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THESIS ABSTRACT 
 

Hot Carrier Solar Cell (HC-SC) is one of the advanced photovoltaic technologies. 

The two main building blocks of a HC‐SC are: the absorber, where electrons‐ holes 

pairs are photo generated by absorbing the incoming photons, and the energy selective 

contacts, which allow extraction of these carriers to the external circuit in a narrow 

range of energies. HC‐SCs offer the possibility of operating at very high efficiencies 

(Limiting efficiency above 65% for un-concentrated light) with structure of reduced 

complexity. An ideal HC‐SC operates at very high efficiency by absorbing wide range 

of photon energies and extracting the photo‐generated carriers at elevated temperatures 

before they thermalize to the band‐edge of the absorber material. The finding of suitable 

absorber material and its fabrication along with characterisation are the initial steps to 

implement the HC-SC with a better efficiency. Germanium Carbide (GeC) and Zirconium 

nitride (ZrN) have a large mass difference between their consecutive elements and 

exhibit a large phonon band gap sufficient to block the dominant carrier cooling 

mechanism by Klemens decay route. In this thesis, GeC and ZrN have been   studied to 

investigate their suitability as absorbers for HC-SCs. These material have been 

fabricated using sputtering and characterised using an array of techniques such 

as X-ray photoelectron spectroscopy, transmission microscopy, X-ray diffraction, Raman 

spectroscopy, Atomic Force Microscopy and optical absorption spectroscopy to study 

structural, compositional and optical properties. Transient absorption spectroscopy was 

used to study the carrier dynamics. Nano-crystalline GeC has been fabricated which may 

be suitable for photovoltaic application.  Germanium carbide with the record of 15.5 % 

GeC has been demonstrated. Growth of ZrN have been demonstrated in the range of 

process parameters. Epitaxial growth of ZrN on MgO substrate has been achieved with 

DC sputtering at 500oC. Carrier dynamics in ZRN film have been investigated with 

ultrafast transient absorption measurements which have indicated a long relaxation time 

of order of hundreds of picoseconds. The finding in the thesis provide initial insight into 

the properties of GeC and ZrN and show the possibilities of these materials as an absorber 

for the HC-SC. 
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Chapter 1 

Introduction 

This chapter presents the impetus for this thesis. It also introduces the various 

photovoltaic loss mechanisms which restrict the efficiency of the p-n junction solar 

cells. It then provides an overview of different solar cell approaches to increase the 

efficiency of solar cells. It also reviews advanced photovoltaic concept, especially the 

hot carrier solar cell. The background and significance of this thesis are also presented. 

 

 Motivation 

 

During the last two hundred years, the global economic growth has been fuelled 

primarily by  t h e  conventional fossil fuels such as coal, oil and natural gas. The wide 

use of fossil fuels contributes to the excessive CO2 emission which is regarded as the 

main cause of climate change. In order to satisfy the economic growth in a 

sustainable manner, the energy source needs to shift from pollution intensive fossil 

fuels to the clean and abundant renewable energy. The photovoltaic technology is 

considered to be the most promising renewable energy source. The international energy 

association predicts that the global energy need can be satisfied if only 4 percent of 

earth’s surface is covered by photovoltaic systems [1]. 

Recent studies have predicted that the total energy consumption would increase by 48 

percent (1.71 percent per year), from 158 trillion kilowatt hours  in 2012 to 239 trillion 

kilowatt hours in 2040.[1] The use of all energy sources is predicted to increase. The 

access to fossil fuels, in particular, liquid fuels and petroleum will become more 
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complicated and expensive, thus the consumption of oil is predicted to grow at a very 

slow rate. Renewables are the world’s fastest-growing energy source over the projection 

period from 2012 to 2040. Renewable energy consumption increases by an average 2.6 

% /year between 2012 and 2040.[1] 

A large growth in energy generation from renewable sources is expected to meet the 

increment in energy demand in the next decades. The renewable energy production is 

projected to grow from 20.5 trillion kilowatt hours in 2012 to 41.2 trillion kilowatt 

hours in 2040. Currently (2016) hydroelectricity and wind energy represent the largest 

renewable sources, accounting for 75 percent of renewable energy production [1]. A 

large growth of wind and hydro is forecast for China and Canada, whereas other forms 

of renewable energies are predicted to increase in other parts of the world.  

Despite the recent growth of the solar energy market, the wholesale cost/watt f igure  

of solar modules is still very high compared to a conventional energy sources and 

other renewable energies such as hydro and wind. To allow an even wider spread of 

solar generated energy, photovoltaic energy in particular, devices with higher 

efficiencies and lower production costs need to be developed. The investigation of 

absorber material for advance photovoltaic concepts, which will allow higher efficiency 

at lower prices, is the objective of the current research in “Advanced photovoltaics”. 

 Photovoltaic devices and various losses 
 

Photovoltaic devices or solar cells convert solar energy directly into electrical energy. 

The first silicon solar cell, developed in 1954 by Chapin et. al. was an inevitable result 

of the invention of the p-n junction diode in 1949 [2]. Chapin’s silicon solar cell 

displayed an efficiency of 6 % [2]. Since then researchers have been attempting to 
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increase the efficiency of solar cells to meet the growing demands for clean energy. A 

range of different materials, designs and concepts have been experimented in the bid to 

devise cheapest and efficient solar cell. The passivated emitter with rear locally diffused 

(PERL) cell developed at University of New South Wales (UNSW), is a good example 

which achieved 25 % conversion efficiency [3]. This system has almost reached the 

theoretical efficiency of 29 % for crystalline Si solar cell [4]. Recently, UNSW reported 

40 % energy conversion efficiency from spectrum splitting [5]. Electricity generated 

from the solar cells is clean and renewable as the energy source, the sun, is virtually 

inexhaustible. It even produces greenhouse gases, such as carbon dioxide, that 

contribute to global warming. The greenhouse gas such as CO2 emission from solar PV 

is significantly low as compared to using coals [1]. Furthermore, solar cells can be 

integrated into existing built environments increasing the efficacy of space 

management. 

Photovoltaic cells can be realized using different material and configurations, a large 

part of a conventional solar cell is based on crystalline and polycrystalline Si [6]. Solar 

cell’s design consists of a p-n junction semiconductor device where the incident photons 

with energies greater than the bandgap of the semiconductor generates electron-hole 

pairs. These electron-hole pairs drift away in opposite direction by the internal electric 

field in a depletion region and are collected on either side of it. The electron are directed 

to the external circuit through contact for generating power. 

Typical single p-n junction solar cells have various losses as shown in Figure 1.2.1 

which limit the efficiency: 

 Sub bandgap losses when Eph*<Eg* (1) 

 Thermalisation loss due to absorption of high energy photons (2) 
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 Junction losses (3) 

 Contact losses (4) 

 Recombination losses (5) 

* Eph = photon energy, * Eg = Bandgap 

Advance photovoltaic concepts aim to attain high conversion efficiency by minimizing 

the different loss mechanism that occur in p-n junction solar cells. When a photon is 

absorbed by a photovoltaic device, it excites an electron from the valence band to the 

conduction band, leaving behind a hole in the valence band. The electron and holes are 

therefore each associated with a chemical potential which enables power generation in 

the solar cells. When the incoming photons have much higher energy than the band gap 

of the absorbing material (1.1 eV in Si), electrons and holes are excited well above the 

conduction and valence band edges respectively. Electrons cool down by emitting 

phonons to the material and come down to the energy of conduction band edge. 

Similarly, holes cool down to the valence band edge by emitting phonons to the lattice. 

The phonons thus emitted contribute to the heating of the material, thus extra energy 

from photons is lost as a heat to the lattice rather than converting to the output power. 

This mechanism is shown in Figure 1.2.1 as (2). This loss process alone limits the 

efficiency of a cell to approximately 44 % [7]. The second main loss is the sub-bandgap 

loss when photon energy is less than bandgap energy which accounts for about 30% of 

loss. This mechanism is shown as (1) in Figure 1.2.1. Another major loss mechanism, 

shown as (5) in Figure 1.2.2, represents the recombination of generated electron-hole 

pairs, either radiatively or non-radiatively. The rate of recombination process can be 

reduced by using defect free material in order to minimise recombination centres, or by 

surface passivation or hydrogenation steps during fabrication. Junction loss and contact 
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losses labelled as (3) and (4) respectively in Figure 1.2.1 are much smaller in principle 

and can be minimised through optimisation of cell design and processing.  

Losses, specially sub- bandgap and/or thermalization, cannot be overcome as these are 

the intrinsic properties of the semiconductor material limiting the theoretical conversion 

efficiency of the solar cells. It is necessary to alleviate dominant losses; thereby a few 

approaches such as advance photovoltaic concepts have been proposed to tackle these 

two main problems and to exceed the Shockley-Queisser photovoltaic efficiency limit. 

Theory for utilizing the energy lost by mechanism (1) and (2) comprises the majority of 

the advance photovoltaic concept. 

 

 

 Figure 1.2.1: Loss processes in a standard p-n junction solar cell: (1) Sub-band gap 

losses; (2) thermalisation loss; (3) and (4) junction and contact voltage losses; (5) 

Recombination loss. Reproduced from [7] 
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 A summary of three generations of photovoltaic cells 
 

Photovoltaic cells can be broadly classified into three generations based on the concept, 

material and manufacturing technology used. 

1.3.1. Crystalline Si wafers based solar cells 

Crystalline Si wafers based solar cells have dominated the commercial photovoltaic 

market since Si has many advantages including abundance, nontoxicity and mature 

processing technologies compared to other semiconductor materials. Silicon wafer 

based solar cells have a characteristic feature of high quality and high efficiency (in the 

range of 21.2-25.6 % for industrial grade solar cells) [8]. The materials used may be 

mono-crystalline, multi-crystalline or ribbon silicon. A large amount of high-quality 

material accounts for the relatively high cost of this technology [9]. 

1.3.2. Thin film solar cells 

For the thin film PV technology, base material is glass instead of silicon wafers and the 

thickness of the absorbing material is between a few hundred nanometres to tens of 

micrometres. Hence the amount of absorber materials required for these photovoltaic 

devices is significantly less. But this development has come at a cost. The efficiency of 

thin film solar cells is lower compared to crystalline silicon solar cells due to the 

presence of many defects due to the processing of material. Typically, the materials 

used in thin film solar technology are amorphous silicon or crystalline thin film silicon, 

CIGS (Copper Indium Gallium di-Selenide), Cadmium Telluride (CdTe) or organic 

materials. Recently, CdTe thin film solar cell is reported by Newport test centre with an 

efficiency of 21.0 ± 0.4 % [8]. 10.2 % conversion efficiency for single junction 
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amorphous silicon solar cell was reported in 2016 [8]. Over 10% conversion efficiency 

is achieved in 2µm poly crystalline silicon and, as a tandem of micro crystalline silicon 

and amorphous silicon (thin film silicon hybrid or Micromorph solar cell), 14.7 % 

efficiency is recorded [10].  

1.3.3. Advanced photovoltaic concepts 

The main sources of losses in conventional solar cells mentioned in section 1.2 are due 

to inability of collecting photons with energy below the bandgap, the very low 

conversion efficiency of photons with energy above the bandgap (thermalisation losses), 

the re-emission of photons by radiative recombination and losses related to carrier 

recombination in different parts of the device. The interaction of these loss mechanisms 

gives rise to an intrinsic efficiency limit for single junction solar cells. This limit is 

known as the Shockley Queisser limit and is around 28 percent for conventional c-Si 

solar cells [4], for a 6000 K blackbody incoming radiation. The Shockley-Queisser limit 

is very different from the thermodynamic limit for solar energy conversion, which was 

first calculated by Landsberg to be above 90 percent [11]. 

The wide gap between the Landsberg limit [11] and the single junction Shockley 

Queisser limit indicates that there is a large amount of room for further improvements 

of photovoltaic devices. Research in high efficiency photovoltaics and “advanced 

photovoltaics” have the aim of engineering solar cells with efficiencies higher than the 

Shockley Queisser limit, using design solutions which are not bound to the single 

junction approach. Some of these novel devices include tandem solar cells, quantum dot 

solar cells, intermediate band solar cells, up‐conversion and hot carrier solar cells 

(HCSC) [13, 14]. These solar cell concepts are designed to minimize one or more of the 
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loss mechanisms shown in Figure 1.2.1. Hence, advance photovoltaic concept aim to 

achieve high efficiency devices but using thin‐film technology. 

Tandem and Hot carrier solar cells (HCSCs) are two major approaches in the advance 

photovoltaic technologies aim to tackle sub bandgap and thermalisation losses in single 

band gap solar cells. Another main advance solar cell concept is the intermediate band 

(IB) solar cell, was developed by Luque and Marti in 1997 [12], with a proposed 

efficiency over 40 %. IBs are being researched using the mini-bands in QDs, usually 

InAs QDs in InGaAs [13] and in the split-off bands of highly mismatched alloys such as 

Mn in GaAs [14] or II-VI compounds heavily doped with transition metals. However, 

IB cells are not considered further in this thesis.  

 Tandem solar cell 
 

Tandem solar cell is a unique form of solar cells consisting of two or more sub cells, 

which are able to selectively absorb sunlight spectrum with high absorbance. They are 

stacked on top of each other with an ascending band gap from low to high, from which 

multi‐layer heterojunction could be constructed. The fundamental efficiency of a single 

junction silicon solar cell is limited to 31 % [4], while by implementing 2 or 3 tandem 

stacking cells with careful selection of their band gap the limitation will increase to 42.5 

% and 47.5 % respectively. For a dual tandem, the top cell’s optimal band gap is 1.7-1.8 

eV with a silicon cell with 1.1 eV band gap underneath. For three tandem devices, the 

upper and interlayer cells’ band gap should be 2.0 eV and 1.5 eV [15]. Tandem cells are 

the only successfully implemented advance photovoltaic solar cells to date to surpass 

the theoretically efficiency limits for single junction solar cell. A triple junction tandem 

cell, InGaP/GaAs/InGaAs, with reported efficiency of 44.4 ± 2.6 % and four junction 
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GaInP/GaAs/GaInAsP/GaInAswith an efficiency of 43.4 ± 2.4 % have been achieved 

[8]. Four junction wafer bonded solar cells have been reported in 2014 with an 

improved efficiency of 46.5 % by Fraunhofer ISE [16]. 

 Hot carrier solar cell 
 

HCSC, as schematically shown in Figure 1.5.1(a) is a promising advance photovoltaic 

device. The first analysis of HCSC appeared in 1982 [17]. In this work, it was shown 

that under direct sunlight (when the solid angle, over which light is emitted and received 

= solid angle of the sun), HCSCs have a limiting efficiency of 85.4 % [17]. A later 

analysis done by M.A. Green showed a theoretical efficiency of 65.4 % can be achieved 

from global sunlight (when the angle of the sun = 10-5 θ, i.e. 1 sun) [15]. Thus, HCSC 

devices can in principle reach efficiency almost as high as an infinite tandem cell. 

The two basic requirements necessary to implement HCSC are: 

a) The absorber material, which has to slow down the thermalisation of carriers, by 

minimizing the carriers-phonons interactions. 

b) The energy selective contacts (ESCs), which have to allow extraction of carriers 

only in a very narrow range of energies [18]. 
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Figure 1.5.1: a) Band diagram of an ideal hot carrier solar cell. [19]  b) The absorber 
has a hot carrier distribution at temp TH. Carriers cool isoentropically in the mono‐
energetic contacts to TA. The difference of the Fermi levels of these two contacts is 
manifested as a difference in chemical potential of the carriers at each contact and 
hence an external voltage, V [20].  
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Figure 1.5.2: Schematic illustration of an electron‐hole pair creation, following 
absorption of a photon with energy hω0. Energy relaxation follows via optical phonons 
emission (hωph). Adopted from [21] . 
 

Low wavelength photons, once absorbed, generate highly energetic electron hole (e-h) 

pairs; these are extracted before they are thermalised towards respective band edges, 

losing their excess kinetic energy. HCSCs make use of the extra energy of electrons and 

holes above the band edges of the absorber material by converting it into electrical 

power instead of letting it heat up the lattice through the emission of phonons. In 

HCSCs the excited electrons and holes find equilibrium energetic states among 

themselves rather than cooling down to the edge of the conduction band and the valence 

band respectively. This equilibrium is reached via carrier-carrier elastic scattering rather 

than carrier-lattice inelastic collisions. Thus, carriers in HCSCs are at elevated energy 

levels allowing it to operate at a higher voltage [22]. The interaction of carriers with 

phonons forces them to thermalise towards band edges as shown in Figure 1.5.2. In 

general, the energy is lost by successive interactions with optical phonons. Recent 
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theoretical works on HCSCs operating under practical conditions have given 

efficiencies using real material parameters is estimated to be 43-45 % at 1000 sun [23-

25]. The processes in which hot carriers in semiconductors are involved after excitation 

are schematized in Figure 1.5.3. If the interaction of optical and acoustic phonons is 

much slower than the carrier to optical phonon interaction, large non‐equilibrium optical 

phonon populations can be generated, slowing energy relaxation of the hot carriers (hot 

phonon re‐absorption) [20, 26]. 

 

The energy dissipation of photo-generated carriers is a multi-step process. The inelastic 

scattering of carriers takes place in the first few 10s of femtoseconds after their 

generation. This process normalizes momentum and leads to a distribution of electron 

energies which can be described by a Boltzman distribution and a single high 

temperature, i.e. a thermal population, and a separate low temperature thermal 

population of holes [27]. Then on a longer timescale (typically several picoseconds) 

carrier’s scatter inelastically with phonons, predominantly emitting optical phonons in a 

series of discrete hops in each of which energy and momentum are conserved in the 

combination of electron and emitted phonon. For polar semiconductors the major 

scattering process is with longitudinal optical phonon modes. These optical phonons 

emitted by the excited carriers then interact with other phonons due to the anharmonic 

nature of the crystal potential. Through various routes these over-populated optical 

phonons decay into low-energy acoustic phonons. The final step is the transport of these 

acoustic phonons, macroscopically marked as the heat dissipation to the environment. 

The carrier cooling process can be slowed by blocking any of these three processes. 
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The cooling of carriers by emission of optical phonons leads to the build-up of a non-

equilibrium ‘hot’ population of optical phonons which, if it remains hot, will drive a 

reverse reaction to re-heat the carrier population, thus slowing further carrier cooling. 

Therefore the critical factor is the mechanism by which these optical phonons decay 

into acoustic phonons, or heat in the lattice. The principal mechanism by which this can 

occur is the Klemens mechanism, in which the optical phonon decays into two acoustic 

phonons of half its energy and of equal and opposite momenta [28]. The accumulation 

of emitted optical phonons is strongly peaked at zone centre both for compound 

semiconductor due to the Fröhlich interaction (strong quadratic dependence on 

momentum) and for elemental semiconductors due to the deformation potential 

interaction (less strong linear dependence on momentum). The strong coupling of the 

Fröhlich interaction also means that high energy optical phonons are also constrained to 

near zone centre even if parabolicty of the bands is no longer valid as is the case for 

high energy carriers well above the band minima. This zone centre optical phonon 

population determines that the dominant optical phonon decay mechanism is this pure 

Klemens decay. 

 

For a binary material, a simple 1D phonon frequency calculation assuming simple 

harmonic oscillators is given below [20] for highest acoustic phonon and lowest optical 

phonon dispersion: 

ω  ,  

 	ω    and  
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	ω =  

Where T/a is the force constant, M and m are heavy and light atomic masses of the 

compound respectively. 

By substituting atomic masses for each element and normalizing the energy difference 

between highest acoustic and lowest optical dispersion branch, the normalized phononic 

band gap is obtained. Theoretically, the normalized band gap just larger than 1 should 

be enough for preventing Klemens mechanism, but in a realistic situation, larger than 

ones could also prevent any perturbation and defects effect. In addition, Ridley 

mechanism is another mechanism by which longitudinal optical (LO) phonons decay at 

zone centres into a transverse optical (TO) phonon and emit a longitude acoustic (LA) 

phonon. This indicates the energy dispersion between optical modes must be small. 

Additionally, selective energy contacts (ESC) enable the hot carrier device to extract the 

carriers with specific energy to the external circuit [18, 20, 29]. The requirement of an 

ESC is that it should have a narrow band within a large bandgap semiconductor which 

permits only carriers in a narrow energy range to be transmitted, electrons in one 

contact and holes in the other. Figure 1.5.1(b) demonstrates the band diagram for a hot 

carrier cell with absorber and ESCs. As can be seen, electrons are transferred from the 

absorber material to the ESCs through a narrow energy. These electrons elastically 

interact with other hot electrons in the absorber material and normalize their energy. 

Holes are collected to the external contact at the positive side of the cell through a 

similar mechanism.  
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Figure 1.5.3: Energy flowchart in photo excited semiconductor [21] 
 

A possible method of implementing ESC structures is by using the, double barrier 

structures consisting of quantum dots (QDs) or a quantum well (QW) [18] in an 

insulating dielectric oxide or nitride matrix were investigated. The QDs/QWs provide a 

discrete energy level between two insulating barriers which is expected to give 

conduction of carriers strongly peaked at these particular energy levels, but much lower 

at other energies – hence selecting a particular energy level. The position of the peak 

and the selectivity can be tuned by carefully choosing the QD size and the insulating 

barrier thickness of the contacts. ESC structures using SiO2/Si QW/SiO2, Al2O3/ Ge 

QW / Al2O3 and Al2O3/ Ge QD / Al2O3 have been investigated [30, 31]. 
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1.5.1. Requisite properties for absorber material 

The major properties required for a good hot carrier absorber material suggested [26, 

32, 33] are listed below in approximate order of priority, although their relative 

significance may well modified in light of impending research:  

1. Large phononic band gap (EO (min) - ELA) - to suppress Klemens’ decay, requires 

large mass difference between elements.  

2. Narrow optical phonon energy dispersion (ELO - EO (min)) – to minimise the loss by 

Ridley decay, requires a high symmetry.  

