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Abstract 
 

Cu(In,Ga)S2 is a chalcopyrite material suitable as the higher bandgap top cell in tandem 

applications in next generation multi-junction solar cells. This owes primarily to the tunability of 

its bandgap from 1.5 eV in CuInS2 to 2.45 eV in CuGaS2, and its relative stability over time. 

Currently, a major hinderance to the potential use of Cu(In,Ga)S2 in tandem capacity remains a 

deficient single-junction device performance in the form of low open-circuit voltage (VOC) and 

low efficiency. Aside interfacial recombination which leads to losses in the completed Cu(In,Ga)S2 

solar cell, deficiencies stems from a low optoelectronic quality of the Cu(In,Ga)S2 absorber 

quantified by the quasi-Fermi level splitting (QFLS) and which serves as the upper limit of VOC 

achievable by a solar cell device. In this thesis, the QFLS is compared with the theoretical VOC 

(𝑉𝑂𝐶
𝑆𝑄

) in the radiative limit, and “𝑉𝑂𝐶
𝑆𝑄

 deficit” is defined to compare the difference between 𝑉𝑂𝐶
𝑆𝑄

 

and QFLS as a comparable measure of the optoelectronic deficiency in the absorber material. In 

contrast to the counterpart Cu(In,Ga)Se2 absorber which has produced highly efficient solar cell 

devices, the Cu(In,Ga)S2 absorber still suffers from a high 𝑉𝑂𝐶
𝑆𝑄

 deficit. However, 𝑉𝑂𝐶
𝑆𝑄

 deficit in 

Cu(In,Ga)S2 can be reduced by growing the absorbers under Cu-deficient conditions.  

For the effective use of Cu(In,Ga)S2 as the top cell in tandem with Si or Cu(In,Ga)Se2 as the bottom 

cell, an optimum bandgap of 1.6-1.7 eV is required, and this is realized in absorbers with Ga 

content up to [Ga]/([Ga]+[In]) ratio of 0.30-0.35. However, the increase of Ga in Cu-poor 

Cu(In,Ga)S2 poses a challenge to the structural and optoelectronic quality of the absorber, resulting 

from the formation of segregated Ga phases with steep Ga/bandgap gradient which constitutes a 

limitation to the quality of the Cu(In,Ga)S2 absorber layer with a high 𝑉𝑂𝐶
𝑆𝑄

 deficit and low open-

circuit voltage and overall poor performance of the finalized solar cell. 

In this work, the phase segregation in Cu(In,Ga)S2 has been circumvented by using different first 

stage substrate temperatures and adapting the Ga flux during the first-stage of deposition when 

growing the Cu(In,Ga)S2 absorbers. A more homogenous Cu(In,Ga)S2 phase and improved 

Ga/bandgap gradient is achieved by optimizing the Ga flux at higher first stage substrate 

temperature to obtain a Cu(In,Ga)S2 absorber with high optoelectronic quality and low 𝑉𝑂𝐶
𝑆𝑄

 deficit. 

Additionally, the variation of the Cu-rich phase when growing the Cu(In,Ga)S2 absorber layers 
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was found to not only alter the notch profile and bandgap minimum of the absorbers, but also 

influence the optoelectronic quality of the absorber. Shorter Cu-rich phase in the absorbers led to 

narrower notch profile and higher bandgap. Ultimately, several steps in the three-stage deposition 

method used for processing the Cu(In,Ga)S2 absorbers were revised to enhanced the overall quality 

of the absorbers. Consequently, the 𝑉𝑂𝐶
𝑆𝑄

 deficit in high bandgap Cu(In,Ga)S2 absorbers is 

significantly reduced, leading to excellent device performance.  

This thesis also examines the temperature- and compositional-related optoelectronic improvement 

in pure Cu-rich CuInS2 absorbers without Ga, where improvement in QFLS were initially linked 

to a reduction of nonradiative recombination channels with higher deposition temperatures and 

increase in Cu content. Findings through photoluminescence decay measurements show that the 

origin of the improved QFLS in CuInS2 is rather linked to changes in doping levels with variations 

of deposition temperature and Cu content.  

