band releasing a photon in the process. Non-radiative recombination occurs 

when photogenerated electrons and holes meet and are annihilated at sub-band gap 

(energy levels within band gap) recombination centres. Imperfections in the 

semiconductor material such as dangling bonds, dislocations and impurities produce 

defect states that lead to this recombination and power losses.  

 Finally, there are resistive losses associated with the mobility of the carriers and 

the built-in electric field (voltage). Voltage drops occur when electrons travel from the p-

type absorbing layer through the p-n junction as well as from the n-type layer to the metal 

contacts.  

 

 

2.1.3. Multi-Junction Solar Cells 
 

 Although the manufacturing costs of commercial solar cells are constantly 

dropping, the 31% maximum theoretical efficiency for single-junction devices hinders 

PV from reaching the price needed for widespread adoption. Third-generation PV cells 

look to overcome this efficiency limit and the most established technology for improving 

efficiency is the use of multiple junctions. As mentioned previously, the greatest source 

of power loss in a single-junction solar cell results from inefficiencies in absorbing the 

solar spectrum. Multi-junction solar cells reduce these losses by employing multiple 

semiconductor layers (and junctions) with different band gaps decreasing from top to 
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bottom. In doing so, each layer absorbs photons with energies above but close to its band 

gap while allowing photons of insufficient energy to pass on to subsequent layers. Thus, a 

wider range of photons can be absorbed and this energy utilized more effectively than an 

ideal single-junction cell. Figure 2.2 illustrates a triple-junction solar cell structure and 

the corresponding solar spectrum section each junction (cell) absorbs [4].  

 

 
 
Figure 2.2: (a) Triple-junction InGaP/InGaAs/Ge solar cell structure and (b) corresponding spectral 

absorption [4] 

 

 

 There is a direct relationship between the number of junctions and the maximum 

efficiency of a solar cell although the efficiency gains diminish with the increasing 

number of junctions. By creating a tandem (two-junction) solar cell, the maximum 

theoretical efficiency increases from 31% to 42.7% compared to a single-junction cell. 

This value increases with additional junctions until reaching the 69.9% efficiency limit 

for a cell with infinite junctions without light concentration [3]. 
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 Triple-junction cells with over 40% efficiencies have already been developed 

[5]. However, these cells are currently prohibitively expensive to fabricate due primarily 

to the complexity of the devices and the high-quality materials required. As Figure 2.2 (a) 

shows, the InGaP/InGaAs/Ge triple junction-cell requires many different individually 

doped semiconductor layers as well as tunnel junctions to help transport the 

photogenerated carriers between layers. The materials must be of high crystalline quality 

in order to reduce recombination centres as the carriers require longer lifetimes to reach 

the contacts. 

 There are also two important design characteristics that must be considered 

carefully. Most multi-junction solar cells are constructed monolithically meaning 

semiconductor layers are grown sequentially to form a single device with one set of 

surface contacts (as opposed to mechanical construction in which individual solar cells 

are stacked upon each other). As a result, the lattice constants (distance between atoms in 

a crystalline lattice) of each layer will affect the growth of subsequent layers during 

deposition. If two adjoined materials are lattice-mismatched, strain will be introduced to 

the growing crystals potentially resulting in dislocations and thus defect states that cause 

recombination. An ideal multi-junction device will employ nearly lattice-matched 

semiconductors, but this is not typically possible while maintaining suitable band gaps. 

Techniques such as buffer layers (layer with an intermediate lattice constant) and inverted 

growth (depositing top layers first if they are better lattice-matched than the bottom 

layers) help reduce strain in the crystal growth, but this is still a significant challenge for 

many alloys. 
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 Current matching between the different cells in the device is another main 

design consideration that must be taken into account. According to Kirchoff‟s current 

law, the device‟s output current will be limited by the cell with the lowest current since 

the cells are connected in series. The band gaps of each cell determine the number of 

photons that will reach it so spacing them out by choosing the proper semiconductor 

compositions is critical. If the proper materials are selected, the currents can be matched 

by adjusting the thicknesses of each cell to absorb more or fewer photons (dependent on 

the material‟s absorption coefficient). 

  

2.2. The Indium Gallium Nitride (InxGa1-xN) Alloy 
 

2.2.1. InxGa1-xN: An Overview 
 

 Indium gallium nitride (InxGa1-xN) is a ternary III-V semiconductor alloy 

composed of a mixture of indium nitride (InN) and gallium nitride (GaN). The material 

properties of this alloy depend heavily on the ratio of indium (x) to gallium (1-x) in its 

composition. Most important to photovoltaic applications, by changing the material‟s 

indium content the band gap of InxGa1-xN can be tuned from 0.7 eV (InN; x=1) to 3.4 eV 

(GaN; x=0) which spans nearly the entire solar spectrum [5-8]. Table 2.1 presents the 

maximum theoretical efficiencies along with the calculated band gaps and compositions 

for each junction of an ideal InxGa1-xN multi-junction solar cell [9]. 
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Number of 

Junctions 

Band Gap, eV (Composition, x) Maximum 

Theoretical 

Efficiency Junction 1 

(Top) 
Junction 2 Junction 3 

Junction 4 

(Bottom) 

1 (SJ) 1.12 (0.62) - - - 30.57 % 

2 (DJ) 1.73 (0.39) 0.93 (0.72) - - 40.79 % 

3 (TJ) 2.02 (0.30) 1.34 (0.52) 0.71 (0.95) - 45.08 % 

4 (QJ) 2.25 (0.25) 1.7 (0.40) 1.3 (0.54) 0.73 (0.91) 48.30 % 

Table 1.1: Junction band gaps and composition for ideal InxGa1-xN multi-junction solar cells [9] 

 

 Just like its components InN and GaN, wurtzite is the thermodynamically stable 

structure of InxGa1-xN. This structure has a hexagonal close-packed lattice type with an 

AB atomic repeating pattern. However, under certain deposition conditions InxGa1-xN can 

also form in the zinc-blende structure [10]. This structure has a face-centred cubic lattice 

type with an ABC atomic repeating pattern. The plan views of these two structures are 

presented in Figure 2.3 [11].  

 
Figure 2.3: Plan views of zinc-blende (green) and wurtzite structures (pink) [11]                                                                                 
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 Research into using InxGa1-xN as an absorber in solar cells is still in its early 

stages. However, InxGa1-xN films with low indium contents have been used commercially 

for light emitting diodes (LEDs) in the green, blue and violet wavelengths [12,13]. 

Despite this success of InxGa1-xN LEDs, the alloy‟s properties and emission mechanism 

are still not fully understood.  

  

2.2.2. Advantages of InxGa1-xN for Photovoltaics 
 

  As a member of the III-nitride alloy semiconductor group, InxGa1-xN possesses 

good optoelectronic properties that make it well-suited for thin-film multi-junction solar 

cells [14]. InxGa1-xN is a direct band gap semiconductor which means that during photon 

absorption direct interband transitions can occur without the need of a phonon to 

conserve momentum [10]. Typical of direct band gap semiconductors, InxGa1-xN also has 

a very high absorption coefficient on the order of 10
5
 cm

-1 
near the band edge [15,16]. 

This indicates that 99% of photons above the band gap will be absorbed in the first      

500 nm of the InxGa1-xN film [17]. Since only a thin layer of material is needed for 

efficient absorption, material costs are minimized but also the distance electrons are 

required to travel for extraction is kept short thus offering fewer opportunities for 

recombination. 

 As previously mentioned, the band gap of InxGa1-xN can be tuned to span nearly 

the entire solar spectral range. This property makes InxGa1-xN well-suited for multi-

junction solar cells as the same alloy with different compositions can be deposited using 

the common metal organic chemical vapour deposition (MOCVD) and molecular beam 

epitaxy (MBE) growth processes for each layer in the device. 
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 Other InxGa1-xN properties that are beneficial for PV include a low effective 

mass of carriers, high carrier mobilities and high peak and saturation velocities [18,19]. 

InxGa1-xN is also well-suited for space applications as its high radiation resistance extends 

its lifetime in the UV-intense conditions [20]. Electricity generation on satellites is 

currently the primary use of multi-junction solar cells. 

 

2.3. Challenges and Limitations of InxGa1-xN Film Growth 
 

 As research of InxGa1-xN is still in its early stages, there are still a number of 

technical challenges that must be overcome before its implementation in high-efficiency 

devices. The most important challenge lies in the growth of InxGa1-xN films over the 

entire compositional range (x=0 to x=1). There are two common problems: an inability to 

grow high-quality, low-defect crystalline films and the difficulty in achieving a 

homogenous indium composition throughout the material. The following sections will 

discuss the factors causing these difficulties and methods being tested to overcome them.  

 

2.3.1. Crystal Quality 
 

 The III-nitride alloys are difficult to grow in large bulk crystals due to the lack of 

substrate materials with closely matching lattice constants [21]. Depositing material on a 

substrate with a mismatched lattice constant causes the growing film to be strained 

(increasing strain with increasing mismatch). This effect can result in a tilting of planes 

with respect to the misoriented substrate and causes defects such as dislocations, cracks 

and pin-holes to form [22]. InxGa1-xN films suffer from lattice mismatch with the most 
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common substrates such as sapphire (GaN mismatch of 16%) and silicon (GaN and InN 

mismatch of 9% and 7% respectively) [10,23].  

 However, in addition to substrate mismatches, the growth of high-quality  

InxGa1-xN is also hindered by lattice constant differences between InN and GaN. Various 

authors have placed this large mismatch at between 10 and 13% [16,21,22,24]. As a 

result of this lattice mismatch, it has proven very difficult to avoid crystalline 

deterioration in InxGa1-xN films with indium contents between 20% and 80% [22,25]. 

Compared to other III-nitride alloys, epitaxially grown InxGa1-xN films have an extremely 

high threading dislocation density of up to 10
10

 dislocations/cm
2
 [26,27]. Despite this, 

InxGa1-xN exhibits strong electroluminescence (EL) and photoluminescence (PL) peaks 

which explains the success of InxGa1-xN LEDs [28]. However, the large threading 

dislocation densities still cause InxGa1-xN PV performance to suffer from elevated 

leakage current and non-radiative recombination rates [29]. 

 

2.3.2. Indium Incorporation and Segregation 
 

 In addition to increasing dislocation densities and other defects, the InN and 

GaN lattice mismatch also creates a solid phase miscibility gap in InxGa1-xN films [30]. 

This causes indium to segregate out of the bulk InxGa1-xN thereby reducing the 

compositional homogeneity and, subsequently, the quality of the crystal [31]. The 

difference in formation enthalpy between InN and GaN also contributes to this phase 

separation phenomenon [30]. Indium tends to segregate out from the InxGa1-xN film in 

two forms: at the surface and in small clusters within the InxGa1-xN bulk.  
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 At the surface of the growing film, InN evaporates away at a much higher rate 

than GaN. This effect is a result of a higher vapour pressure of InN relative to GaN and 

the thermodynamic instability of InN at high growth temperatures (>550°C) [32,33]. 

Consequently, many researchers have found it difficult to grow In-rich InxGa1-xN films 

[25]. There are a few techniques employed that improve this indium incorporation. Low 

growth temperatures (<550°C) and pressures suppress the evaporation of indium by 

reducing the impact of InN‟s thermodynamic stability and vapour pressure differences 

respectively [28].  

 Growth rate is another deposition parameter that plays a significant role in 

indium incorporation and crystal quality. InxGa1-xN films grown at higher growth rates 

(above 1.0 angstrom/second) are generally found to have higher indium contents [25,28]. 

This occurs because the incoming gallium atoms quickly form a new layer and trap the 

indium adatoms (surface atoms) before they can evaporate off the surface of the film 

[22]. Figure 2.4 [22] illustrates the direct relationship between growth rate and indium 

incorporation in InxGa1-xN films. This relationship does not hold true for other III-nitride 

alloys as the figure shows with InAlN films. 
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                  Figure 2.4: Effect of growth rate on indium incorporation [22] 

 

 

 However, while higher growth rates and lower growth temperatures and 

pressures improve indium incorporation in InxGa1-xN films, they also cause deterioration 

in the quality of the material through indium clustering and compositional inhomogeneity 

[25]. Higher growth rates and lower temperatures both reduce the lateral mobility of the 

indium adatoms which leads to an uneven composition in the growing film [34]. Once the 

clusters reach a critical size, they become thermodynamically stable and can act as sinks 

for incoming indium atoms. These clusters present a problem to InxGa1-xN photovoltaic 

performance as they have been shown to act as efficient recombination centres for 

excitons [35]. A number of photoluminescence (PL) studies of InxGa1-xN films have 

found emission peaks at a constant energy (2.3 - 2.5 eV) insensitive to varying indium 

contents [36,37]. This strong emission peak provides evidence for the existence of an In-

rich phase which, while only representing a small fraction of the film‟s volume, 
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dominates the emission mechanism of the film. Various authors have reported the 

presence of In-rich quantum wells and quantum dots in these clusters [23,35]. One author 

attributes the PL emission peaks to 15 nm diameter quantum dot structures with an 

indium content of x=0.56 [37]. It is clear the intense PL emissions reported are a direct 

product of radiative recombination in these In-rich clusters, which would be expected due 

to their lower band gap relative to the surrounding bulk matrix. These efficient 

recombination centres will significantly reduce the carrier lifetimes, which in turn reduce 

the InxGa1-xN solar cell short-circuit current. 

 The use of high V-III flux ratios (nitrogen to indium/gallium) is one growth 

technique that has shown to improve indium incorporation without reducing the quality 

of the film [25]. A large nitrogen flux is believed to provide additional nitrogen bonding 

sites for indium atoms that might otherwise evaporate away or segregate out of the bulk 

InxGa1-xN and form a separate indium phase [38]. Despite this, the difficulty in growing 

high-quality In-rich films remains the biggest challenge to the development of efficient 

InxGa1-xN solar cells. New growth techniques and conditions are required to develop 

more compositionally homogeneous, highly crystalline InxGa1-xN films with improved 

photovoltaic properties.  

 

2.3.3. Methods Employed to Overcome Growth Difficulties 
 

2.3.3.1. Buffer layers 
 

 In order to reduce the negative effect of substrate lattice mismatch with the 

growing InxGa1-xN films, it is common practice to use a buffer layer between the 



22 

 

substrate and film. This layer has an intermediate lattice constant to ease the transition 

from substrate to film which can reduce compressive straining during growth [21,26]. A 

thin GaN buffer layer has been shown to improve the structural and optical properties of 

InxGa1-xN films [10,21,39].  

 

2.3.3.2. Nanocolumns 
 

 In an attempt to improve crystal quality, significant research is being conducted 

into the growth of InxGa1-xN nanowires and nanocolumns. By relaxing the inherent strain 

involved in the epitaxial growth of lattice mismatched layers, nanocolumns significantly 

reduce threading dislocations that plague typical InxGa1-xN films [23]. As a result, the 

non-radiative recombination that harms a cell‟s short-circuit current can be made nearly 

non-existent [40]. This strain-relaxed growth also improves indium incorporation and 

decreases the tendency towards phase separation. In fact, single-crystal nanowires grown 

using low-temperature halide chemical vapour deposition showed no phase separation 

with indium contents ranging from 0-60% [41].  

 However, since nanocolumns greatly increase the ratio of surface area to volume 

compared to planar films, nanocolumnar films have a far higher number of surface states. 

This is one drawback of growing nanocolumns as these states can trap photogenerated 

carriers thereby reducing the performance of a solar cell. This is particularly important 

for InxGa1-xN nanocolumns as the alloy naturally has a large density of surface defects 

and dislocations. In order to minimize this surface recombination, a high-band gap 

window layer is often used to passivate the surface. For this purpose, an n-type GaN 
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window layer has been shown to improve the open-circuit voltage and fill factor of an 

InxGa1-xN solar cell [42]. 

 A variety of techniques have been used to grow InxGa1-xN/GaN nanocolumnar 

structures: radio-frequency molecular beam epitaxy (MBE) [43-45], plasma assisted 

MBE [46], chemical vapour deposition (CVD) [41,47] and hydride vapour phase epitaxy 

(HVPE) [40,48]. Regardless of the deposition technique, the growth of InxGa1-xN 

nanocolumns is most dependent on three key deposition parameters: temperature, growth 

rate and the III-V ratio. Low temperatures (~550°C), high growth rates and heavily 

nitrogen-rich conditions are found to promote the formation of the non-

thermodynamically stable nanocolumns [41,49]. 

 The physical mechanism for nanocolumnar growth is typically the vapour-

liquid-solid (VLS) process initiated by the „Ga balling‟ effect [50-54]. In this mechanism, 

Ga liquid droplets nucleate on the substrate or buffer surface and establish liquid-solid 

interfaces. InxGa1-xN selectively grows from these GaN islands upwards along the c-axis. 