3. Small Eg < 1eV – to allow a broad range of strong photon absorption.  

4. A small LO optical phonon energy (ELO) – to reduce the amount of energy lost per 

LO phonon emission but not so small as to increase the occupancy of LO modes 

unduly. (ELO.exp(-ELO/kT)  

5. A small maximum acoustic phonon energy (ELA). This maximises (EO(min) - ELA) 

and is important if ELO is also small. 

6. Good renormalisation rates in the material, i.e. good e-e and h-h scattering. This 

condition is met in most semiconductors quite easily, with e-e scattering rates of less 

than 100 fs. But it may be compromised in nanostructures.  

7. To allow good carrier transport of hot carriers to the contacts, optical absorption 

depth should be shorter than the transport distance in the absorber. 

8. Ability to make good quality, ordered, low defect material.  

9. Earth abundant and readily processable materials.  

10. No, or low, toxicity of elements, compounds and processes.  

* ELO, EO(min) & ELA are the maximum optical, minimum optical and maximum acoustic 

phonon energies. In µT where µ is the mobility and T is the Temperature 
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For HCSCs, in addition to absorbing the photons and creating the electron hole pairs, 

the absorber materials need to block the Klemens mechanism to increase the chances of 

phonon reabsorption by cold electrons. A large phonon band-gap is the essential feature 

for the absorber to show a phonon bottleneck effect. A large phonon band-gap increases 

the lifetimes of high energy phonons by inhibiting fast decay paths. The required 

phononic properties can be realized through carefully engineered nanostructure super 

lattices. Theoretically, the lifetime of high energy phonons is found to be hundreds of 

picoseconds for certain symmetry directions for diamond super lattices [34]. Some bulk 

materials have shown slow carrier cooling and considered good candidate as an 

absorber for HCSCs. InN is an example of such material with a large phonon bandgap 

[35]. The effectiveness of InN as a hot carrier absorber material still has to be properly 

assessed because it is a very difficult material to grow at reasonable quality, again due 

to the disparity in size of its constituent element atoms [20]. In addition, InN is 

predominantly grown as hexagonal wurtzite material rather than the more symmetric 

cubic zinc-blende structure, although growth of cubic InN is possible [36]. Furthermore, 

the abundance of In is very low, so it is difficult to see InN as a long term material 

suitable for large scale implementation. Hence analogues of InN, which retain its 

interesting property of a large phonon band gap, need to be investigated. So, the focus 

has been on realizing bulk material as an absorber materials using Group IV alloys and 

transition metal nitride which are reasonably abundant [32, 33, 37, 38]. However, 

obtaining reasonable good absorber material using these materials is still a challenging 

task, since it requires a very high quality film.  

An investigation on properties of germanium carbide and zirconium metal nitride after 

fabrication using sputtering method is presented in this thesis. 
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 Aim and structure of this thesis 
 

The main aim of this thesis is to investigate the different materials from group IV alloys 

and transition metals’ nitride as an absorber material for HCSCs. The work includes the 

fabrication and characterization of materials especially germanium carbide and 

zirconium nitride as an absorber using an industry-friendly process called sputtering and 

analyses their properties for photovoltaic applications. 

The thesis is divided into six chapters. At the beginning of each chapter, a 

comprehensive review of the literature on that specific topic and at the end, a summary 

of the key results is reported.  

The structure of the thesis is designed as follows: 

 Chapter 1 provides an overview of different solar cell approaches and various 

photovoltaic loss mechanism which restrict the efficiency of solar cells. 

 In Chapter 2, the literature review on group IV alloys and transition metal nitride 

is presented. Potential bulk material as hot carrier absorber is also discussed. 

 Chapter 3 is dedicated to the experimental investigation of germanium carbide 

as a hot carrier absorber material. Properties of germanium carbide film 

deposited using industry friendly process called sputtering are investigated. 

Nanocrystalline growth of GexC1-x is also presented. 

 In Chapter 4 deposition and characterization of zirconium nitride films using RF 

and DC sputtering are presented. Polycrystalline and single crystal growth of 

zirconium nitride films are discussed. 
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 Chapter 5 is written on the ultrafast carrier dynamics study on deposited 

zirconium nitride. In this study, hundreds of picoseconds decay time constant in 

zirconium nitride film, which could be assumed as a carrier cooling time, is 

observed. 

 Chapter 6 is dedicated to conclusions of chapter 3, 4 and 5. This chapter outlines 

the current state of research on HCSCs and highlights the different areas and 

directions where future research should be focused. 

 Sample processing and characterization details are given in Appendix A, B and 

C respectively. 

 A publication list has been presented in Appendix D. 
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Chapter 2 
 

Group IV alloys and transition metal nitrides as hot 

carrier absorber material 

 

This chapter presents the literature review on Group IV alloys and transition metal 

nitrides. It also presents information about bulk hot carrier absorber material and 

familiarizes the theoretical calculation of normalised phononic bandgap and energy 

optical dispersion mode of various group IV alloys and refractory metal nitride.  

 

 Literature review on group IV alloy 

 

2.1.1. Germanium-carbide alloy 

Germanium is a group IV element and is a reasonably abundant element on the earth .It 

has been known for some time that c-Ge is a reasonably good absorber of light because 

of a very small separation (~0.15 eV) between the lowest L valley and the central Γ 

valley in the conduction band [1]. As a result, it behaves almost like a direct gap 

semiconductor. Unfortunately, its bandgap (~0.66 eV) is too low for efficient 

photovoltaic energy conversion [2]. In contrast, c-Si, which has a bandgap (1.12 eV) 

closer to the optimum gap for PV conversion (~1.5 eV), is a very poor absorber of light 

because of a large (many eV) separation between the lowest X valleys and the central Γ 

valley. Therefore, neither Si nor Ge can be used for efficient PV conversion in a thin 

film form. However, when one examines the band structures of Ge and of diamond, 
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with a bandgap of ~5.4 eV, it becomes apparent that a small addition of C to Ge would 

result in a material with a bandgap in the optimum solar range, and one would only need 

to add little amount of carbon to germanium to achieve such a bandgap. Upon 

examining the lattice constants of Ge and diamond, it also becomes apparent that the 

addition of a few percentage of C to Ge would reduce the lattice constant of the material 

to a value close to that of c-Si, thereby making Ge1-xCx compatible with deposition on 

crystalline Si. Germanium carbide is called a man-made alloy. Due to extreme low 

solubility between Ge and C, it is difficult to form stable long range ordered structural 

GeC compounds [3, 4]. However, Ge1-xCx films with 11.6 % GeC content at 250 V bias 

has been reported using medium frequency magnetron sputtering. It has promising 

application in many fields such as temperature sensor, protection layer for infrared 

optics and optoelectronics  and as an antireflection coating [4].  

GeC films have been proved to be very promising candidate in photovoltaics 

applications such as temperature sensors, resistant protective coating in Infrared (IR) 

optics. They have numerous fascinating properties like low stress and light absorption, 

high Young’s Modulus, thermo‐stability and good adhesion on many IR substrates such 

as Ge and ZnS. In addition, their tailoring composition can allow the tunability of a 

refractive index within the range of 1.5‐4 and an optical band gap over wide ranges 

which help them in making suitable candidate for the application of multilayer 

antireflection and protection coating for IR windows [5-7]. Moreover, the large atomic 

mass difference between cations and anions may show a large “phononic band gap”, 

which could meet the hot carrier absorber requirement [8]. Many researchers have 

reported the fabrication and characterization of this material by using a variety of 
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methods, such as sputtering [4, 9-13], molecular beam epitaxy (MBE) [14-18] and 

electron cyclotron resonance plasma and chemical vapour deposition (CVD) [19, 20]. 

These methods and valuable results obtained will be presented as follows. 

Liu et al. [9] and other workers [4, 11, 13] reported the preparation of GexC1‐x films 

through reactive RF sputtering method. In Liu’s experiment (1997), high purity Ge 

(111) target was sputtered in an argon and methane mixture gas environment and films 

were deposited on single crystalline Si and quartz substrates. Initially, RF power and 

substrate temperature were 150 W and 200 oC respectively. Pre‐pumping the deposition 

chamber down to 5×10‐5 Torr was necessary to drive out any contamination gases. 

Argon and methane gas mixture with gas flow ratio CH4/Ar+CH4 = 0.05 was fed and 

accurately modulated by a flow controller. During deposition, the chamber pressure was 

maintained around 7×10‐3 Torr. Film surface observation by SEM and XRD analysis 

indicated smooth and amorphous samples were produced. AES test was conducted, and 

due to the impurity of the feed‐in gas, oxygen peak was found. 

Many research attempts further proceeded to investigate the effect of key sputter 

parameters [4, 11, 13] on properties of GexC1‐x films. These parameters included flow 

ratio of mixed gas and RF power. The repeated experiments were carried out with 

different gas flow ratio, and carbon concentration information was obtained by AES. 

The carbon composition in a series of samples increased as the gas flow ratio increased 

from 25 % to nearly 100 % for 4 % to 20 % of gas flow ratio. Under this deposition 

condition, GeC alloy appeared at approximate 17 % gas flow ratio. By keeping gas flow 

ratio 20 % and 200 oC substrate temperature, but varying the RF power from 80 W to 

250 W during sputtering [12], the compositional ratio is variable so that their optical and 
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mechanical properties change accordingly. XPS results demonstrated that germanium 

content increased with the applied RF power giving 35 % and 63 % germanium with 80 

W and 250 W RF power, respectively. Besides that, Hu et al [13] also found that 

increased RF power encouraged the formation of sp3 hybridized carbon atoms to 

integrate to GeC network. The more sp3 hybridization in the network, the more diamond 

like structure it would be, however by contrast, the sp2 hybridization produces large 

fraction of graphite clusters, which would drastically reduce the optical and mechanical 

properties of GeC alloy. 

XRD examinations indicated that all samples obtained were amorphous. Raman results 

showed broad peak between 1000‐1800 cm‐1, which is believed to be the graphitic (G 

band) and disorder graphitic band (D band) peaking at 1570 cm‐1 and 1340 cm‐1 

respectively. The intensity increases as the gas flow ratio increases indicating increased 

C‐C bonds fraction, while smaller peak at 290 cm‐1 corresponding to Ge‐Ge bonding 

decreases. The refractive index has reverse dependence of gas flow ratio and the optical 

band gaps for these amorphous films was observed to range from 0.6‐1.1 eV. 

Another promising method of depositing crystalline GeC alloys is ECR plasma CVD 

[20]. GeC obtained from this method contains minor carbon up to 8 % and results in a 

wider band gap up to 1.15 eV with same high level absorption coefficient as crystalline 

Ge. This property is quite attractive for photovoltaic application. Niu et al. [20] used 

germane and methane with H ion plasma released by feed‐in hydrogen gas, which can 

assist crystallization and passivation of GeC alloy films. The gas flow ratio of 

hydrogen/(germane+methane) was 20~50:1. Growth temperature and pressure were 300 

oC‐350 oC and 10 mTorr respectively.  
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 Transition metal nitride 
   

High strength and low coefficient of friction of Transition metal nitrides enables the use 

of this material in industries ranging from food processing to decorative coatings. They 

have recently been examined for photovoltaic applications.  The IV-B transition metal 

nitrides, specifically, have been investigated for a number of years for a wide variety of 

applications. Produced as a thin film, they demonstrated high hardness, chemical 

stability, corrosion resistance, high melting point, low resistivity and low coefficient of 

friction. Recently, these IV-B transition metal nitrides have been also investigated as 

diffusion barriers in metallization schemes [21, 22], super lattice and Josephson function 

[23]. 

Zirconium nitride (ZrN) is an IVB-V compound known for extremely high hardness and 

appealingly pleasing gold colouration that validates properties desirable for a variety of 

industrial and consumer applications. ZrN exhibits superior optical properties,  high 

hardness, wear and oxidation resistance, which makes it better than the other transition 

metal nitride [24]. The brilliant golden colour and resistant to wear make it enormously 

desirable as decorative coating in high end watches and the jewellery industry. It has 

achieved Federal Drug Administration (FDA) approval for use in surgical application 

and food preparation due to its wear resistant properties [25]. The tool and dye industry 

use ZrN coating for tool wear resilient. Table 2.2.1 summarizes the major technical 

aspects of ZrN. 
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Table 2.2.1 Main technical properties of ZrN. 

Properties ZrN 

Hardness (Kg/mm) 4510 Kg/mm2   [26] 

Melting Point 2952K at 760 mmHg [26] 

Density 7.09 g/cm3 at 24 oC [26] 

Resistivity 12.0 µΩ-cm at RT [26] 

Lattice parameter 4.58 Å [26] 

Superconducting Temp 10 .4K [26] 

Solubility Soluble in concentrated HF acids [26] 

 

ZrN satisfies the Hägg rule and crystallizes in a B1-NaCl crystal structure. The Hägg 

rule states that the structure of transition metal hydrides, carbides, nitrides and borides is 

determined by calculating the ratio of the atomic radii of the interstitial element to the 

transition metal and then comparing with 0.59. If the ratio is less than 0.59, simple 

structure will be formed else complex structure. As mentioned above, the principal 

application of refractory metal nitrides is as a wear resistant coating, but in this research 

they are being considered as a potential candidate as an absorber material for advance 

photovoltaic such as a hot carrier solar cell.  

 Zirconium nitride has been fabricated by a variety of deposition techniques such as 

reactive magnetron sputtering: DC/RF; plasma enhanced chemical vapour deposition 

(PECVD), ion plating, dual ion beam sputtering, ion assisted deposition, molecular 

beam epitaxy, atomic layer deposition (ALD) and pulse laser deposition [24, 27-41]. 

One of the disadvantages of ZrN is that it reacts quickly with oxygen even at 

temperatures below 600 oC [39, 42]. The deposition ZrN has been done in a controlled 
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environment to avoid oxidation [30]. To prevent oxidation certain elements have been 

added, such as aluminium, carbon, nickel, copper titanium and yttrium or degassing at 

high temperature was used [30].  

Among transition metal nitride, zirconium nitride (ZrN) films are the most attractive 

candidates because they have the highest heat of formation and the lowest resistivity. 

However; it has been generally believed that, to obtain epitaxial ZrN films on Si 

substrate, a fairly high substrate temperature of approximately 600-900 oC is needed 

which is too high for practical use in the microelectronics industry. In addition, Barnett 

et al. [41] reported that cracks were observed in ZrN films prepared at a high substrate 

temperature because the lattice misfit between ZrN and Si is 16 % and the thermal 

expansion coefficient (7.24×10-6 / ∘C)(7.24×10-6 / ∘C) of ZrN is much higher than that 

of Si (2.33×10-6 / ∘C). It was also found that the film’s resistivity was strongly dependent 

on the N2 flow ratio and that the film crystallinities were dependent on DC power (PDC) 

and Ts. The optimum sputtering conditions obtained for ZrN deposition were as follows: 

an N2 flow ratio of 3 % and a PDC of 15 W. Furthermore, epitaxial growth of high-

quality stoichiometric (001) ZrN films with a resistivity of 17 μΩcm, comparable to that 

of bulk ZrN (13.6 μΩcm), was achieved on (001) Si under the sputtering conditions 

described in reference [43]. Epitaxial growth of ZrN on MgO substrate has also been 

reported using RF magnetron sputtering [30]. 
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 Promising bulk Hot carrier absorber materials 

 
Figure 2.3.1 shows a comparison of the normalised phononic band gaps which is the 

ratio of energy difference between optical and acoustic phonons to maximum acoustic 

phonon energy for different compounds (filled squares). It also shows energy dispersion 

of optical modes which is the ratio of energy difference between maximum and 

minimum optical phonons to energy of acoustic phonon, (unfilled squares). For details 

refer to Section 1.5 of Chapter 1.  

Energy dispersion of optical modes and phononic bandgap of various binary compounds 

is graphically represented in Figure 2.3.1. These data are calculated from 1-D force 

constant model treating the atoms as simple harmonic oscillators as described in 

reference [44]. In the materials in which the ratio of normalised phononic band gap is 

larger than unity, Klemens’ decay mechanism is forbidden as there are no states 

available for decay to happen. Ridley mechanism is also blocked for those materials 

which also have narrower dispersion of optical phonon modes. 
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Figure 2.3.1: Ratios of phononic bandgap energy values for various binary 
compounds. The filled squares represent energy gap between acoustic and optical 
modes normalised to acoustic frequency and the unfilled squares represent energy 
dispersion of optical modes. From [44]. 

 

It is evident from Figure 2.3.1 that among the group III-V compounds, InN, GaN and 

AlSb have a large phononic band gap and narrow phonon dispersions suitable to block 

Klemens and Ridley decays. Of these materials InN has the largest phononic band gap, 

lowest narrowest phonon dispersion and importantly the lowest band gap of 0.7 eV. 

Hence InN is an ideal hot carrier absorber material. However, abundance of In is very 

low (~1.7 x106 times lower than Si). Importantly, growth of good quality InN, which is 

typically achieved with expensive MBE technique, is very challenging. Therefore, 

although InN is a model material, it is not suitable for a large scale implementation of 

photovoltaics. 
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Group IV carbides such as GeC and SnC can also have very large phonon bandgaps 

suitable to block the Klemens’ mechanism. Their abundance is an order of magnitude 

larger than that of In. Theoretical studies suggest that SnC has a direct band gap of 0.75 

eV but GeC has indirect bandgap over 1.4 eV [45, 46]  but can be modulated with the 

stoichiometry of the films [12, 47], making both of these materials good choices for HC 

absorber. The main challenge is the growth of these materials as the solubility of C in 

Ge (and possibly also in Sn) is extremely low which prohibits growth of good quality 

GeC crystals [17]. Several methods such as Molecular Beam Epitaxy, Chemical Vapour 

deposition and RF sputtering have been tried to grow GexC1-x films with higher C 

content but the carbon incorporation of only up to about 11 % has been achieved [4, 12, 

17, 48]. Besides, both GeC and SnC tend to form weak compounds and have low 

thermal stability. For hot carrier absorbers besides slow cooling rate property, lower 

band gap and high absorbance are desired. Low band gap corresponds to longer cut off 

wavelength so that the absorber material can absorb a wide range of solar spectrum, and 

high absorbance will enable use of thin layer of materials. As discussed below, GeSn 

and GeC can both exhibit lower than 1 eV band gap. However, associated with larger 

phononic band gap property, only GeC seems feasible among the group IV alloys. 

Figure 2.3.1 shows that transition nitrides HfN, ZrN, YN and LaN can have large 

phononic gaps. While YN does not show suitable phononic band gap [49], wide 

phononic gaps in HfN and ZrN are supported by theoretical studies and also verified 

experimentally by inelastic neutron scattering measurement [50-52]. Both HfN and ZrN 

are metallic but the band gap of Hf2N5 is around 0.5 eV (and for Hf3N4 it is 0.9 eV) and 

that of Zr3N4 is between 0.6 and 0.9 eV [53] which are desirable for Hot Carrier solar 

cells. Abundance of Hf and Zr is also about 20 and 800 times larger than that of In. Thus 
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both are very attractive materials as hot carrier absorber material. This thesis will focus 

on ZrN. 

 

Nitrides of hafnium and zirconium have large predicted [49] and measured phononic 

band gaps, as shown in Figure 2.3.1. The phononic gap for TaN is reasonable but not as 

large as its acoustic phonon energy, although it is a useful thermoelectric material. Hf 

and Ta are about the same abundance as Ge and As, with Zr 100× more abundant and 

all are widely used metals. ZrN not only shows a large phonon band gap (large enough 

to block Klemens decay completely) [52] but also a narrow optical phonon dispersion – 

important to block secondary Ridley decay. These nitrides can also readily be fabricated 

and have many existing applications, although the lack of stability of ZrN in moist air 

would need to be managed in a real application, probably by encapsulation. Interestingly 

both HfN and ZrN have zero electronic band gap, leading to the surprising conclusion 

that these n-type semi-metals may be good absorbers for a hot carrier cell.  

 

2.3.1. Hot carrier generation in metal 

It is important to understand how hot carriers could be generated in metals. The 

absorption of light occurs in metals through two main pathways, interband absorption 

and intraband absorption. In order for the metal to act as a zero band gap absorber the 

absorption should be through the intraband pathway, directly into the itinerant electron 

distribution. Such absorption occurs in noble metals up to relatively high threshold 

energy, before interband absorption is relevant. For example in Silver, all absorption 

below 3.8 eV occurs through intraband processes [54]. Light absorption through 
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intraband processes results in a heated distribution of electrons in the metal, with the 

temperature of this distribution depending on the total energy of the incident light [55], 

determined by both the photon flux and the photon energy. This heated distribution can 

then be exploited if it exists long enough for the electrons to reach the contact region 

before losing energy to the lattice. Significant work has been carried out to determine 

the hot carrier relaxation time in metals, using femtosecond time resolved spectroscopy 

to obtain the electron energy distribution at a given time the application of an ultrafast 

excitation pulse. It is shown by Fann [55, 56] that a laser pulse at 1.84 eV on a thin Au 

film initially creates a broad distribution of hot electrons from the Fermi edge up to 1.84 

eV above the Fermi edge on a timescale of less than 130 fs. This distribution then 

evolves through electron-hole (e-p) and electron-electron (e-e) interactions into a hot 

thermalized distribution on a timescale of 1.3 ps. While the resulting distribution can be 

defined by a temperature after this time, it still remains hot in comparison with the 

lattice. The extraction of hot electrons from metallic regions that are less than 100 nm 

thick can occur on timescales of less than 100 fs [57], showing the compatibility of this 

particular cell structure with the hot carrier concept. 

Femtosecond electron thermalization in Gold metal was investigated using transient 

thermomodulation transmissivity and reflectivity[58]. Studies were performed using a 

tunable multiple-wavelength femtosecond pump-probe technique in optically thin gold 

films in the low perturbation limit. Thermalization of the order of ∼1–2 ps are observed 

in Gold metal at energy close to the Fermi surface.  

R. W. Schoenlein et. al [59] used high-intensity femtosecond laser pulses to induce non- 

equilibrium electron heating in gold metal. The thermal relaxation of the electronic distribution 

was studied through pump and continuum probe measurements of transient reflectivity. 
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Measurements were performed for different heating-pulse fluences and probe-photon energies. 