Finally, in order to understand and gain insight into the influence of Ga in Cu(In,Ga)S2, the 

electronic structure of CuGaS2 absorbers was investigated in dependence of excitation intensity 

and temperature by low temperature photoluminescence measurements. A shallow donor level and 

three acceptor levels were detected. It was found that similar acceptor levels in CuInSe2 and 

CuGaSe2 which are otherwise shallow become deeper in CuGaS2. These deep defects serve as 

nonradiative recombination channels and their appearance in the Ga-containing compound will be 

detrimental to the optoelectronic quality of Cu(In,Ga)S2 absorbers when Ga content is increased, 

therefore, limiting the optimum performance of Cu(In,Ga)S2 devices. 
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Chapter 1 

Introduction 
 

The major weather and climate occurrences of the past few years are full of unprecedented natural 

disasters [1]. These events, which include record-breaking temperatures, droughts and 

desertification, rapidly melting ice caps, catastrophic flooding events, landslides, widespread 

wildfires, just to name a few, are the devastating impacts of climate change. These calamitous 

events are catalysts for humanitarian crises, which no place on earth has escaped the dreadful 

impact [2]. Still with a sense of impending doom, at the time of writing this thesis, various 

countries in Europe are bracing for a looming energy crises particularly during the coming winter 

months [3], when these countries will have to survive at least three dark cold months without gas 

supply from a particularly hostile country (which they have long depended on for gas supply)  [4-

6]. Concurrently the global economy is gripped by a food crisis exacerbated by the effect of climate 

change and hyperinflation which has been blamed on many factors including the aftermath of the 

global pandemic caused by ‘SARS-CoV-2’ [7], which is still not over, and actions of the hostile 

country. Nevertheless, all is not as “doom and gloom” as it may seem, since there is nearly a 

unilateral agreement that a collective action is needed to tackle the climate crises [8]. New policies 

with concrete plans are being enacted to shift towards sustainable energy and to reduce greenhouse 

emissions.  

Photovoltaics (PV) has been at the forefront in the drive towards renewable energy with world 

installation capacity of ~ 834 GW [9]. The drastically reduced price of PV modules from about 

106 $/W in 1976 to around 0.38 $/W in 2019 [10], has accelerated its adoption and consequently 

increased PV module production. The demand for PV installation is projected to increase in the 

coming years, which means it is necessary to keep the cost low. The cost of PV modules is 

currently at their lowest, with the components accounting for most of the cost, as such, 

improvement of efficiency is the key to keeping the cost even lower with the projected demand. 

The PV market is mostly dominated by the more advanced mono crystalline and multicrystalline 

silicon technology occupying about 95 % of the PV market share. The leading thin film 
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technologies, which include cadmium telluride (CdTe) and copper indium gallium di-selenide 

(CIGSe) occupy a far smaller market share. Research efforts in thin film technologies have 

expedited, which has yielded lab efficiencies of ~ 23.4 % in CIGSe [11], 21.0 % in CdTe and 23.7 

% in Perovskite [12]. 

 

 Efficiency is a very important parameter in PV technology, and the leading PV technology, 

particularly Si is close to its practical peak efficiencies [13, 14]. However, the need for improved 

efficiency calls for advanced technological concepts to increase the efficiency and payback time 

of PV modules. One of such advanced concepts is multi-junction or tandem solar cells, which 

reduces the losses incurred in single junction solar cells [15]. Fig. 1.1a is a schematic depiction of 

a single junction solar cell with a single bandgap. With such a bandgap, losses incurred in such a 

solar cell in dominated by absorption and thermalization losses. Absorption loss is when photons 

with energies lower than the solar cell bandgap are not absorbed while thermalization losses occurs 

when photons of energies higher than the bandgap are absorbed, but the excess energies are loss 

to the thermal lattice.    

 

Figure 1.1: (a) Illustration of absorption and thermalization losses in a single junction solar cell, 

and (b) mitigation of the losses in a multi-junction solar cell.  

To mitigate absorption and thermalization losses, the concept of tandem solar cell as illustrated in 

Fig. 1.1b makes use of two or more solar cells, with different bandgaps stacked on top of the other. 