While most InxGa1-xN columnar growth is self-catalyzed by the gallium atoms, some 

authors report the need for another metal catalyst such as gold to initiate nanocolumn 

growth [47]. A similar but slightly different growth mechanism for InxGa1-xN nanorods is 

also reported and illustrated in Figure 2.5 [43]. This nanorod growth was observed in situ 

using a high-temperature transmission electron microscope (TEM). In this process, 

InxGa1-xN is first grown epitaxially until the critical layer is reached (a). At this point, 

film relaxation occurs leading to the formation of islands (b). InxGa1-xN nanorods then 

begin to nucleate on these rough islands and grow vertically (c). The diameter of the 
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nanorods depends on the size of these islands. If growth continues long enough, these 

nanorods will meet and coalesce (d). 

 
      Figure 2.5: Growth mechanism of InxGa1-xN nanocolumns [43] 

 

 

 

2.4. Factors Affecting Characterization of InxGa1-xN Films 
 

 

2.4.1. Critical layer thickness 
 

 The ultra high dislocation density found in InxGa1-xN films only results from the 

initiation of relaxed growth after the growing film reaches the critical layer thickness 

(CLT). Under this thickness, the lattice misfit between InxGa1-xN and its substrate is 

accommodated by elastic strain as the in-plane lattice constant of InxGa1-xN strains to 

match that of the substrate or buffer layer. Above the CLT, dislocations and three-

dimensional growth (often island formation) are introduced which significantly reduces 

the strain in the film [26].  

 This strain-relaxed growth above the CLT is important because these 

morphology changes impact the indium incorporation rate and the optical properties of 

the film. The 3-D roughness on these thicker layers improves indium incorporation by 
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offering more sites for bonding [55]. This onset of relaxation also causes a Stokes shift 

(red shift) in the band gap and emission peaks compared to thin InxGa1-xN films. 

Photoluminescence (PL) and cathodoluminescence (CL) peaks are strongly affected by 

deep level emissions (defects) and further red shift as thickness increases which indicates 

a continuation of relaxation [26,56]. 

 Although the critical layer thickness plays an important role in the growth and 

properties of InxGa1-xN films, there is no complete agreement on this thickness value. 

Various reports have placed the CLT for InxGa1-xN anywhere between 2 nm [57] and 150 

nm [26]. The large disagreement in the CLT is likely due to the type of substrate or buffer 

layer used as well as the composition of the growing InxGa1-xN film as both will affect 

the degree of lattice mismatch. InxGa1-xN films grown on a GaN buffer layer will 

typically remain strained under a thickness of 75 nm [58]. However, InxGa1-xN films 

grown directly on sapphire have been found to achieve relaxation after about 30 nm [43] 

For InxGa1-xN films grown with a GaN buffer layer, the mismatch will be a greater as the 

indium content in the InxGa1-xN film increases. Therefore, there is a strong relationship 

between film composition and CLT. Experimentally measured CLTs have been found to 

range from 150 nm for a 5% In content to 60 nm for 20% In before reaching a plateau at 

40 nm for higher In contents [26]. Using a model, smaller CLTs have been reported with 

the evaluation resulting in 100 nm for 10% In, 30 nm for 20% In and 10 nm for 40% In 

[56]. Figure 2.6 illustrates these two relationships between critical layer thickness and 

indium content in InxGa1-xN films [26,56]. 
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                 Figure 2.6: The effect of indium content on critical layer thickness [26,56] 

 

 

2.4.2. Determining the band gap of InxGa1-xN 
 

 Precise knowledge of the semiconductor‟s band gap (Eg) is critical for the design 

and fabrication of photovoltaic cells. Vegard‟s law, a composition-weighted relationship 

between band gaps at either end of the compositional range, is commonly used as an 

estimate for ternary materials. However, this equation produces a linear relationship 

between the endpoints which does not match experimentally observed values for    

InxGa1-xN properties. Instead, a bowing parameter (b) is added to improve accuracy. This 

bowing equation for the estimation of InxGa1-xN‟s band gap is presented [25]: 

  

                                                                    (2.1) 

 

 The addition of the bowing parameter in Equation 2.1 introduces a non-linear 

component (bowing effect) to the relationship. The magnitude of this bowing parameter 



27 

 

determines the deviation from a linear interpolation between the band gaps of InN and 

GaN. However, reports on the value of this bowing parameter vary widely depending on 

the InxGa1-xN crystal quality (strain, composition homogeneity), band gap of InN used 

and techniques employed to measure the band gap and indium content. For example, 

strained InxGa1-xN films are found to have higher bowing parameters than relaxed films 

[59]. 

 Most authors determine a bowing parameter between 1 eV and 3.8 eV with an 

average value of 2.17 eV [10,15,16,21,39,60-63]. Table 2.2 summarizes this range of 

bowing parameters found in the literature.  

 

Range of In 

Content (x) 

Bowing 

Parameter, b 

(eV) 

Experiment Details Source 

0 – 1 1.43 

Measurement technique: optical absorption and 

PL 

InN band gap: 0.77 eV 

Strain: relaxed 

[60] 

0.36 - 1 2.5 
Measurement technique: PL 

InN band gap: 0.7 eV 

Crystal Structure: wurtzite 
[15] 

0 - 1 2.17
a
 

Summary paper 
a
average value 

InN band gap: 0.7 eV 
Crystal Structure: wurtzite 

[10] 

0.67 - 1 1.72 

Measurement technique: spectroscopic 

ellipsometry 

InN band gap: 0.7 eV 

Crystal Structure: wurtzite 

Strain: nearly strain-free 

[39] 

0 – 0.2 2.6
a
, 3.2

b
, 3.8

c
 

a
measured using photoreflection (PR) – strained 

b
measured by PL - strained 

c
estimate for unstrained 

Crystal Structure: zinc-blende 

InN band gap: 1.89 InN 

[61] 

0.02 – 0.18 1.4 

Measurement technique: spectroscopic 

ellipsometry 

InN band gap: 1.8 eV 

Crystal Structure: zinc-blende 

[62] 

0 – 0.2 3.2 
Measurement technique: PL 

Strain: 1-2% 
[21] 

0 – 0.33 1.0 
Measurement technique: PL 

InN band gap: 1.9 eV 
[63] 
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0 - 1 1.5 

Measurement technique: transmission and 

reflection 

InN band gap: 1.9 eV 

Crystal Structure: wurtzite 

[16] 

Table 2.2: Bowing parameters reported with associated experimental details 

 

 However, due to the difficulty in growing In-rich InxGa1-xN films, many of these 

measurements are only based on films with low indium content. One author found a 

bowing parameter of 1.43 eV to fit the entire compositional range [60]. Figure 2.7 shows 

this fit along with band gap energies determined using a variety of measurement methods 

[60]. While this value is relatively accurate for any InxGa1-xN film composition, the 

author proposes a compositional dependent bowing parameter. Overall, the general lack 

of agreement in the bowing parameter introduces a degree of uncertainty in the estimation 

of the band gap of InxGa1-xN films. 

 

                  
         Figure 2.7: Band gap energies determined for InxGa1-xN films compared with two other sources  

         (Ref 6= [64]; Ref 7 = [65]). Solid line is the fit using a bowing parameter of 1.43 eV [60] 
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2.5. Performance of Current InxGa1-xN Solar Cells 
 

 While most InxGa1-xN research is conducted on improving the quality of its 

films, InxGa1-xN/GaN solar cells have been made and tested. In addition to a high density 

of dislocations and other defects that increase current leakage, InxGa1-xN solar cells also 

suffer from a difficulty in achieving both p-type doping and low-resistance Ohmic 

contacts [17]. P-type doping with magnesium as an acceptor remains challenging due to 

the strong surface accumulation of electrons in InxGa1-xN with higher indium contents. 

This effect can also act as a parasitic conductivity path between the contacts on InxGa1-xN 

solar cells [66]. Consequently, current InxGa1-xN cells show less than 2% efficiency [29]. 

Clearly there is a great deal of room for improvement as this falls well below the 

potential efficiency of 48.3% for a quad-junction InxGa1-xN solar cell [9]. 
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CHAPTER 3:  
   EXPERIMENTAL APPROACH AND EQUIPMENT USED 

 

3.1. Experimental Processes  
 

 

3.1.1. InxGa1-xN Film Deposition 
 

 The InxGa1-xN thin film samples used in this work were deposited by Mosaic 

Crystals Ltd. using a unique plasma-enhanced evaporation deposition process. The 

deposition chamber was pumped down to an initial vacuum pressure of 10
-4

 Pa. A 

tetraethyl orthosilicate precursor was used to grow a silicon dioxide coating on top of 

silicon wafer (100) substrates. Silicon wafers were used, instead of less expensive 

substrates such as glass, to allow for the monitoring of substrate temperature which was 

an important parameter of interest. This substrate was then ultrasonically cleaned before 

being resistively heated at 600°C. Next, the nitrogen plasma (50 V, 35 A) was introduced 

for 5 minutes while the substrate temperature was slowly lowered to 450°C (measured by 

infrared pyrometer). At this temperature, a 6 nm buffer layer of GaN was deposited and 

monitored in-situ by 30 kV reflective high energy electron diffraction (RHEED). At the 

onset of crystallization, the substrate temperature was raised to the desired level (between 

470°C and 500°C) and the gallium and indium shutters were opened simultaneously. The 

ratio of indium to gallium was controlled through the temperature of the sources and the 

deposition rate was calibrated using a quartz oscillator. The InxGa1-xN films are grown for 

13 minutes achieving a nominal film thickness of 112 nm. Table 3.1 summarizes the 

deposition parameters for each film. 
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Table 3.1: Summary of deposition parameters for each analyzed InxGa1-xN film 

 

3.1.2. Chemical Etching 
 

 Chemical etching was performed to selectively strip away metal impurities 

discovered on the surface of the InxGa1-xN films. In this process, the samples were placed 

in a 70°C solution of 0.1M sulfuric acid (1 mL of 99.9% pure sulfuric acid in 200 mL of 

distilled water) for 5 minutes. The beaker with the solution was heated using a hot plate 

and the temperature was monitored with a thermometer. Effects of this chemical etching 

can be seen in before and after SEM images and PL spectra presented in Figures A.49 

and A.50, respectively, of Appendix A. 

 

 

 

 

Sample 

Set 
Sample 

Number 
Date 

deposited 
Plasma 

Variables 

(V, A, 

aperture 

(mm)) 

Nominal 

Composition 

(In:Ga) 

Indium 

rate 

(A/s) 

Gallium 

rate 

(A/s) 

Total 

metal 

rate 

(A/s) 

Deposition 

Time (min) 
Nominal 

thickness  

(nm) 

Ts 
(°C) 

F18 I 7/6/10 50,35,8 pure Ga  1.3 1.3 13 112 500 

F18 II 7/6/10 50,35,8 0.1:0.9 0.13 1.17 1.3 13 112 500 

F18 III 7/6/10 50,35,8 0.2:0.8 0.26 1.04 1.3 13 112 500 

F18 IV 7/6/10 50,35,8 0.3:0.7 0.39 0.91 1.3 13 112 500 

F18 V 7/6/10 50,35,8 0.4:0.6 0.52 0.78 1.3 13 112 500 

F18 VI 7/6/10 ,50,35,8 0.5:0.5 0.65 0.65 1.3 13 112 500 

F18 VII 7/6/10 ,50,35,8 0.6:0.4 0.78 0.52 1.3 13 112 500 

F18 VIII 7/6/10 50,35,8 0.7:0.3 0.91 0.39 1.3 13 112 500 

F20 I 7/7/10 50,35,8 0.4:0.6 0.52 0.78 1.3 13 112 480 

F20 II 7/7/10 50,35,8 0.5:0.5 0.65 0.65 1.3 13 112 480 

F20 III 7/7/10 50,35,8 0.6:0.4 0.78 0.52 1.3 13 112 480 

F20 IV 7/7/10 50,35,8 0.7:0.3 0.91 0.39 1.3 13 112 480 

F22 I 7/8/10 50,35,8 0.8:0.2 1.04 0.26 1.3 13 112 470 

F22 II 7/8/10 50,35,8 0.9:0.1 1.17 0.13 1.3 13 112 470 

F22 III 7/8/10 50,35,8 pure In 1.3  1.3 13 112 470 
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3.1.3. Metal Contact Deposition 
 

 In order to perform dark and photocurrent measurements, a set of 50 nm-thick 

aluminium contacts was deposited on each of the InxGa1-xN samples. The contacts had a 

length and width of 7 mm and 2 mm, respectively, and were spaced 1 mm apart as 

illustrated in Figure 3.1. 

    

 Figure 3.1: Diagram of aluminium contacts for electrical measurements 

 

 A 3 kW Thermionics RC-series linear electron beam metal evaporator was used 

for the deposition. The evaporator uses a roughing pump as well as a cryogenic pump to 

reach a vacuum pressure of 2x10
-6

 Torr. A cathode assembly is used to accelerate 

electrons in a focused beam that vapourizes aluminium pellets in a crucible. The 

aluminium vapour then rises and condenses on the surface of the InxGa1-xN films. A 

customized mask was made with slits for the contacts as shown in Figure 3.1 thereby 

avoiding aluminium deposition on other regions of the films. A detailed experimental 

procedure can be found in Section B.2 in Appendix B. 
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3.2. Characterization Techniques 
  

 

 In order to thoroughly characterize a thin absorbing film such as InxGa1-xN, a 

wide variety of techniques must be employed. The following sections describe the 

equipment used and procedures performed in the characterization of InxGa1-xN‟s optical, 

compositional, microstructural and electronic properties.  

3.2.1. Spectroscopic Ellipsometry 

 

3.2.1.1. Background 

 The precise analysis of thin films with thicknesses ranging from microns down 

to a few angstroms presents difficulties for many characterization techniques. 

Spectroscopic ellipsometry (SE) has developed as a non-destructive, highly accurate 

measurement technique for the optical characterization of these thin films [1-3].  

 An ellipsometer is able to extract a wealth of information about a material by 

measuring the change in the state of polarization of light upon reflection from surface of 

the film. Light is an electromagnetic wave with an inherent electric field made up of two 

perpendicular components in the p-direction and s-direction (parallel and perpendicular to 

the plane of incidence, respectively). It is these s- and p- components of a light beam‟s 

electric field that change relative to one another upon reflection from a film surface. 

Ellipsometry measures these changes through the complex reflectance ratio:  

 

         
  

  
                             (3.1) 

 

where rp and rs are the Fresnel reflection coefficients for the p- and s- directions of the 

electric field, Ψ is the change in amplitude ratio and Δ is the change in phase shift.   
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 This measured change in polarization is very sensitive to the microstructure, 

thickness and optical properties of the material. However, SE is an indirect 

characterization method meaning this raw data must be analyzed to obtain useful 

information. This process will be described in Section 3.2.1.3. From the complex 

reflectance ratio, the complex index of refraction (ñ) can be solved for:  

 

          ñ(ω) = n(ω) + iκ(ω)              (3.2) 

 

where n is the index of refraction and κ is the extinction coefficient for a given material. 

The complex dielectric function is simply the square of the complex index of refraction, 

such that:  

 

          ε(ω) = ε1(ω) + iε2(ω)              (3.3) 

 

These real and imaginary components of the dielectric function, ε1 and ε2, are the primary 

optical properties of interest as they describe how light interacts with a material. The 

quantity ε1 represents the degree to which polarization occurs when an electric field such 

as light is applied to a material. The quantity ε2 represents the absorption in a material. It 

is zero when a material is transparent [4].  
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3.2.1.2. Ellipsometric Measurement Process 

 This ellipsometry measurement process and equipment required is shown in 

Figure 3.2. 

 

  Figure 3.2: Ellipsometry measurement process using a J.A. Woollam V-VASE unit 

 

 In this work, ellipsometry measurements were taken using a J.A. Woollam Co. 

vertical-variable spectroscopic ellipsometer (V-VASE). A VB-400 Control Module 

contains the power supply and motor drivers. There are multiple steps needed to measure 

the change in polarization. First, a 75 W xenon arc lamp generates broadband light. The 

double-chamber HS-190 monochromator is a Czerny-Turner Scanning Monochromator 

which uses gratings to filter this broadband light down to the selected wavelength while 

eliminating harmonics. This beam of light then passes through a fibre optic cable 

reaching the polarizer. In order to measure the change in polarization, the exact 

polarization state of the light beam must be known before and after interaction with the 

material. The polarizer transforms the unpolarized light beam into a specific linearly 

polarized state. Following the polarizer, an AutoRetarder provides additional polarization 

options which can be implemented to improve measurement accuracy. At this point, the 
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collimated light beam with a known polarization state is reflected off the sample 

(mounted on a stage) at a specific incident angle. The spot size is 2 mm and an alignment 

detector ensures ideal positioning for light reflection. This reflected light beam then 

passes through an iris into an analyzer. This analyzer is in fact a rotating polarizer which 

measures the intensity of light at each polarization state. The transmitted light is then 

converted into an electric signal (voltage) by either the silicon or InGaAs detector.  