The observed reflectivity line shape demonstrated the generation of nonequilibrium electron 

temperatures which cool to the lattice on a 2–3 ps time scale. 

  . 
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Chapter 3 
 

Fabrication and characterization of deposited 
germanium carbide 

 

This chapter presents the experimental work performed on germanium carbide film 

deposited using RF sputtering. The growth of novel nanocrystalline germanium carbide 

using radio frequency (RF) sputtering has been discussed and analysed for the 

photovoltaic application. The growth of germanium carbide film and Ge-C content are 

investigated with both reactive and co-sputtering method. It also focuses on how 

process parameter such as substrate temperatures and RF power affect the basic 

properties of the deposited germanium carbide films.  

Introduction 

Germanium-based crystalline semiconductors have been studied in detail for their 

immense potential in optoelectronic applications such as optical detectors [1-9]. 

Germanium carbide (GeC) thin films with narrow band gap (Eg<1.5 eV) is gaining 

considerable attention because of their remarkable structural, optical and electrical 

properties which make them promising candidates for applications in photovoltaics [10, 

11]. Tunable bandgap (Eg) over a wide energy range is one of the particularly attractive 

features of this material [12-16]. Moreover, the absorption coefficient of GeC film is 

much higher than that of Si and Ge [17-20]. This could make it a suitable candidate for 

the bottom layer of tandem solar cell [9]. Band gap tuning required for the tandem cell 

applications can be achieved by exploiting the quantum confinement properties of the 

size-controlled nanocrystalline GexC1-x [21-23]. Other group IV alloys such as a-SiGe 

and a-SiC have also been widely studied for solar cell application [24, 25] . Ge-C has 

been widely researched for application in infrared windows [3, 5, 26-28].  
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GexC1-x is an indirect band gap semiconducting material, which crystallises in both 

cubic (zinc blende) and hexagonal (wurtzite) phases [29]. Although GexC1-x is nontoxic 

and contains reasonably abundant elements, it is more complex to fabricate GeC 

compared to SiC due to large lattice constant mismatch (37% between diamond (ac = 

3.5668 Å) and Ge (aGe = 5.668 Å)), thermodynamic instability and low solubility of 

carbon in Ge (1x108 cm-3 at the melting point of Ge) [30-32] at all temperatures and 

pressures. C and Ge can hardly form stable compound under thermal equilibrium 

conditions due to the large difference in atomic radius. Therefore, a very low 

crystallinity is usually achieved for the films. The low carbon content of 4-15 % in 

GexC1-x films have been considered feasible for crystallisation [33-35]. Epitaxial Ge1-

xCx with less than 1% carbon on Si (001) using molecular beam epitaxy has been 

reported by Osten et al. [1, 2]. However, Zhan et al. [6, 34] demonstrated deposition of 

Ge1-xCx films by medium frequency magnetron reactive sputtering technique with 

maximum 11.6 % Ge-C content at a bias voltage of 250 V with Ts of 150 oC. 

Researcher Xing-Sen Che [36-39] and Yang Ping Li [23, 40-48] have concluded that 

co-sputtering fabrication process is more favourable to form Ge-C bonds than reactive 

sputtering and studied structural and optical properties of the amorphous Ge1-xCx film. 

Growth of GeC has been investigated using various fabrication methods such as 

molecular beam epitaxy (MBE) [1, 2, 49-51], reactive sputtering [3, 6, 14, 36, 38, 52-

55], chemical vapour deposition (CVD) [7, 8, 10], reactive pulse laser deposition [56], 

and activated reactive evaporation (ARE) [9, 57].   

Recently, group IV alloy materials have received research interest in advance 

photovoltaic concept such as the hot carrier absorber. In Chapter 2 of this thesis, 

comparison of the normalised phononic band gaps to the acoustic phonon energy for 
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different group IV compounds has been presented. GeC exhibit a very large phononic 

band gap which can be attributed to large mass difference between germanium atom and 

carbon atom. Based on the calculation of phonon dispersion relationship which 

indicates its potential capability of blocking optical phonons to decay as acoustic 

phonons known as Klemens mechanism, from which optical phonons can reheat up 

carriers and therefore slow the cooling rate of hot carriers [58, 59]. Therefore, it could 

be a prospective hot carrier absorber material. Importantly these elements are 

reasonably abundant to allow large-scale and cost-effective manufacturing. The optical 

bandgap of GeC is also in the range of 0.6 - 1.1 eV [18, 55] which is suitable for 

photovoltaic application as it can absorb a large fraction of the solar spectrum. 

The growth of nano-crystalline GexC1-x (nc-GexC1-x) has been demonstrated (in Section 

3.1) using RF magnetron co-sputtering for the first time in UNSW. The advantage of 

sputtering over other fabrication methods includes simplicity, the potential for high 

throughput and better uniformity over a large area.  

In Section 3.3, properties of amorphous GeC (a-GexC1-x) films deposited by RF reactive 

sputtering are reported. Variations of Ge-C content and Eg with different substrate 

temperature (Ts) are investigated. The effects of the Ts on the percentage of GeC 

deposited are analysed in detail. The GeC percentage by volume was found to first 

increase and then decrease with increasing substrate temperature. Importantly, a-GexC1-x 

films with GeC content up to 21% has been fabricated with 50 W RF power at 250 oC.  

The dependence of RF powers on the composition, structure and optical properties of 

the a-GexC1-x films are reported in Section 3.4. These results are discussed from the 

standpoint of the structural and compositional change in the films with deposition 

conditions, owing to the change in the plasma reaction process including the sputtering 

of carbon and germanium atoms.  
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Experiment details 

The GexC1-x films were grown by sputtering of single crystal Ge target using RF 

sputtering system (13.56 MHz). The target consisted of a 4” Ge wafer (100 mm in 

diameter) with 99.999 % purity. Before the film deposition, the growth chamber was 

pumped down to below 5 x 10-4 Pa using a turbo-molecular pump. Films were grown 

simultaneously on Si (100) and quartz substrate to facilitate various characterisation 

methods for structural, compositional and optical properties. Substrates were cleaned in 

Piranha solution and silicon substrates were dipped in hydrofluoric (HF) solution (10:1) 

to remove the oxide layer before they were loaded into the growth chamber. The target 

was pre-sputtered using Ar gas for, at least, 15 minutes prior to the film deposition to 

remove any surface oxides or impurities from its surface. 

All the GexC1-x films have been deposited using the process mentioned above unless 

otherwise stated. X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron 

spectroscopy (XPS), Dektak Profilometer, Ultra Violet visible (UV-Vis) spectrometer, 

Atomic force microscopy (AFM), and High resolution transmission electron 

microscopy (HRTEM) have been used to study the structural, compositional and optical 

properties of deposited GexC1-x films. Details of characterisation tools are given in 

Appendix C. 

In Section 3.1, deposition of the GexC1-x films using co-sputtering of Ge and graphite 

target is presented. The coverage area of Ge on graphite target was approximately 40 %. 

The substrate temperatures ranging from 350 oC to 550 oC and RF power of 50 W were 

used. Ar gas pressure during the GexC1- film deposition was 0.1 Pa.  

In Section 3.2 and 3.3, a-GexC1-x films were synthesised in the mixed discharge gases of 

Ar (99.99 % pure) and CH4 (99.99 % pure). During the film deposition, the methane 

partial pressure was kept constant at 0.02 Pa with a 0.1 Pa as total gas (Ar + CH4) 
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pressure. The gas flow rate of Ar and CH4 was accurately controlled by mass flow 

controllers. In Section 3.2, substrate temperature was varying from room temperature 

(RT) to 350 oC keeping RF power constant at 40 W and 50 W whereas, in Section 3.3 

all a-GexC1-x films were deposited at various radio frequency (RF) powers varying from 

40 W to 80 W keeping substrate temperature constant at 250 oC. 

 

3.1 Synthesis of nano-crystalline germanium carbide film 
using radio frequency magnetron sputtering  

 

In this Section, growth of nano-crystalline GeC by co-sputtering of combined Ge and 

graphite target has been investigated. Deposition details of the GeC films have been 

already discussed in Introduction of Chapter 3.  

In order to characterise the deposition uniformity and surface roughness of the as-

deposited GexC1-x films, AFM measurements were carried out using Bruker Dimension 

ICON. Figure 3.1.1 shows an AFM image of the film deposited at 350 oC with 50 W RF 

power on a Si (100) substrate. The film is ~ 100 nm thick. The film has a root mean 

square (RMS) roughness of about 4 nm, indicating uniform deposition with low surface 

roughness. 
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Figure 3.1.1: AFM image of a GexC1-x film deposited at 350 oC with 
50 W RF power on a Si (100) substrate. The surface roughness is 
about 4 nm. Thickness of the film is ~ 100 nm. 

 

The resitivity of the deposited GeC film was found to be ~2.3 mΩ cm using four point 

probe method. 

Figure 3.1.2 shows HRTEM of the GexC1-x film. The HRTEM image shows nano-

crystals in the film. From the TEM image, d-spacing of the nano-crystals has been 

calculated which is around 3.4 nm that gives lattice constant of 5.53 ± 0.4 Å. This is 

consistent with the value published by M. Todd and J. Kouvetakis for the lattice 

constant of GeC = 5.54 Å [60]. Amorphous SiO2 layer of about 2.2 nm is speculated 

between Si substrate and GexC1-x film. It might be because of oxidation of substrate in 

the deposition chamber. 
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The structural properties of the crystal were analysed using a numerical model. In this 

model, a unit cell was assumed to be of 4 atoms, i.e., 1 C and 3 Ge, arranged in a zinc 

blende like crystal structure. With the help of Quantum Espresso [61], Self-consistent-

field (SCF) calculations were performed on the postulated system within the 

framework of Density Functional Theorem (DFT). Two norm-conserving Perdew-

Burke-Ernzerhof (PBE) pseudo-potentials were used in the simulation. The plane 

wave cut-off was set at 70 Ry and the k-mesh adopted in this calculation was 6x6x3. 

Through the equation of State, the lattice constant was estimated at 5.34 +/- 0.5 Å 

which matched well with our TEM measurement. 

 

 

 

Figure 3.1.2: HRTEM image showing poly-crystalline growth of 
GexC1-x on Si. The film was deposited at 350 oC. 
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Effect of the substrate temperature on the composition of GeC films was investigated by 

XPS.  Figure 3.1.3 (a) shows Ge3d and C1s   XPS spectra of GexC1-x films grown on Si 

(100) at three different substrate temperatures (Ts). To avoid surface effects, the 

measurements were taken after Ar+ etching for 60 s. The peak at 283.8 eV for the 350 

oC sample indicates the carbide formation whereas the peaks around 284.5 eV for the 

other two samples are elemental carbon peaks [4-6, 34, 52, 62]. In Figure 3.1.3 (b) Ge3d 

and C1s depth profiles of the sample grown at 350 oC are shown. Atomic compositions 

of Ge3d, C1s and O1s at different nominal depth (ND), calculated as the product of 

etching rate (0.42 nm /s) and etch time (s), are shown in the inset. C and Ge are almost 

uniformly distributed in the bulk of the film. On the surface significant oxygen is 

observed which is likely to be due to the oxidation of Ge when the samples were 

exposed to air. Higher C content of 57.22 % on the surface can be attributed to surface 

contamination. From the main Figure 3.1.3 (b) it is evident that the C1s peak shifts to 

lower energy as we move from the surface to the depth of the film, indicating the 

carbide formation in the bulk of the film. Oxidation of Ge on the surface of the film 

deposited at 350 oC is evidenced by the presence of GeOy bond at 33.15 eV. As per 

previous literature [6, 63] GeOy can exhibit peaks at 31.7 eV, 32.45 eV and 33.15 eV. 

The result clearly shows a peak at 33.15 eV indicating the formation of GeOy bonds on 

the surface of the film. GeOy bond and C1s hydrocarbon also found on the surface in the 

other two samples deposited at higher Ts i.e. 450 oC and 530 oC (not shown here). 

In Figure 3.1.3, a higher C content of 57.22 % was found on the deposited GeC surface 

using XPS analysis due to surface contamination. Although this contamination is only 

monolayer thick in most of cases, a higher fraction of C is seen deeper in the film. This 
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is because the average analysis depth of XPS is ~10 nm. As it can be seen C content 

decreases with the depth and stabilises around 20 %. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.3 (a): Ge3d and C1s XPS spectra of a GexC1-x  film 
grown on Si (100) at different Ts with RF = 50W.(b) Ge3d and C1s 

XPS spectra of  the film grown at 350 oC. Inset shows atomic 
composition of C1s, Ge3d and O1s with nominal depth. 
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In order to estimate the composition of Ge-C in the film, the broad peak around 283 eV, 

as shown in Figure. 3.1.2 (b) has been fitted with three Gaussian components using a 

Levenberg-Marquardt (L-M) peak analyser algorithm keeping the peak centre and 

FWHM as free parameters. Figure 3.1.4 shows fits to the signal from three depths. 

There is a high quality of the fit with r-square (coefficient of determination) value close 

to 0.99. The broad peaks in Figure 3.1.4 (a) can be best fitted with two peaks at 284.8 

eV and 286.2 eV. They can be attributed to elemental carbon and C-Hn (where n = 1, 2, 

3) bonds [5, 6, 52, 53, 62, 64, 65]. With depth the peak shifts to lower binding energy 

and can be fitted with two peaks at 283.8 eV and 284.9 eV. Similarly, the peak in Figure 

3.1.4 (c) can be fitted with peak at 283.6 eV. The 283.8 eV and 283.6 eV peaks in 

Figure 3.1.4 (b) and 3.1.4 (c), respectively, can be attributed to Ge-C bonds [6, 52-54, 

62]. The other peaks at about 284.5 eV are attributed to C-C bonds in graphitic or 

tetrahedral form. The component at higher binding energy (BE) of 288.6 eV, attributed 

to C=O bond [23, 40-48, 65], is not observed. At the depth of 77.2 nm, Ge-C bond is 

observed with slightly lower BE of 283.6 eV. It is also to be noted that no C-C bond is 

observed at this depth. It can also be observed that C1s carbide peak shift to lower BE 

with depth at 350 oC. This might be due to charge transfer caused by electronegativity 

difference between carbon and germanium (Pauling electronegativities: ~2.01 for Ge 

and ~2.55 for carbon)[9, 66].  
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Figure 3.1.4: Fitting (red line) to the C1s spectra (black line) of the 
GexC1-x films deposited at 350 oC using three Gaussians (green lines) 
which ascribe to Ge-C and C-C bonds(a) on surface, (b) at 6.3 nm, and 
(c) at 77.7 nm nominal depth. 
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Table 3.1.1 shows the composition of the GexC1-x film deposited at 350 oC calculated 

from XPS at different depths. Composition of other films is not shown as they do not 

show the formation of GeC. A GexC1-x percentage at a particular depth is calculated by 

fitting the peak around 283 eV, as discussed earlier, and using the following formula: 

GexC1-x (%) = (GeC area integrated %) X (total C1s %)  

As in the Table 3.1.1 Ge-C composition of up to 15.5 % has been observed for the 

sample deposited at 350 oC. It is higher than the maximum of 11.6 % of Ge-C reported 

in GeC film by Zhan t al. [34] (using a medium frequency magnetron sputtering using 

250 V bias at Ts = 150 oC).  

 

 

 

 

Figure 3.1.5 (a) shows the Raman spectra of GexC1-x films deposited at 350 oC and 530 

oC. For comparison, spectrum of Ge wafer is also shown. In the frequency range 

between 200 and 800 cm-1, the Raman spectrum of the bare Ge wafer has one first order 

peak (299.8 cm-1) and five second order peaks (351, 475, 545, 570 and 591 cm-1) [67, 

68]. The sharp peak at 299.2 cm-1 for the films deposited at 350 oC and 530 oC  shown 

Table 3.1.1: Composition of GexC1-x film deposited at 350 o C measured by peak 

fitting  of XPS spectrum on the surface and at different depths after Ar+ etching. 

Etch time(s) Depth(nm) Ge3d 

(%) 

C1s 

(%) 

O1s 

(%) 

GeC (%) (BE eV) 

0 surface 24.2 57.2 18.4 - 

15 6.3 68.6 25.8 4.7 15.5(283.8 eV) 

185 77.7 79.9 18.1 1.1 12.98(283.6 eV) 
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in Figure 3.1.5 (a) can be attributed to first order optical phonon contribution of the Ge–

Ge stretching mode [69, 70] . This peak is shifted for the film to lower frequency 

compared to the bulk Ge at 299.8 cm-1. This may be due to the incorporation of carbon 

atoms been attributed to the Ge-C [12, 33, 71]. The Ge-C peak near 530 cm-1 is clearly 

seen in  peak fitting analysis by Gaussian components using a Levenberg-Marquardt (L-

M) peak analyser algorithm in Figure 3.1.5 (c) [72]. For comparison, peak fitting to Ge 

wafer spectrum is shown in Figure 3.1.5 (b) which does not show the Ge-C peak, as 

expected. Ge-C bonding could not be observed in the films deposited at higher Ts which 

can be explained by the formation of graphitic type agglomerates of carbon at higher 

deposition temperature and dominating Si peak at ~520 cm-1 [72] . Broad peak between 

1000 and 1800 cm−1 are observed in both films. It is a mixture of graphitic (G band) and 

disorder graphitic band (D band). The G band peak at about 1578 cm−1 is attributed to 

the E2g optical modes of the Brillouin zone centre of the crystalline graphite, whereas 

the D band peak around 1345 cm−1 is attributed to the disorder-allowed phonon modes 

[4, 5]. It can be seen from Figure 3.1.5 (a) that the D and G bands of the graphite 

become more apparent with increasing Ts due to an increase in the carbon content. 
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Figure 3.1.5: (a) Raman spectra of the Ge wafer and GexC1-x/Si (100) films 
deposited at different Ts with 50 W RF power. (b) peak fitting of Raman 
spectrum of Ge wafer using second order peaks at i) 545 cm-1, ii) 570 cm-1, 
and iii) 591 cm-1. (c) Peak fitting of GexC1-x film grown at 350 oC using Ge-C 
peak at 530 cm-1 and Ge second order peaks at (1) 555 cm-1, (2) 570 cm-1, and 
(3) 591 cm-1. 

The optical properties of the fabricated GexC1-x nanocrystalline film on quartz substrate 

were investigated by measuring the transmittance and reflectance at RT using UV-Vis–

NIR spectrophotometer with URA. The absorption coefficient was calculated from  

1
∗ ln

1
 

Where, R and T are respectively the measured total reflectance and transmittance, and t 

is the film thickness measured with a Dektak profilometer. Optical band gap was 

measured from the well-known Tauc plot for indirect bandgap semiconductor [29, 36, 

38, 39]  according to the equation (αhν)1/2 = A(hν-Eg) where A is a constant, hν is the 
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photon energy and Eg is the band gap [12]. Figure 3.1.6 shows the plot of (αhν)0.5 as a 

function of photon energy (hν). By extrapolating the straight line of the (αhν)0.5 vs. 

photon energy curve to the intercept of horizontal photon energy axis, the band gap is 

estimated to be ~0.90eV. The estimated band gaps excess that of c-Ge of 0.67 eV at 300 

K [73]. This may be recognised as alloying effect of Ge with carbon. The large value of 

Eg compared to Ge implies that carbon forms a bond with germanium [14, 15]. 

Significant low energy tail appeared at ~0 .65 eV [73] which could be due to the 

unalloyed Ge atoms found in the film using XPS and Raman analysis. The best linear fit 

to the tauc plot is shown in Figure 3.1.6. Absorption below Ge band gap ~0.5 eV 

energies is not fully understood. 

 

Figure 3.1.6: (αhν)0.5 as a function of hν for the 
GexC1-x film on quartz substrate obtained at 
350 °C. 

Summary 

In this work, GexC1-x nanocrystalline films were grown on Si (100) substrates by RF 

magnetron co-sputtering. The sputtered GexC1-x film has a smooth surface with a root 

mean square roughness of about 4 nm. XPS results show the presence of Ge-C bonding 

for the samples grown at 350 oC with 50 W indicating the carbide formation. Eg ~ 0.9 

eV has been estimated for this sample from Tauc equation. TEM image shows the 

formation of nanocrystals with lattice constant of 5.53 Å which is consistent with GeC. 

The Raman signature of the local Ge–C mode is identified near 530 cm-1 in GexC1-x film 

grown at 350 oC. At this growth condition, maximum of 15.5 % of Ge-C is found in the 

film by fitting XPS specta.
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3.2 Effect of process parameters on compositional, structural 
and optical properties of amorphous germanium carbide 
films deposited by RF reactive sputtering 

3.2.1   Effect of substrate temperature 
 

In this Section, GexC1-x films were deposited using reactive sputtering in the mixed 

discharge gases of Ar (99.99 % pure) and CH4 (99.99 % pure). During the film 

deposition, the methane partial pressure was kept constant at 0.02 Pa with a 0.1 Pa as 

total gas (Ar+CH4) pressure. The composition of the GexC1-x films deposited under 

different conditions was characterized by XPS. Figure 3.2.1.1 shows the full-range XPS 

scan for GexC1-x film deposited at 250 oC with 0.02 Pa CH4 using 50 W RF power on 

surface and after etching for 60 s, wherein there are three main peaks corresponding to 

Ge3d, C1s and O1s at 29.9 eV, 283.8 eV, and 530.6 eV, respectively. It can be seen that 

the O1s peak reduced after the sample was etched for 60 seconds (etch rate = 0.42 

nm/s). This suggests that the oxygen impurity is mainly introduced when the sample is 

exposed to air rather than during the film deposition process. Similar spectra were 

obtained for other films deposited at the different combination of RF powers and Ts. 

Ge3d and C1s spectra after the etching are shown as an inset in Figure 3.2.1.1. The peak 

position of C1s is at 283.8 eV, which is lower than elemental C1s peak position of 284.8 

eV [6, 34], is the evidence to support a carbide formation. At the same time peak 

position of the elemental Ge3d (29.2 eV) [34] shifts to higher binding energy to 29.9 eV 

which further substantiates that Ge is bonded to C [4-6, 34].  
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Figure 3.2.1.1: XPS spectra of a-GexC1-x film deposited at 250 oC using 50 W 
before (black) and after (blue) etching by Ar ion for 60 s. Inset shows the Ge3d 
and C1s spectra after etching. 