By using different optimum bandgaps, the losses which would otherwise be incurred in single 

junction solar cells are mitigated, that is, thermalization losses reduced by a high bandgap top cell 

and absorption losses reduced by a low bandgap bottom cell. Theoretically, efficiencies up to 46 

% can be achieved with different tandem configurations [16, 17]. 
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Si and CIGSe with bandgap around 1.1 eV and having achieved greater than 23 % fit the criteria 

for bottom cells. Their use as bottom cells have already been demonstrated with perovskite as top 

cell and efficiencies of 29.3 % and 24.2 % have been achieved in perovskite-silicon and perovskite-

CIGSe configurations respectively [15, 18, 19]. Even though these results are promising, 

perovskite solar cells are limited by stability issues [20] and it is necessary to seek alternative 

materials for top cell in such tandem configuration. 

Copper indium gallium disulfide, Cu(In,Ga)S2, is a chalcopyrite material which has not received 

as much attention as its well-researched counterpart, Cu(In,Ga)Se2. The possibility of tuning its 

bandgap from ~ 1.55 eV in CuInS2 [21]  to ~ 2.45 eV in CuGaS2 [21] not only provides suitable 

bandgap values which makes it useful as a single-junction solar cell but also as a top cell in tandem 

applications [22, 23]. Unlike perovskite which has stability issues, Cu(In,Ga)S2 has a chalcopyrite 

phase which is stable even when compositions deviate from stoichiometry. As a single junction 

solar cell, the highest certified efficiency for Cu(In,Ga)S2 is 15.5 % [24], which was realized on 

Cu-deficient absorbers grown at high temperature. This efficiency is much lower than those 

recorded in CIGSe and perovskite solar cells for examples, moreover, there is still a high open-

circuit voltage (VOC) deficit in comparison to the selenide counterpart Cu(In,Ga)Se2 [24, 25]. In 

pure CuInS2 investigated by Lomuscio et al. [26, 27], the optoelectronic quality of Cu-poor 

absorbers was bad, although the optoelectronic quality was better translated to VOC than in Cu-rich 

absorbers. Nevertheless, better optoelectronic quality was achieved in the Cu-rich CuInS2 through 

high deposition temperatures.  

The use of Cu(In,Ga)S2 absorbers as a top cell in tandem applications requires that high efficiencies 

be achieved in its use as a single junction solar cell, and this has been the main motivation in 

various research on Cu(In,Ga)S2. An efficiency of 16 % has recently been reported by Barreau et 

al. [28], although the bandgap of the absorber was 1.55 eV, which is lower than the optimum 

bandgap of 1.6-1.7 eV needed for a top cell in tandem applications. Given the similarity between 

the chalcopyrite structure of Cu(In,Ga)S2 and the well-established CIGSe, it can be appealing to 

assume that the procedures which allows high performance to be achieved in CIGSe absorbers and 

devices translates to Cu(In,Ga)S2, the contrary has actually been reported by Barreau et al [29-31].  

This contradiction shows a need for better understanding of the Cu(In,Ga)S2 system and alternate 

means of achieving high performance in Cu(In,Ga)S2 
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Structure of the thesis 

Chapter 2 present an overview of the chalcopyrite structure. First, the chalcopyrite crystal structure 

and the phase diagram of CuS-Ga2S3 system and pseudo-binary phase system of CuGaS2-In. 

Intrinsic point defects of CuGaS2 and a literature review of defects in CuGaS2 are presented. 

Chapter 3 introduces the structure of the Cu(In,Ga)S2 devices and the recombination losses in a 

typical solar cell. Next, the benefits of bandgap-grading in solar cells are briefly discussed. After, 

the physical vapour deposition system used to grow the investigated absorbers is introduced. 

Following this, the deposition steps for a single-stage co-evaporation process used for growing 

CuGaS2 films is described. Then, the two-stage and the three-stage deposition methods used for 

achieving Cu-rich and Cu-poor compositions are explained. 