 Two angles of incidence were chosen for the ellipsometry analysis: 70° and 78°, 

centred on the 74° Brewster angle of the silicon substrate. For each angle, measurements 

were taken between 0.6 eV and 4.5 eV at 0.025 eV intervals. Additional parameters 

include: Revolutions set to 20 revs/s, Dynamic Averaging (100 max) on, and Track 

Polarizer on. At the onset of each set of tests, the ellipsometer was calibrated using a 

reference silicon film. Additionally, every sample tested is aligned using an alignment 

detector to ensure optimal positioning for light reflectance.  

 

3.2.1.3. Data Analysis (Modelling) Procedure 

 Upon measurement, the ellipsometer converts the polarization change into its 

two data outputs: psi (Ψ) and delta (Δ). These parameters represent the change in 

amplitude ratio and change in phase difference, respectively, of the s- and p- electrical 

field components. Since ellipsometry is an indirect characterization method, this raw data 

must be modelled through a regression-based data analysis in order to extract physical 

information about the thin films. It is important to provide a good first approximation of 

the sample‟s characteristics to ensure the data fitting algorithm reaches a physically 

accurate global minimum (true solution) rather an erroneous local minimum. For this 

reason, the properties solved for are often verified using a secondary characterization 
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method (ie. film thickness using SEM). Using this modelling method, important 

information such as film thickness, surface roughness, optical constants (dielectric 

constants: ε1 and ε2; index of refraction: η and extinction coefficient: κ) and absorption 

coefficients, α, can be obtained [5]. 

 In developing a parametric model to fit the raw ellipsometric data, each unique 

layer of a sample must be represented in the model. For this work, a four-layer model was 

developed (from bottom up): silicon, silicon dioxide (SiO2), InxGa1-xN (represented by 

Gaussian oscillators) and surface roughness (50% InxGa1-xN and 50% voids). Fitting of 

the model‟s generated data to the experimental data was improved by including a 

compositional gradient in the InxGa1-xN layer. A model best fit is found by minimizing 

the mean squared error (MSE) between the Ψ and Δ parameters measured by the 

ellipsometer and estimated from the model according to: 

 

     
 

    
   

  
     

 
   

 
   
    

 

  
  
     

 
   

 
   
    

 

  
                                   (3.4) 

 

where N is the number of (Ψ,Δ) pairs, M is the number of variable parameters in the 

model and σ is the standard deviations on the experimental data points. A detailed 

explanation of the modelling process is provided in Section 5.2.3. The model developed 

to accurately fit the ellipsometric data is illustrated in Figure 3.3 (thicknesses not to 

scale). 
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     Figure 3.3: Ellipsometric model representing InxGa1-xN samples with average layer thicknesses  

 

 

3.2.2. Tauc Plots to Determine the Optical Gap 
 

 One of the properties that can be obtained from ellipsometry modelling is a 

material‟s absorption coefficients as a function of photon energy. Employing the Tauc 

method, this absorption data was used to estimate the optical gap of the InxGa1-xN films 

[6]. In this method, a Tauc plot is constructed by plotting (αhν)
1/2

 versus (hν). The optical 

gap is equal to the x-intercept found by extrapolating the linear portion of the curve to the 

energy-axis. This procedure is illustrated in Figure 3.4. 
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                 Figure 3.4: Tauc plot used to estimate the optical gap of a material (1.45 eV)  

 

 A least-squares regression produces the line-of-best-fit for the linear section of 

the curve. From this trend line, the x-intercept is solved for giving the optical gap of the 

material. The section of the Tauc curve producing the highest R
2
 (above 0.999; spanning 

a minimum of 0.5 eV) was used to generate the line-of-best-fit. Once the optical band gap 

is found, the indium content can be closely approximated using the Bowing equation 

(2.1).  

 

3.2.3. Photoluminescence 
 

 Photoluminescence (PL) is a non-destructive optical characterization technique 

with great applicability in the analysis of semiconductors. In this technique, a light source 

(typically a laser for strong intensity) is used to excite electrons within a material. As the 

electrons radiatively decay back down to a relaxed state, a photon equivalent in energy to 

this decay is emitted (luminescence) and analyzed by a spectrometer. Depending on the 

energy of the light source, the photons released provide valuable information such as the 
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semiconductor‟s band gap as well as the density and energy level of defects and 

impurities [7].  

 In this work, low-temperature PL measurements on the InxGa1-xN samples were 

performed by Dr. Halliday at Durham University in Durham, England. A Coherent 

Innova 90 argon ion laser with a wavelength of 457.9 nm (2.71 eV) was used to excite the 

InxGa1-xN films. Ttuning prism, line filter and a series of mirrors were used to ensure this 

specific wavelength was finely focused on the samples with a spot size of 1 mm. PL 

measurements were taken at nine different laser intensities between 5 mW and 275 mW. 

A Cryomech ST405 closed cycle helium cryostat held the sample at a temperature of 3.0 

K. Two lenses were employed to focus the emitted light into a Bentham TM300V 

monochromator. The light beam next reached a 1024 element EG&G PARC 1453A 

silicon photodiode array. An EG&G PARC 1471 detector then produced an electrical 

signal from this emitted light generating the PL peak intensity curves. The detector‟s 

range, 423.8 nm (2.92 eV) to 970.5 nm (1.28 eV), spans the nominal band gaps of the 

films but would not capture emissions from pure GaN or InN regions. In order to keep the 

laser light out of the spectrometer, coloured glass Schott filters OG515 and GC495 were 

applied to filter out light above 515 nm (2.41 eV) and 495 nm (2.51 eV) respectively. The 

detector temperature was maintained at -20°C and a 20 second exposure time was used.  

 In order to obtain an estimate of the indium content in each InxGa1-xN film, the 

PL spectra must be fit to find the primary emission peak (corresponding to the films‟ 

band gaps). The software OriginPro 8.5 was used for this purpose. A Fast-Fourier 

Transform (FFT) smoothing operation was first used followed by either one or two 
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Gaussian oscillators depending on the shape of the PL spectra. This peak fitting is 

illustrated in Figure A.16 of Appendix A.  

 

3.2.4. Scanning Electron Microscopy 
 

 Scanning electron microscopy (SEM) is a qualitative measurement technique 

used to obtain high-resolution images of a material‟s surface. A high-energy beam of 

electrons is emitted from an electron gun onto a sample emitting secondary electrons, 

backscattered electrons, characteristic x-rays and photons of varying energies [8]. The 

secondary electrons, which have been ejected from the material‟s atoms by the electron 

beam, are captured by a detector. Since these secondary electrons vary primarily due to 

differences in surface topography, a high-resolution image of a material‟s surface can be 

produced from the analysis of these particles. Images can be made with such high 

resolution because emissions of the secondary electrons are confined to a very small 

region near the narrow electron beam impact position (especially at low acceleration 

voltages). Additionally, the large depth of field of the SEM allows for a seemingly three-

dimensional representation of the surface topography in the images. 

 In this work, a Leo/Zeiss 1530 Field Emission Scanning Electron Microscope 

(FESEM) was used to produce top-down and cross-sectional images of the InxGa1-xN 

films. The microscope uses a Gemini Schottky field-emission electron gun with a 

tungsten tip to generate an electron beam with an acceleration voltage ranging from 2 kV 

to 25 kV. A voltage of 3.8 kV was used for the imaging of these InxGa1-xN samples. The 

rated resolution of the SEM is approximately 2.6 nm for the 3.8 kV electron voltage used. 

The field of view is 6 mm at the analytical working distance. The detector used is an 
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Everhart Thornley Secondary Electron Detector. A roughing pump and turbo pump were 

both used to achieve a vacuum pressure between 10
-5

 and 10
-6

 Torr.  

 For each sample, images were taken at 32x (minimum), 10,000x, 50,000x and 

150,000x magnifications giving a range of information on overall film quality and 

microstructure as well as a more detailed look at individual nanocolumns. Select samples 

were cleaved for the production of cross-sectional images.  

 

3.2.5. Secondary Ion Mass Spectroscopy 
 

 Secondary ion mass spectrometry (SIMS) is a technique used to analyze the 

composition of solid surfaces and thin films. The surface of the sample is sputtered with a 

focused primary ion beam and the ejected secondary ions are collected and analyzed. 

These secondary ions are measured with a mass spectrometer to give a depth profile 

(dynamic SIMS) of the elemental, isotopic, or molecular composition of the thin film. As 

a result, SIMS is an extremely sensitive analysis technique with the ability to detect 

elements in the parts per billion range. However, SIMS is a destructive technique since 

the sputtering forms a crater in the sample‟s surface.  

 The InxGa1-xN samples were sent for SIMS analysis to the Surface Science 

Western Research Laboratory
1
 at the University of Western Ontario (UWO). This 

characterization was performed for three primary reasons: to determine the change in 

InxGa1-xN composition as a function of depth, to discover whether there was indium 

segregation at the surface or within the film, and to quantify the level and type of 

impurities in the films. The lab uses a Cameca IMS-3f microprobe using a negative 

oxygen ion beam and monitoring positive secondary ions of interest. The samples were 

                                                 
1
 http://www.surfacesciencewestern.com/ 

http://www.uwo.ca/ssw/index.html
http://www.uwo.ca/ssw/index.html
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gold coated before the analysis to control charging tendencies. The depth scales were 

obtained by measuring the SIMS craters with a Tencor P-10 surface profilometer. The 

analyzed area was 60 µm in width. 

 

3.2.6. Energy-Dispersive X-Ray Spectroscopy 
 

 Scanning electron microscopes (SEMs) are often equipped with energy-

dispersive X-ray (EDX) spectroscopy units. In addition to secondary electrons, 

backscattered electrons and X-rays are generated by the electron bombardment in an 

SEM. EDX uses these emitted X-rays to obtain an elemental analysis of the sample. 

Since each element has a unique atomic structure, an energy-dispersive spectrometer can 

be used to detect the X-rays and determine which element they were emitted from giving 

an elemental composition of the material‟s surface.  

 The InxGa1-xN samples were sent for EDX analysis to the Surface Science 

Western Research Laboratory at UWO. This characterization was performed to determine 

whether indium segregation occurred in the deposition of certain films and detect the 

presence of nanocolumnar formations. The samples were examined using a Hitachi 

S4500 FESEM equipped with a Quartz XOne EDX spectrometer. An 8 kV electron beam 

voltage was applied. 

 

3.2.7. Dark Current and Photocurrent  

 

 In order for a semiconductor to be used effectively in a solar cell, the material 

must have good electronic properties. The photoresponse of a material gives an indication 

of the density of photogenerated carriers and the ease with which these electrons can be 

http://www.uwo.ca/ssw/index.html
http://www.uwo.ca/ssw/index.html
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extracted. The photoresponse was measured by comparing the current produced by the 

InxGa1-xN films in dark conditions (dark current) and under illumination (photocurrent).  

 To measure the current, two parallel 50 nm thick aluminium contacts were 

deposited on the surface of the films as described in Section 3.1.3. Signatone model S-

750 microholders (probes) with tungsten tips were used to extract the current from the 

surface contacts. 1 mm wide cylinders of conductive rubber were attached to the tip of 

the probes to avoid scratching the aluminium contacts.  

 A Keithley 2400 SourceMeter was used to apply voltage and measure the 

resulting current. The voltage range applied was +/- 0.5V with an error less than +/- 

0.2%. The current measurements are accurate to +/- 0.3%. A PV Measurements, Inc. 

Solar Cell I-V Curve Testing System Model IV5B with Class AAA Solar Simulator was 

used to provide illumination. The light output, originating from a 450 W xenon arc lamp, 

was calibrated using a silicon calibration cell to produce the light intensity of exactly one 

sun. A built-in Air Mass (AM) 1.5 spectrum filter matched the light output to that of the 

solar spectrum passing through Earth‟s atmosphere and reaching sea level.  

 

3.2.8. High Resolution X-Ray Diffraction 
 

 High resolution X-ray diffraction (XRD) measurements were taken to examine 

the microstructure and lattice parameters of InxGa1-xN nanocolumnar films. A Phillips 

X‟Pert Diffractometer with a Cu-Kα (1.54 Å) anode source operating at 50 kV and 30 

mA was used with measurements focused around the (0002) reflection. The XRD data 

was fit with Gaussian profiles and the relative intensities for each sample were 
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determined by normalizing the InxGa1-xN (0002) reflection peak count to the background 

count. 

 

3.2.9. ImageJ Analysis of Nanocolumns 
 

 The open-source, Java-based software program ImageJ
2
 was used to determine 

the packing fraction (or equivalently void fraction) of InxGa1-xN nanocolumn films using 

top-down SEM images. This analysis was performed to examine the effect of 

composition and substrate deposition temperature on nanocolumnar properties.  

 Four imaging processes were applied to the SEM images in order to calculate the 

packing fraction. First, Thresholding was performed to separate by colour the voids from 

the tops of the nanocolumns. Next, the Close process was performed to close off tops of 

the columns (hexagonal tops of the wurtzite structure represented as circles). Then, the 

Fill Holes process was performed in case any column tops are not fully filled in a solid 

colour. At this point, the Watershed Maxima process was used to separate the 

nanocolumn tops into individual particles for counting. Finally, Analyze Particles feature 

was then used to quantify the number of nanocolumns and the packing fraction. The 

sizing parameters were set to “10 - infinity” and the circularity to “0.5 - 1” in order to 

exclude erroneous particles that do not correspond to the surface of a nanocolumn. 

 

 

 

 

 

 

 

 

 

                                                 
2
 http://rsbweb.nih.gov/ij/ 
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CHAPTER 4:  
  THE EFFECTS OF SUBSTRATE TEMPERATURE ON INDIUM   
 GALLIUM NITRIDE NANOCOLUMN CRYSTAL ENGINEERING3                      

 

4.1. Introduction 
 

 The growing environmental concerns on the combustion of fossil fuels are driving 

a renewed interest in developing  third-generation photovoltaic (PV) devices, which use 

less raw materials and have higher efficiencies than conventional silicon PV [1,2]. One of 

the most promising techniques for improving PV efficiency is the use of multi-junction 

cells to absorb a wider energy range of incident photons [3]. Indium gallium nitride 

(InxGa1-xN) is an ideal material candidate for multi-junction cells as its range of band 

gaps covers the solar spectrum: 0.65 eV to 3.4 eV depending on the relative indium 

content, x [4-7]. Recent investigations into InxGa1-xN single-junction photovoltaics have 

reported successful results in achieving significant photoresponses from experimental 

devices [8,9].  

 In addition to band gap engineering, PV device performance can be improved by 

engineering the microstructure of the material to increase the optical path length and 

provide light trapping. For this purpose, nanocolumns are candidates for the ideal 

microstructure as it has been shown that when the diameters of these nanocolumns are 

optimized, resonant behavior is observed [10]. Furthermore, nanocolumns offer a 

reduction in strain and defect states, and can improve flexibility and wear characteristics 

on the macro scale [11,12]. Similar benefits are observed in solid-state lighting 

                                                 
3
 S. Keating, M.G. Urquhart, D.V.P. McLaughlin and J.M.Pearce, “Effects of Substrate Temperature on 

Indium Gallium Nitride Nanocolumn Crystal Growth”, Crystal Growth & Design, 11 (2), pp 565–568, 

2011. http://dx.doi.org/10.1021/cg101450n 
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technologies such as LEDs, with the addition of a dramatic increase in photoemission 

over that of planar films [13-16]. Improvements in microstructure over previous work 

include the absence of secondary columns and a simplified growth process over etching 

techniques [16,17]. These lead to improvements in optoelectronic properties - a crucial 

property for photovoltaic devices. 

 Achieving uniform depositions of InxGa1-xN needed for optoelectronic devices has 

proven challenging and can be attributed primarily to the difference in lattice spacing 

between InN and GaN [18-20]. This lattice mismatch has resulted in phase segregation 

and decreases in crystalline and optical quality [21-23]. Sophisticated deposition 

techniques such as molecular beam epitaxy (MBE), metal organic chemical vapour 

deposition (MOCVD), and hydride vapour phase epitaxy (HVPE) systems have achieved 

promising InxGa1-xN film depositions [9,17,24,25]. Unfortunately these techniques are 

not economically scalable for large area (>1m
2
) monolithic integration of PV.  In 

addition, many of the best InxGa1-xN films were grown on expensive sapphire substrates. 

To overcome these challenges, this paper reports on studies using scalable plasma-

enhanced evaporation deposition of InxGa1-xN on an amorphous SiO2 substrate where the 

ratio of metal source rates (indium/gallium) and substrate temperature were manipulated 

to investigate the effects on microstructure and composition to create nanocolumns 

appropriate for PV device integration. 