 

Figure 3.2.1.2 shows the variation of C1s and Ge3d atomic concentration with 

increasing Ts for film deposited using two different RF powers. Solid lines represent the 

C1s and dashed line indicates the Ge3d atomic concentration whereas black and red 

colours indicate the films deposited at 40 W and 50 W, respectively. During the 

sputtering process, C species formed from the discharge of CH4 and Ge atoms from the 

sputtering of Ge target which are deposited on the substrate. The gradually decreasing C 

content (calculated after 60 seconds Ar+ etching) from 82 % to 20 % and 62 % to 21 % 

with increasing Ts from RT to 350 oC at constant RF power of 40 W and 50 W 

respectively shown in Figure 3.2.1.2 could be due to enhanced desorption of the 

methane gas from the surface of the growing film at higher Ts  [4-6, 34, 37, 38, 74, 75]. 

As can be observed from Figure 3.2.1.2, Ge3d atomic percentage increases as the Ts is 

increased. On the other hand, C concentration of 26.25 % and 25.71 % observed at 40 
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W and 50 W respectively for the films deposited at 250 oC. This suggests that high RF 

power introduces higher Ge (hence lower C content) content in the film, which is 

consistent with the previously published results [3, 16-19, 55, 76]. For the depositions 

above 250 oC, C % is same for 40 W and 50 W. 

 

Figure 3.2.1.2: Ge3d (dashed line) and C1s (solid line) atomic 
concentration with Ts at two different RF powers, 40 W (black) and 
50 W (red). 

 

XPS peak fitting analysis of C1s peaks at different temperatures and RF powers was 

conducted, as described in Section 3.1, to characterise the composition and chemical 

bonding state in the films. Figure 3.2.1.3 shows fits to the C1s signals for the samples 

grown at various Ts and RF powers. Figure 3.2.1.3 shows the results of XPS data 

analysis, wherein (a) is the peak fitted C1s narrow scan on the bulk of a-GexC1-x film 

(after etching for 60 seconds), (b) is the variation of binding energy of C-C and Ge-C 

bonds, and (c) is the atomic % of C-C and Ge-C bonds as a function of Ts with two 

different RF powers. The C1s spectra were fitted by using three Gaussian components 

using a Levenberg-Marquardt (L-M) peak analyser algorithm keeping peak centre and 

FWHM as free parameters. It is evident that the quality of the fit is very good with an r-

square (coefficient of determination) value close to 0.99. First, the C1s core level shifted 
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to low energy when Ts changes from RT to 350 oC for both 40 W and 50 W as shown in 

Figure 3.2.1.3 (a), indicating that the chemical environment surrounding C atoms was 

significantly influenced by Ts. The peaks at 284.3 +/- 0.5 eV are assigned to C-C sites 

while the peaks at lower energy, 283.5 +/- 0.3 eV [77, 78] are considered to be Ge-C. 

The peak at 285.2 ± 0.2 eV is assigned to C-H bond [52] Interestingly, no C-C bond is 

found at Ts = 250 oC,50 W .  

The variation of binding energy of the Ge-C and C-C bonds deposited at different Ts , as 

obtained from fittings in (a), is shown in Figure. 3.2.1.3 (b). There is a gradual shifting 

of the peaks towards lower BE with increasing Ts. This could be because of the 

formation of carbide in the films. It could be observed from Figure 3.2.1.3 (b) that no 

Ge-C bond is formed at RT because at this temperature Ge and C exist in elemental 

form. The atomic percentages of the C-Ge and C-C components, are shown in Figure 

3.2.1.3 (c), it could be observed that the fraction of Ge-C bonds increases with 

increasing Ts and tends to decrease for Ts > 250 oC, accompanied by a decrease in the 

fraction of C-C bonds.  
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Figure 3.2.1.3: XPS peaks analysis of the GexC1‐x films deposited at different Ts with two 
different RF powers 40 W (black) and 50 W (red). (a) XPS C1s  spectra for GexC1‐x films 
after etching for 60 s with Ts .The black line is the result from XPS, red line is the fitted 
spectrum, and all green spectras are de‐convoluted peaks assigned to Ge‐C, C‐C and C‐
H  bonds.  (b)  Variation  of  binding  energy  of,  C‐C  (solid  dot)  and  Ge‐C  (solid  square) 
bonds,  (c) Atomic % of C‐C  (solid dots  and dotted  lines) and Ge‐C  (solid  squares and 
solid lines) bonds at 40W (black) and 50W (red). 
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Film thickness (ts), deposition rate (dR) of the films deposited at various Ts and RF 

powers. C and GeC content in the bulk of the film (after Ar+ etching for 60 s) are 

tabulated in Table 3.2.1.1. For the films deposited with 50 W RF power, the content of 

Ge-C increases from 12.31 % to 21.01 % when Ts is increased from 150 oC to 250 oC 

and then it decrease to 8.05 % at 350 oC. Similar trend is observed for the films 

deposited with 40 W RF power but with different Ge-C compositions. Maximum 

amount of Ge-C bonds seems to be formed around 250 oC with maximum value 21% 

for the film deposited with 50 W RF power.  

 

Composition of GexC1-x films deposited using CH4 0.02 Pa pressure at various 

temperatures estimated from the peak fitting of XPS C1s spectra.is also tabulated in 

Table 3.2.1.1. The deposition rate (dR) was derived from the measured film thickness 

(ts) and the deposition duration (60 minutes). The deposition rate decreases from 2.7 to 

2.4 nm/min and 2.8 to 2.3 nm/min with the increasing Ts at 40 W and 50 W respectively 

using reactive sputtering. A decrease in film thickness is observed when Ts is raised 

from RT to 350 °C. These effects may be attributed to an enhancement of the film 

compactness at elevated Ts as a consequence of increased adatom mobility, which 

stimulates the coalescence of nucleation islands and lowers the concentration of frozen-

in defects (vacancies and voids) [79]. 
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Table 3.2.1.1: Film thickness (ts), deposition rate (dR) of the films deposited at various 
Ts and RF powers. C and GeC content in the bulk of the film (after Ar+ etching for 60 s) 
are also shown. 
 

      RF(W)    
 

Ts( oC) 

40 W 50 W 

 ts 
(nm) 

dR 
(nm/s) 

Total 
C1s 
 (%) 

GeC 
(%) 

ts 
(nm) 

dR 
(nm/s) 

Total 
C1s 
(%) 

GeC 
(%) 

RT   83.4 -   62.2 - 

150 166 2.7 71.1 10.5 168 2.8 35.4 12.3 

250 156 2.6 26.3 18.1 150 2.5 25.7 21.0 

350 144 2.4 22.1 14.1 138 2.3 21.3 8.1 

 

The structure of the films was measured by X-ray diffraction. All samples were found to 

be amorphous over the entire range of Ts deposited at two different RF Powers. XRD 

spectra of GexC1-x films are shown in Figure 3.2.1.4. The diffraction pattern at RT and 

150 oC are identical with a small broad peak at 55o attributed to Ge (311) [80] which 

indicates that the thin film that was examined was mostly amorphous with a very small 

amount of microcrystalline Ge. The peak at 55 o seems to be shifted to lower diffraction 

angle with increasing Ts. This could be due to the introduction of carbon in the Ge 

matrix. Similar results were obtained for the other films grown at different Ts with 40 W  
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Figure 3.2.1.4: XRD spectra of the a-GexC1-x films at different Ts with RF power 50 W. 

 

Figure 3.2.1.5 (a) shows the Raman spectra for the GexC1-x films measured in the range 

200–2200 cm−1. A broad peak between 1200 and 1800 cm−1 is observed, which have 

been de-convoluted into four Gaussian components after linear background subtraction 

using a Levenberg–Marquardt algorithm. De-convolution with two D and G Raman 

lines did not give accurate fit and four Gaussians were necessary to account for the 

observed Raman features. The four-Gaussian de-convolution results for the film 

deposited at three different Ts, and at 50 W RF power are shown in Figure 3.2.1.5 (b). 

From Figure 3.2.1.5 (a) and Figure 3.2.1.5 (b), the main peaks situated at about 1350 

and 1580 cm−1 are identified as the D and G peak, respectively. The D band at ∼1350 

cm−1 is attributed to disorder-allowed phonon modes, which become Raman active as a 

result of destroying long-range order in amorphous graphitic materials while the G peak 

at ~ 1580 cm−1 is associated with the symmetric E2g vibrational mode in graphite-like 
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materials [81]. Two additional peaks w1 and w2 appeared at about 1180 and 1497 cm−1 

respectively which have been cited in literature [82-84]. The w1 peak at the 1180 cm−1 

peak is assigned to non-crystalline diamond which has not been observed at RT at both 

RF powers [83]. The appearance of Ge–Ge ~ 298 cm-1 and C–C (1200 ~ 1800 cm-1) 

peaks shows that germanium, carbon and GeC clusters may be present in the a-GexC1-x 

film. The peak w2 around 1497 cm-1 has been widely observed in films such as C-Si and 

C-Ge and are attributed to C-Ge bond [82-84]. The fitting result together with XRD 

spectra is indicative of the fact that amorphous GeC clusters exist in the films. In 

addition, the Raman peak around 298 cm−1 originating from Ge–Ge transverse optical 

(TO) mode vibration is also observed clearly [85, 86]. Intensity of this band slightly 

increases as Ts increases from RT to 350 oC which can be attributed to the increase of 

the Ge content which has also been seen in XPS analysis as shown in Figure 3.2.1.3. 

The position w1(FWHM), w2(FWHM), wd(FWHM), and wgFWHM) are four Gaussian peaks with 

subscripts as full width at half maximum (FWHM) after de-convolution of D and G 

peaks are obtained from this fitting procedure are listed in Table 3.2.1.2 and plotted in 

Figure 3.2.1.5 (c). Figure 3.2.1.5 (c) shows the variation of peak positions of D and G 

band with Ts. It can be observed that the D peak position initially decreases sharply 

from RT to 150 oC and then gradually till 350 oC. It could be due the variation in the 

carbon content in the film deposited. So, in combination with Figure. 3.2.1.2 (a), it can 

be concluded that most C atoms incorporated into the films preferred to be bonded to 

Ge atoms instead of forming C-C bond when the C content of the films is decreased.
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Figure 3.2.1.5: (a) Raman spectra obtained from a-GexC1-X films grown with 
different Ts using 50 W RF power. (b) Raman spectra from (a) in the range of 
1100 -1800 cm-1. The red curves are the experimental data and The green 
curves are the fitted spectra. (c) The position of the D and G peaks.  
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Table 3.2.1.2: Parameters of the Gaussian curves used to fit the four bands including D 
and G peaks of Raman spectra obtained from as deposited a-GexC1-x films. 
 

P(W) Ts (oC) w1(FWHM)(cm
-1

) ᴡd(FWHM)(cm
-1

)  w2(FWHM)(cm
-1

) wg(FWHM)(cm
-1

)  

50W RT - 1363.8(213.8) - 1585.9(103.4) 

 150 1188.6(99.5) 1344.5(181.6) 1509.7(166.3) 1591.5(106.5) 

 250 1184.4(89.8) 1344.6(188.8) 1497.2(112.9) 1582.2(100.3) 

 350 1182.3(164.6) 1342.5(173.2) 1487.7(109.8) 1581.0(95.1) 

 

The evolution of the optical Eg as a function of Ts, RF power and Ge-C atomic 

concentration can be followed in Figure 3.2.1.6 (a) and (b). The Eg  have been obtained 

using the Tauc method for indirect bandgap semiconductor for the GexC1-x film [29] 

according to the equation (αhν)1/2 = A (hν-Eg), where A is constant and hν is photon 

energy [87]. Figures 3.2.1.7 (a) and (b) show the plot of (αhν)0.5 as a function of photon 

energy (hν). By extrapolating the straight line of the (αhν)0.5 vs. photon energy curve to 

the intercept of horizontal photon energy axis, the Eg is estimated to be in the range of 

1.0 - 2.7 eV depending on the growth conditions such as Ts and RF power as shown in 

Figure 3.2.1.7 (a) and (b). As Ts increases from RT to 350 oC at constant RF power of 

40 W and 50 W, the Eg decreases from 2.77 to 1.12 eV and 1.90 to 1.0 eV respectively. 

The calculated Eg exceeds that of crystalline Ge of ~0.67 eV at 300 K. Variation of Eg 

with Ge-C content for the GexC1-x films at different RF power are plotted in Figure 

3.2.1.6 (b). The narrowing of the optical bandgap can be attributed to the decrease in the 

C concentration with rise in Ts and decrease in RF power as shown in Figure 3.2.1.6 (a) 

inset [14, 57]. In Figure 3.2.1.6 (a) Eg seem to correlate with Ts which could be related 

to amount of carbon present in the film. At higher Ts, the decrease in Eg may be related 

to lower carbon content in the film as shown in Table 3.2.1.1. Figure 3.2.1.6 (b) 
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illustrates that Eg has weak dependence on Ge-C of the film. It might be due to the small 

percentage of Ge-C compared to C. 
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Figure 3.2.1.6: Variation of the optical band gap of the a-GexC1-x films deposited with 
two different RF powers as a function of Ts. Inset shows the change in optical band 
gap value w.r.t. atomic carbon concentration. (b) Change in optical band gap value 
w.r.t. Ge-C concentration at two different RF powers. 
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3.2.2  Effect of RF power 

  
 In this Section, GexC1-x films were deposited using Ts = 250 oC, CH4 = 0.02 Pa using 

different RF Powers. The structure of the GexC1-x films was measured by XRD. No 

evidence of crystalline phases was observed except the broad peaks at 2θ ≈ 28 o and 54 o 

as shown in Figure 3.2.2.1.1. These peaks are attributed to Ge (111) and Ge (311) [80, 

88]. At low RF powers, these peaks are not clearly visible but become marked with 

increasing RF power. It could be due to an increase of Ge content in the film with 

increasing RF powers from 40 W to 80 W as shown in Table 3.2.2.1. 
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Figure  3.2.1.7 (a): Tauc plot of GexC1-x samples deposited at 40 W (b) 50 W. 
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Figure 3.2.2.1: XRD spectra of a-GexC1-x films deposited at different RF 

powers with Ts = 250 oC. 
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XPS analysis was performed to study the atomic composition and chemical bonding in 

deposited GeC films in order to confirm the variation in structure and determine the 

changes in the optical properties of the film. XPS survey scan of the a-GexC1-x samples 

deposited at different RF powers are shown in Figure 3.2.2.2 (a) as an inset. The result 

for the film deposited at 40 W before etching (orange) is given as a reference. It could 

be observed that there are C, Ge and O atoms incorporated into the films but the 

intensity of the XPS peaks for O1s peak decreased to a negligible level after 60 seconds 

Ar+ etching for all the films analysed at different RF powers as shown in Figure 3.2.2.2 

(a) inset. So the oxygen impurity was mainly derived from surface adsorption of oxygen 

in the atmosphere. Hydrogen atoms cannot be distinguished by XPS due to its small 

 

Figure 3.2.2.2: (a) main shows the C1s and Ge3d atomic composition after 60 seconds 
Ar+ sputtering with different RF power, inset shows the XPS survey scan of the GexC1-x 

films deposited at different RF powers with total partial pressure of 0.12 Pa and Ts = 
250 oC after Ar+ etching except survey scan of 40 W before Ar+ etching (orange). (b) 
Core spectra of Ge3d and C1s for the film deposited at different RF powers shows the 
shift in the binding energy. 
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atomic number but this did not change the content of carbon and germanium in the 

films.  

Figure 3.2.2.2 (a) main shows the atomic percentage of carbon and germanium in a-

GexC1-x films as a function of RF powers. The carbon content tends to decrease 

gradually with increasing RF power from 40 W to 80 W. This is probably because the 

sputtering yield of germanium by argon ions increases with increasing RF power, which 

is due to the increase in the kinetic energy of the argon ions with increase in the RF 

power [12, 55, 76]. The dR increases from 2.6 nm/s to 3.15 nm/s for RF power 40 W to 

80 W respectively. 

The narrow scanning XPS for Ge 3d and C1s is shown in Figure 3.2.2.2 (b). The Ge 3d 

peak shifted from 29.3 eV to 29.9 eV as RF decreases as shown in Figure 3.2.2.2 (b), 

the black line is a reference line. It has been found that the formation of Ge-C bond in 

the a-GexC1-x films can cause a upshift of Ge3d binding energy [77]. The Ge 3d curves 

at low RF powers, 40 W and 50 W show the peak at 29.9 eV that is associated with Ge-

C bonds [77, 89] as shown in Figure 3.2.2.2 (b).  

Similarly, it is clearly visible in Figure 3.2.2.2 (b) that the C1s curves were downshifted 

from 284.8 eV to 283.8 eV as it enters into Ge matrix [6, 34, 52, 62]. To further analyse 

only C1s peaks de-convoluted using a two Gaussian components with a Levenberg-

Marquardt (L-M) peak analyser algorithm keeping peak centre and FWHM as free 

parameters. The quality of the fit is very good with an r-square (coefficient of 

determination) value close to 0.99. Peak position of fitted Ge-C and C-C in GexC1-x 

films deposited at different RF are shown in Figure 3.2.2.3. A significant change can be 

observed in Figure 3.2.2.3 as RF changed from 40 to 80 W. First, the C1s core level 

shifted to low energy when RF changes from 40 to 80 W, indicating that the chemical 

environment surrounding C atoms was significantly influenced by RF. Therefore, C1s 
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curve fitted into two peaks at 283.8 eV, and 284.9 eV which can be ascribed to C-Ge, 

and C-C bonds respectively as shown in Figure 3.2.2.3 for the film deposited at 40 W 

and 80 W [16,22,23]. Film deposited at 50 W shows Ge-C formation with BE at 283.8 

eV.  

 

 

Figure 3.2.2.3: XPS peak analysis of the GexC1-x films deposited at different RF powers. 
The black line is the experimental plot, red line is the fitted spectrum, and all green 
spectras are de-convoluted peaks assigned to Ge-C and C-C bonds.   
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Film thickness (ts), deposition rate (dR) of the films deposited at various RF powers, 

Ge3d, C1s and GeC content in the bulk of the film (after Ar+ etching for 60 s) are 

tabulated in Table 3.2.2.1.   

 

Table 3.2.2.1: Thickness, dR and C1s and GeC composition for GexC1-x films deposited 
at different RF powers. 

 

The deposition rate (dR) was derived from the measured film thickness (ts) and the 

deposition duration (60 minutes). The deposition rate of GexC1-x films increases from 

2.6 nm/min to 3.2 nm/min with increasing RF power from 40 W to 80 W respectively. 

Atomic compositions of GeC at different RF powers calculated as the product of area 

integrated under the corresponding peak and total C1s atomic concentration.  

 

 

 

 

 

RF(W)\Ts(oC) 250 oC 

 Thickness 

(nm) 

dR 

(nm/s) 

Total Ge3d Total C1s (%) Calculated 

GeC (%) from 

C1s 

40 156 2.6 72.96 26.3 18.1 

50 150 2.5 72.47 25.7 21.0 

60 167 2.78 89.80 8.3 5.48 

80 189 3.15 93.13 5.5 3.27 
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Figure 3.2.2.4: a) Raman spectra of a-GexC1-x films at different RF powers, b)peak 
fitting of  Raman specta of GexC1-x film grown at 50 W, 250 oC, (c) .peak fitting of  
Raman specta of GexC1-x film grown at 80 W, 250 oC. 
 

In Figure 3.2.2.4 (a) the Raman spectra of the GeC films deposited on Si (100) 

substrates are displayed. The shapes and positions of the Ge-related Raman modes and 

of the G-peak of carbon evidenced of two-phase material, i.e. GeC and a-C. The G-peak 

position at 1585 cm−1 is a signature of sp2 bonded a-C [90]. From the spectra of the 
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samples deposited at 250 °C, effects on the films with increasing RF are to be noticed: i) 

a slight shift of the Ge–Ge longitudinal optical mode (LO) towards higher frequencies 

till 50 W before it starts decreasing; ii) an amorphisation of the film, judging from the 

increased intensities of the Ge–Ge transverse optical mode (TO) and of the D-peak with 

increasing carbon content, while the G-peak position does not change [90]. This is in 

agreement with previously published data [26] showing that increasing of GeC amount 

shifts the Ge–Ge LO towards higher wavenumbers. Rest of the explanation is already 

discussed in Section 3.2. From Figure 3.2.2.4 (c) the main peaks situated at about 1350 

and 1585 cm−1 are identified as the D and G peak respectively. It is evidenced from 

XPS and Raman spectra of the film grown at 250 °C, 50 W favour the formation of 

maximum number of Ge-C bonds.  

Summary 
GexC1-x films have been prepared by RF reactive sputtering of a pure Ge target at 

various Ts using two different RF powers in a discharge of CH4 and Ar. From XPS 

analysis a maximum of 21% of Ge-C content was estimated for the sample deposited at 

250 oC using 50 W. It was found that the compositional, structural, and optical 

properties of GexC1-x films can be remarkably influenced by both Ts and RF power. 

With increasing Ts from RT to 350 oC, the fraction of Ge-C content first increases and 

then decreases above 250 oC. This effect is significant at 50 W RF power as compared 

to 40 W RF power. The carbon content in the film decreases monotonically with 

increasing Ts from RT to 350 oC for the process conditions used for a given Ts, C 

content is lower for 50 W RF power than that for 40 W RF power. Furthermore; it is 

found that the Eg decreases from 2.7 eV to 1.0 eV with increasing Ts from RT to 350 oC, 

which can be attributed to the decrease in the C content of the GexC1-x films.  
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a-GexC1-x thin films were deposited by the reactive RF magnetron sputtering technique 

at different RF powers. The thickness of the films increases with increasing RF power. 