In Chapter 4, time-resolved photoluminescence measurements were performed on several Cu-rich 

CuInS2 absorbers. The CuInS2 absorbers have been reported to show improved quasi-Fermi level 

splitting (QFLS) with increased deposition temperature and copper content. The lifetimes were 

correlated with the doping level to investigate the origin of the improved QFLS. 

Chapter 5 presents investigations of the electronic structure of CuGaS2 absorbers. Defect 

spectroscopy by photoluminescence analyses (PL) was performed using excitation and 

temperature dependent measurements to investigate defect levels. Full characterization of shallow 

defect levels were performed on Cu-rich CuGaS2 absorbers. Lastly, a novel solar cell is completed 

on Cu-rich CuGaS2 absorber. 

Chapter 6 contains several deposition processes for improving the quality of Cu(In,Ga)S2 absorber 

to obtain highly efficient devices. By PL analyses, the origin of bulk recombination limiting the 

optoelectronic quality of Cu-rich Cu(In,Ga)S2 absorbers were investigated. Then, the influences 

of front surface gallium on the optical bandgap and how it can improve the QFLS of the absorbers, 

but hinder device performance are presented. Subsequently, the optimum surface gallium for 

improved performance of Cu(In,Ga)S2 devices is obtained. The last parts of the same Chapter 6 

are devoted to the back gallium gradient. Different analytical techniques were used to investigate 

the challenges of phase-segregation limiting the optimum quality of high gallium Cu(In,Ga)S2 

absorbers and devices, then various deposition procedures were used to mitigate the phase-
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segregation. These deposition procedures include the thermal cracking of larger sulfur molecules 

to obtain smaller species, the use of first stage substrate temperature to mitigate phase-segregation, 

the influence of substrate temperature ramping rate on notch width, and the influence of Cu excess 

on Cu(In,Ga)S2 absorber and devices. 

The summary of the results and outcomes discussed in the thesis and the outlook for future 

experiments are presented in Chapter 7. 

 

Contributions to the thesis 

In Chapter 4, I performed lifetime analyses and estimated doping concentration on all the Cu-rich 

CuInS2 absorbers. The growth and optoelectronic characterization of the absorbers were performed 

by Dr. Alberto Lomuscio. Dr. Michele Melchiorre carried out the compositional characterization 

on the absorbers by energy dispersive x-ray (EDX) spectroscopy and performed KCN-etching to 

remove the secondary Cu-excess phases on the absorbers. Dr. Mohit Sood performed capacitance-

voltage (CV) measurements to complement the doping concentration. 

For the absorbers presented in Chapter 5, I prepared all the CuGaS2 absorbers in the then newly 

commissioned physical vapour deposition system (S-PVD). Defect spectroscopy through low 

temperature photoluminescence measurement and analyses was performed by me. Dr. Michele 

Melchiorre and I characterized the composition of the absorbers by EDX. The KCN etching 

performed on the absorbers and acquisition of the cross-sectional micrographs using scanning 

electron microscope were by Dr. Michele Melchiorre. The Raman measurement in carried out by 

Dr. Mael Guennou and the XRD measurement was performed by me. Dr. Mohit Sood fabricated 

the device on the novel on CuGaS2 solar cell and performed electrical characterization on it. 

In Chapter 6, all the Cu(In,Ga)S2 absorbers were prepared by me, with the exception of Section 

6.1 where four select absorbers were processed by Dr. Sudhanshu Shukla. I performed energy 

dispersive X-Ray (EDX), X-Ray dispersion (XRD) and all optical measurements, characterization 

and analyses on the Cu(In,Ga)S2 absorbers. Dr Michele Melchiorre acquired all the SEM cross-

sectional images and did EDX mapping on the absorbers in Section 6.3. Dr. Mohit Sood and Dr 

Michele Melchiorre completed solar cells on the Cu(In,Ga)S2 absorbers. Electrical analyses on the 

Cu(In,Ga)S2 solar in Section 6.2.2 and Section 6.3 were performed by me, while Dr. Mohit Sood 
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carried out the electrical characterization and analyses on the solar cells presented in Section 6.4. 