 

4.2. Experimental 
 

 InxGa1-xN thin films are deposited by a plasma-enhanced evaporation technique at 

a vacuum pressure of 10
-4

 Pa (prior to plasma introduction) and monitored in-situ by 30 
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kV reflective high energy electron diffraction (RHEED) [26,27]. Silicon wafer (100) 

substrates have a 100 nm silicon dioxide coating grown with a tetraethyl orthosilicate  

precursor and are ultrasonically cleaned before being resistively heated at 600
o
C in the 

deposition chamber. A nitrogen plasma source (100 V, 45 A) is subsequently opened for 

5 minutes while the substrate temperature (Ts), measured by infrared pyrometer, is 

lowered to 450
o
C to grow a 10 nm buffer layer of GaN to achieve adhesion. After 

RHEED shows the first signs of crystallinity in the GaN film via diffraction patterns, Ts 

is increased to the deposition temperature, and the indium and gallium shutters are 

opened simultaneously. This yields the prescribed deposition rate, which is calibrated 

using a quartz oscillator. Deposition of the InxGa1-xN film is continued for 30 minutes to 

achieve nominal film thicknesses of 200 nm.  

 Growth of the nanocolumns is believed to follow the self-catalyzing „Ga balling‟ 

vapour-liquid-solid (VLS) mechanism reported in the literature for GaN and InxGa1-xN 

nanocolumns [7,28-30]. In this mechanism, Ga liquid droplets form on the SiO2 substrate 

and establish liquid-solid interfaces. InxGa1-xN then selectively grows upwards from these 

GaN (Ga nitrided to GaN) islands forming nanocolumns. 

 By changing the temperature of the sources, the ratio of metal source rates 

(indium/gallium) was varied. This ratio and Ts were manipulated to investigate the effects 

on microstructure and composition. Two InxGa1-xN sample sets are examined in this 

work, in addition to a control sample: Ts = 480
o
C (A), Ts = 540

 o
C (B), and Ts = 500

o
C 

(C). Within each sample set, the nominal indium source rate was altered from x = 0.2 to  

x = 0.5 in increments of x = 0.1, with sample number increasing with indium content. 

Sample C1 is pure GaN and is used as a control sample with an indium content of x = 0. 
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 Electron microscopy imaging was conducted using a Leo Zeiss 1530 field 

emission scanning electron microscope (FESEM) and cross-section views were achieved 

by cleaving the samples with a diamond scribe.  

 The microstructure and lattice parameters were also examined using high 

resolution X-ray diffraction (XRD) focusing around the (0002) reflection. A Phillips 

X‟Pert Diffractometer was used with a Cu-Kα (1.54 Å) anode source operating at 50 kV 

and 30 mA. XRD data was fit using Gaussian profiles and the relative intensities were 

found by normalizing the InxGa1-xN (0002) reflection peak count to the background count 

for each sample.  

 The software program ImageJ was used to determine the void fraction of the 

InxGa1-xN nanocolumn layers as determined from top down SEM images. Thresholding, 

closing, filling and watershed processes were employed followed by a particle analysis. 

 

4.3. Results and Discussion 
 

 Uniform films of InxGa1-xN were successfully deposited as seen in Figures 4.1 and 

4.2 and the microstructure was significantly influenced by the indium content of the 

samples. The FESEM images reveal distinct nanocolumns in the samples with lower 

indium incorporation (samples A1 and A2 and sample set B). The observed nanocolumns 

are hexagonal in geometry, which is expected due to the wurtzite structure of InxGa1-xN 

[17,31]. The columns are approximately normal to the substrate surface, show a high 

degree of order and display dimensional uniformity between individual columns. Since 

the evaporation technique is directionally tunable, another method of microstructural 

optimization is made available for future investigation. As the nominal indium content 
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increases, the crystallinity decreases and a less ordered microstructure (losing distinct 

nanocolumns) is observed (samples A3 and A4). The widening of the nanocolumn 

diameter with indium content as seen in Figures 4.1 and 4.2 are consistent with the 

findings of Kuykendall [7]. In comparing materials with similar indium contents, an 

increase in average nanocolumn diameter was also noted for materials grown at the 

higher temperature (set B).  

  
          (a)                  (b) 
Figure 4.1: FESEM images showing (a) a decrease of crystalline order in microstructure with increasing 

indium content: A1 x = 0.21, A2 x = 0.32, A3 x = 0.36 and A4 x = 0.57, with all samples shown deposited 

at 480
o
C. The edge view in (b) shows a cross section of sample A2 as shown in (a) as cleaved with a 

diamond cutter taken perpendicular to the substrate surface. Note the broken columns are the result of 

cleaving and are not present in the undisturbed portions of the film. Average diameter of nanocolumns 

ranges from 15 nm to 25 nm. 

 

The corresponding FESEM images for sample set B grown at the higher temperature of 

540
o
C are shown in Figure 4.2: 
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Figure 4.2: FESEM images showing increase in nanocolumn diameter with increasing indium content: B1 

x = 0.08, B2 x = 0.24, B3 x = 0.29 and B4 x = 0.33, with all samples shown deposited at 540
o
C. Average 

diameter of nanocolumns range from 20 nm to 100 nm. 

 

 To verify the sample composition and provide a more quantitative view of the 

microstructure, XRD analysis was completed (Figure 4.3). Vegard‟s law was used to 

determine the indium content of each sample by taking a linear fit between the known c-

lattice parameters of relaxed GaN (c = 5.185 Å) and InN (c = 5.703 Å) [19,32,33]. In 

order to apply Vegard‟s law in this manner, the film must be relaxed and not under 

considerable strain [34]. It is assumed that the films are sufficiently relaxed as the 200 nm 

film thickness is significantly larger than the critical layer thickness predicted by the 

model suggested by People and Bean as well as other experimental data in the literature 

for indium compositions ranging from x = 0 to x = 0.5 [35-37]. However, it should be 

noted that this model was based on planar films. 

 As seen in Figure 4.3a, the XRD results show a clear shift in the (0002) InxGa1-xN 

peak, which indicates that the change in nominal source rates is being successfully 

reflected in the indium content of the samples. At the higher Ts of 540
o
C less indium is 

being uniformly incorporated into the film than at 480
o
C. This is consistent with the 

literature and is a result of the higher temperatures increasing the desorption rate of 
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indium atoms [24,38,39]. The relative peak intensity of the XRD results seen in Figure 

4.3b is an indication of uniformity of the nanocolumns‟ orientations. Sample set A shows 

higher XRD intensities than set B which is reflected by the increased density and order of 

sample set A (at similar indium levels)
4
. The FWHM, shown in Figure 4.3c, is an 

indication of crystallinity and the distribution of compositional phases of the sample. It 

also shows a decrease in crystallinity with samples grown at higher Ts, which is 

surprising as InxGa1-xN film crystal quality should improve with higher substrate 

temperatures given results elsewhere in the literature for InxGa1-xN films [18,24]. This 

unexpected result can be explained by a difference in void fractions of the InxGa1-xN 

nanocolumn layer between the two sets of samples. The samples in set A (480
 o
C) show 

thinner but more closely packed nanocolumns compared to sample set B (540
 o

C). An 

ImageJ analysis of the SEM images determined that sample set A averages 23% fewer 

void spaces. Since there are fewer gaps for light to reflect off the amorphous sublayer 

during XRD measurements, the lower temperature samples (set A) would appear more 

crystalline even if the InxGa1-xN columns themselves are not. However, this reduction in 

void spaces may not fully explain the difference in peak widths and this anomalous trend 

warrants future investigation.  

  Another trend in the FWHM indicates that increased indium content reduces the 

crystallinity and increases the compositional modulation. This trend is also dependent on 

temperature, with the higher Ts set displaying a steeper increase in FWHM with indium 

content.  A similar trend has been previously observed by Ruterana and Deniel, who 

found that as the indium composition increased above 15%, a marked trend of decreasing 

                                                 
4
 The elevated intensity of A2 (x=0.32) must be examined further or remeasured however the trend of 

decreasing intensity with temperature remains true  
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crystallinity and increased phase segregation was observed [21]. This phenomenon can be 

attributed to the difference in atomic spacing between InN and GaN becoming a 

significant issue at higher indium/gallium ratios. 

 

 

 

 

 

(a) 

  
(b) (c) 

Figure 4.3: The results of XRD analysis show (a) the shift of the extracted (0002) reflection peak from a 

model fit to the collected data with indium composition, (b) the decrease in degree of crystallinity 

accompanying temperature as evidenced by the lower intensity of the (0002) reflection and (c) the 

broadening of compositional phase distribution with temperature as represented by the FWHM (dotted lines 

are only to guide the eye and to aid in distinguishing between sample sets).  
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 No distinct phase segregation was observed, which could be a result of an 

adequate source of nitrogen radicals from the nitrogen plasma [40]. Although, it should 

be pointed out that measurements described here are not sensitive enough to draw 

conclusions about phase separation (depending on cluster sizes for instance, which could 

result in composition fluctuations on the nm-scale). These results are promising for 

potential applications in optoelectronics, as the high degrees of crystallinity reduce non-

radiative recombination centers and dislocations.  The increased surface area provided by 

the nanocolumns offer opportunities for improved light output for solid-state lighting 

resulting in higher efficiencies [13-15].  The oriented nanocolumnar structure also has 

benefits in simulations for photocarrier absorption and separation over planar solar 

photovoltaic structures [11]. 

 

4.4. Conclusions 
 

This work has demonstrated the capability of a scalable
5
 deposition option for 

InxGa1-xN nanocolumn films for photovoltaic and solid-state lighting technologies. The 

control of the growth kinetics and composition of the films is critical for future 

developments that require specific microstructures and defined band gaps.  These 

experiments have shown that nanocolumnar microstructures are favored at lower indium 

compositions and that lower temperatures have lead to thinner, but more closely packed 

nanocolumns. The high degree of crystallinity and unique geometry demonstrated in the 

nanocolumns grown offer interesting potential for solar photovoltaics and other 

optoelectronics devices. 

                                                 
5
 To manufacturing-scale production 
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CHAPTER 5:  
 ANALYTICAL MODEL FOR THE OPTICAL FUNCTIONS OF 
INDIUM GALLIUM NITRIDE WITH APPLICATION TO THIN               
                FILM SOLAR PHOTOVOLTAIC CELLS6 

 

5.1. Introduction 
 

 

 While indium gallium nitride (InxGa1-xN) semiconductors have been used in blue 

and ultraviolet LEDs for many years [1,2], only recently has significant research been 

performed on the material for solar photovoltaic (PV) applications. The optoelectronic 

properties of InxGa1-xN make the material very well-suited for use in PV because the 

band gap of InxGa1-xN can be tuned from 0.7 eV to 3.4 eV by altering the indium   

content (x) in the material. However, indium nitride (InN) and gallium nitride (GaN) have 

a lattice mismatch of 10% which results in phase segregation and poor quality In-rich 

films under most growth conditions with conventional MBE or MOCVD methods [3]. As 

a result, a number of optical characterization studies have been performed on InxGa1-xN 

alloys with low indium contents (x) [4-8] but  few on alloys with x>0.2 [9]. Fortunately, 

these alloy films can be created using a new plasma-enhanced evaporation deposition 

process, which is well-suited for large-scale manufacturing of photovoltaic devices 

because it can deposit InxGa1-xN on silicon dioxide with a thin GaN buffer layer [10]. 

This paper presents the results of optical characterization using spectroscopic 

ellipsometry of wurtzite InxGa1-xN thin films with medium indium content 

(0.375<x<0.679) and proposes an analytical model for the optical functions of InxGa1-xN.  

                                                 
6
 Dirk V. P. McLaughlin and J.M. Pearce, “Analytical Model for the Optical Functions of Indium Gallium   

Nitride with Application to Thin Film Solar Photovoltaic Cells”, (under review). 
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  Optical characterization via ellipsometry to determine the optoelectronic 

properties of a material for device design is extremely valuable given a reliable analytical 

model. In this paper, a Kramers-Kronig consistent parametric model using Gaussian 

oscillators to describe the absorption has been developed to fit the real and imaginary 

components of the dielectric function (ε1, ε2) of InxGa1-xN films. Gaussian oscillators, 

while typically used for amorphous materials, can be used in the modelling of a wide 

range of materials that are transparent in some portion of the spectral range. This owes to 

the fact that ε2 rapidly approaches zero on either side of the absorption peak.  

 

5.2. Experimental  
 

5.2.1. Sample Preparation 
 

The InxGa1-xN films were deposited using a plasma-enhanced evaporation 

process, which has been previously described in detail in Chapter 4 [10]. First, 6 nm GaN 

buffer layers were deposited on silicon wafer (100) substrates with a silicon dioxide 

coating. On top of this layer, 125-200 nm InxGa1-xN films were grown at a rate of 1.3 Ȧ/s 

with a substrate temperature between 470
o
C and 500

o
C for the films analyzed in this 

paper.  

The ratio, x, of indium to gallium was altered by changing the temperature of the 

metal sources. This value was determined by the Tauc method using absorption data 

obtained from the spectroscopic ellipsometry models. In this method for interband 

transition [11], a Tauc plot is created relating the absorption coefficients (α) with photon 

energy (E) by plotting (αE)
1/2

 versus E. The optical band gap is equal to the x-intercept 

found by extrapolating the linear portion of the curve to the energy-axis. Once the optical 
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band gap is found, the indium content can be closely approximated using the Bowing 

equation [3,12,13], given by:  

 

                  Eg(InxGa1-xN) = Eg,InNx + Eg,GaN(1-x) – bx(1-x)                  (5.1) 

In equation 5.1, Eg(InxGa1-xN) refers to the band gap of InxGa1-xN in eV, Eg,In is the band 

gap of InN (0.7 eV) and Eg,Ga is the band gap of GaN (3.4 eV). A bowing parameter, b, of 

1.43 eV was found to best approximate wurtzite InxGa1-xN over the entire compositional 

range [13,14]. 

 

5.2.2. Ellipsometric Measurements 
 

 The InxGa1-xN films were characterized via spectroscopic ellipsometry using a 

J.A. Woollam Co., Inc. vertical-variable angle spectroscopic ellipsometer (V-VASE). An 

AutoRetarder was used which improves the data measurement accuracy. Two angles of 

incidence were chosen: 70
°
 and 78

°
 (centred on the 74

°
 Brewster angle of the silicon 

substrate). At each angle, measurements were taken at 0.025 eV intervals within a 

spectral range of 0.6 eV (2065 nm) and 4.50 eV (275 nm).  

 

5.2.3. Parametric Modelling  
 

 Ellipsometric measurements of the InxGa1-xN films yield two parameters, Ψ (phi) 

and Δ (delta), for each wavelength and angle of incidence. These raw data parameter 

curves are generally not useful themselves, but must be modelled through a regression-

based data analysis in order to extract physical information about the thin films. Through 

this method important information such as film thickness, surface roughness, optical 
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constants (dielectric constants: ε1 and ε2; index of refraction: η and extinction coefficient: 

κ) and absorption coefficients, α, can be obtained [15]. 

 In developing the parametric model, each unique layer of material in the sample 

must be represented in the model and was built on a J.A. Woollam Co. standard tabulated 

Si and associated SiO2 substrate.  The next layer on the sample (bottom up) is the 6 nm 

GaN buffer layer which was found to have no effect on the model fit (zero thickness) for 

any of the samples run so it was excluded as an individual layer. Its thickness would be 

automatically included in the subsequent InxGa1-xN layer.  

 Since the InxGa1-xN films‟ microstructure and composition are unique to the 

deposition process and growth conditions, their optical constants cannot be represented 

by standard tabulated values so parametric dispersion relationships must be used. For this 

reason, the ellipsometric output, Ψ and Δ, were restricted to the non-absorbing regions 

(this would vary depending on the band gap of the InxGa1-xN films) so that a Cauchy 

layer with Urbach absorption (imperfect crystal with some absorbing states below its 

band gap) could be used for this portion. Once a strong fit was obtained, the thicknesses 

and Cauchy parameters were fixed and a point-by-point fit of the Cauchy layer optical 

constants was performed starting from the longest wavelengths. In order to produce a real 

physical shape for dispersion over the entire range (absorbing regions now included), the 

Cauchy layer is converted to a general oscillator layer to enforce Kramers-Kronig 

consistency. Unlike other ellipsometry characterizations of InxGa1-xN films, which use 

relatively complex oscillators such as Tauc-Lorentz [7], two or three simple Gaussian 

oscillators were found to fit the data very well. For most samples, the fit was improved by 

modelling the InxGa1-xN films as graded layers indicating a slight gradient in composition 
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or microstructure. The gradient trend shows an increase in the index of refraction from 

substrate to surface as film indium content increases. This is attributed to fewer void 

spaces at the surface (more tightly packed 3-D islands/nanocolumns) at the surface – a 

phenomenon which has been previously reported [10]. 

 To account for surface roughness, a fourth layer was added to the model. This 

layer is treated as a Bruggeman Effective Medium Approximation (EMA) consisting of a 

50/50 mixture of InxGa1-xN film and void space (n=1) [16]. The fit quality was further 

improved by including a thickness non-uniformity option (under 2%).  

 

5.2.4. Scanning Electron Microscopy 
 

 The improvement in fit quality from the surface roughness model layer indicated 

an uneven surface layer which was confirmed through scanning electron microscopy 

(SEM) imaging. A LEO 1530/Zeiss Field Emission microscope was used at an 

acceleration voltage of 3.8 kV. Additionally, cross-sectional imaging of the InxGa1-xN 

films was performed to confirm the thicknesses determined by the model. SEM images 

can be found in Section A.3 in Appendix A. 