Ge-C incorporation in the films has been estimated from XPS data. Increasing RF 

power decreases Ge-C content in the film. This is due to reducing the carbon content in 

the film with increasing RF power. The maximum Ge-C content of 21% has been 

estimated for the films deposited at 250 oC with 50 W RF Power. 
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Chapter 4 

Synthesis and characterization of deposited zirconium 
nitride 
 

This chapter provides an overview of the experimental work performed on zirconium 

nitride (ZrN) film deposited using radio frequency and direct current sputtering. The 

structural, compositional and optical properties of as-deposited and annealed films are 

explored. XRD, XPS, AFM, HR-TEM, Raman and UV-Vis spectra were used to the 

study the above-mentioned properties. The growth of polycrystalline ZrNx using RF 

reactive sputtering and single crystalline cubic ZrN using DC sputtering is reported. 

Introduction 

Zirconium nitride (ZrN) is a transition metal nitride known for its high hardness, 

thermal conductivity, high melting point and mechanical strength. There is a large mass 

difference between the constituent atoms which are arranged in a simple cubic rock salt 

structure and is expected to have a wide phonon gap. Calculated phonon bands of ZrN 

show a wide phonon gap [1] as shown in Figure 4.1 (a). Theoretical phonon bands have 

been supported experimentally by neutron scattering of ZrN powdered samples [2]. 

Therefore, it has a potential to exhibit slow carrier cooling due to its phononic 

properties. Electronic properties of ZrN indicate their metallic nature as shown by 

theoretical investigations and in Figure 4.1 (b) from Saha et al. [1]. Energy selective 

contacts (ESC) in hot carrier solar cells (HC-SCs) collect carriers at a higher energy 

level above the electronic bandgap, therefore, it may be possible to design a HC-SC 

using an absorber with no electronic band gap if the ESCs are able to extract carriers at 



Chapter 4: Study of Zirconium Nitride as a Hot Carrier absorber material  
 

81 

elevated energies and the hot carriers are maintained at high temperature in the absorber 

for a long time to be extracted. Materials having long hot carrier lifetime could also be 

used in technologies such as thermoelectric, plasmonic and thermionic emission waves 

[3, 4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: First-principles calculations of (a) phonon dispersion of 
zirconium nitride and (b) electronic structure. The large gap between 
the acoustic and optical phonon dispersion curves is evident. 
Reproduced from Saha et al. [1].  
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As discussed in Chapter 1, ZrN would require a carrier thermalisation time of the order 

of 1 ns or few 100 ps to be suitable as a HC-SC absorber[5, 6]. Moreover, cubic ZrN 

does not have an electronic bandgap, thus it would require to be operated under highly 

concentrated irradiation for its efficiency to be comparable with existing multi-junction 

cells [6-8] .While ZrN is metallic, higher nitrides of ZrN have been shown to be 

semiconducting or insulating. The electronic band gap of the cubic phase Zr3N4 is 

predicted to be between 0.82 and 1.1eV [9, 10]. Among transition metal nitride, 

zirconium nitride (ZrN) films are the most attractive candidate for various applications 

because they have the highest heat of formation and the lowest resistivity 13.6 µΩ cm 

[11-15]. It has been generally believed that to obtain epitaxial ZrN films on Si substrate, 

a relatively high substrate temperature of approximately 600 - 900 oC  is required [16, 

17], which is too high for practical use in the microelectronics or semiconductor 

industry. In addition, cracks were observed in ZrN films prepared at high substrate 

temperature because the lattice mismatch between ZrN and Si is 16% and the thermal 

expansion coefficient (7 .24×10- 6 / ∘C) of ZrN is much higher than that of 

Si(2.33×10 - 6 / ∘C). Previous study of ZrN [18] revealed that the primary factor 

prevailing the formation process of stoichiometric ZrN films was the selection of an 

optimum N2 gas flow ratio. It was also found that the film resistivities were strongly 

dependent on the N2  gas flow ratio and the film crystallinities were dependent on DC 

power  and Ts . The optimum sputtering conditions obtained were as follows: N2  gas  

flow ratio of 3% and a DC power  of 15 W. Furthermore, it was found that epitaxial 

growth of high-quality stoichiometric (001) ZrN films with a resistivity of 17 µΩ cm 

comparable to that of bulk ZrN with a resistivity of 13.6 µΩ cm was achieved on (001) 

Si at Ts = 500 oC, under the sputtering conditions described in paper [19]. ZrN film is 
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also epitaxially grown on MgO substrate as discussed by A.B Mei et. al [20]. MgO and 

ZrN are better lattice mismatch with 8% compared to 16 % with Si substrate. Single-

crystal ZrN films, 830 nm thick, grew on MgO(001) at 450 °C by magnetically 

unbalanced reactive magnetron sputtering with a cube-on-cube orientational 

relationship, (001)ZrN‖(001)MgO and [100]ZrN‖[100]MgO . 

In this chapter ZrN films deposited using RF and DC reactive sputtering on various 

substrates (Si, quartz and MgO) are presented. Effects of process parameters on the film 

quality, determined from various characterization techniques, have been investigated. 

Epitaxial growth of ZrN using DC sputtering for the first time has been demonstrated. 

Materials and methods 

Thin films of ZrNx have been grown on Si (100) and quartz substrates using radio 

frequency magnetron reactive sputtering using a 4 inch Zr target of 99.9 % purity in a 

mixed nitrogen and argon gases atmosphere. Before the deposition, the chamber was 

pumped down to a base pressure of lower than 5 x 10-4 Pa. The samples were deposited 

with a constant RF power of 100 W and a total pressure of 0.1 Pa. The films were 

deposited at different substrate temperatures from 100 oC to 600 oC for an hour with 

different nitrogen partial pressure (N2/(N2+Ar)) varies from 5% to 100%. The substrates 

were chemically cleaned using piranha solution and silicon substrates were dipped into 

HF solution to remove oxide from its surface prior to loading into the chamber. The 

sputter target was pre-sputtered for at least 10 minutes using argon gas before 

deposition to remove surface oxides and other impurities. Properties of RF sputtered 

ZrN films have been discussed in Section 4.1. 
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Thin films of ZrN have also been grown on MgO single sided polished (SSP) and 

double sided polished (DSP) substrates using an AJA sputter ( same Zr target used as in 

RF sputtering). Before deposition, the chamber was pumped down to a base pressure 

lower than 10-6 Pa. The MgO substrates were chemically cleaned using ultrasonic bath 

(acetone + IPA) solution. The sputter target was sputter-cleaned using argon and 

nitrogen gas before deposition for, at least, 15 minutes to remove surface oxides and 

other impurities. The samples were deposited with constant DC power of 100 W and a 

total gas pressure of 0.1 Pa. The films were deposited at substrate temperature of 500 oC 

for different duration from 5 minutes to 60 minutes with 3% and 5% of nitrogen gas 

flow. The films were subsequently annealed at 530 oC in Ar+ only atmosphere (~0.1 Pa) 

for 60 minutes in load lock chamber and then at 730 oC in N2 only atmosphere in MTI 

furnace. The sputtering gas flow was kept constant at 8 sccm. MgO substrates were 

degassed by heating for an hour at 500 oC in pure argon gas atmosphere with a total gas 

pressure of 0.1 Pa. Resistivity of the deposited ZrN films on MgO was found to be ~ 

14.9 µΩ cm using four point probe method. Properties of DC sputtered ZrN films have 

been discussed in Section 4.2 

 Study of ZrNx films sputtered using RF reactive 
sputtering  

ZrNx films deposited using various Ts from RT to 600 oC with 100 W RF power for 

60 minutes. All the samples were deposited with 25% N2 gas flow. GA-XRD of the 

samples deposited at various temperature are shown in Figure 4.1.1 (a). Films 

deposited at RT, 60 oC and 100 oC show one peak at ~ 55o and another peak at 33o. 

These peaks are attributed to Zr (220) and ZrN (111), respectively [18, 21]. When the 

growth temperature Ts is increased from RT to 100 oC, Zr (220) signal diminishes 
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while ZrN (111) signal slightly increases which suggest formation of ZrN is enhanced 

at higher temperature. It is consistent with work done by H. Jiménez et.al [21]. The 

spectrum for the sample deposited at 200 oC, shows dominant diffraction peak at ~30o 

which is attributed to ZrO2 (111) along with small broad peaks around 52 oand 63 o 

could be attributed to the ZrOxNy. This could be due to the oxidation of Zr metal or 

the strong affinity of Zr metal towards oxygen.  

Figure 4.1.1 (b) shows GA-XRD measurements of ZrNx films deposited at Ts >350 oC 

Samples deposited with a Ts of 350 oC exhibits a golden yellowish colour 

characteristic of stoichiometric zirconium nitride, while films deposited at higher 

substrate temperature have a darker blue shade which is a characteristics of ZrOxNy 

[22]. Thickness of the sample deposited at a substrate temperature 350 oC is ~ 450 nm 

(measured using Dektak profilometer) whereas the films deposited at higher substrate 

temperature are correspondingly thinner which may be attributed to a lower sputter 

yield at high substrate temperature in the deposition chamber [23, 24]. Several ZrNx 

peaks can be observed signifying the samples are poly-crystalline. Epitaxial growth of 

ZrN on Si is not predicted due to the large lattice mismatch (~16 %) between silicon 

and ZrN. The sample deposited at 350 oC shows four distinct ZrN peaks, (100) at 

32.1°, (101) at 36.6°, (102) at 47.9°, (103) at 63.4° and a small broad peaks at 68.5°, 

69.7o, 77.7o and 82.0o  representing the ZrN (200), ZrN (112), ZrN (202) and ZrN 

(104) peaks . A broad peak at around 54o is observed which indicates the ZrOxNy 

(600). Samples deposited at higher substrate temperature show only two main broad 

peaks around 30° and 54o representing ZrOxNy (222) and ZrOxNy (600), respectively, 

indicating oxidation of the films deposited above 500 o C. The observed Bragg peaks 

for the samples deposited with substrate temperature >350 oC exhibit the cubic phase 

of ZrON.  
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Figure 4.1.1: Results of GAXRD on the ZrNx samples deposited at different 
substrate temperatures: (a) RT to 200 oC, and (b) 350 oC to 600 oC. 
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The chemical composition of the films was determined with XPS measurement. The 

composition was estimated by calculating the area under the respective peaks and then 

normalising with a scaling factor. XPS spectra of a representative sample deposited at 

350 oC are shown in Figure 4.1.2. Measurements were taken on the surface, and after 

etching the film for 240 seconds and 480 seconds minutes. Generally, the associations 

between N (1s) peaks positions and compounds are the following: 395.8 eV to ZrN2 

[25], 396.4 eV to Zr3N4  [25], 397.2 eV to ZrN [26],398.7–399.8 eV to ZrNx with x<1 . 

However, in this case, N (1s) XPS spectra show only one broad peak centred around 

397.2 eV which is attributed to the ZrN stoichiometry. The Zr (3d) peak around 180.5-

181.2 eV is attributed to the ZrN species and that at 182.5 eV and 185.1 eV [25] are 

associated with ZrOxNy. These results are consistent with the XRD results. A Zr 3d peak 

shift slightly to higher BE whereas N 1s peak shifts slightly to lower BE with depth 

which is due to the transfer of charge between Zr and N. This could be due to 

electronegativity difference between Zr and N (pauling electronegativities: ~1.33 for Zr 

and ~3.04 for Nitrogen) [27]. Inset in Figure 4.1.2 shows the atomic composition of Zr 

(3d), N (1s) and O (1s) with film thickness. The composition of the film is essentially 

same in the bulk of the film. The peak around 55 eV for 350 oC in XRD pattern in 

Figure 4.1.1 (b) evidenced the presence of oxygen in the film. The films are Zr-rich, 

with average N/Zr=0.58. The film contains about 20% oxygen which can be explained 

by the extremely high reactivity of zirconium transition metal with oxygen. Oxygen in 

the bulk of the film may be due to residual oxygen or moisture presence in the 

sputtering chamber (Chamber was not load lock) or oxidation of the sputtering target.  
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Figure 4.1.2: XPS spectra of a ZrN film deposited at 350 oC with 25% 
nitrogen partial pressure. The inset shows the Zr (3d), N (1s), O (1s) and Si 
(2p) atomic percent of the film with thickness. 

 

Figure 4.1.3 shows the XPS spectra of the ZrNx sample grown at 600 oC before and 

after Ar+ etching. Only Zr 3d, N 1s, and O 1s XPS spectra are shown. It shows the 

major peak shift of N1s (from 395.2 eV to 397.2 eV) towards higher binding energy and 

O 1s peak (from 531 eV to 530 eV) towards lower binding energy. However, there is 

only a slight shift in Zr 3d peak observed from 181.2 eV to 181.4 eV after Ar+ etching 

for the ZrNx sample deposited at 600 oC. 
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Figure 4.1.3: XPS spectra of the ZrNx film deposited at 600 oC before (red) and after 
120 sec (black) etching. 
 

XPS peak fitting analysis of Zr 3d, N 1s and O 1s peaks at different temperatures was 

conducted to characterize the composition and chemical bonding state in the films. The 

Zr 3d, N 1s and O 1s spectra in Figure 4.1.4 of ZrN films were fitted by using two 

Gaussian components using a Levenberg-Marquardt (L-M) peak analyser algorithm 

keeping peak centre and FWHM as free parameters. It is evident that the quality of the 

fit is very good with r-square (coefficient of determination) value close to 0.9. In Figure 

4.1.4 (b) and (d), Zr 3d spectrum of ZrNx film deposited at 500 oC and 600 oC 

respectively has been shown after in situ cleaning of the sample by sputtering. The peak 

around 180 eV attributed to Zr 3d has been fitted with two peaks. The Zr 3d 5/2 

component of film deposited at 500 oC at 180.2 eV corresponds to ZrN, the Zr 3d 5/2 

component at 182.2 eV is attributed to the oxynitride (ZrON) compound while the 

component at 184.5 eV is associated to the oxide compound (ZrO2) in agreement with 

work published by Wiame et al.[28]. The relative percentages of these components are 
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12%, 31% and 47%, respectively. In the correspondent N 1s spectrum (Figure 4.1.4 (a) 

and (c)) there are three components: 396.3 eV, 397.2 eV, and 398.1 eV as ZrN2, ZrN 

and ZrON, with a quantitative contribution of 21%, 49% and 30% of the total nitrogen 

signal, respectively. The Binding energy of ZrN2, ZrN and ZrON are closely matched 

with the references [25, 29, 30]. Taking into account the crystal structure of zirconium 

oxynitride suggested in paper [31-33], it is possible to make the following assignments. 

In this structure one nitrogen atom is four-coordinated, one is six-coordinated and the 

remaining two nitrogen atoms are five-coordinated. In the first case, this four-

coordinated nitrogen atom can give an XPS peak at a binding energy (BE) position 

attributed to ZrN2 material [31]. It represents the contribution labelled as 396.3 eV in 

the N 1s de-convoluted signal. The six-coordinated nitrogen atom belongs to a 

configuration typical of free-defects ZrN and its contribution has been labelled as 397.2 

eV [25]. Moreover, here there is the 398.1 eV components, representing the oxynitride 

contribution [29]. This component can be evidenced on the O 1s fitted spectrum from 

the high binding energy side labelled as ZrON in Figure 4.1.4 (e). The ratio Zr:N:O is 

equal to 30%:50%:30%, which means it has an oxynitride compound with O/Zr = 1.0 

and of N/Zr = 1.7 linked as a ternary compound. The (N + O)/Zr ratio of nearly 2 lets us 

to suppose an oxynitride ternary compound where the nitrogen replaces the oxygen in a 

ZrO2 structure. The same analyses have been performed for sample deposited at 600 oC 

and the compounds relative percentage is reported in Table 4.1. For ZrON films there is 

a competition between nitride and oxynitride components: the oxynitride compound is 

favourable at higher substrate temperature due to the affinity of Zr transition metal 

towards oxygen. It is presumed the nitrogen content of the film is underestimated due to 

the preferential sputtering of nitrogen over zirconium atomic species 
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Figure 4.1.4: XPS core energy spectra Zr 3d, N 1s and O 1s for a- ZrNx films 
after Ar+ bombardment at different Ts with 100 W RF. The black line is the 
experimental plot, red line is the fitted spectrum, and all green spectras are 
de-convoluted peaks assigned as indicated. The estimated error in the fitted 
peaks is less than 5% (a) N 1s 500 oC ,(b) Zr 3d 500 oC (c), N1s 600 oC (d), 
Zr 3d 600 oC (e), O 1s 500 oC and (f) O 1s 600 oC of ZrNx film deposited 
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Table 4.1: Composition of films deposited with different substrate temperature.  Film 
composition has been estimated by fitting Zr 3d XPS spectra. 

Substrate 
Temperature (oC) 

% Zr % N % O % ZrN % ZrNO % ZrO2 

60 90.3 1.8 7.5 - - - 

100 53.4 35.8 10.4 - - - 

200 72.3 4.4 23.2 - - - 

500 47.3 24.4 28.8 12 30 47 

600  48.5 27.5 23.9 11 32 41 

 

Figure 4.1.5 shows the Raman spectra of the ZrNx samples deposited using different 

substrate temperature. The Raman spectra of the samples deposited at 350 oC shows 

two distinct peaks of the first order acoustic modes (150 -200 cm-1) and first order 

optical modes (430 -530 cm-1). Due to a large mass difference between nitrogen and 

transition metal Zr atoms; there are large gaps between the acoustic and optical 

modes. Three other modes are likely to be second order acoustic modes (300 - 350 

cm-1), optical – acoustic modes (~379 cm-1) and optical + acoustic modes (~624 cm-1) 

[14]. However, these modes are absent in the films deposited at higher substrate 

temperature could be due to the presence of oxygen in films grown at higher Ts. In 

stoichiometric ZrN which are rock salt structured, first order Raman peaks are 

forbidden by symmetry. The first order peaks observed can be attributed to point 

defects of the polycrystalline ZrNx film[2]. These results agree with ZrN’s phonon 

density of states calculated (as shown in Figure 4.1.1). This is favourable as we aim to 

exploit the large gap in the phonon DOS to slow down carrier cooling. As shown in 

Figure 4.1.5, the broad Raman peak at 480 cm-1 is associated with zone centred 

optical mode and small Raman peak at 140 cm-1 is associated with the acoustic peak 

[33-35]. The peaks in the Raman spectrum of ZrN deposited on quartz is relatively 

broad, whereas the Raman spectra of samples deposited on silicon substrates 
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displayed sharper and more defined peaks. This is an indication of the quality of the 

sample deposited on silicon substrates. 

 

 
 

 
 

Figure 4.1.5: Raman Spectra of deposited ZrNx films with 25% Nitrogen at 
different substrate temperatures. 
 

The surface roughness of the deposited film was determined by AFM. Surface 

roughness is important characteristics since it can influence the electronic transport. 

Mean and RMS roughness are the most useful measurement to estimate the surface 

roughness. The RMS roughness is usually preferred over the mean roughness as it 

involves the sum of the squares of the deviation from the fitted plane surface, which is 

always a positive quantity. AFM images of the ZrNx film deposited at substrate 

temperatures 500 oC and 600 oC are shown in Figure 4.1.6. (a) and (b) in 3D (left) and 

2D (right). The film grown at Ts =500 oC has an RMS roughness of 1.71 nm, whereas 

the film at Ts =600 oC has an RMS value of 1.87 nm. As can be seen from Figure 4.1.6 

(a) and (b), the grain sizes in the deposited films are very uniform, and the surface are 
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very dense and smooth. Roughness value is more for the film deposited at higher 

substrate temperature which is consistent with previously published results [25, 36] 

 
 

 
 
 
 
 

 
Figure 4.1.6: AFM image of the ZrNx film deposited at (b) 500 oC (3D left and 2D right) 
and (c) 600 oC (3D left and 2D right) shows the RMS roughness value of 1.71 nm and 
1.87 nm respectively for 1 µm2 area. 
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Absorption coefficient was calculated using the following approximation  

1
ln

1
				 cm  

Where d is the film thickness, T is the transmittance and R is the reflection of the thin 

film as measured by a spectrometer. The Figure 4.1.7 main shows that the absorption 

coefficient is not constant but still depends strongly on wavelength. The minima of the 

absorption coefficient around 530 nm for the sample deposited at 500 oC and 600 oC 

represent the transition point from free electron absorption and reflection to interband 

transition for shorter wavelength. Figure 4.1.7 inset shows the absorption coefficient of 

sample deposited at 350 oC. The transition point for this sample is at 580 nm.  

Thickness of the films deposited at 500 oC and 600 oC was approximately 100 nm. 

Figure 4.1.8 shows the reflection and transmission spectra of the ZrNx film deposited at 

500 oC used to determine the absorption coefficient. The reflection spectrum shows a 

minimum at 430 nm while the transmittance has a maximum at 450 nm. The 

transmittance does not reduce to zero evidently at long wavelengths showing the 

metallic nature of the material with free carrier absorption of low energy photons. 

Strong absorption is evident at low wavelengths from inter-band transitions and at long 

wavelengths free carrier absorption. In the region at longer wavelengths than the 

absorption minimum is characteristic of free electron absorption from the Zr d-states 

through intraband transitions [27]. The optical properties of the ZrNx shows there is 

strong free carrier absorption from ~500 nm onwards. In conjunction with the high 

absorption at low energy levels the reflectivity is also low in this region. The absorption 

and reflection by free electrons in the material is indicative of the metallic nature of 

ZrNx. The steady state optical spectroscopy measurements agree with the optical 

properties and the density of states of ZrN calculated from first principles and other 

experimental studies[37, 38]. ZrN is able to absorb light within the solar spectral range, 
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with strong absorption at low wavelengths, particularly at long wavelengths beyond 

1100 nm which not utilised in silicon based photovoltaic devices. To optimally use ZrN 

as an absorber optical light trapping such as using antireflection coatings and 

nanostructures would be required to minimise the reflection and enhance the optical 

light path to promote absorption. 

 

Figure 4.1.7: Absorption coefficient vs wavelength plot for the films deposited at 500 oC 
(red) and 600 oC (blue). Inset shows results for the film deposited at 350 oC. 
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Figure 4.1.8: Transmission and reflection measurement for ZrNx sample deposited at 
500 oC 
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. 