Aline Vanderhaegen performed the PL decay measurements on absorbers in Section 6.4. All 

Secondary-ion mass spectrometry (SIMS) depth analyses performed on the absorber layers were 

by Dr. Nathalie Valle and Dr. Brahime El Adib at Luxembourg Institute of Science and 

Technology (LIST). All the cathodoluminescence measurements on the samples were 

implemented at the Cambridge Centre for Gallium Nitride at Cambridge university by Dr. Gunnar 

Kusch and Benson Chun Pang Law. 
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Chapter 2 

Fundamentals and literature review 
 

In this chapter, the characteristic properties of the chalcopyrite structure which the Cu(In,Ga)S2 

and its parent compounds belong to are discussed. First, Section 2.1 describes the chalcopyrite 

crystal structure, the phase diagrams of CuGaS2 and Cu(In,Ga)S2, as well as the classification of 

intrinsic defects inherent to crystals. Section 2.2 discusses charge-transfer, which is essential for 

the functionality of semiconductors along with the generation of charge carriers. Section 2.3 will 

discuss the different radiative transitions observed in a photoluminescence experiment. 

Afterwards, the methods used in evaluating the photoluminescence emission to determine the 

quasi-Fermi level splitting of an absorber is described. A review of the transition energies detected 

in CuGaS2 from various reports is presented in Section 2.4. Lastly, in Section 2.5 a description of 

the set-up used for the photoluminescence measurements in this thesis is described. 

 

2.1 Chalcopyrite structure 
 

Cu(In,Ga)S2 is a direct bandgap quaternary semiconductor obtained by alloying CuInS2 and 

CuGaS2; both ternary compounds belonging to the AIBIIIC2
VI chalcopyrite family. This compound 

is much like Cu(In,Ga)Se2, obtained from CuInSe2 and CuGaSe2. The description of the phase 

diagram will focus on CuGaS2, except otherwise stated. However, the description still applies to 

the Cu(In,Ga)S2 quaternary compound with minor changes which will be indicated. 

 

2.1.1 Crystal structure 
 

Cu(In,Ga)S2 crystallizes into a tetragonal chalcopyrite structure. The chalcopyrite structure derives 

its name from the naturally occurring CuFeS2 [32]. This is a lattice structure derived from the 

sphalerite structure found in the binary zincblende crystal, e.g., ZnS, which is in turn a derivation 

of the diamond or cubic lattice structure of group IV atoms, such as silicon and germanium. Fig. 
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2.1 shows the relation of the chalcopyrite structure to the cubic structure. The cubic structure 

possesses a bond of one atom to four valence electrons ratio. The zincblende structure is a face-

centered cubic structure formed by substituting the group IV atom of the cubic structure by one of 

each atom of group II and group VI as found in ZnS, CdTe and CdS, etc., or by one of each atom 

of group III and group V as in GaAs, InSb and InP, as illustrated in Fig. 2.1.  

 

Figure 2.1: Derivation of the chalcopyrite lattice structure from the zincblende structure and the 

cubic lattice structure of the group IV atom. 

 

Further disintegrating the sphalerite zincblende structure, by the substitution of two group II atoms 

for one group I and one of group III atom, the result is a chalcopyrite structure. As such, the 

chalcopyrite structure comprising the joint I-III-VI2 group atoms is a superlattice of two-unit-cell 

of the zincblende structure of II-VI or III-V group atoms or eight atoms of the diamond structure. 

Fig. 2.2a and Fig. 2.2b show the lattice structure of the zincblende and the chalcopyrite structures. 

In both Fig. 2.2a and Fig. 2.2b, every group I and group III atom is tetrahedrally bonded to four 

group VI atoms and every group VI atom is tetrahedrally bonded to two group I atoms and two 

group III atoms. The group VI atom is referred to as the anion, while the group I and group III 

atoms are referred to as cations. Owing to the different sizes of the atoms, the substitution of group 