 

5.3. Results and Discussion 
 

5.3.1. Extracting the Optical Constants  
 

 Figure 5.1 shows an example of experimental data (change in amplitude ratio, Ψ, 

and phase difference, Δ, for the p- and s- components of the light beam‟s electric field) 

and the model fit for a 179 nm-thick InxGa1-xN film with an estimated indium content of 

x=0.535 grown on silicon dioxide and a thin GaN buffer layer. Only one angle of 
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incidence (70°) is shown for clarity. As can be seen in Figure 5.1, the fit is very good 

producing a mean-squared error (MSE) of 10.68. All four modelled films produce MSEs 

under 16. Additionally, the thicknesses obtained from the models closely match the 

nominal deposition thicknesses and thicknesses observed in cross-sectional SEM images. 

As a result, it was concluded that the model developed is both accurate and physically 

meaningful.  

  

  

 
Figure 5.1: Spectroscopic ellipsometry experimental data and model fit for (a) phi and (b) delta parameters 

for a 179 nm-thick In0.54Ga0.46N film on a silicon dioxide substrate with a thin GaN buffer layer 

 

 

             Figure 5.2 shows the real and imaginary parts of the dielectric function, ε1 and ε2, 

as a function of photon energy for the four analyzed InxGa1-xN films:  
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Figure 5.2: Real and imaginary parts of the dielectric function for 125-200 nm thick InxGa1-xN films on 

silicon dioxide substrates with a thin GaN buffer layer: a) x=0.375; b) x=0.399; c) x=0.535; and d) x=0.679 

  

 The four InxGa1-xN films show similar trends for the real and imaginary parts of 

the dielectric function. As expected, the ε2 curves indicate strong absorption at the higher 

photon energies above the band gaps. However, below the band gaps ε2 does not reach 

zero as it should for a perfect mono-crystalline semiconductor. Instead, the ε2 curve 

increases at photon energies below 1.2-1.5 eV for each sample. This appearance of sub-

gap absorption could result from a high density of absorbing free electrons, dislocations 

and defects in the InxGa1-xN films or simply be a deviation of the ellipsometry model at 

such low energies. This phenomenon can also be seen in the absorption coefficient curves 

shown in Figure 5.3. In addition to this low energy absorption, the dielectric constant 

curves also lack sharp absorption features indicating that these samples are not perfectly 

crystalline. One noticeable difference between the samples is seen in Figure 5.2(d) as the 
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In0.68Ga0.32N film exhibits absorption at about 2.4 eV. This peak is possibly a result of 

exciton absorption; however further examination is required to determine the exact cause. 

Figure 5.3 shows the absorption coefficients as a function of photon energy for 

the InxGa1-xN films: 

 

 
Figure 5.3: Absorption coefficients for 125-200 nm thick InxGa1-xN films on silicon substrates with a thin 

GaN buffer layer: a) x=0.375; b) x=0.399; c) x=0.535; and d) x=0.679 

 

 The large absorption coefficients for each sample, on the order of 10
5
 cm

-1
 at the 

band edge, are typical for the direct gap InxGa1-xN alloy. This strong absorption, despite 

imperfect crystallinity and a high density of defects and dislocations, illustrates the 

potential of the InxGa1-xN for photovoltaic applications. Figure 5.3 also shows a direct 

relationship between absorption coefficients and indium content which indicates that the 

small band gap cells (large indium fraction) of an InxGa1-xN multi-junction device could 

be effective in the absorption of low energy photons. 

Typically, transmission and reflection (T+R) measurements are performed to 

obtain absorption information [17]. However, spectroscopic ellipsometry is a good 

(d) 
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alternative if T+R is not possible due to opaque substrates such as the Si/SiO2 used here. 

Additionally, ellipsometry can be used to determine the optical band gap of a thin-film if 

photoluminescence and spectrophotometry are not options.  

 

5.3.2. Developing a Database 
 

 An important aim of this work is to develop a database of the parameters in the 

analytical expression for the optical functions of InxGa1-xN films. This type of database 

would serve two key purposes. First, it can be used by other researchers of InxGa1-xN 

films to fit ellipsometric data for the extraction of physical parameters. Second, the 

expressions can be used in performance simulations of solar cells, in particular the multi-

junction devices InxGa1-xN is so well-suited towards. 

 In this paper, the same Gaussian oscillator-based model is used to fit each   

InxGa1-xN film; however the parameters of the oscillators will differ for each depending 

on the film's optical properties. The thicknesses of each layer in the sample are also 

varied. Table 1 presents parameters for the Gaussian oscillators used in the modelling of 

each film. The Gaussian oscillator equation as it relates to ε2 is shown below [18]:  

 

                          ε2(E) = Amp·[exp(-((E-En)/σ)
2
) - exp(-((E+En)/σ)

2
)]                            (5.2) 

 
Amp refers to the amplitude or height of the curve's peak, En refers to the centering 

energy or energy at the curve's peak, and σ is the standard deviation of the curve. The 

broadening parameter, Br, given in Table 5.1 is related to σ by: 

  

                        Br = 2σ√(2ln2)                                               (5.3) 
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             Table 5.1: Parameters for the Gaussian oscillators, amplitude (Amp), centering energy (En) and   

             broadening (Br), used to model each InxGa1-xN film 

 

 As a result of sub-gap absorption, each InxGa1-xN film requires one oscillator 

centred at very low energy levels in addition to an oscillator describing absorption of 

photon energies above the band gap. The extra absorption peak (possibly exciton related) 

of the most indium-rich In0.68Ga0.32N is modelled using an additional small oscillator 

centred at 2.4 eV. The size, location and number of oscillators will vary for every 

researcher depending on the composition and complexity of the film‟s microstructure. 

However, the parameters presented can be used to help describe the optical the optical 

functions and absorption of similar wurtzite In-rich InxGa1-xN films.  

 

5.4. Conclusions 
 

 A Kramers-Kronig consistent parametric model has been developed for the 

optical functions of wurtzite InxGa1-xN alloy films with indium-rich compositions 

(0.375<x<0.679). This simple model employing simple Gaussian oscillators can be used 

to fit spectroscopic ellipsometric data over the 0.6 eV to 4.5 eV range. Using analytical 

expressions to accurately describe the optical functions of InxGa1-xN films is an extremely 
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important step in understanding the semiconductor and its utilization in high-efficiency 

solar photovoltaic cells. The optical characterization methods employed and the model 

developed can be used for comparison purposes or as a basis for the optical 

characterization of similar InxGa1-xN alloys.  

  

5.5. References 
 

  [1]  Y.K. Su, S.J. Chang, L.W. Ji, C.S. Chang, L.W. Wu, W.C. Lai, T.H. Fang, K.T. Lam,  

         Semicond. Sci. Technol.19 (2004) 389 

  [2]  S. Dalmasso U.B. Damilano, N. Grandjean, J. Massies, M. Leroux, J.L. Reverchon,   

         J.Y. Duboz, Thin Solid Films. 380 (2000) 195 
  [3]  F. Yam, Z Hassan, Superlattice Microst. 43 (2008) 1 

  [4]  M. Gartner, C. Kruse, M. Modreanu, A. Tausendfreund, C. Roder, D. Hommel, Appl. Surf.  

         Sci. 253 (2006) 254  

  [5]  R. Goldhahn, J. Scheiner, S. Shokhovets, T. Frey, U. Kohler, D.J. As, K. Lischka, Appl.  

         Phys. Lett. 76 (2000) 291 

  [6]  J. Wagner, A. Ramakrishnan, D. Behr, H. Obloh, M. Kunzer, K.H. Bachem, Appl. Phys.    

         Lett. 73 (1998) 1715 

  [7]  A. Gokarna, A. Gauthier-Brun, W. Liu, Y. Androussi, E. Dumont, E. Dogheche, J.H. Teng,  

         S. J. Chua, D. Decoster, Appl. Phys. Lett. 96 (2010) 191909 

  [8]  C. Wetzel, T. Takeuchi, S. Yamaguchi, H. Katoh, H. Amano, I. Akasaki, Appl. Phys. Lett.   

         73 (1998) 1994  

  [9]  P. Schley, R. Goldhahn, A.T. Winzer, G. Gobsch, V. Cimalla, O. Ambacher, Phys. Rev. B.  

         75 (2007) 205204 

[10]  S. Keating, M.G. Urquhart, D.V.P. McLaughlin and J.M. Pearce, Cryst. Growth Des. 11  

         (2011) 565 

[11]  J. Tauc, R. Grigorovichi, A. Vancu, Phys. Status Solidi. 15 (1966) 627 
[12]  M. Anani, H. Abid, Z. Chama, C. Mathieu, A. Sayede, B. Khelifa, Microelectr J. 38 (2007)  

         262 
[13]  J. Wu, W. Walukiewicz, K. M. Yu, J. W. Ager III, E.E. Haller, H. Lu, W.J. Schaff, Appl.  

         Phys. Lett. 80 (2002) 4741 
[14]  C. Caetano, L.K. Teles, M. Marques, A. Dal Pino Jr., L.G. Ferreira, AIP Conf. Proc. 893  

         (2007) 257 

[15]  H.G. Tompkins, W.A. McGahan, Spectroscopic Ellipsometry and Reflectometry: A User‟s  

         Guide, Wile, New York NY, 1999 

[16]  D.E. Aspnes, J.B. Theeten, F. Hottier, Phys. Rev. B. 20 (1979) 3292 

[17]  A.S. Ferlauto, G.M. Ferreira, J.M Pearce, C.R. Wronski, R.W. Collins, X. Deng, G.  

         Ganguly, Thin Solid Films. 455 (2004) 388 

[18]  T. Tiwald, J.A. Woollam Co. (2008) Accessed April 27
th
, 2011 at:  

          http://www.jawoollam.com/toolbox/newletters/technotes/gaussian_oscillator.pdf 

 

 



72 

 

 

CHAPTER 6:  
    CHARACTERIZATION OF INDIUM-RICH INDIUM GALLIUM     
    NITRIDE THIN FILMS BY COUPLING LOW-TEMPERATURE 
PHOTOLUMINESCENCE TO SPECTROSCOPIC ELLIPSOMETRY7 

 

6.1. Introduction 
 

 The success of indium gallium nitride (InxGa1-xN) /GaN heterostructures for laser 

diodes (LDs) and blue/violet (wide band gap) light emitting diodes (LEDs) has generated 

significant interest in the InxGa1-xN alloy system [1-4]. However, the InxGa1-xN alloy also 

has great potential for use in high-efficiency multi-junction photovoltaic solar cells [5-7]. 

The band gap of InxGa1-xN can be tuned from 0.7 eV (pure InN; x=1) to 3.4 eV (pure 

GaN; x=0) by varying the indium to gallium ratio in the composition [6-8]. Thus,   

InxGa1-xN of a different composition can be employed in each layer of multi-junction 

solar photovoltaic cells with ideal band gaps spanning nearly the entire solar spectral 

range.   

 Unfortunately, the growth of high-quality In-rich InxGa1-xN films has proven 

difficult. The relatively high vapour pressure of InN compared to GaN and the low 

indium dissociation temperature both reduce the tendency of the indium atoms to 

incorporate into the growing InxGa1-xN bulk layer during deposition [9-11]. Additionally, 

large differences between the lattice constants of InN and GaN (~10%) and the formation 

enthalpies creates a solid phase miscibility gap that leads to a strong indium segregation 

within the InxGa1-xN film [9]. The lattice mismatch causing lattice strain and layer plane 

                                                 
7
 Dirk V. P. McLaughlin, Joshua M. Pearce, and Douglas P. Halliday, “Characterization of Indium-rich 

Indium Gallium Nitride Thin Films by Coupling Low-Temperature Photoluminescence to Spectroscopic 

Ellipsometry”, (under review) 
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misorientation also introduces a high density of defects such as dislocations [12], which 

introduces non-radiative recombination centres further reducing the optoelectronic 

properties.  

 As a result of these deleterious homogeneity and crystal quality effects, optical 

characterizations of In-rich InxGa1-xN layers have proven difficult to accurately perform 

and analyze. Compositional fluctuations and phase separations tend to occur in InxGa1-xN 

films [13]. This leads to indium-rich layers or clusters, often in the form of quantum dots 

(QDs) or quantum wells (QWs), which have been found to dominate the emission 

mechanism generating green luminescence [14,15]. The high density of dislocations and 

defects in InxGa1-xN films can also act as non-radiative recombination centres [16], which 

would be expected to have substantial negative effects on electronic device performance. 

However, despite these dislocations, InxGa1-xN films have in fact shown strong optical 

emission properties [17,18]. 

 In order to overcome the challenges of characterizing InxGa1-xN films, 

spectroscopic ellipsometry is coupled to photoluminescence spectroscopy (PL) in this 

paper to provide a comprehensive analysis of the emission and absorption properties of 

In-rich (0.38<x<0.66) wurtzite InxGa1-xN films deposited on silicon dioxide as it relates 

to photovoltaic applications. The relationship between these optical properties and the 

InxGa1-xN films‟ growth conditions are also examined. 
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6.2. Experimental 
 

6.2.1. Sample Preparation 
 

 

The InxGa1-xN films characterized in this work were deposited using a novel 

nitrogen plasma-enhanced evaporation process described in detail in Chapter 4 [19]. 

InxGa1-xN films with thicknesses between 125-200 nm were grown at a deposition 

temperatures ranging from 470°C to 500°C. The films were deposited on a 2 µm silicon 

dioxide substrate (on a silicon wafer) using a 6 nm amorphous GaN buffer layer. The 

nominal InxGa1-xN composition was controlled by the temperature of the metal sources. 

 

6.2.2. Photoluminescence Measurements and Analysis 
 

 

 A Coherent Innova 90 argon ion laser with a wavelength of 457.9 nm (2.71 eV) 

was used to excite the InxGa1-xN films. PL measurements were taken at nine different 

excitation densities ranging from 0.6-3.5 W•cm
-2

. A Cryomech ST405 closed cycle 

helium cryostat kept the sample at a constant temperature of 3.0 K. A series of lenses 

focused the emitted light into a Bentham TM300V monochromator with two diffraction 

gratings. A 1024 element EG&G PARC 1453A silicon photodiode array and an EG&G 

PARC 1471 detector collected and converted the light signal into the intensity peak data. 

The detector, with a range from 300-1100 nm, spans the expected band gaps, but would 

not capture emissions from pure InN regions in the films. The detector was cooled to       

-20°C to reduce noise and a 20 second exposure time was used. The resulting PL spectra 

were fitted for peak emissions with Gaussian curves using OriginPro 8.5. 
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6.2.3. Ellipsometric Measurements and Analysis 
 

A J.A. Woollam Co. vertical-variable angle spectroscopic ellipsometer (V-VASE) 

with AutoRetarder was used to characterize the InxGa1-xN films. Ellipsometry was 

performed at two angles of incidence: 70° and 78° (centred on the 74° Brewster angle of 

the silicon substrate). At each angle, measurements were taken at 0.025 eV intervals for a 

spectral range of 0.6 eV (2065 nm) and 4.50 eV (275 nm).  

A four-layer Kramers-Kronig consistent parametric model was developed to fit 

the measured data. The first two (from bottom up) were layers representing silicon and 

silicon dioxide using standard tabulated data for their optical properties. For the third 

layer, a Cauchy layer with Urbach absorption was first employed to represent the unique 

InxGa1-xN film. This was then converted to a general oscillator layer to enforce Kramers-

Kronig consistency and produce a real physical shape for optical property dispersion. The 

fourth layer was a Bruggeman Effective Medium Approximation (EMA) which 

represented the surface roughness (consisting of a 50/50 mixture of underlying film and 

air). This data fitting procedure is described in more detail in Section B.1 of Appendix B. 

Absorption data from the ellipsometric modelling was used to determine the 

optical band gap via the Tauc method [20]. In this method, a Tauc plot is created by 

relating photon energies (E) with absorption coefficients (α) by plotting (αE)
1/2

 versus E. 

The optical gap was determined by extrapolating the linear portion of the curve to the 

energy x-axis. Using this optical gap, the indium content can be estimated using the 

Bowing equation [9,21,22]: 
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            Eg(InxGa1-xN) = Eg,InNx + Eg,GaN(1-x) – bx(1-x)                  (6.1) 

 

where Eg(InxGa1-xN) refers to the band gap of InxGa1-xN in eV, Eg,In is the band gap of 

InN (0.7 eV) and Eg,GaN is the band gap of GaN (3.4 eV). A bowing parameter, b, of 1.43 

eV was found to most closely approximate wurtzite InxGa1-xN over the entire 

compositional range [22,23]. 