Summary  
The growth of ZrOxNy thin films has been demonstrated using cost-effective RF 

magnetron sputtering. ZrNx thin films deposited on Si (100) and quartz substrates are 

polycrystalline. XRD results indicate that the film is more metallic when deposited at 

low temperature < 200 oC with higher percentage (90.3 %) of Zr whereas higher 

substrate temperature > 500 oC favours the formation of ZrOxNy. XPS measurement 

supports the XRD results and shows the formation of nitrogen-poor ZrNx at Ts < 200 oC. 

Raman spectroscopy measurements demonstrate for the sample deposited > 500 oC that 

there is an agreement between the Raman spectra and theoretical zone centred phonon 

modes. Phononic and carrier cooling properties of the films deposited at Ts > 500 oC, 

investigated using ultrafast transient absorption spectroscopy,are presented in Chapter 5.  
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  Epitaxial growth of ZrN (100)/ MgO (100) using DC 
sputtering 

Epitaxial deposition of ZrN has been investigated by DC sputtering on MgO substrate. 

MgO and ZrN are better lattice mismatch with 8% compared to 16 % with Si substrate.  

Therefore, it is possible to grow epitaxial ZrN on MgO. Films have been deposited 

using Zr sputtering target in Ar and nitrogen gas atmosphere. The samples were 

deposited with constant DC power of 100 W and a total gas pressure of 0.1 Pa. The 

films were deposited at substrate temperature of 500 oC for different duration from 5 

minutes to 60 minutes with 5% of nitrogen gas flow.  

The as-sputtered ZrN films show mirror-like surface from appearance. The epitaxial 

nature of the deposited ZrN films was characterized by XRD, X-ray pole figure analyses 

with Cu Kα radiation, and also by cross-sectional TEM. 

XRD ω-2θ scans, over the 2θ range from 20o–110o diffraction angles, of a film 

deposited at 500 o C are shown in Figure 4.2.1. ZrN films were deposited on SSP MgO 

(100) substrate for 5 minutes, 20 minutes and 60 minutes at 100 W RF power. The film 

deposited for 5 mins doesn’t show any ZrN peak except substrate peaks of MgO (200) 

and MgO (400). This indicates that the deposited film is amorphous in nature after 5 

mins of deposition.  But, after 20 minutes of deposition, five peaks are identified. Out of 

them, two peaks belong to ZrN peaks in (111) and (222) directions at 2θ = 34.3 o and 

72.3 o, respectively and other three peaks attributed to MgO (100), MgO (200) and MgO 

(400) reflections at 2θ = 22 o, 42.9 o and 94.1 o. Similarly, the film deposited for 60 

minutes reveals only five peaks, out of them two peaks corresponding to (200) and 

(400) ZrN planes and others related to substrate reflections, indicating (100) preferred 

orientation. ZrN (200) and (400) reflections at 39.15 o and 84.31 o are symmetric with 

FWHM intensities of 1.09 and 2.73, respectively. It is also observed from Figure 4.2.1 
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that ZrN deposited in {111} direction when sputtered for 20 minutes and in {100} 

direction when sputtered for 60 minutes. This observation needs further investigation to 

understand why the preferred orientation change with deposition time.  
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Figure 4.2.1: XRD ω-2θ scans from a ZrN layer grown on MgO (100) by DC reactive 
sputtering at Ts = 500 oC for 5 mins (pink), 20 mins (blue) and 60 mins (red). 
 

 

The ZrN film deposited for 60 minutes is annealed for an hour at 530 oC in a load lock 

chamber in Ar only atmosphere shows enhancement of ZrN (200) peak but a detraction 

of ZrN (400) as shown in Figure 4.2.2 (a). This film is further annealed at higher Ts = 

730 oC in MTI furnace (Maximum temperature allowed in load lock chamber is 600 oC) 

in N2 only atmosphere. The film then shows peaks corresponding to ZrN (111), ZrN 

(222) and ZrO2 (200) and ZrO2 (400). XRD spectrum after annealing at 730 oC is 
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redrawn as an inset in Figure 4.2.2 (a) for a clear view. The change of ZrN orientation 

from (200) to (111) in the film after annealing could be due to formation of ZrN as a 

result of annealing at higher substrate temperature of 730 oC in N2 only atmosphere 

[39]. The formation of ZrO2 phase could be due to the introduction of oxygen during 

annealing [39] (MTI furnace is not load lock chamber) and Zr has strong affinity 

towards oxygen. Moreover, the bond strength of Zr-O is stronger than that of Zr-N (BE 

of Zr-O is 182 Kcal/mol whereas Zr-N is 135 kcal/mol) [37] 

A narrow region of a ω-2θ scan for the film annealed at 530 oC is presented in Figure 

4.2.2 (b). The peaks centred at 38.8° and 42.9o are indexed as (200) ZrN and (200) 

MgO, respectively [11, 19, 20]. From the known lattice constant of MgO, as = 0.421 nm 

[20, 40] and the measured angular separation between the two peaks, Δ2θ = 4.1°, the 

ZrN lattice parameter aꞱ along the film growth direction can be calculated to be 0.467 

nm. The lattice constant and gain size, calculated from XRD, for the three ZrN samples 

are tabulated in Table 4.2.1. The lattice constant of as-deposited films of the cubic ZrN 

are calculated from the equation: a = λ*((h2 + k2 + l2)1/2)/ (2*sin (θ)), where h, k and l 

are Miller indices and a is the standard lattice parameter of ZrN bulk specimen, whereas 

grain size are calculated using known Scherrer equation [41]. The lattice constant value 

for the ZrN film deposited for 60 minutes is in a good agreement with the value 

expected for stoichiometric ZrN of 0.4577 by H. Yanagisawa et.al [11, 17].  
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Figure 4.2.2: (a) XRD spectra of MgO (100) substrate (black) and ZrN films grown 
at 500 oC (dark blue), after annealing at 530 oC in Ar only atmosphere (sky blue) 
and further annealing at 730 oC (pink) in N2 gas only atmosphere (b) A section of ω-
2θ scan for the film annealed at 530 oC highlighting ZrN(200) and MgO(200) peaks. 
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Table 4.2.1: Calculated lattice constant and gain size of ZrN films deposited for 
different durations. Results of other theoretical calculations and experimental data are 
listed separately after the table. 
 

N2 gas flow Time 
(mins) 

ZrN orientation present in 
the films deposited 

Lattice 
constant of the 

film (nm) 
 

Grain 
Size 
Å 

5 % 60 ZrN (200) ZrN (400) 0.457 
 

12.30 

 20 ZrN (111) ZrN (222) 0.454 12.92 

 5 - - -  

 

Lattice constant of ZrN film from other calculations and value of experimental data are 

follows 0.4578 nm (bulk), 0.457 nm [42], 0.4583 nm [35], 0.4537 nm [43], and 0.459 

nm [1]. 

 

Pole figure analysis is done to further confirm the presence of epitaxial ZrN film. A pole 

figure (in the context of texture) is a map of a selected set of crystal plane normals 

plotted with respect to the sample or reference frame.  It is used to determine the 

distribution of crystallographic orientation. To obtain pole figure, HR-XRD scans from 

ZrN and MgO, obtained in the parallel-beam mode with ω and 2 θ angles set to detect 

the (220) peaks at a tilt angle of 45° with respect to the surface normal, are plotted in 

Figure 4.3.2(a). The results show four 90° rotated (220) peaks at the same φ angles for 

both ZrN and MgO. The combination of the XRD ω-2 θ and φ scans demonstrate that 

ZrN (100) layers grow epitaxially with a cube-on-cube relationship to the substrate: 

(100) ZrN ‖ (100) MgO. 



Chapter 4: Study of Zirconium Nitride as a Hot Carrier absorber material  
 

103 

The annealed film is confirmed to be epitaxial by the four-fold symmetry of the (100) 

reflection in pole figure studies in Figure 4.2.3(b) and indicated that the film has an 

epitaxial relationship with the single crystal MgO substrate. 

From XPS measurement, it was found that ZrN sample contains ~41 % N2, 53 % Zr and 

6 % oxygen after 120 seconds Ar+ etching. The ZrN film is Zr rich with N/Zr ratio as 

0.77. Oxygen amount is considerable reduced from 20 % for the sample deposited at 

500 oC, 25 % N2 using RF sputtering in modified sputter system discussed in Section 

4.1. This indicate the introduction of oxygen in the sample can be controlled by using 

high vacuum and load lock chamber of AJA sputter chamber compared to single target 

sputter machine.  
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Figure 4.2.3 (a) ZrN (black) and MgO (purple) XRD (220) scans from the annealed 
ZrN sample at 530oC). They are overlayed. (b) Pole Figures measurement done at 
2θ = 56.8 o, showing the reflections of ZrN film. 
 

Figure 4.2.4 shows Raman spectra of the as-deposited and annealed ZrN films. All the 

peaks near 178 cm-1 and 240 cm-1 attributed to TA and LA phononic modes in acoustic 

region respectively due to the vibration of heavy Zr ion [44] and in the optic region at 

505 cm-1 due to the vibration of lighter N ions. There is no sign of secondary phases 

within the detection limit [33, 44, 45]. This is a good agreement with reported Raman 

studies by J.Y.Li [45] and C. Moura [33]. Whereas, after annealing at 730 oC, peak 

related with ZrN TA, LA and optic modes are lost. It could be due to the formation of 

ZrO2 (111) phase.  
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Figure 4.2.4: Raman spectra of the ZrN films as deposited (black) at 500 oC, annealed 
(red) at 530 oC and further annealed at 730 oC (pink). 
 

A HRTEM cross-sectional image of the ZrN-MgO (100) interface region shown in 

Figure 4.2.5. A Phillips CM200 operated at 200 kV was used for TEM analysis. The 

ZrN layer is well aligned with the substrate, illustrating the successful heteroepitaxial 

growth of ZrN on MgO. From the TEM image, d-spacing has been calculated which 

gives lattice constant around 4.53 ± 0.5 Å Calculated lattice contact of deposited ZrN 

film from TEM image is closely matched with the value (0.457 nm) from XRD peaks.  
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Figure 4.2.5: Cross-sectional TEM image obtained from ZrN on MgO (100) 
substrate. 
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Summary 

Epitaxial ZrN thin films were successfully grown on MgO (100) substrates by DC 

reactive sputtering from a single Zr target after annealing at 530 oC. The epitaxial 

growth of ZrN was confirmed by XRD and X-ray pole diagram using Phi scan. XRD 

result confirmed the growth of ZrN in {100} on MgO (100) with cube on cube 

orientation with 5% of nitrogen gas flow. It was further confirmed by means of HRTEM 

that ZrN film is grown epitaxially with lattice constant of 0.457 nm. Structural 

properties of the as-deposited ZrN film on MgO (100) by DC sputtering technique were 

further  investigated and compared with the post-annealed film at 730 oC under N2 

ambient in MTI furnace (not load locked). It was revealed after XRD measurement that 

the ZrN {100} phase was lost with the growth of ZrO2 (100) phase after annealing at 

730 oC in MTI furnace.  
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Chapter 5 
 

Hot carrier cooling in ZrN film  

Slow cooling is an essential prerequisite for successful hot carrier solar cells (HC-SC). 
Although extensive theoretical and simulation work has been undertaken, experimental 
study of hot carrier cooling is rarely reported. In this chapter, the carrier 
thermalization in ZrNx using ultrafast transient absorption (TA) spectroscopy is 
explored for the first time. Carrier lifetime of the order of hundreds of picosecond is 
evidenced from TA measurements. The findings reported in this chapter may be useful 
for the implementation of advance photovoltaic concept such as HC-SC. 

 

Introduction 

As discussed in Chapter 4, ZrN has the potential to be used as a HCSC absorber [1-17]. 

As stated before, ZrN has large phonon band gap due to the large mass difference 

between its constituent atoms. A wide phonon band gap in ZrN is expected to prevent 

the Klemens’ decay and reduce Ridley decay pathways. A material such as ZrN with a 

wide phononic gap can increase the optical phonon lifetime and thus enable the electron 

population to be re-energized and maintained at a higher energy. This occurs due to the 

large difference between the mass of the Zr and N atoms in the material. The 

phenomena of a wide phonon gap leading to decreased carrier cooling rates has been 

demonstrated in an experiment on GaAS and InP using time-resolved 

photoluminescence comparing similar materials in which one has a phononic band gap 

while the other does not [18]. 

The absorber is required to maintain a hot carrier population for a long enough time for 

the hot carriers to be extracted. Exploiting or engineering the phononic properties of 
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materials can lead to a long carrier lifetime. In this Chapter, the carrier cooling 

properties using ultrafast relaxation of carriers in bulk ZrNx thin films by means of 

femtosecond (fs) pump-probe transient absorption spectroscopy is reported. However, 

until now significantly slowed cooling of hot carriers is rarely observed experimentally, 

both for bulk and quantum dots. In this investigation, ZrNx films fabricated using RF 

magnetron reactive sputtering show as long as hundreds of picoseconds slow cooling 

time. Structural, compositional, optical and phononic properties of deposited films have 

been discussed in Chapter 4. 

Materials and method 

Samples investigated in this work are given in Table 5.1. Zirconium nitride (ZrNx) thin 

films have been deposited by RF sputtering. Characterization and deposition methods of 

ZrN have already been discussed in Chapter 4’s introduction [4-17]. The structural, 

compositional, phononic and optical properties of deposited ZrN films using RF 

sputtering have been discussed in Chapter 4, Section 4.1. 

The composition of the films was estimated from XPS. The sample was etched for 60 

seconds using a 1 keV Argon ion beam to study the bulk composition. Composition (N, 

Zr and O content) of the films are shown in Table 5.1. The composition of the films 

have been estimated by fitting XPS spectra, as described in Chapter 4, Section 4.1.   
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Table 5.1: Key properties of ZrN samples investigated by transient absorption. 

Sample 

ID 

Growth 

method 

Growth 

Temperature  

( ºC) 

Thickness 

(nm) 

Composition 

(%) 

Crystal 

size 

(nm) Zr N O 

A RF sputter 500 oC ~ 92  ~48 ~28 ~24 ~10.5 

B RF sputter 600 oC ~ 100  ~50 ~29 ~21 ~11.0 

 

5.1   Ultrafast transient absorption measurement  

Ultrafast pump-probe transient absorption (TA) measurements are commonly used to 

study charge dynamics in materials [19-21]. In this method, the sample is exposed to an 

ultra-short laser pulse. Immediately after the ultra-short laser irradiation, electrons are 

excited to high excited states which causes variations in the optical properties from the 

steady state conditions due to the change in occupied electron states as they relax down 

to lower energy states. This process is repeated at different time delays. Transmission 

spectra before and after the pump pulse gives the information on change in absorption 

characteristics with and without pump excitation of electronic states.  Femtosecond 

pump-probe experiments were performed with a transient absorption spectrometer 

(FemtoFrame II, IB Photonics). The experiment used both an excitation source of 400 

nm and 360 nm pulse with a fluence of 36 µJ/cm2 from an OPA laser (TOPAS, Spectra 

Physics) with 100 fs duration and 1 kHz repetition rate. The probe beam of white light 
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continuum was generated by focusing the 1 kHz Ti:sapphire amplified laser (Spitfire, 

Spectra Physics) into a BBO crystal, and detected by a polychromator-CCD.  

Transient absorption spectroscopy has been used to investigate the carrier dynamics in 

ZrNx films.  

Figure 5.1.1 (a), (b) are the transient absorption spectra of ZrNx deposited at 500 oC and 

600 oC at various time delays, showing the change in optical density, ΔOD, as a 

function of the probe wavelength in the visible range. For a pump-probe measurement, a 

positive signal represents excited state absorption while a negative ΔOD originates from 

bleaching of the ground state or stimulated emission in some cases. In ZrNx samples we 

could not observe bleaching peaks in the detection range of 900 nm - 1500 nm.  

In Figure 5.1.1 (a), t = -1 ps signifies the steady state when there is no laser excitation 

hence no change in optical density. At t = 0.06 ps positive peaks around 500 nm and 

730 nm. Immediately after the pump pulse, the electron density is high. There could be 

higher probability of excitation from higher energy state than from ground state. It is 

interesting to note several peaks around 50 fs (limited by the time resolution of the 

system), probably represent the density of the states in ZrNx. Similar to the metal and 

other π-electron system, the initial effective electron-electron scattering occurs in very 

short time scale [22, 23]. As the time progresses the TA spectra show positive peaks 

around 480 nm and 730 nm. By about t = 1.0 ps a stable distribution is formed which 

decays back to steady state at longer ps scale, as shown in Figure 5.1.1 and Figure 5.1.2. 

The excited state absorption peaks appear around 500 nm and 730 nm and peaks on 

these time scales suggests the ZrNx samples deposited at these substrate temperatures 

contain many free electrons for absorption and thus there is effective electron-electron 
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scattering between these electrons. This observation suggests there is high density of 

free electrons in ZrN, similar to the metal. Also a stable carrier distribution can be 

established by an efficiently e-e scattering within a couple of hundred of fs.  

In general, two important interaction mechanisms dominate the photo-excited carrier 

decay in an ultrafast measurement, i.e. electron–electron scattering and electron–phonon 

scattering [24-27]. The former e-e scattering is usually very fast within tens of 

femtoseconds, the carrier distribution is generally a non-equilibrium distribution, not a 

Fermi–Dirac distribution. The first e-e scattering usually result in the carrier distribution 

according to the electron density of states (DOS) of the material. Therefore, in such 

extremely short time within disappear of the pump pulse (<100 fs), the initial carrier 

distribution is a representative of the material DOS. TA spectra for ZrN exhibited two 

positive peaks located at 500 and 736 nm. No bleaching peaks were observed on this 

wavelength range. 

Moreover, a decay time of the order of hundreds of picoseconds was found for the 

peaks. Two decay processes were observed in this sample. This suggested that at the 

first stage, carriers may be captured in a side valley where thermalisation is slow, while 

at longer times the carriers are returned from the side valley and decay at zone centre to 

the Fermi level. 
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Figure 5.1.1 Transient absorption spectra of ZrNx samples deposited at (a) 500 oC 
and (b) 600 oC on quartz substrate in visible range. The pump wavelength is 400 nm 
and Iex = 600 µJ/cm2 

Figure 5.1.2 shows the time evolution of the ESA peaks at 730 nm after excitation for 

the ZrNx samples deposited at 500 oC and 600 oC.  Exponential fitting of the ΔOD for 

the ESA peaks indicates a decay constant of around 470 ± 84 ps and 605 ± 118 ps for 

the sample deposited at 500 oC and 600 oC respectively. In the excited states 

immediately after the pump laser, an ultrafast spike is observed as shown in the insets of 

Figure 5.1.2 (a) and (b), which is likely to correspond to the e-e scattering, limited by 
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the time resolution of the system, 250 fs. This process has a lifetime of the order of 100 

fs [28]. The lifetime of this dynamic process observed in our experiments is around 400 

fs. This ultrafast process represents e-e scattering occurring in the population in the 

excited states bringing the carrier population to thermal equilibrium as described by the 

Fermi-Dirac distribution at an elevated temperature. Ultrafast e-e scattering has usually 

been observed in metals, metal clusters as well as carbon based materials [29-31] where 

the free electrons or free π-electrons are present. This observation suggests there is high 

density of free electrons in ZrNx, similar to metallic-like materials, consistent to the 

calculation and other measurements. Also a slowly changing carrier distribution can be 

established by such efficient e-e scattering within a couple of hundreds of fs. Using a 

single exponential function we can extract the decay time of the slow process. Table 

5.1.1 tabulated the decay time at different wavelengths in visible and infrared regions 

for samples deposited at 500 oC and 600 oC. 

The decay of the TA signal shows two distinct stages. One stage is shown in Figure 

5.1.2, (a) electron-electron scattering occurs in one hundred fs and other stage is shown 

in Figure 5.1.2 (b) subsequently nanoseconds long decay is observed. The ultrafast 

decay is limited by the time resolution of the system of 150 fs. At times faster than 150 

fs the ΔOD signal electron-electron scattering occurs. The similar process also occurs 

with a lifetime of tens to one hundreds of fs in semiconductors [8], metals [43,44] and 

metal clusters as well as carbon based materials [45,46] where free electrons or π-

electrons contribute to the electron-electron scattering. A carrier distribution at an 

elevated temperature is established by such an efficient e-e scattering. The nanosecond 

long decay time can be attributed to thermalisation of excited states with the lattice via 

electron-phonon interactions. It is suggested the long decay time is a consequence of 
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restricted thermalisation pathways leading to carriers remaining in the valleys of high 

energy Zr 3d states. Figure 5.1.2 (a) shows the time evolution of the ESA peaks at 730 

nm after excitation for the ZrNx samples deposited at 500 oC and 600 oC in logarithmic 

scale to see better exponential fittings. 

 

  

 

 

Figure 5.1.2 (a): Change in OD as a function of delay time measured at the 730 nm for 
samples deposited at a) 500 oC, b) 600 oC in logarithmic scale. Red curves are 
Exponential fits. Insets shows data in short time scale to highlight decay in this range. 
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Figure 5.1.2: Change in OD as a function of delay time measured at the 730 nm for 
samples deposited at a) 500 oC, b) 600 oC. Red curves are Exponential fits. Insets 
shows data in short time scale to highlight decay in this range.  
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Figure 5.1.3 (a) and (b) show the transient absorption spectra in 900-1300 nm at various 

delay times. In this range, a positive band was observed for both samples. The near 

infrared signal from 900-1300 nm was studied to explore carrier dynamics of low 

energy excited states. It must be noted the near-infrared region measurements were 

pumped with a higher fluence than the measurements made in the visible region due to 

the higher noise levels. At an ultrafast pump-probe measurement, a high density of 

pump excites electron into the high energy level. Then the excited electrons can 

experience an effective e-e scattering if enough free electrons are available. The 

observed small peak with width of 200 fs suggests there are sufficient free electrons 

available in ZrNx, implying ZrNx metallic-like property, consistent to the observation in 

the visible region. After the short time of scattering, a stable carrier distribution, Fermi-

Dirac distribution, forms relative to the density of states. They are positive and are 

independent of the probe wavelength within the measured wavelength range of 900 – 

1200 nm. Spectrally the transient absorption signal remained positive. The wavelength 

independence of the carrier distribution in this region may be due to transitions between 

a very broad distributions of low excitation states thus a flat ΔOD response. This 

response is most likely from the free electron distribution near the Fermi surface of the 

material, as shown in steady state absorption. The signals after 0.2 ps were fitted to an 

exponential decay resulting in a decay time constant between 400 – 600 ps for probe 

wavelengths in the infrared region, tabulated in Table 5.1.1 
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Figure 5.1.3 Ultrafast transient absorption spectrum in the near infrared regions 
showing positive delta OD after the pump of ZrNx deposited at (a) 500 oC, and (b) 600 
oC. TA spectrum is essentially flat in the 900-1350 nm range. 
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The observed decay times can potentially be ascribed to the electron cooling down to 

the lower states. In the general definition of hot carrier electron in semiconductors, the 

cooling time is attributed to the thermalization down to the edge of the conduction band. 