II atom with group I and group III atoms in the chalcopyrite leads to a dislocation of the anion 

from its ideal position, and the bond lengths between the cations and anions which creates a 

structural difference between the zincblende superlattice and the actual chalcopyrite unit cell. This 

different bond length results in bond length mismatch, anion displacement and tetragonal distortion 

in the chalcopyrite structure [33]. For instance, there is a different bond length between Cu-S and 
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In/Ga-S. The lattice constants, a and c are functions of the bond length as shown in Fig. 2.2. In 

essence, the tetragonal distortion or splitting, given by the quantity 𝜂 = 𝑐/𝑎, is a measure of the 

tetragonal distortion or a deviation from the ideal zincblende superlattice, in which case, the ratio 

between the lattice constants will be 2. A measure of the anion dislocation is given by 𝑢, a quantity 

defined by the equation:  

 
𝑢 =

1

4
+

𝑅𝐴𝐶
2 + 𝑅𝐵𝐶

2

𝑎2
 

(2.1) 

where 𝑅𝐴𝐶 and 𝑅𝐵𝐶 are the bond lengths between the C anion and the A and B cation respectively. 

    

Figure 2.2: (a) A unit cell of the zincblende sphalerite structure, with ZnS for example. (b) Unit 

cell of the chalcopyrite structure.  

 

The bond length mismatch is represented by 𝛼 = 𝑅𝐴𝐶
2 − 𝑅𝐵𝐶

2 . When there is no bond length 

mismatch, and there is no tetragonal distortion, as is the case of the zincblende structure, 𝑢 =
1

4
. 

The values of the lattice constants taken from the works of Abrahams and Bernstein for CuInS2 

are 𝑎 = 5.523 Å and 𝑐 = 11.13 Å while the values for CuGaS2 are 𝑎 = 5.347 Å and 𝑐 = 10.47 Å, 

putting the tetragonal distortion at 2.016 and 1.959 for CuInS2 and CuGaS2 respectively. The 

influence of η deviating from 2 can be seen when X-ray diffraction is performed on the 
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chalcopyrite compounds by a splitting of a reflection peak; this will be discussed in Chapter 5. It 

should be mentioned that in Cu(In,Ga)Se2, gallium content does influence tetragonal distortion, as 

Abou-Ras et al. has shown that 𝜂 is less than 2 for x > 0.23 and greater than 2 for x < 0.23 [34]. 

An isovalent substitution of an atom in a ternary compound, that is, fractional exchange of indium 

in CuGaS2 or gallium in CuInS2, forms the quaternary compound CuIn1-xGaxS2 with 0 ≤ 𝑥 ≤ 1. 

Hence, the band gap of the quaternary CuIn1-xGaxS2 compound can be tuned from 1.55 eV in 

CuInS2 (𝑥 = 0), to 2.53 eV in CuGaS2 (𝑥 = 1) at 2 °K [21]. The overall ratio of Ga in the 

compound is expressed by [Ga]/([Ga]+[In]) (GGI) ratio. When the GGI ratio is 0, the compound 

contains no gallium and the ternary compound CuInS2 is formed, while when the GGI ratio is 1, 

the ternary compound CuGaS2 is formed. The dependence of the bandgap of the quaternary 

Cu(In,Ga)S2 on gallium content is given by: 

 𝐸𝐺
𝐶𝐼𝐺𝑆 = 𝐸𝐺

𝐶𝐼𝑆(1 − 𝑥) + 𝐸𝐺
𝐶𝐺𝑆𝑥 − 𝑏𝑥(1 − 𝑥) (2.2) 

with 𝐸𝐺
𝐶𝐼𝑆, 𝐸𝐺

𝐶𝐺𝑆 and 𝐸𝐺
𝐶𝐼𝐺𝑆 being the bandgap of the CuInS2, CuGaS2 and the CuIn1-xGaxS2 alloy, 

while b is referred to as the bowing factor. Using the bowing factor of 0.2 eV, taken from the report 

of Bodnar et al. [35], the bandgap of the quaternary compound CuIn1-xGaxS2 in dependence of Ga-

content or GGI ratio is illustrated in Fig. 2.3. The room temperature bandgap of the CuIn1-xGaxS2 

compounds studied in this thesis is between 1.5 eV and 2.45 eV. 