 

6.3. Results and Discussion 
 

Eight InxGa1-xN thin films were analyzed using by PL and spectroscopic 

ellipsometry.  Deposition temperatures were lowered as the source indium to gallium 

ratio was increased in an effort to improve indium incorporation. Thus, four films of 

increasing nominal indium content were grown at 500°C, three films at 480°C and one 

film at 470°C. Actual film compositions were determined via ellipsometry. Figure 6.1 

shows the photoluminescence (PL) spectra obtained for the eight analyzed InxGa1-xN 

films. 
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Figure 6.1: PL spectra for InxGa1-xN films deposited at (a) 500°C; (b) 480°C; and (c) 470°C. An argon ion 

laser was used at an intensity of 25 W·cm
-2

 with a wavelength of 457.9 nm (2.71 eV). (a.u. = abritrary 

units) 

 

 Figures 6.1a and 6.1b show clear similarities in emission energy peaks between 

three of the four emission spectra of InxGa1-xN films grown at the same deposition 

temperatures. The source of this emission is believed to be a result of deep level In-

related complexes as opposed to the band edge of the InxGa1-xN material. The reason for 

this is the PL emission bands show strong phonon coupling with the zero phonon line to 

highest energy and a series of regularly separated PL peaks with varying intensity. The 

peaks cannot be due to Fabry-Perot oscillations as the exciting laser wavelength was 
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fixed for the PL measurements. Although there appears to be a general direct relationship 

between indium content and PL intensity, it does not hold consistent for all films as the 

intensity is determined by the defect complexes and phonon replicas dominating 

emissions which are strongly affected by compositional inhomogeneity and carrier 

localization. An example of peak fitting using Gaussian oscillators is given in Figure 6.2. 

 Longitudinal optical (LO) phonons with energies of 70-80 meV have been seen 

in InN/GaN structures [24]. Although LO phonons cannot be claimed from the PL spectra 

in Figure 6.1, the observed variation in phonon energies is normal for the InxGa1-xN 

material and can be attributed to local phonon nodes and strain within the bulk of the 

films. Numerous authors have observed PL spectra with similar repeating peaks that have 

also been attributed to phonon replication [25-27]. One author in particular [25], 

analyzing InxGa1-xN PL spectra similar to those in Figures 6.1b and 6.1c, calculates a 

Huang-Rhys constant of about 6. Using the same methods here, the Huang-Rhys constant 

was found to vary between 2 and 3 with an average value of 2.4. This relatively high 

coupling parameter indicates that carriers are localizing and the PL spectra will be 

sensitive to local variations around the emitting indium complexes. However, as the 

degree of phonon coupling in InxGa1-xN films is related to indium fluctuations and lattice 

disorder, the parameter being well under 6 appears to indicate a comparatively improved 

compositional homogeneity and more ordered crystal lattice in these InxGa1-xN films 

deposited by plasma-enhanced evaporation.  

 Two of the films, corresponding to the low-intensity spectra in Figures 6.1a and 

6.1c, show unique PL spectra with reduced emission peak energies and intensities. A 

peak fitting analysis shows that the spectra of the film in Figure 6.1c has similar features 
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and overlapping oscillations with the films grown at 480°C in Fig 6.1b. Therefore, a 

similar type of In-related complex is assumed to be the emission source. However, the 

source of weak emission for the film in Figure 6.1a appears to originate from a different 

emission source or mechanism and must be examined further.  

            

 
Figure 6.2: Peak analysis on an InxGa1-xN film grown at 480°C. Emission peaks separated at regular 

intervals of 170 meV are attributed to phonon coupling. 

 

 This phenomenon of PL emission peaks nearly invariant to indium content has 

been reported by numerous authors [14,15,25,26,28]. These authors also attribute the 

emission to radiative recombination from either In-related defect complexes or In-rich 

clusters resulting from compositional fluctuations. In most cases, the emission reported is 

a green luminescence with photon energies between 2.2 eV and 2.5 eV. In Figure 6.1, this 

green luminescence with photon energies between 2.2 eV and 2.3 eV are also observed 

for the InxGa1-xN films grown at 500°C with little effect caused by changing the indium 

to gallium source ratios.  
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However, a distinctly lower energy emission was observed for the films grown at 

the lower 480°C and 470°C deposition temperatures. While the PL spectra of the    

InxGa1-xN films grown at 480°C also indicate In-related complex emissions with phonon 

replication, the lower energies of the emission peaks point toward improved indium 

incorporation in the films. Spectroscopic ellipsometry was used to verify this and 

determine the actual composition of the InxGa1-xN films. Figure 6.3 compares the optical 

band gaps and associated indium contents between the PL and ellipsometry 

characterization methods. The errors on the ellipsometry measurements are larger than 

the PL measurements due to the added error associated with Tauc plots (procedure 

described in Section 3.2.2). Three band gap estimates were taken for each sample. The 

maximum error found (+/- 0.1 eV) was applied to each measurement in Figure 6.3. For 

PL peak fitting (explained in Section A.2), the FFT smoothing parameters were varied by 

10% in the fitting process to obtain a maximum error of 2.5% that was added to each 

optical band gap estimated in Figure 6.3. 

 

 
Figure 6.3: Comparison of estimated (a) optical band gaps and (b) film compositions as determined from 

ellipsometry and photoluminescence 
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 The ellipsometry curves in Figure 6.3 clearly illustrate a direct relationship 

between lower deposition temperatures and indium incorporation. As the growth 

temperature is lowered, the optical band gap is reduced which indicates a higher indium 

content in the bulk InxGa1-xN films. Unlike emission mechanisms that can be dominated 

by defect complexes or In-rich regions, the absorption of photons in InxGa1-xN is 

generally dictated by the bulk material composition [14]. However, similar to results seen 

from the PL spectra, the ellipsometry measurements only show minimal changes in actual 

film composition as the source indium to gallium ratio is altered. This phenomenon 

suggests that deposition temperature could be an even more important growth parameter 

than nominal indium to gallium ratios in the development of InxGa1-xN layers of specific 

compositions (and consequently band gaps) for photovoltaic devices.  

Figure 6.3 shows a general correlation between the band gaps and associated 

indium contents determined by PL and ellipsometry. However, the emissions seen in the 

PL spectra are blue-shifted when compared to the optical band gap determined via 

ellipsometry. This large blue-shift ranges from between 200 meV to 600 meV – 

increasing as the indium content increases. This blue-shifting is another indication that 

the emissions are In-related defect emissions and not interband transitions because 

authors observing true InxGa1-xN band edge emissions have reported Stokes-shifting (red-

shifting) [8,22]. From Figure 6.3, it is clear that adding more indium atoms only affects 

film composition when the growth temperature is reduced. It is possible the additional 

indium at each deposition temperature is either separating into In-rich regions within the 

films or simply not being incorporated due to indium‟s tendency to segregate to and 

evaporate from the surface. 
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6.4. Conclusions 
 

Low-temperature PL and spectroscopic ellipsometry characterizations were 

performed on In-rich wurtzite InxGa1-xN films (0.38<x<0.66). The PL spectra indicate the 

presence of In-related defect complexes dominating the emission mechanism of the film 

with associated phonon coupling. Varying the source indium to gallium ratios was found 

to have little effect on indium incorporation within the films but the growth temperature 

was found to have a significant impact.  This work has shown that a low deposition 

temperature is necessary to reduce the impact of the relatively high In vapour pressure. 

Subsequent drops in temperature enabled increasingly In-rich films to be successfully 

grown using a plasma-enhanced evaporation deposition technique. However, the 

tendency of InxGa1-xN films to form In-rich regions and defect complexes that recombine 

radiatively must still be resolved before the InxGa1-xN alloy can be used effectively in 

multi-junction solar cells. 

 

6.5. References 
 

  [1]  S. Nakamura, Mat. Sci. Eng. B 43 (1997) 258. 

  [2]  Y.K. Kuo, S.H. Horng, S.H. Yen, M.C. Tsai, M.F. Huang, Appl. Phys. A 98 (2010) 509. 

  [3]  Y. Kawakami, S. Suzuki, A. Kaneta, M. Funato, A. Kikuchi, K. Kishino, Appl. Phys. Lett.  

         89 (2006) 163124. 

  [4]  Y.K. Su, S.J. Chang, L.W. Ji, C.S. Chang, L.W. Wu, W.C. Lai, T.H. Fang, K.T. Lam,  

         Semicond. Sci. Technol.19 (2004) 389. 

  [5]  X. Sun, W.B. Liu, D.S. Jiang, Z.S. Liu, S. Zhang, L.L. Wang, H. Wang, J.J. Zhu, L.H.  

         Duan, Y.T. Wang, D.G. Zhao, S.M. Zhang, H. Yang,  J. Phys. D: Appl. Phys. 41 (2008)  

         165108. 

  [6]  L. Hsu, W. Walukiewicz, J. Apply. Phys. 104 (2008) 024507. 

  [7]  X. Chen, K.D. Matthews, D. Hao, W.J. Schaff, L.F. Eastman, Phys. Status Solidi A, 205   

         (2008) 1103.  

  [8]  V.Y. Davydov, A.A. Klochikhin, V.V. Emtsev, D.A. Kurdyukov, S.V. Ivanov, V.A.  

         Vekshin, F. Bechstedt, J. Furthmuller, J. Aderhold, J. Graul, A.V. Mudryi, H. Harima, A.  

         Hashimoto, A. Yamamoto, E. E. Haller, Phys. Status Solidi B, 234 (2002) 787. 

  [9]  F. Yam, Z. Hassan, Superlattice Microst. 43 (2008) 1. 

[10]  H.C. Lin, C.K. Shu, J. Ou, Y.C. Pan, W.K. Chen, W.H. Chen, M.C. Lee, J. Cryst. Growth  



83 

 

         189 (1998) 57. 

[11]  C.A. Chang, T.Y. Tang, P.H. Chang, N.C. Chen, C.T. Liang, Jpn. J. Appl. Phys. 46 (2007)  

         2840. 

[12]  M. Leszczynski, R.Czernecki, S.Krukowski, M. Krysko, G.Targowski, P. Prystawko, J.  

         Plesiewicz, P. Perlin, T. Suski, J. Cryst. Growth 318 (2011) 496. 

[13]  C. Guang-De, Z. You-Zhang, Y. Guo-Jun, Y. Jin-She, K.H. Kim, J.Y. Lin, H.X. Jiang,  

         Chinese Phys. Lett. 22 (2005) 472. 

[14]  D.G. Pacheco-Salazar, J.R. Leite, F. Cerdeira, E.A. Meneses, S.F. Li, D.J. As, K. Lischka,  

         Semicond. Sci. Tech. 21 (2006) 846. 

[15]  O. Husberg, A. Khartchenko, D.J. As, H. Vogelsang, T. Frey, D. Schikora, K. Lischka, O.C.   

         Noriega, A. Tabata, J.R. Leite, Appl. Phys. Lett. 79 (2001) 1243. 

[16]  N. Faleev, B. Jampana, O. Jani, H. Yu, R. Opila, I. Ferguson, C. Hornsberg, Appl. Phys.  

         Lett. 95 (2009) 051915. 

[17]  M.R. Correia, S. Pereira, E. Alves, B. Arnaudov, Superlattice. Microst. 40 (2006) 452. 

[18]  N. Kawaguchi, K-N. Hida, Y. Kangawa, Y, Kumagai, A. Koukitu, Phys. Status Solidi A.   

         201 (2004) 2846. 

[19]  S. Keating, M.G. Urquhart, D.V.P. McLaughlin and J.M. Pearce, Cryst. Growth Des. 11  

         (2011) 565. 

[20]  J. Tauc, R. Grigorovichi, A. Vancu, Phys. Status Solidi 15 (1966) 627. 

[21]  M. Anani, H. Abid, Z. Chama, C. Mathieu, A. Sayede, B. Khelifa, Microelectr J. 38 (2007)  

          262. 

[22]  J. Wu, W. Walukiewicz, K. M. Yu, J. W. Ager III, E.E. Haller, H. Lu, W.J. Schaff, Appl.  

         Phys. Lett. 80 (2002) 4741. 

[23]  C. Caetano, L.K. Teles, M. Marques, A. Dal Pino Jr., L.G. Ferreira, Theoretical Support for  

          the Smaller Band Gap Bowing in Wurtzite InGaN Alloys, AIP Conference Proceedings  

          893 (2007) 257. 

[24]  S. Ardali, E. Tiras, M. Gunes, N. Balkan, A.O. Ajagunna, E. Iliopoulos, Al. Georgakilas,  

         Phys. Status Solidi C, 8 (2011) 1620. 

[25]  B. Han, M.P. Ulmer, B.W. Wessels, J. Electron. Mater. 33 (2004) 431. 

[26]  T. Suski, G. Staszczak, S. Grzanka, R. Czernecki, E. Litwin-Staszewska, R. Piotrzkowski,  

          L. H. Dmowski, A. Khachapuridze, M. Kryśko, P. Perlin, I. Grzegory, J. Appl. Phys. 108  

          (2010) 023516. 

[27]  D.P. Halliday, M.D.G. Potter, J.T. Mullins, A.W. Brinkman, J. Cryst. Growth, 220 (2000)  

         30. 

[28]  O. Husberg, A. Khartchenko, D. J. As, H. Vogelsang, T. Frey, D. Schikora, K. Lischka,  

          Appl. Phys. Lett. 79 (2001) 1243. 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 

 

CHAPTER 7:  
           DISCUSSION AND FUTURE WORK 

 

 The great potential of using the InxGa1-xN alloy in high-efficiency multi-junction 

photovoltaic solar cells lies in the ability to alter the material‟s band gap by varying the 

indium to gallium ratio. This work has shown that the plasma-enhanced evaporation 

deposition system developed by Mosaic Crystals Ltd. is capable of depositing InxGa1-xN 

films over a wide compositional range. Ellipsometry measurements and subsequent 

modelling revealed that In-rich InxGa1-xN films (with indium content up to x=0.66) were 

successfully grown on inexpensive silicon dioxide substrates. This is a promising 

achievement as a high level of indium incorporation is difficult to attain due to the high 

vapour pressure and low dissociation temperature of indium.  

 However, further work must be done to grow films with very high indium 

contents between x=0.7 and x=1 (pure InN). This could be achieved by further lowering 

the deposition temperature, using a higher nitrogen to metal ratio (more nitrogen bonding 

sites for indium atoms) or increasing the overall growth rate (trapping indium atoms 

within the bulk of the film). The ellipsometry and photoluminescence data analysis in 

Chapter 6 demonstrated the large effect deposition temperature has on indium 

incorporation within the InxGa1-xN films. Increasing the indium to gallium ratio in metal 

source rates had little impact on composition while subsequent lowering of the deposition 

temperatures from 500°C to 480°C and 470°C greatly improved the indium content of the 

films. However, as expected, an increase in indium content did appear to reduce the 

crystallinity and microstructural order of the nanocolumnar films (as indicated by the 

SEM images in Figure 4.1).  
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 The SEM-EDX analysis (in Section A.5 of Appendix A) proved the plasma-

enhanced evaporation deposition system is capable of depositing compositionally 

uniform surface layers as indium and gallium atoms were evenly distributed. However, 

the same compositional homogeneity did not hold true through the film vertically as 

SIMS depth profiles illustrated. These results showed that the concentration of indium 

and gallium atoms were not very consistent throughout the film and generally increased 

with depth. The fitting of ellipsometric data using models was also improved for most of 

the samples with an inclusion of optical constant gradients. As the optical properties of 

the InxGa1-xN films are directly related to film composition, this provides further evidence 

of some compositional inhomogeneity with depth.  

 The SIMS depth profiles (in Section A.4 of Appendix A also revealed metal 

impurities segregated at film surfaces which appear to have diffused out from the 

substrate or potentially have been removed from the chamber walls by the high-energy 

nitrogen plasma. The source and cause of these impurities must be dealt with in order to 

successfully deposit solar-cell grade InxGa1-xN films with excellent optoelectronic 

properties. Even though much of these metal surface impurities were removed by 

chemical etching (as seen in Section A.7 of Appendix A), there appears to be a continued 

negative effect on the electronic properties. Dark current measurements (example in 

Section A.6 of Appendix A) showed uncharacteristically high current densities. 

Additionally, every film showed little to no photoresponse (the photocurrent was no 

higher than the dark current). Although the InxGa1-xN alloy is understood to have a 

relatively high background current density, the electronic measurements point towards 

another influence. In addition to defects and dislocations, free electrons are believed to be 
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causing the low-energy, sub-gap absorption evident from the ellipsometry modelling (as 

seen in Figures 5.1 and 5.2 and Section A.1 of Appendix A). The presence of metal 

impurities would greatly enhance the density of free electrons. Further testing should be 

performed with higher purity InxGa1-xN samples in a low humidity test environment to 

determine the true electronic properties of the material.  