Here we do not have evidence about the band gap of ZrNx and do not observed any 

negative TA band, which could be due to band edge bleaching. Hot carriers refers to 

carriers in the higher excited states, other than the conduction band edge or lowest 

excited state. The positive band in principle is ascribed to excited state absorption, and 

should be associated with excited states. For a positive TA signal, the decay time is 

dominated by the population of the lower state, and so essentially represents the decay 

time of the lower state. So, here we speculated if two or three observed positive bands 

originate from the same excited lower states, they in principle have a similar decay time 

(whilst of course, considering the errors). Otherwise, they should originate from at least 

one or more different excited states associated with the higher excited state, therefore, 

they could be considered to be hot carriers.  

In the probe region, near infrared and visible, three positive bands were confirmed. To 

date, very little knowledge about the band structure is known in ZrN, it is difficult to 

assign specific transitions to the observed band. At longer time scales from several fs up 

to hundreds of picoseconds a stable linear-like distribution forms in the TA spectrum, 

from 450 - 750 nm. This oscillatory distribution takes 100s of ps to relax back to the 

steady state absorption levels. This kind of distribution of the TA spectrum may 

possibly be representative of the tail end of the Fermi-Dirac distribution of electrons 

described by an elevated temperature. Table 5.1.1 presents the time evolution of the 

change in optical density at 480 nm with exponential fitting obtaining a decay time 

constant of 412 ps at 500 oC and 512 ps at 600 oC. This decay time constant is 
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speculated to be representative of electron transitions at 480 nm. Upon excitation with 

the pump beam, optically allowed transitions from the excited (populated) states to 

higher excited states may exist in certain wavelength regions, and absorption of the 

probe pulse at these wavelengths will occur. Interestingly, a positive signal in the TA 

spectrum is observed in the wavelength region of excited-state absorption (Figure 

5.1.1). Again, the intensity of the probe pulse is so weak that the excited-state 

population is not decreased appreciably by the excited-state absorption process.  

TA measurements have shown features with long relaxation times of the ΔOD in the 

range of hundreds of picoseconds in the visible region and in the infrared region. The 

TA measurement shows that electrons with higher energy can be populated for a long 

time, which suggests it is possible to extract such higher temperature (dynamic energy) 

electrons with energy selective contacts and ZrNx can be used toward the HC-SCs. Such 

long relaxation times on the order of hundreds of ps have not previously been observed 

in a bulk material using the TA technique. 

 

 

Table 5.1.1: Decay time constant extracted by fitting exponential decay function using 
Lavenberg algorithm in TA spectrum. 
Wavelength (nm) Decay time constant at Ts 

=500 oC 
Decay time constant at Ts 
=600 oC 

480 412 ± 38 ps 512  ± 44 ps 
570 366 ± 38 ps 402 ± 36  ps 
730 470 ±  64 ps 605 ± 118 ps 
Infrared wavelength 
950 nm 489 ± 218 ps 426  ± 152 ps 
1050 nm 479 ± 123 ps 442 ± 119  ps 
1250 nm 560 ± 218 ps 533 ± 198 ps 
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Figure 5.1.4: Time traces of transient absorption signals at several IR 
wavelengths for the films deposited at 500 oC and 600 oC. Inset (a1) and (a2) 
shows the transient on a shorter time scale. Insets (b1) and (b2) show the 
exponential fitting at 1050 nm for the film deposited at 500 oC and 600 oC 
respectively. 
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5.1.1. Theoretical investigation on carrier cooling time 

Experimental results are further analysed theoretically by Hongze Xia using Density 

functional theory (DFT) in UNSW [1]. It has been assumed that the two important 

interaction mechanisms dominate the photoexcited carrier decay in an ultrafast 

measurement, i.e. electron–electron scattering and electron–phonon scattering [24]. The 

first one is usually very fast within tens of fs while the latter is a lot longer acting on 

picosecond to nanosecond timescales [32]. The theory finds the instantaneous carrier 

distribution at any moment after pumping using the measured data from the ultrafast TA 

spectra. It should be noted that the carrier distribution is generally a non-equilibrium 

distribution, not a Fermi–Dirac distribution. The carrier temperature of the non-

equilibrium distribution is defined as in terms of the average carrier energy. This 

implies that the carrier temperature defined here is calculated by equating the total 

energy and particle number of a non-equilibrium carrier distribution to those of a 

Fermi–Dirac distribution at that temperature. This carrier temperature is an indicator of 

the average carrier energy, and qualitatively demonstrates how far the carrier population 

is excited away from the equilibrium distribution at room temperature. In metallic 

systems where electron density is high and carrier scattering is strong [33-36], the 

theory is simplified to only consider the electron density of states (DOS) of the material, 

and neglects the momentum information as it has been assumed that a phonon state is 

always available to assist with a specific transition. Under low injection, the carrier 

distribution is not changed much and the change is only relatively significant in the 

vicinity of the Fermi level where the slope of the Fermi distribution function is steep. At 

energy levels well below (or above) the Fermi level, the occupation is close to one (or 
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zero) and does not vary with the electron energy. So the change in those areas is 

minimal. The probe is a low intensity broad spectrum. So it is in the low injection 

condition. The total energy per unit cell is denoted as Etot which reads  

Etot = Ein + Eoff  Ein represents the input energy from the pump while Eoff is the total 

energy per unit cell without excitation and can be expressed as:  

Eoff = ξ.noff  (ξ dξ	= ξ.		g ξ .	f0 (ξ, , T0)dξ ……………………………..(1) 

Where noff d(ξ) is the carrier distribution in the dark expressed as  noff (x) = no (x) ( eqv/kt-

1) while gd(ξ) and f0(ξ) are the electron density of states (DOS) and the Fermi–Dirac 

distribution. 	and T0 in function f0 (ξ, ,T0) indicate the initial Fermi level and carrier 

temperature (T0 = 300 K) respectively.  

An instantaneous carrier distribution exists at each moment after pumping and here we 

denote this quantity as fon(ξ). At any time, the number of electrons is conserved and 

reads:  

Ntot = g ξ .  fon(ξ.t)dξ  ………………………………………………(2)     

The total energy of the system at a given time can also be expressed as:  

Etot(t) = g ξ .  fon(ξ.t)dξ  ≥ Eoff……………….(3) 

Before estimating fon(ξ,t), the photon absorption in a material needs to be analysed. The 

absorption probability from state ψ(ξ) to ψ(ξ’) excited by a photon ω can be estimated 

via Fermi's golden rule for a perturbing Hamiltonian H’ :  

Wξ-ξ’ =   ˂ψ(ξ) H’ψ(ξ) ˃ 2δ(ξ’-ξ- ω)[(f(ξ;t)-f(ξ’,t))]………………….(4) 
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F(ξ,t) is either the instantaneous carrier distribution or the Fermi– Dirac distribution at 

equilibrium. The two f(ξ’,t) in the last term of (4) denote the occupation probabilities at 

the initial and final energy levels, corresponding to the forward and reverse process of 

the transition. The absorption coefficient of a photon ω is proportional to the integral 

of W over the energy space and inversely proportional to the photon frequency [37]. In 

the calculation, It has been assumed that the matrix element <ψ(ξ)H’ψ(ξ)> in (4) is 

insensitive to the variation of ξ and also neglects the associated spontaneous emission. 

This is because for non-emissive materials, spontaneous emission is negligible. By 

merging all constants into one prefactor C, the absorption coefficient reads:  

α (ω) =   ξ,t)-f(ξ+ ω),t)].J(ξ, ω)dω 

         =  ξ,t) J(ξ,ω)dξ -  ξ,t)J(ξ- ω, ω)dξ  

         =  ξ,t) [J(ξ,ω)- J(ξ- ω, ω)]dξ…………………………..(6) 

With  

J(ξ,ω) = [g(ξ)-.g(ξ+ ω)]1/2 

J(ξ,ω) is the approximate joint DOS at ξ while C contains information about the 

averaged matrix element for all possible transitions. Assuming the reflection of the 

sample is not affected by the pump, the transmission profile reads T(ω) = exp[(-

α(ω)d][1-R(ω)] where d is the sample thickness and R is the reflection. This assumption 

is valid as the transient reflection measurements showed that the change of reflection is 

of the order 103 [36]. By comparing the transmission before and after pumping, the 

transient absorption spectrum is derived: 
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  (ω) = 
	 	

	  ~(α0-α)d …………………….7a 

ΔOD(ω) = log  = log 
	

	
 = - (α0 –α)d ………………………7b  

Now we have connected our theory with a TA experiment and by discretising (5) and 

(7), a set of linear equations can be constructed. We discretise the electron energy into 

N+1 levels with a constant energy step Δξ and the photon spectrum into N frequencies 

with the same level separation. The upper part of Eq. (8) results from the substitution of 

(5) into (7b) while the bottom part is the particle conservation constraint. By solving the 

(N+1) (Nx1) linear equations, the instantaneous carrier distribution fon is obtained. We 

can define fon = f quasi x Δf where fquasi is a Quasi Fermi–Dirac distribution at elevated 

temperature that reproduces the total energy and conserves the particle number (see Eq. 

(8)). The temperature that results from this Fermi–Dirac distribution can be regarded as 

the carrier temperature of fon. Δf is simply the occupation fluctuation of fquasi:  

	 . fon(ξ, t) dξ = ξ. g ξ . fquasi(ξ, t) dξ ………………………..(8a)  

g ξ . f on(ξ, t ) dξ =  g ξ . f quasi(ξ, t) dξ ………………………………….(8b) 

Density functional theory (DFT) calculation was performed to obtain the DOS of rock 

salt ZrN. This simulation was done using 55 Hartree as the plane wave energy cutoff 

and a 12 x 12 x 12 k-grid for the self-consistent-field calculation. The Perdew–Burke-

Ernzerhof exchange-correlation functional was adopted and a larger k-grid with a size 

of 20 x 20 x 20 was chosen for the DOS calculation. In order to obtain a highly accurate 

DOS, a tetrahedral method over a direct sum with Gaussian smearing was favoured. The 

calculation was performed by ABINIT using Fritz-Haber-Institute pseudo-potentials. 
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The band structures and the DOS of the two materials can be found in Chapter 4, Figure 

4.1. The TA spectra of ZrN were analysed using the DOS obtained from DFT 

calculations [1]. Figure 5.1.5 shows that the measured TA spectra for ZrNx deposited at 

500 oC were reproduced by the dynamic theory. Using the proposed model, some new 

insights into the instantaneous carrier distribution as well as the quasi-Fermi Dirac 

distributions at elevated temperatures can be obtained. Plots (a) and (b) of Figure 5.1.5 

show that the carrier distribution and the corresponding carrier occupation were altered 

slightly after the excitation. Most of the fluctuations were within 0.2 eV of the Fermi 

level and are responsible for the variation of optical density. 
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Figure 5.1.5: Simulation results for ZrN. (a) Quasi-Fermi Dirac distribution at t = 0.3 ps 
after excitation (T=323 K) and the equilibrium carrier distribution at 300 K. (b) The 
corresponding carrier density distribution. (c) The extracted carrier temperature from 
the quasi-Fermi Dirac distribution and the exponential fitting with a time constant of 
0.50 ns. (d) The reproduced transition absorption spectra using the instantaneous 
distribution function fon. In (d), the points are from the experiment, while the smooth 
curves are from the simulation [1]. 

 

TA spectra for ZrN exhibited two positive peaks located at 500 and 736 nm (see Figure 

5.1.1). No bleaching peaks were observed on this wavelength range. Moreover, a decay 

time of the order of hundreds of picoseconds was found for the peaks. Hence, a lower 

carrier temperature was extracted and confirmed by the following analysis, as shown in 

Figure 5.1.5 (d). Two decay processes were observed in this sample. Initially, the carrier 

temperature increased to 325 K and then dropped to 315 K after a few hundred 

picoseconds. At about 750 ps, the carrier temperature entered a second decay and 
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quickly decreased to 305 K. This suggested that at the first stage, carriers may be 

captured in a side valley where thermalisation is slow, while at longer times the carriers 

are returned from the side valley and decay at zone centre to the Fermi level. The 

exponential decay is also shown in Figure 5.1.5(d) for a comparison against the standard 

theory, where the relaxation rate is generally characterised by a single time constant. 

However, this single exponential fit is phenomenological and given the complexities of 

electronic band structures, this simple exponential decay could not be expected to 

always represent the temperature of a hot carrier as it relaxes at ultra-fast timescales. 

Nonetheless it does represent carriers at elevated energies for relatively long periods. 

5.1.2. Summary 

ZrNx films have been deposited on quartz and silicon substrates by sputtering of a Zr 

target in a mixed argon and nitrogen atmosphere. Chemical composition of the film 

from XPS study yields a (N+O)/Zr ratio of 1.7. The steady state optical study shows 

strong metal like absorption at high energies where transitions occur at wavelengths 

below 450 nm. Strong free carrier absorption is observed at wavelengths greater than 

450 nm indicative of the metallic nature of the ZrN film at long wavelengths. In this 

chapter, the ultrafast relaxation of carriers in bulk ZrN thin films has been demonstrated 

by means of femtosecond pump-probe TA spectroscopy. TA results show excited state 

absorption peaks in visible region. In the near-infrared TA spectra, a positive band is 

observed. TA measurements have shown features with a long relaxation time of the 

ΔOD in the hundreds of picoseconds in the visible region and near-infrared region for 

both sample deposited at 500 oC and 600 oC. On the ultrafast time scale elastic electron-

electron scattering occurs within several hundred fs then a transient carrier distribution 

is formed with decay times in the order of hundreds of picoseconds. The detected 
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lifetimes in the visible region are longer than in the near-infrared region. The electrons 

are populated for longer at these higher energy states than in lower excited states. The 

TA measurements are evidence for electrons at higher electronic states that can be 

colonized for a long time, which suggests the possibility to extract these electrons with 

high dynamic energy with the use of energy selective contacts in a hot carrier 

photovoltaic device. The long carrier lifetime and the metallic nature allowing 

absorption of a wide spectrum of light in ZrN and indicates it would be a promising 

material for use as an absorber for HCSCs. 
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Chapter 6 
 

Discussion, Conclusion and Future Work 
 

The purpose of this thesis was to synthesise and characterise the suitable absorber 
material for third generation photovoltaic- hot carrier solar cells. In pursuit of this aim, 
an in-depth study of the various group IV alloys and refractory metal nitrides has been 
carried out. Group IV alloy -Germanium carbide and refractory metal nitride –
Zirconium nitride were fabricated using sputtering. The structural, compositional, 
optical, and phononic properties of the resulting GexC1-x and ZrNx films were examined 
and critically analysed with regards to the achievement of the above-mentioned aim. 
This chapter extracts the important principles that can be gleaned from the 
experimental work and details the novel contributions of this thesis, leading to 
recommendations for future research. 
 

Introduction 

This chapter has the aim of bringing the contents studied in the thesis into a single broad 

picture, finding an absorber material to implement real HC-SC. In particular the first 

part of the chapter is devoted to the summarising all the important results related with 

fabrication and characterization of GeC and ZrN as a hot carrier absorber material. The 

second part of the chapter is dedicated to the discussion related with the suitability of 

GeC and ZrN as an absorber for HC-SC. Subsequently, result of the ZrN films 

(deposited using RF sputtering) from the ultrafast transient absorption measurement has 

been discussed to investigate the carrier cooling properties of ZrN. In the last part of the 

chapter, all the original contribution of this thesis has been listed along with some 

recommendation for future research related with the implementation of HC-SC. 
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6.1 Summary  

6.1.1. Study of GeC as an absorber for a HC-SC 

Germanium carbide- group IV alloy is quite attractive as a hot carrier absorber material 

because of the calculated wide phononic band gap. The large mass difference between 

its constituent elements makes it suitable for suppressing carrier cooling which is one of 

the pre-requisites for a hot carrier absorber material. Furthermore, the elements of GeC 

alloy are reasonably abundant to implement low cost solar cells. However, due to the 

low solubility, it is quite challenging to fabricate stoichiometric and stable GeC film. 

Nevertheless, the widely used RF sputtering method was employed to fabricate GexC1-x 

films in Chapter 3. The challenging growth of nano-crystalline GeC using an industry-

friendly process called sputtering has been demonstrated for the first time in UNSW 

SPREE laboratory. Nano-crystalline GexC1-x is a potential third generation solar cell 

absorber material due to its favourable optoelectronic properties and relatively high 

abundance of elements. The ability to grow nano-crystalline GexC1-x in large areas by an 

industry-friendly process can enhance its scope as a photovoltaic absorber. In Section 

3.1 of Chapter 3, GexC1-x nano-crystalline films were grown on Si (100) substrates by 

RF magnetron co-sputtering using graphite target with Ge strips on it. The coverage 

area of Ge strips were 40 %. The sputtered GexC1-x film has a smooth surface with a 

root mean square roughness of about 4 nm. XPS results indicated the carbide formation 

and the presence of Ge-C bonding for the samples grown at 350 oC, 50 W with 0.9 eV 

bandgap estimated using the Tauc equation. TEM imaging shows the formation of 

nanocrystals with lattice spacing of 5.53 Å which is consistent with the GeC lattice 

constant published elsewhere. The lattice constant value was also determined using a 

numerical model. With the help of Quantum Espresso, Self-consistent-field (SCF) 
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calculations were performed on the postulated system within the framework of Density 

Functional Theorem (DFT). The lattice constant estimated using numerical model was 

5.34 +/- 0.5 Å which matched well with our TEM measurement. The Raman signature 

of the local Ge–C mode is identified near 530 cm-1 in GexC1-x film grown at 350 oC.  At 

this growth condition, a maximum value for x = 15.5 % is found for GexC1-x by fitting 

XPS spectra.  

In Section 3.2, all GexC1-x films were deposited with Ge target and methane gas using 

reactive sputtering to observe the effect of RF powers and the Ts on deposited films. All 

the films deposited with reactive sputtering were found amorphous in nature with a lot 

of hydrocarbon on the surface. It could be due to the carbon poisoning of the Ge target. 

Less than 1 % oxygen was found in all the GexC1-x samples after 60 seconds Ar+ 

etching. The effects of the Ts on the yield of GeC for the samples deposited at different 

temperatures were analysed in detail in Section 3.2.1 of Chapter 3. The a-GexC1-x with 

GeC content up to 21 % has been fabricated with 50 W RF power at 250 oC by reactive 

sputtering methods. This is the maximum percentage of Ge-C bond has been introduced 

in the film so far in spite of having low solubility between the elements. The GeC 

percentage by volume was found to first increases and then decreases with increasing 

Ts. The introduction of C into the Ge matrix seems to tune the optical bandgap over a 

wide range from 2.7 eV to 1.0 eV with decreasing carbon concentration in the films. 

Section 3.2.2 of Chapter 3 discussed the effect of different RF power (40 W to 80 W) on 

the deposited GexC1-x film keeping the Ts at 250 oC. Study suggested that the low RF 

power around 50 W is favourable to fabricate Ge-C bond. It has been observed from 

XPS result that the high RF power above 50 W decreases the Ge-C content in the film 

drastically due to the increase in the total germanium content in the film.  
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6.1.2. Study of Zirconium Nitride as an absorber material 

Recently refractory metal nitride such as ZrN have gained attention as a hot carrier 

absorber material for HC-SC due to a large mass difference between the constituent 

elements. It has the potential to slow down the carrier thermalization due to its 

interesting phononic properties which make it a promising candidate for HC-SC. A thin 

film of ZrN has been grown using two types of sputter system. One is single target 

sputter machine and another one is an AJA tool. One of the advantages of the AJA over 

the home built system is that it has a load lock and ultra-high vacuum system. Films 

deposited using RF reactive sputtering in the single target system were found to be 

polycrystalline at a Ts of 350 oC, 100 W. Zr-rich ZrNx films were deposited with 

considerable amount of oxygen around 20 % using XPS measurement, whereas, at Ts > 

500 oC, ZrOxNy was more favoured. It could be due to the stronger affinity of Zr 

towards oxygen. ZrNx film was smooth and dense at Ts of 500 oC and 600 oC as 

confirmed by AFM with RMS roughness of 1.71 nm and 1.87 nm for the films grown at 

500 oC and 600 oC respectively. Absorption calculation from UV-Vis spectrometer 

shows the transition point for the film deposited at 500 oC and 600 oC near to 530 nm. 

Epitaxial growth of ZrN film has been carried out using DC reactive sputtering (AJA 

sputter) for the first time in UNSW. Single Zr target along with a mixture of Nitrogen 

and Argon gas have been used to synthesise ZrN. The epitaxial growth of ZrN with 5% 

of N2 gas at 500 oC has been confirmed by XRD and X-ray pole figure using Phi scan. 

TEM scan is also used to further substantiate the epitaxial growth of ZrN film. The 

calculated lattice constant of 0.457 nm of the deposited epitaxial ZrN film is in close 

agreement with bulk ZrN. An absence of second order phononic modes provide 

complementary evidence for the epitaxial growth. Unfortunately, ultrafast transient 
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absorption measurement has not been observed because of high reflectivity and low 

transmission, because of its metallic nature, but neither of which prevent its use as a hot 

carrier absorber. Properties of ZrN film have been further investigated after annealing at 

the high temperature of 730 oC in N2 only atmosphere using an MTI furnace. The film 

tends to lose ZrN phase in both XRD and Raman due to the introduction of ZrO2 bond 

formation in all the annealed samples. It is because of the strong affinity of Zr metal 

towards oxygen.  