 

Figure 2.3: Room temperature bandgap of CuIn1-xGaxS2 in dependence on Ga-content. 
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2.1.2 Phase diagram 
 

Several phases can form along with the chalcopyrite phases during the growth of a CuIn1-xGaxS2 

absorber, since factors such as temperature and the availability of constituent elements can 

influence the phases formed during the growth of the absorber. The temperature-dependent liquid 

phases formed along the Cu2S-Ga2S3 pseudo-binary system has been researched by Kokta et al. 

[36], and later by Maeda et al. [37, 38]. The pseudo-binary phase diagram taken from the work of 

Kokta et al. [36] is present in Fig. 2.4a with minor modifications. For the CuGaS2 system in Fig. 

2.4a, the stoichiometric composition of CuGaS2 exist at 50 mol % Ga2S3 [36].  

  

Figure 2.4: (a) Pseudo-binary phase diagram of the Cu2S-Ga2S3 system as a function of mol % 

Ga2S3 and temperature. Region I represents the main chalcopyrite phase [36]. (b) CuGaS2-In 

pseudo-binary phase diagram with the liquid immiscibility region indicated by liquid (1) + liquid 

(2). Liquid (1) is S-excess In solution, while liquid (2) is S-deficient In solution [39]. The diagrams 

are excerpts from Ref. [36] and [39] with minor modifications.  
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At room temperature, the chalcopyrite structure represented by Region I in Fig. 2.4a exists from 

50 mol % to 55 mol % Ga2S3, while a stannite-type CuGa5S8 exist at ~70-90 mol % Ga2S3 in 

Region II [36-38]. At 60 mol % ≤ Ga2S3 ≤ 75 mol % in Region III, a mixture of chalcopyrite-type 

and stannite-type phases were identified through X-ray diffraction by Maeda et al. [37]. From Fig. 

2.4a, the chalcopyrite phase has a maximum melting temperature of 1240 °C with no high-

temperature phases existing outside this region [36]. The stannite-type CuGa5S8 is an ordered 

defect compound (ODC) with a wide existence range which is unstable at temperatures higher than 

1150 °C, as it decomposes. The bandgap of the stannite CuGa5S8 is approximately 2.66 eV, which 

is wider than the bandgap of chalcopyrite CuGaS2 at 2.45 eV [37]. The other regions of the phase 

diagram in Fig. 2.4a are not well known, however, the regions were reported to likely exhibit ODC 

phases [36].  

The pseudo-binary phase diagram in the Cu2S-In2S3 system has been studied by Binsma et al. [40]. 

The chalcopyrite phase exists between 37-70 mol % In2S3 and, although the melting point of the 

ternary CuInS2 compound is at 1090 °C, the chalcopyrite phase is only stable up to 980 °C, after 

which there is a transition to a sphalerite phase. Beyond 1045 °C, the phase is transformed to a 

wurtzite-type phase. Above 83 mol % In2S3, the compound is CuIn5S8 with a thiospinel phase up 

to 1085 °C at which it melts.  

To understand the behaviour of indium incorporation in CuGaS2, Miyake et al. studied the phase 

diagram of the CuGaS2-In pseudo-binary system in which indium solution is saturated by 

stoichiometric CuGaS2 [39]. The curve presented in Fig. 2.4b shows the liquidus temperature 

plotted against the mole fraction of indium in stoichiometric CuGaS2. From Fig. 2.4b, it can be 

observed that the liquidus temperature decreases with the increase of In-content in the CuGaS2-In 

solute. In the study, the crystals obtained were investigated by X-ray powder diffraction and 

energy-dispersive X-ray microanalysis. As depicted in Fig. 2.4b, at temperatures below 1020 °C, 

it was reported that there is a miscibility gap at which the indium solution saturated with 

stoichiometric CuGaS2 separates into two liquid phases which comprise S-excess and S-deficient 

indium solutions.  