 Under certain conditions (high plasma voltage, low temperature and growth rate, 

long growth times), the plasma-enhanced evaporation deposition technique was able to 

form InxGa1-xN nanocolumns as is clearly visible in the SEM images presented in Figures 

4.1 and 4.2. This is important as the ability to grow InxGa1-xN nanocolumns (or 

nanowires) is advantageous for three major reasons: 1) lattice strain is greatly reduced 

which means relaxation is induced without the typical high density of dislocations that 

cause non-radiative recombination and plague a cell‟s short-circuit current; 2) a decrease 

in crystal strain also improves indium incorporation and reduces the tendency towards 

phase separation and indium clustering; and 3) the optical path length is increased 

improving the likelihood of photon absorption. The nanocolumnar growth is believed to 

follow the self-catalyzing „Ga balling‟ vapour-liquid-solid (VLS) mechanism as 

suggested by surface gallium clusters seen from the SEM-EDX analysis. However, 

further investigation is warranted to confirm this growth mechanism (in situ transmission 

electron microscopy is ideal for this purpose) and compare the optoelectronic properties 

between nanocolumnar and planar InxGa1-xN films.  

 Despite the fact that the InxGa1-xN films were revealed to suffer from impurities 

and In-related defect complexes, ellipsometry tests showed the films still have very large 

absorption coefficients, on the order of 10
5
 cm

-1
 at the band edge. This attribute, in 
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addition to the successfully tuned band gap over a wide spectral range, is the reason the 

InxGa1-xN alloy is a true thin film semiconductor with such great potential for 

photovoltaic solar cells. Currently, however, InxGa1-xN films are still best suited towards 

solid-state lighting until film quality and electronic properties are improved over the 

entire compositional range. 

 There are a few additional experiments that would further improve the 

characterization of these InxGa1-xN films. A comparison of photoconductivity values as a 

function of indium content, deposition temperature or microstructure (nanocolumnar vs. 

planar) would help determine the effect of these parameters on electronic properties. Prior 

to these tests, obtaining concentration profiles using SIMS would be helpful to examine 

the effect of chemical etching on the metal impurity concentrations as these impurities 

would likely alter the electronic response of the films. It would also be interesting to 

further understand the growth mechanism and microstructure of the nanocolumnar    

InxGa1-xN films. Although in situ TEM is most ideal, milling down through individual 

nanocolumns and examining each section by TEM should provide enough useful 

information. Finally, examining the effect of film thickness on the optoelectronic 

properties of InxGa1-xN films would provide useful information for the development of 

InxGa1-xN photovoltaic solar cells, in particular for current matching. 
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CHAPTER 8:  
                               CONCLUSIONS 

  

 This research presents a thorough characterization of InxGa1-xN thin films 

deposited by plasma-enhanced evaporation. The effects of film composition (indium 

content) and deposition temperature on InxGa1-xN optoelectronic properties were 

examined. Characterization techniques including spectroscopic ellipsometry, 

photoluminescence, SEM imaging, secondary ion mass spectroscopy (SIMS), energy-

dispersive x-ray spectroscopy (EDX), x-ray diffraction (XRD) and photocurrent 

measuring were used to reveal the advantages of using InxGa1-xN in solar cells as well as 

the significant difficulties that remain before its widespread application. 

 Analyzing the InxGa1-xN films used in this work, a number of advantages and 

disadvantages could be determined for the novel plasma-enhanced evaporation deposition 

technique. The low-temperature depositions enabled the growth of In-rich (up to x=0.66) 

InxGa1-xN films which is a vast improvement over other common deposition techniques. 

This deposition technique also showed the ability to grow the films on inexpensive 

silicon dioxide substrates. SEM imaging showed the presence of crystalline nanocolumns 

grown under specific growth conditions – a microstructure which holds several benefits 

for use in photovoltaic devices. A decrease in deposition temperature resulted in thinner, 

more tightly packed and ordered columns. In terms of deposition quality, SEM-EDX 

measurements revealed a mostly homogeneous composition over the surface of the films. 

However, compositional fluctuations were observed with a function of depth. Additional 

limitations to high-quality electronic material arose from metal impurities and substrate 

diffusion in In-rich samples. 
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 Photoluminescence (PL) and spectroscopic ellipsometry tests showed that 

adjusting the nominal In:Ga source rates had little effect on actual indium content within 

the InxGa1-xN films in the growth regimes studied. However, lowering the deposition 

temperature was found to overcome the problems of indium‟s relatively high vapour 

pressure and low dissociation temperature to significantly improve the incorporation of 

indium within the films. This demonstrates that the precise control of deposition 

temperature is essential to the accurate tuning of InxGa1-xN film compositions.  

 In the PL spectra, the InxGa1-xN films exhibit intense emissions, but these were 

attributed to In-related defect complexes with strong phonon coupling (due to carrier 

localization) as opposed to the bulk InxGa1-xN. However, absorption edges determined 

from ellipsometry modelling show the expected inverse relationship between indium 

content and band gap energy. Additionally, the films were determined to have large 

absorption coefficients, on the order of 10
5
 cm

-1
 at the band edge. This strong absorption, 

coupled with the band gap tunability and ability to form nanocolumns, illustrates the 

potential of using InxGa1-xN in high-efficiency multi-junction solar cells. However, 

challenges associated with growing highly crystalline In-rich films of high optoelectronic 

quality must still be overcome. 

 

 

 

 

 

 

 

 

 

 

 

 



90 

 

 

APPENDIX A:  ADDITIONAL RESULTS 
 

A.1. Spectroscopic Ellipsometry 
 

 Spectroscopic ellipsometry was used to determine the layer thicknesses, optical 

constants (index of refraction and extinction coefficient) and absorption coefficients of 

the InxGa1-xN films. The absorption coefficients, in turn, were used to construct the Tauc 

plots (as demonstrated in Section 3.2.2) from which the optical gaps were found.  

 Of the fifteen samples analyzed in this work, thirteen were successfully 

modelled to a suitable standard (MSE<25 and thickness/optical constants appear 

physically true). For the two films that could not be modelled accurately, F18-1 (x=0) and 

F18-8 (x=0.7), the ellipsometry measurements showed uneven light polarization of the 

reflected beams indicating an uneven and inhomogeneous surface which was confirmed 

through SEM imaging.  The raw data fit, layers with thicknesses in the model, dielectric 

constants and absorption coefficients for each of the modelled samples are given below.  
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Figure A.1 shows the ellipsometric data and results for the InxGa1-xN F18-2 sample 

(x=0.1): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.1: Spectroscopic ellipsometry data for F18-2 (x=0.1): a) Raw data (black curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

The thickness of the InxGa1-xN film is found to be approximately 157 nm 

(SimpleGradedIndex + srough). The model indicates there is a composition gradient in 

the film. The results also show there is a very thick silicon dioxide layer of nearly two 

microns (1924 nm) on the silicon substrate which is common for all the samples. The fact 

that the extinction and absorption coefficients do not reach zero at lower photon energies, 

and in fact increase at very lowe energies (<1 eV) for many of the films, indicates that 

there is absorption below the band gap of the InxGa1-xN film. This can be due to defects, 

impurities, free electrons or excitons. 
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Figure A.2 shows the ellipsometric data and results for the InxGa1-xN F18-3 sample 

(x=0.2): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.2: Spectroscopic ellipsometry data for F18-3 (x=0.2): a) Raw data (black curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

The thickness of the InxGa1-xN film is found to be approximately 177 nm 

(SimpleGradedIndex + srough). The model indicates there is a composition gradient in 

the film.  
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Figure A.3 shows the ellipsometric data and results for the InxGa1-xN F18-4 sample 

(x=0.3): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.3: Spectroscopic ellipsometry data for F18-4 (x=0.3): a) Raw data (black curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

The thickness of the InxGa1-xN film is found to be approximately 170 nm 

(SimpleGradedIndex + srough). The model indicates there is a composition gradient in 

the film.  
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Figure A.4 shows the ellipsometric data and results for the InxGa1-xN F18-5 sample 

(x=0.4): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.4: Spectroscopic ellipsometry data for F18-5 (x=0.4): a) Raw data (black curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

The thickness of the InxGa1-xN film is found to be approximately 127 nm 

(SimpleGradedIndex + srough). The model indicates there is a composition gradient in 

the film.  
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Figure A.5 shows the ellipsometric data and results for the InxGa1-xN F18-7 sample 

(x=0.6): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.5: Spectroscopic ellipsometry data for F18-7 (x=0.6): a) Raw data (black curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

The thickness of the InxGa1-xN film is found to be approximately 164 nm 

(SimpleGradedIndex + srough). The model indicates there is a composition gradient in 

the film.  
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Figure A.6 shows the ellipsometric data and results for the InxGa1-xN F18-8 sample 

(x=0.7): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.6: Spectroscopic ellipsometry data for F18-8 (x=0.7): a) Raw data (black curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

  

The thickness of the InxGa1-xN film is found to be approximately 91 nm 

(SimpleGradedIndex + srough). The model indicates there is a composition gradient in 

the film.  
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Figure A.7 shows the ellipsometric data and results for the InxGa1-xN F20-1 sample 

(x=0.4): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.7: Spectroscopic ellipsometry data for F20-1 (x=0.4): a) Raw data (black curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

The thickness of the InxGa1-xN film is found to be approximately 181 nm 

(SimpleGradedIndex + srough). The model indicates there is a composition gradient in 

the film.  
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Figure A.8 shows the ellipsometric data and results for the InxGa1-xN F20-2 sample 

(x=0.5): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.8: Spectroscopic ellipsometry data for F20-2 (x=0.5): a) Raw data (black curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

The thickness of the InxGa1-xN film is found to be approximately 202 nm 

(SimpleGradedIndex + srough). The model indicates there is a composition gradient in 

the film.  
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Figure A.9 shows the ellipsometric data and results for the InxGa1-xN F20-3 sample 

(x=0.6): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.9: Spectroscopic ellipsometry data for F20-3 (x=0.6): a) Raw data (black curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

The thickness of the InxGa1-xN film is found to be approximately 184 nm (GenOsc 

+ srough). The model indicates there is no gradient in the film. 
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Figure A.10 shows the ellipsometric data and results for the InxGa1-xN F20-4 sample 

(x=0.7): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.10: Spectroscopic ellipsometry data for F20-4 (x=0.7): a) Raw data (green curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

 The thickness of the InxGa1-xN film is found to be approximately 190 nm 

(SimpleGradedIndex + srough). The model indicates there is a composition gradient in 

the film.  
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Figure  A.11 shows the ellipsometric data and results for the InxGa1-xN 22-1 sample 

(x=0.8): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.11: Spectroscopic ellipsometry data for F22-1 (x=0.8): a) Raw data (green curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

 The thickness of the InxGa1-xN film is found to be approximately 204 nm 

(SimpleGradedIndex + srough). The model indicates there is a composition gradient in 

the film.  
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Figure A.12 shows the ellipsometric data and results for the InxGa1-xN F22-2 sample 

(x=0.9): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.12: Spectroscopic ellipsometry data for F22-2 (x=0.9): a) Raw data (black curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

 The thickness of the InxGa1-xN film is found to be approximately 230 nm 

(SimpleGradedIndex + srough). The model indicates there is a composition gradient in 

the film.  
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Figure A.13 presents a cross-sectional SEM image of the F22-2 film revealing its 

thickness and microstructure.  

 
Figure A.13: Cross-sectional SEM image of F22-2 InxGa1-xN film 

 

 Although an exact thickness measurement cannot be obtained, the image and 

associated scale shows the 230 nm thickness determined from the ellipsometry model 

appears to be accurate. 
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Figure A.14 shows the ellipsometric data and results for the InxGa1-xN F22-3 sample 

(x=1): 

                                                        (a)                                                     (b) 

 
                                                        (c)                     (d) 

 
Figure A.14: Spectroscopic ellipsometry data for F22-3 (x=1): a) Raw data (black curves) and model fit 

(red curve);  b) Model used and layer thicknesses;  c) Optical constants - index of refraction (red curve) and 

extinction coefficient (green curve) – as a function of photon energy;  d) Absorption coefficients as a 

function of photon energy 

 

 The thickness of the InxGa1-xN film is found to be approximately 158 nm (GenOsc 

+ srough). The model indicates there is no compositional gradient (pure InN). 
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Figure A.15 below illustrates the effect of film thickness on InxGa1-xN optical properties 

(dielectric constants) as the best fit film thickness estimated by the ellipsometry model is 

set lower by 20 nm or 13%.  

(a) 

 
 

(b) 

 
    Figure A.15: Dielectric constant comparisons for the F18-3 sample with (a) best fit thickness of 157 nm     

    and (b) a set thickness of 137 nm 

 

The shape of the dielectric constant curves are not altered significantly but 

magnitudes of minima and maximum are slightly changed. This indicates that film 
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thickness does play an appreciable role in determining film optical properties and should 

be examined further. 

 

A.2. Photoluminescence 
 

 PL spectra for the InxGa1-xN films are presented and analyzed in Chapter 6. 

However, examples of the peak fitting used to determine the photon energies of the peak 

emissions were omitted. Figure A.16 illustrates this process for PL spectra best fit using 

Fast-Fourier Transform smoothing and a Gaussian oscillator: 

 

 
      Figure A.16: Fitting of the PL spectra for sample F20-3. The emission peak is found to be 1.60 eV. 

 

Only one primary emission peak was fit for because the secondary peaks are phonon 

replicas rather than additional luminescence from the film. 
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 The PL analysis presented in Chapter 6 uses the spectra originated from the    

200 mW laser illumination. However, the emissions were measured for a wide variety of 

illumination intensities. Figure A.17 provides compares the resulting PL spectra for     

F18-2: 

 

.  
      Figure A.17: PL spectra for varying laser illumination intensities for the sample F18-2 

 

As Figure A.17 illustrates, there is a direct linear relationship between the illumination 

intensity and intensity of the emission peaks. There is no significant change in peak 

energy with illumination intensity. Additionally, for the sample F18-3, PL measurements 

were taken in three different spots on the film surface to examine effects from beam 

location. The resulting PL spectra are presented in Figure A.18: 
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Figure A.18: PL spectra for sample F18-3 from measurements taken at three different spots 

 

 Figure A.18 shows the film emission spectra does not shift significantly with 

spot location. The maximum peak intensity of position 3 is slightly less intense than the 

other two positions but the maximum peak energies are nearly identical.  The secondary 

emission peaks are also similar aside from the emissions of position 1 above the 

maximum peak energy. However, it must be noted the PL spectra of Figures A.16 and 

A.17 were obtained before film etching but this should not affect the conclusions reached. 

 

A.3. Scanning Electron Microscopy 
 

 An analysis of the microstructure of the InxGa1-xN films as affected by 

deposition parameters using select SEM images can be found in Chapter 5. SEM images 

were taken for each of the fifteen films analyzed in this work at a minimum of four 

magnifications: 32x, 10,000x, 50,000x and 150,000x. However, additional images were 

taken at other levels of magnification as needed for individual films to obtain the most 
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detailed and clear picture. The most detailed top-down image is presented for each 

analyzed film below:  

 

 
  Figure A.19: Top-down SEM image of F18-1 

 

 
  Figure A.20: Top-down SEM image of F18-2 
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Figure A.21: Top-down SEM image of F18-3 

 

 
Figure A.22: Top-down SEM image of F18-4 

 

 
Figure A.23: Top-down SEM image of F18-5 
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The SEM image of F18-5 in Figure A.23 was taken before chemical etching (surface 

cleaning). The amorphous regions are believed to be dirt or impurities.  

 

 
Figure A.24: Top-down SEM image of F18-6 

 

 
Figure A.25: Top-down SEM image of F18-7 
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Figure A.26: Top-down SEM image of F18-8 

 

 
Figure A.27: Top-down SEM image of F20-1 

 

 
Figure A.28: Top-down SEM image of F20-2 
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Figure A.29: Top-down SEM image of F20-3 

 

 
Figure A.30: Top-down SEM image of F20-4 

 

 
Figure A.31: Top-down SEM image of F22-1 
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Figure A.32: Top-down SEM image of F22-2 

 

 
Figure A.33: Top-down SEM image of F22-3 

 

A.4. Secondary Ion Mass Spectroscopy 
 

 The SIMS testing (described in Section 3.2.5) was performed in conjunction 

with SEM-EDX analysis on specific F-series InxGa1-xN films. Purposes of obtaining 

SIMS results were to determine whether indium is segregating to the surface, detect for 

indium or gallium contamination as well as other metal impurities, and obtain 

information on relative elemental concentrations between the samples. The samples 

chosen for analysis were F18-1, F20-4 and F22-3. These were the same samples selected 
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for SEM-EDX testing although F18-8 was excluded. F18-1 (pure GaN) and F22-3 (pure 

InN) were chosen to determine whether there are any indium or gallium impurities in the 

respective samples. Of the two In0.7Ga0.3N samples (F18-8 and F20-4), F20-4 was 

selected because it modelled well from the ellipsometric data and therefore is likely more 

suitable for use in a PV device. 