6.1.3. Ultrafast Transient absorption measurement  

ZrOxNy thin film deposited using RF sputtering method have been used to study the 

transient absorption measurement. ZrNx sample deposited at Ts = 350 oC did not show 

any TA signal. It could be due the low transmission due to the thick sample. The 

ultrafast relaxation of carriers in bulk thin films deposited at higher Ts > 500 oC by 

means of femtosecond pump-probe transient absorption (TA) spectroscopy has been 

observed. TA spectra of deposited film show excited state absorption peaks at shorter 

wavelength of 480 nm and a longer wavelength of 730 nm, in the visible region. In the 

near-infrared TA spectra, a positive band of excited state absorption is observed. TA 

measurements have shown features with a long relaxation time of the ΔOD in the 

hundreds of picoseconds in the visible region and near-infrared region. On the ultrafast 

time scale elastic electron-electron scattering occurs within several hundred of 

femtoseconds then a transient carrier distribution is formed with decay times in the 

order of hundreds of picoseconds. The detected lifetimes in the visible region at 

wavelength 730  nm (605 ± 118ps) are longer than in the near-infrared region at 1050 

nm (442 ± 119  ps) for the film deposited at 600 oC. Indicating that the electron states 

are populated for longer at (730 nm) higher energy states than in (480 nm) lower excited 
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states. The TA measurements evidently show the electrons at higher electronic states 

can be colonized for a long time of the order of 605 ± 118 ps, which suggests the 

potential to extract these electrons with high dynamic energy with the use of energy 

selective contacts such as Al2O3/ Ge QW / Al2O3 in a hot carrier photovoltaic device. 

The long carrier lifetime and the metallic nature, allowing absorption of a wide 

spectrum of light in deposited film, indicates it to be a promising material for use as an 

absorber for HCSCs. 

6.2 Discussion 

In the first five chapters of this thesis, some of the main scientific and technological 

aspects related to the fabrication and characterization of a HCSC absorbers have been 

analysed. It is already been known that to implement HCSC, absorber and ESC are 

required. Moreover, absorber and ESCs are highly correlated in terms of physical and 

electrical properties. The characteristics of absorber material determine the requirement 

of ESCs structured and vice versa, thus the design of a HCSC has to be seen as a single 

task, where the properties and structures of the different components have to be 

engineered simultaneously. 

Different group IV alloys (GeC, SnC etc), and transition metal nitrides (ZrN, HfN) are 

recently grabbing attention as a hot carrier absorber material. However, this thesis 

mainly focus on study of group IV alloy-GeC and transition metal nitride-ZrN as an 

absorber material for HC-SC. Both materials have a large phononic bandgap, proved 

theoretically and experimentally, which is one of the requisite for the absorber material 

is to prevents Klemens mechanism and hence slow down the carrier cooling, discussed 

in Chapter 2.  To investigate the suitability of GeC as an absorber, firstly, germanium 
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carbide has been deposited using RF sputtering method with two techniques (Co-

sputtering and RF sputtering) as discussed in Chapter 3. Although, we have fabricated 

nanocrystalline GexC1-x with 15.5 % of Ge-C bond using co-sputtering method, yet 

carrier cooling properties still unknown. Slow carrier cooling is one of the essential 

requirement of the absorber material in addition to large phononic band gap. In addition, 

deposition of stable GeC is very challenging due to the thermodynamic instability and 

low solubility of carbon in germanium. It is therefore too early to say GeC as a 

promising absorber for HC-SC before knowing carrier cooling properties. However, 

GexC1-x film deposited could be used in various photovoltaic application such as 

optoelectronics.  

ZrN is a quite stable compound as compared to GeC and has large phononic bandgap. 

Therefore, ZrN films has been deposited to explore its suitability for HC-SC as an 

absorber. One of the main problem here is the affinity of Zr metal towards oxygen 

compared to nitrogen. All the films deposited Ts > 500 oC from a single target RF 

sputter seems to be suitable as an absorber for HC-SC. Apart from structural, 

compositional and optical measurement, they showed interesting transient absorption 

results. TA spectra of deposited film show two excited state absorption peaks at shorter 

wavelength of 480 nm and a longer wavelength of 730 nm, in the visible region (400 - 

800 nm), and a positive band of excited state absorption in near Infrared region (900-

1350 nm). Measurements have shown features with a long relaxation time of the ΔOD 

in the hundreds of picoseconds in the range of 400 - 600 ps in the visible and near-

infrared region. The detected lifetimes in the visible region is comparably longer than in 

the near-infrared region. The electrons are populated for longer at these higher energy 

states than in lower excited states. These TA measurements evidently show the 
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electrons at higher electronic states can be populated for a long time, which suggests the 

possibility to extract these electrons with high dynamic energy with the use of energy 

selective contacts in a hot carrier photovoltaic device. The long carrier lifetime of the 

order of 600 ps is observed and the metallic nature allowing absorption of a large 

spectrum of light in ZrOxNy imparts it to be a promising material for use as an absorber 

for HCSCs. It also indicate that these lifetimes are significantly longer than those for 

materials without a large phonon gap such as gold and silver. For the first time we 

present evidence of such a long lifetimes of hot carriers observed in zirconium 

oxinitride. It is proposed that the long hot carrier lifetimes are due to restricted phonon 

decay pathways in zirconium oxinitride. It is envisaged that the long hot carrier lifetime 

in the bulk zirconium oxinitride film would provide a simpler route to devices designed 

to utilise hot carriers efficiently. 

Epitaxial growth of ZrN at Ts = 500 oC, detailed in Chapter 5 of the thesis, is one of the 

significant result has been demonstrated via DC sputtering using AJA load lock 

chamber. ZrN has been fabricated on MgO substrate. MgO and ZrN are better lattice 

mismatch with 8 % compared to 16 % with Si substrate.  Therefore, it is possible to 

grow epitaxial ZrN on MgO.  Epitaxial nature of the film was confirmed using HR-

XRD, phi scan, pole figure analysis and TEM measurement. Even though we have 

achieved the epitaxial growth of ZrN, unfortunately, we could not get any signal from 

TA measurement. The fact that the film is too thick so it allows negligible transmission. 

But, absorbant for TA is not a problem with the material, just with the TA technique. It 

might actually be very useful indeed as a hot carrier absorber if there is some other 

method to measure carrier cooling property.  
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In addition, HC-SC could be implemented using epitaxial ZrN as an absorber with ESC 

structure i.e Al2O3 / Ge QW / Al2O3 or Al2O3 / Si QW / Al2O3 to realise a real solar cell.  

In conclusion, this thesis investigated some of the basic aspects related to the fabrication 

and characterization of an absorber material for HC-SC. The aim of the work was to 

seek materials in order to achieve actual progress towards the fabrication of the device. 

Results have been obtained from the deposited GeC and ZrN films, in addition a 

potential absorber material for HC-SC has been presented. However, this thesis is still 

to be considered as a preliminary step towards the realization of a HC-SC, since this 

task still faces great scientific and technological challenges. Much room exists for 

further investigation of nanostructured or bulk material absorbers, both in Group IV 

alloys and transition metal nitrides, in order to obtain slower hot carrier cooling 

behaviours. Findings of this work have to be considered as a preliminary insight for the 

development of the HC-SC Further research is needed in order to accomplish the 

successful realization of an actual device. 

What's the difference between the DC and RF magnetron sputtering in preparing 

the GeC and ZrN films? Why the different methods used to prepare the GeC and ZrN 

films? 

Table 6.2.1: List of parameters and methods used in the fabrication of GeC and ZrN 

Process 
parameters 

GeC ZrN ZrN  

Sputter method RF  RF  DC (AJA sputter ultrahigh 
vacuum) 

Substrate 
temperature  

RT-600 oC RT – 600 
oC 

 

RF power  40-100 W 100 W  
DC power  - - 50 W and 100 W 
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Table 6.2.1 list the parameters and methods used to fabricate the GeC and ZrN in the 
lab. The following point explains why different methods used to fabricate ZrN and GeC 
films. 

6.3 Novelty of the Thesis 

This thesis contained a number of original contributions: 

 Nano-crystalline germanium carbide has been fabricated using the industry-

friendly process of sputtering for the first time for photovoltaic applications, 

with process details presented in this thesis, Chapter 3. Maximum 15.5% of 

Ge-C bond was found using XPS fitting method 

 Fabrication and analysis of amorphous germanium carbide film to calculate 

the content of actual Ge-C bonds in the film. Maximum 21 % of Ge-C bond 

 GeC has been deposited using RF sputtering method.  After literature survey, co-

sputtering and reactive sputtering seem to be suitable method to fabricate GeC. 

 ZrN films have been deposited using RF sputtering method but there was 

considerable amount of oxygen found in the samples. It could be due to the 

tendency of ZrN to get oxidise easily as it exposes to atmosphere. Whereas, ZrN 

deposited using DC sputtering in AJA sputter machine reduce the amount of 

oxygen and favours epitaxial growth of ZrN. 

 DC power (100 W and 50 W) were used to fabricate ZrN film while RF power 

was varied from 40 W to 100 W in case of GeC. 

 Different sputter machines were used to deposit GeC and ZrN. ZrN deposited 

using DC sputtering with AJA sputter with load lock chamber while GeC 

deposited using RF sputtering in the home built sputter machine. 
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is found in our samples deposited at 250 oC, 50 W using RF reactive 

sputtering. 

 Epitaxial Growth of ZrN using DC sputter at 500 oC is one of the significant 

work and provides essential properties of cubic ZrN deposited on MgO 

substrate. 

 Post annealing on DC sputtered ZrN film have been performed to investigate 

the effect on deposited film. ZrN phase lost when annealed at 730 oC in N2 

gas ambient. 

 Ultrafast carrier transient absorption measurement has been performed on 

RF sputtered ZrNx films. Measurements have shown features with a long 

relaxation time of the change in optical density in the hundreds of 

picoseconds in the visible and near-infrared regions. 

 

6.4 Recommendations for Future Research 

 Single crystal Zirconium Nitride using DC sputtering needs further 

investigation to study carrier relaxation.  

o This can be achieved either by optimising ZrN film thickness.  

o And/or by developing another means of carrier cooling rate 

measurement – perhaps by construction of a full hot carrier cell.  

 Atomic layer deposition method could be considered apart from sputtering 

to deposit ZrN film. 

 Phononic properties of ZrON need investigation to understand carrier 

cooling property clearly.  
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Appendix A Typical GexC1-x samples processing parameters 
 

A.1 Substrates cleaning procedure prior to deposition 

Piranha Etch is used to remove most organic matter. It is highly exothermic and is a 

strong oxidizer thereby making the substrate surfaces highly hydrophilic. Appropriate 

personal protective equipment must be worn – including lab coats, safety goggles, 

gloves, and face mask. Piranhas etch gives off a gaseous by‐product upon mixing 

therefore this reaction must take place in a fume cupboard. Glass – beakers and holders 

must be used during reaction. H2O2 is always ADDED TO H2SO4 .The Si and quartz 

substrates were cleaned using standard wet chemistry cleaning procedures, piranha 

(1:1= H2SO4:H2O2) and rinsed in deionised water before and after chemical cleaning. 

The native oxide of Si wafers was removed by diluted HF (10%) before wafers were 

immediately transferred into the chamber of the sputtering system. 

 

A.2 Sputtering System 

A home built RF magnetron sputtering system used in deposition of GexC1-x. In 

principle, sputtering is a PVD technique. The deposition process involves the creation 

of gas plasma that is usually an inert gas such as argon (Ar) by applying a voltage 

between a cathode and an anode. The produced argon ions (Ar+), which are accelerated 

toward the target, strike the target with such force that it ejects a very small part of the 

target material toward the substrate. As a result, a coating composed of atoms from the 

sputtered target will be gradually grown. The RF excitation mode is much more 

effective compared to the direct current (DC) mode, and is suitable for both conducting 

and insulating targets. The system used consists of a sputter chamber, a vacuum 
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pumping system and gas delivery system. In the sputter chamber, target of 100 mm 

diameter is installed on the water-cooled cathode, which houses permanent magnets for 

directing charged particles. The RF power is supplied by a RF generator operating at a 

frequency of 13.56 MHz, which is connected to the cathode through an impedance 

matching network with variable capacitors. The manual controls allow operators to tune 

capacitors to reduce the RF reverse power to about zero. 600 oC and 100 W is the 

maximum possible substrate temperature and RF power, respectively for the home built 

system used. 

 
 

A.3 Conditions of GexC1-x   deposition  

GexC1-x films have been deposited on Si (100) and Quartz substrates .The films were 

deposited using RF reactive sputtering with Ge target (99.9999% purity) and CH4 gas 

and co-sputtering using graphite target and p-type germanium strips. 

Process Parameters  Value 
Reactive Sputtering 
(Graphite target (99.999% 
pure) + CH4 gas) 

Substrate temperature Ts ( oC) RT-600oC 

 RF power(W) 40-100 W 
 CH4 pressure (Pa) 0.01-0.08 Pa 
 Total gas (Ar + CH4) pressure (pa) 0.1 
   
Co-sputtering 
(Graphite target (99.999% 
+germanium strips) 

Substrate temperature Tsub ( oC) 300-550 oC 

 RF power(W) 100  

 Total gas pressure (pa) 0.1 
 

Area covered by Ge strips (%) 
20-40 
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Appendix B Typical ZrNx   samples processing parameters 
 

B.1 Substrates cleaning procedure prior to deposition 

Piranha process: It has been explained in appendix A.1.  

RCA 1 and 2:  RCA 1 and 2 has been used to clean substrates for ZrNx film deposited 

using DC sputter. The Quartz and Si substrates were cleaned prior to each deposition 

using the RCA (Radio Corporation of America) sequence: wet cleaning procedure 

which is RCA1 (H2O:NH4OH:H2O2 = 5:1:1) at 75 °C to remove organic residues and 

RCA2 (H2O: HCl: H2O2 = 5:1:1) at 75 °C to remove metals and reduce particulates. 

MgO (SSP and DSP) substrates are cleaned and degreased by successive rinses in 

ultrasonic baths of trichloroethane, acetone, methanol, and deionized water, and then 

blown dry in dry N2. 

B.2 Sputtering System 

Please refer section A.2 for sputter system explanation. Deposition of ZrNx were carried 

out radio frequency (RF) magnetron (home built sputter) and DC sputtering (AJA 

International ATC-2200) on silicon, quartz and MgO substrates. The RF (13.56MHz) or 

DC suppliers were connected to Zr (4 in., 99.999%) targets. The base pressure was ~5.0 

× 10-7 torr and the total gas pressure during film deposition was 0.1 Pa with argon (Ar + 

N2), unless stated specifically. The Zr sputter rate was fixed by RF 100 W power. 
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B.3 Conditions of ZrNx deposition 

ZrNx films have been deposited on Si (100) ,Quartz and MgO substrates .The films were 
deposited using RF reactive and DC sputtering with Zr target (99.9999% purity) and N2 
gas . 

Process Parameters Value 
RF Reactive Sputtering 
(Zirconium target 
(99.999% pure)  + N2 
gas) 

Substrate temperature Ts (oC) RT-600oC 

 RF power (W) 100 
 Ratio of nitrogen to argon 5-100 
 Total gas pressure (pa) 0.1 
DC Sputtering (AJA) Ts 500 oC 
 DC power (W) 100 
 Ar+ N2 gas flow rate (sccm) 7 sccm 
 Nitrogen 3-7% 
 Total gas pressure (pa) 0.1 

 

Appendix C Sample characterising techniques and operating 
conditions 
 

C.1 Structural properties 

C.1.1 Glancing incidence X-ray diffraction 
 

Glancing incidence X-ray diffraction (GIXRD) (Philips X’Pert Pro) and using Emperyn 

with CuΚα(λ=1.5406 Å) radiation was performed to study the phase and crystalline 

properties of the samples. GIXRD was operated at a voltage of 45 kV and a current of 

40 mA and using a 1/8º divergent slit for all ZrNx samples and 1/16 for all GexC1-x 

films , a parallel plate collimator of 0.27º acceptance and a soller slit of 0.04 rad 

aperture. 2θ scan at glancing angle of ω= 2°was carried out for sample films on a wafer 

piece. Normal XRD was carried out for the ZrN samples deposited on MgO substrates. 
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C.1.2 Raman Spectroscopy 
 

Raman spectroscopy was carried out using Reinshaw inVia Raman microscope of 

514nm with argon ion laser power of 2.5 mW (1800l/mm grating) used with 10 times 

accumulation to reduce the laser power induced peak modification.  

C.1.3 Transmission electron microscopy and specimen preparation 
 

The structure of the NCs was observed by transmission electron microscope (TEM) 

(Philips CM200 and CM300). The TEM specimen was prepared by ion-beam milling 

and the small angle cleavage technique (SACT) for the cross-sectional and plan-view 

observations. The expected specimen thickness was less than 100 nm for the ion-beam 

milled and less than 50 nm for the SACT. 

C.1.4 Atomic Force Microscopy 
 

Atomic force microscopy (AFM) is a powerful tool which is widely used for studying 

the surface roughness of thin and thick films in coatings. The Bruker BioScope 

Catalyst™ Atomic Force Microscope (AFM) system used. The growth of films was 

found to accord with a three-dimensional island-like mechanism with low roughness 

(root-mean-square roughness <10 nm). 

C.2 Compositional analysis   

C.2.1 X-ray photoelectron spectroscopy 
 

For the compositional analysis, X-ray photoelectron spectroscopy (XPS) (Fisons 

ESCALAB 220i-XL) with a monochromatic Al Kα (1486.5 eV) X-ray source and a 

hemispherical energy analyser detected the elements consisting of the film and 
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quantified their contents. The X-ray source power was 10 kV × 12 mA, with an 

analysed sample area of ~0.3 mm2. With an etching rate of 0.2 nm/sec, approximately 

10-15 nm of the top layer including the surface contaminants were removed prior to the 

measurement. 

C.3 Optical properties  

C.3.1 Spectrophotometer 
 

A spectrophotometer (PerkinElmer) measured optical transmission and reflection values 

over the range UV-Vis-IR with the transmission reflectance accessory unless stated 

specifically.  

C.3.2 Ultrafast transient absorption spectroscopy 

Transient-absorption spectroscopy, also known as flash spectroscopy, is an extension 

of absorption spectroscopy. Here, the absorbance at a particular wavelength or range of 

wavelengths of a sample is measured as a function of time after excitation by a flash of 

light. In a typical experiment, both the light for excitation ('pump') and the light for 

measuring the absorbance ('probe') are generated by a pulsed laser. If the process under 

study is slow, then the time resolution can be obtained with a continuous (i.e., not 

pulsed) probe beam and repeated conventional spectrophotometric techniques. 

A transient absorption experiment proceeds as follows: the time delay between 

excitation and probe beams is fixed. Before reaching the sample, the excitation beam 

(that delivers a pulse every 1 ms) passes through a mechanical chopper that is 

synchronized to the amplifier in such a way that every other excitation pulse is blocked. 

Thus, alternately the sample is being excited and not excited. Consequently, the white-

light continuum that is incident on the detector diode array alternately corresponds to a 
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“pumped” and “unpumped” sample, and the detector alternately measures the intensity 

of the probe beam of a “pumped” and “unpumped” 

sample, I(λ)pumped and I(λ)unpumped. I(λ)pumped and I(λ)unpumped are stored in separate buffers 

(while keeping the time delay between pump and probe fixed), and a number of shots 

that is sufficient for an acceptable signal-to-noise ratio is measured, usually 103–104. 

With the shot-to-shot detection capability of the multichannel detection system, 

particular spectra that deviate from the average (“outliers”) can in real time be rejected 

during data collection, significantly improving signal-to-noise ratio. A second white-

light beam (the reference beam) not overlapping with the pump pulse can also be used 

to further increase the signal-to-noise ratio. From the averaged values 

of I(λ)pumped and I(λ)unpumped, an absorbance difference spectrum ΔA(λ) is constructed 

according to 

 ∆ 	 	 log	 /  

Then, the delay line is moved to another time delay between pump and probe, and the 

above procedure is repeated. In total, absorbance difference spectra at approximately 

100–200 time points between 0 fs and ~5 ns are collected, along with absorbance 

difference spectra before time zero to determine the baseline. In addition, many spectra 

are collected around the time that pump and probe pulse overlap in time (“zero delay”) 

to enable accurate recording of the instrument response function. This whole procedure 

is repeated several times to test reproducibility, sample stability, and long-term 

fluctuations of the laser system. In this way, an entire dataset ΔA(λ,t) is collected. 
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Table C1: Summary of growth and characterization techniques of thin-films used in 
this thesis 

 

Properties Characterization technique 

Thickness Dektak Profilometer ,X-Ray Reflectivity 
measurement 

Resistivity Four Point probe 

Structural Properties X-ray diffraction (XRD) spectroscopy 

Raman spectroscopy 

Transmission electron microscopy (TEM) 

Optical properties Spectrophotometry, 

Topography Atomic Force Microscopy (AFM) 

Element identification and 
composition 

X-ray photoelectron spectroscopy (XPS) 

Phononic Properties TRPL measurement, Ultrafast Transient 
absorption measurement (UTA) 
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Appendix-E List of symbols and acronyms 

FWHM full width at half maximum 

GIXRD glancing incident x-ray diffraction 

NC nanocrystal 

NIR near-infrared 

PV photovoltaic 

QD quantum dot 

QW quantum well 

SE spectroscopic ellipsometry 

SR spectral response 

TEM transmission electron microscopy 

UV ultra-violet 

XPS X-ray photoelectron spectroscopy 

PL Photoluminescence 

TRPL Time resolved photoluminescence 

UTA Ultrafast transient absorption 

Ts Substrate temperature 

RF Radio frequency 

DC Direct current 

t Thickness 

dR Deposition rate 

α Absorption coefficient of film as a function of wavelength 

ρ Resistivity 

λ Wavelength of light 
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µ Mobility 

 Angle 

Eo Energy of the localized states in the band gap 
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