 Figures containing relative ion concentrations as a function of depth for each 

sample are shown below. Nitrogen does not have a secondary ion yield therefore GaN 

was measured to detect nitrogen. Since the technicians do not have the SIMS suitable 

standards for these particular samples, the actual concentration of each element cannot be 

obtained. Instead, results are given in relative ion intensities as a function of depth. It is 

also important to note that the depth profile for the films (before the ion beam reaches the 

substrate) underestimates the thickness because gallium and indium are softer materials 

compared to silicon so the sputter rate is higher through the film. Since indium is the 

softest metal, as the indium content increases the apparent film thickness decreases. A far 

more accurate film thickness is determined via ellipsometry and SEM imaging. 

 

F18-1  

 

 F18-1 is a nominally pure GaN sample which modelled very well from the 

ellipsometric data. The SIMS results are shown in Figure A.34:  
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  Figure A.34: SIMS Results for F18-I 

 

 The SIMS results for F18-1 show, as expected, predominantly Ga and GaN in 

the film layer. However, there is also evidence of impurities such as indium, aluminium, 

calcium, barium and silicon. For the most part, these appear to diffuse out from the 

substrate and segregate at the surface. As mentioned previously, the exact concentrations 

of each cannot be determined but can be compared to other depths in the same sample or 

other samples. For example, the concentration of indium in F18-1 is approximately three 

orders of magnitude lower compared to F20-4 (70% indium nominally) or F22-3 (pure 

InN). 

F20-4 

 

 F20-4 is an InxGa1-xN sample with a nominal indium content of 70% which 

modelled very well from the ellipsometric data. The SIMS results are shown in Figure 

A.35:  
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  Figure A.35: SIMS Results for F20-4 

 

 The SIMS results for F20-4 show predominantly In, Ga and GaN in the      

InxGa1-xN film as expected. The level of impurities is very similar to F18-1. The      

InxGa1-xN film appears to be much thinner than F18-1 but this is due to the higher indium 

content increasing the sputtering rate. 

 

 

F22-3 

 

 F22-3 is a nominally pure InN sample which produced abnormal ellipsometry 

data and could not be modelled. The SIMS results are shown in Figure A.36: 
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  Figure A.36: SIMS Results for F22-3 

 

 The SIMS results for F22-3 show predominantly indium in the film (nominally 

InN). However, there is a substantial Ga ion count at only about two levels of magnitude 

lower than the other two samples. The level of the other impurities remains constant. The 

results show a very thin InN film but again this is due to the indium content increasing 

the sputtering rate. All three samples showed some diffusion between the film and the 

substrate. However, the degree of diffusion appears to be much greater for F22-3. The 

change in ion intensities (indium in particular) at the interface (30 nm) is not as great 

compared to the other two samples which lead to this conclusion. 
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A.5. Energy-Dispersive X-Ray Spectroscopy 
 

 Four samples were chosen for EDX analysis (technique described in Section 

3.2.6): F18-1, F18-8, F20-4 and F22-3. F18-1 (pure GaN) and F22-3 (pure InN) were 

selected to determine whether there are any indium or gallium impurities in the respective 

samples. Additionally, white spots were visible in the top-down SEM images for F18-1 

so the composition of these clusters could be determined. F18-8 and F20-4 are both 

samples with a nominal indium content of 70% however F18-8 could not be modelled 

using ellipsometry whereas F20-4 was modelled accurately. These samples were selected 

to determine the microstructural or compositional reasons for this difference. The results 

received from the Surface Science Lab are shown below along with the associated 

analysis.   

 

F18-1 

   
    Figure A.37: SEM images and EDX spectrum          Figure A.38: SEM image and EDX X-ray 

    for sample F18-1              intensity element maps spectrum for sample 

                F18-1          

          F18-1 is a nominally pure GaN sample which modelled using the ellipsometer 

very well. The SEM images reveal a microstructure with very small grains less than 50 

nm in size. The EDX intensity maps show the constituents (78 wt% gallium with 

negligible indium) are well distributed across the surface at the macro scale 
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(micrometres). On the nano scale, there are a number of white spots which are visible in 

the highly magnified SEM images. These are attributed to gallium clustering (explained 

in F18-8 analysis). 

 

F22-3 

   
    Figure A.39: SEM images and EDX spectrum           Figure A.40: SEM image and EDX X-ray 

    for sample F22-3              intensity element maps spectrum for sample 

                F22-3          

 F22-3 is a nominally pure InN sample which produced abnormal ellipsometry 

data and could not be modelled. The SEM images revealed much larger grain sizes of 

200-300 nm. Distinct voids between the grains can be seen. EDX intensity maps show the 

constituents (84.3 wt% indium with negligible gallium) well distributed across the 

surface. 
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F20-4 

   
    Figure A.41: SEM images and EDX spectrum           Figure A.42: SEM image and EDX X-ray 

    for sample F20-4              intensity element maps spectrum for sample 

                F20-4          

 F20-4 is an InxGa1-xN sample with a nominal indium content of 70% which 

modelled on the ellipsometer very well. The SEM images reveal well-defined grains 30 

to 80nm in size. The EDX intensity maps show the constituents (81.4 wt% indium and 

6.5 wt% gallium) well distributed across the surface at both the macro and nano-scale. 

 

 

F18-8 

   
    Figure A.43: SEM images and EDX spectrum           Figure A.44: SEM image and EDX X-ray 

    for sample F18-8              intensity element maps spectrum for sample 

                F18-8 at 15,000x magnification         
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   Figure A.45: SEM image and EDX X-ray intensity    Figure A.46: SEM image and EDX X-ray intensity 

   element maps spectrum for sample F18-8 at                 element maps spectrum for sample F18-8 at 

   60,000x magnification at region 1                    60,000x magnification at region 2 

  

 F18-8 is an InxGa1-xN sample with a nominal indium content of 70% which 

produced abnormal ellipsometry data and could not be modelled. The SEM images reveal 

a microstructure with very small grains less than 50 nm in size. They also show a very 

uneven surface with clustering and the film disrupted in numerous spots. The EDX 

analysis indicates that the InxGa1-xN film is much thinner than the other three samples 

since the underlying silicon peak is very intense. The semi-quantitative results reveal a 

composition with 65.7 wt% and 13.0 wt% indium and gallium respectively. This shows a 

lower indium to gallium ratio than the F20-4 sample (both 70% indium nominally) which 

is expected due to F18-8‟s higher substrate temperature during deposition (500°C to 

480°C).  

 The EDX intensity maps at high magnifications (Figures A.44-A.46) show an 

uneven distribution of gallium. Figures A.45 andA.46 in particular illustrate the gallium 

clustering by circling the high intensity zones on the X-ray maps that correspond to the 

gallium clusters in the associated SEM image (clusters appear lighter). The gallium 

clusters are estimated to be 200-300 nm in size. It is possible these clusters are the initial 
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phase of the nanocolumn formation mechanism. GaN and InxGa1-xN nanocolumns are 

believed to follow the self-catalyzing „Ga balling‟ vapour-liquid-solid (VLS) mechanism 

(papers attached). In this, liquid droplets of gallium form on the silicon dioxide substrate 

and establish liquid-solid interfaces. InxGa1-xN columns then selectively grow upwards 

from these GaN (Ga nitrided to GaN) islands. 

 The SEM-EDX analysis shows that this plasma-enhanced evaporation 

deposition technique developed by Mosaic Crystals Ltd. has the capability to produce 

compositionally and microstructurally homogenous InxGa1-xN films even at high indium 

concentrations. The suspicion of indium clustering on the surface appears to be ruled out 

however gallium clustering has been confirmed (possibly the start of nanocolumns). The 

results also show a clear relationship between strong ellipsometry fits and a well-defined 

microstructure with good compositional distribution. 

 

A.6. Dark Current and Photocurrent 
 

 Dark and photocurrent measurements were taken for ten InxGa1-xN films of 

varying concentrations. This technique was described in Section 3.2.7. Illumination of the 

films was expected to cause a drastic increase in the measured current as electrons are 

excited into the conduction band, however the results did not show this. Using the solar 

simulator, only one sample, F18-4, showed a slight increase current from dark to light. 

This is illustrated in Figure A.47:  
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Figure A.47: Current-voltage (IV) measurements for F18-4 (x=0.3) 

 

The remaining nine films showed either no change or even a slight decrease in current.  

Figure A.48 illustrates an example of this using sample F20-3:  

 
Figure A.48: Current-voltage (IV) measurements for F20-4 (x=0.7) 

 

 The current-voltage (IV) plots show an abnormally high background dark 

current reading for each InxGa1-xN film. Further work must be performed to determine the 
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precise reason for this phenomenon. The films did, however, exhibit a direct relationship 

between nominal indium content and dark current. This confirms reports finding 

decreased resistivity with increasing indium content
8
. 

 

A.7. Chemical Etching 
 

 

 A chemical etching (cleaning) was performed on every sample when metal 

impurities were found on the surface of three InxGa1-xN films. This process is described 

in Section 3.1.2. The cleaning procedure was found to have a significant impact (and 

improvement) on measurements. Therefore, ellipsometry, photoluminescence and 

current-voltage measurements were repeated for each sample. SEM images were also 

retaken for the three InxGa1-xN films found to have impurities. Figure A.49 illustrates the 

improvement in surface film quality of F18-6 as seen through top-down SEM images: 

                                                 
8
 T. Suski, G. Staszczak, S. Grzanka, R. Czernecki, E. Litwin-Staszewska, R. Piotrzkowski, L. H.   

   Dmowski, A. Khachapuridze, M. Kryśko, P. Perlin, I. Grzegory, J. Appl. Phys. 108 (2010) 023516. 
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Figure A.49: SEM images of F18-6 (a) before and (b) after chemical etching (cleaning) 
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Figure A.50 illustrates the difference in luminescence from the InxGa1-xN film F18-2 

before and after cleaning:  

 
Figure A.50: PL spectra of F18-2 before and after chemical etching (cleaning) 
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APPENDIX B:    EQUIPMENT PROTOCOLS 
 

 

B.1. Ellipsometry Measurement and Modelling Protocol 
 

Measuring Protocol 
 

Turning On (after turning on, wait 20 min before use to allow lamp to warm up) 

 

 Turn on Control Module first followed by Monochromator Power 

 Wait a few seconds then turn on Lamp Power, wait a few more seconds and press 

Ignition to turn on the light 

 In Hardware window, click Initialize to sync the computer to the ellipsometer 

(software key must be in computer to run WVASE32 program) 

 Check to make sure appropriate fibre optic cable is attached – depends on light 

range/size of beam 

o UV: 200nm - 2100nm (dead range from 1350nm – 1450nm due to water 

absorption) 

o IR: 270nm – 2300nm 

 

Calibration (to make sure zero is known for the polarizer and analyzer - should be   

                     performed at start of every new testing session) 

 

 Insert silicon calibration wafer (apply directly from spider case) 

 Click on Acquire Data – Calibrate System (default settings are OK) 

 Calibration completed once "acquiring calibration data" progress reaches 100% 

 Click on File – View Log to compare Ps, As values to previous calibrations 

 

Applying Sample 

 

 Ensure vacuum box is switched on 

 Switch to appropriate vacuum port as labelled on the back. Slits and holes are 

used for large and small samples respectively 

 Flip switch on ellipsometer from „vent‟ to „vacuum‟ 

 Use tweezers (pinch tight) through the sample stage groove to apply sample over 

the vacuum openings 

 

Aligning Sample (performed for every newly placed sample) 

 

 In Hardware window, click Acquire Data – Align Sample 

 Carefully insert alignment detector 

 Align red cross in centre of the four grey boxes on screen by adjusting alignment 

knobs (two black knobs on back of sample stage) – cross will move around 
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naturally but want it to be close to centre (X and Y values <1 ideally) – press Esc 

to exit once completed 

 If alignment detector is very off (no or very small grey boxes,) one must find the 

beam manually to get rough sample alignment first 

 Remove alignment detector 

 Align z-axis by adjusting silver knob to maximize the height of the red line on 

screen (it may gradually rise if the light is recently turned on) – press Esc to exit 

once completed 

 

Acquiring Data - Spectroscopic Analysis 

 

 In Hardware window, click Acquire Data – Spectroscopic Scan 

 Options: 

o 0.025eV wavelength intervals 

o 20 Revs/meas. – greater if noisy 

o 3 angles: 70°, 74°, 78° for samples on a silicon substrate with a 74° 

Brewster angle 

o Dynamic Averaging (100 max) 

 

 More Settings: 

o Track Polarizer On 

o Auto Retarder on 

o Sample Type: Isotropic + depolarization 

 

 

Modelling Protocol  (general procedure, will vary with each sample) 

 

The software WVASE32 was used to develop a model to fit the experimental data 

obtained using a J.A. Woollam Co. V-VASE ellipsometer 

 

 Add „si_jaw.mat” silicon layer 

 Add „SiO2.mat‟ silicon dioxide layer and fit thickness 

 Add „Cauchy.mat‟ layer and fit thickness 

 Restrict data range to transparent region (below band gap for the sample, can 

estimate from ellipsometry psi data at the transition region) 

 Fit An, Bn, Cn, k Amplitude, Exponent Cauchy layer parameters one at a time 

o Remove parameters that are at or near zero, ensure parameters are 

physically sensible 

 Add „srough.mat‟ surface roughness layer and fit thickness 

 Continuously increase data range by 0.5 eV (or sensible amount) and fit the model 

 Once the model data begins to diverge from the experimental data, deselect all 

model parameters and perform a Point-By-Point fit with the Optical Constants, n 

and k, of the Cauchy layer 

 If the fit is now strong, right click on the Cauchy layer and „Build GenOsc layer 

from tabulated „Cauchy‟‟ 
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 In the GenOsc window, add Gaussian oscillators as needed and Fit ε2 only 

 Select e1 offset and Fit e1 only 

o Fit Poles #1 and #2 Magnitude and Position to improve e1 fit 

 Fit Both 

 Select all thickness parameters in addition to the GenOsc parameters and fit the 

entire model of the entire data range 

 In the Hardware window, select Options and add Thickness Non-Uniformity to 

the fitting parameters 

 Fit the model 

 

 

 

B.2.  Metal Contact Deposition 
 

 

 The following is a detailed protocol for using the Thermionics RC-series linear 

electron beam metal evaporator. This accompanies the more general description of the 

metal contact deposition method in Section 3.1.3. 

 

Upon arrival, the evaporator should have been left under vacuum. The evaporator must be 

vented before use. 

 

To vent: 

 Close the gate valve slowly using both hands - this closes the cryogenic pump 

 Open the nitrogen valve and adjust the regulator to ~20 psi 

 Open the Newpro valve followed slowly by the "Vent" valve 

 

Once fully vented (will hear the stop of suction): 

 Close the Newpro valve 

 Lift the bell jar using the switch 

 Ensure crucible #3 (aluminium) is in position 

 Add aluminium to the crucible if needed (should be filled with 2-3 aluminium   

 pellets) 

 Clip the InxGa1-xN samples onto the mask and place the mask over th    

 evaporation opening  

 Ensure the electron beam is hooked up  

 Clean the bottom of bell and jar with KimWipes and isopropyl alcohol 

 Lower the bell until the motor stops 

 Turn on the roughing pump followed in order by the R0, R1, R2 valves 

 Turn on the cooling water supply (red valve on back wall) 

 Ensure the black valve for the electron beam water cooling is open (valve on   

 back wall is vertical) 

 Wait ~5 min until the pressure reaches 30 mTorr (3.0-02 on screen) 
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While waiting: 

 Program the deposition settings 

 PROG - change crucible # - adjust desired thickness - use up down arrows to  

 navigate and Enter to select 

 XTAL #1 - check crystal life (replace crystal if above 25%) 

 

Once the pressure is at 30 mTorr: 

 Close R2 and open gate valve (uses cryogenic pump) 

 Close R0, R1 and shut off the roughing pump 

 Close the "Vent" valve  

 Pump down until 2x10
-6

 Torr (will take ~15 min) 

 

Once fully pumped: 

 Turn on the controller (1 AMP setting), Thermionics control modules 

 The interlock light should be lit, if not it means cooling water is not flowing 

 Turn up the current slowly  (to 0.1-0.4 mA) 

 Put on the dark glasses and look for the filament and electron beam in the mirror 

 Turn on the controller and adjust the position of the electron beam to the centre  

 of the aluminium pellets (make sure beam is not hitting the bare crucible) 

 Leave Amp and Frequency off for aluminium 

 Once a bright spot is visible and the deposition rate is suitable (1-3 A/s) open the  

 shutter (press Open button on top right of program box) 

 The shutter will automatically close upon completion of the programmed  

 deposition thickness 

 Slowly turn down the current 

 Turn off the controller and Thermionics power 

 Leave to cool for 10 min 

 Turn off the cooling water 

 Close the gate valve 

 Turn off the ion gauge 

 Vent with nitrogen (same procedure as before) 

 Lift the bell jar and remove the mask and samples 

 Clean inside of the bell jar before closing it 

 Close the Newpro valve 

 Turn on the roughing pump and open R0, R1, R2 in that order 

 Once at 30 mTorr, close R2 

 Open the gate valve, close R0,R1, turn off the roughing pump 

 Ensure the ion gauge and shutter box power are off and the vent valve is closed 

 Turn off nitrogen tank valve 