More recently, crystallographic analysis of the Cu2S-In2S3-Ga2S3 pseudo-ternary system by 

Thomere et al. produced the phase diagram shown in Fig. 2.5. The Cu(In,Ga)S2 pseudo-ternary 

phase system was shown to be more complex and possess some dissimilarity from the 
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Cu(In,Ga)Se2 system [31]. They reported that, for Cu(In,Ga)S2, the chalcopyrite structure is not as 

adaptable as in Cu(In,Ga)Se2, because indium is less adaptable to the chalcopyrite structure under 

Cu deficiency conditions [31, 41]. As seen on the phase diagram in Fig. 2.5, when Cu is introduced 

into the (In,Ga)2S3 precursor and the Cu-content in the compound increases, two different phases 

- trigonal and cubic - are formed in the Cu-deficient phase. It was reported that these two phases 

do not mix, rather they remain segregated in the prepared absorber. These segregated phases 

present compositional plateaus, particularly in the Cu-deficient Cu(In,Ga)S2 absorber [29, 30]. 

Another revelation from the phase diagram in Fig. 2.5 is that, near stoichiometric compositions, 

there is a narrow existence range for the chalcopyrite phase in Cu(In,Ga)S2.  

 

Figure: 2.5: The Cu2S-In2S3-Ga2S3 pseudo-ternary diagram as studied by Thomere et al. [31]. The 

diagram is taken from Ref. [31] with minor modifications. 

 

2.1.3 Intrinsic point defects 
 

By the law of thermodynamics and kinetics of defects, perfect semiconductors do not exist since 

defects are inherent in semiconductors. The existence of intrinsic defects is implicit in the complex 
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chalcopyrite structure, more so in CuIn1−xGaxS2 which is composed of many elements. The fact 

that the CuIn1−xGaxS2 compound can be intentionally modified during growth by controlled 

amounts of impurities or defects contribute to the usefulness of CuIn1−xGaxS2, although defects 

can also be detrimental. Generally, the types of defects can be classified as follows [42]:  

• Misalignment of atoms in the crystal which causes line defects or dislocation.  

• Planar defects formed by arrays of dislocations. 

• Voids are volume defects where several atoms are either missing or replaced by another 

solid. 

• Point defect occurs at single lattice points when an atom is displaced from its site in the 

crystal. Such defect can either be intrinsic of extrinsic. 

In chalcopyrite compounds, intrinsic point defects are essential since they are critical to the doping 

of the compounds [43, 44]. The different elements which constitute the ternary compound mean 

that there are several prospective intrinsic point defects which could occur in Cu(In,Ga)S2. The 

possible types of defects are as follows: 

▪ Vacancies are caused by atoms displaced or missing from their ideal position in the crystal 

lattice. They could be VCu, VIn, VGa, VS. 

▪ Interstitials occur when atoms occupy usually vacant positions between the crystal 

structure. These can be Cui, Ini Gai Si. 

▪ Antisites develop when atoms occupy wrong positions belonging to another atom. These 

are CuIn CuGa InCu GaCu. 

▪ Complexes form when two or more of the defects combine to form a new electronic state, 

such as 2VCu-InCu, InCu-VCu, GaCu-VCu, Cui-CuIn, Cui-VIn, Cui-2VCu, etc. 

 

2.2 Generation and recombination in semiconductors 
 

A vital aspect of a semiconductor is the transport of charge carriers and electrical currents. The 

carriers can be either electrons or holes, as such, carrier concentration is an important characteristic 

in the operation of a semiconductor device. Information in this section is available in 

semiconductor textbooks. However, in this thesis, the background information on semiconductor 
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is assimilated from the references in [42, 45-47]. The periodic structure of the semiconductor result 

in a split energy level that form energy bands of allowed and forbidden energy, referred to as 

bandgap. In the ideal intrinsic semiconductor, at 𝑇 = 0 𝐾, all the energy states in the valence band, 

that is, the band below the forbidden energy are occupied by electrons while the states in the 

conduction band, that is, above the forbidden gap, are empty. As the temperature increases and the 

crystal lattice vibrates, electrons gain enough energy and are liberated into the conduction band, 

leaving behind holes in the valence band. As such, in an intrinsic semiconductor, the concentration 

of holes (𝑝0) in the valence band and concentration of electrons (𝑛0) in the conduction band are 

equal, and both concentrations can be designated 𝑛𝑖 = 𝑛0 = 𝑝0.  

2.2.1 Carrier concentrations in semiconductors 
 

The concentration of charge carrier is given by the integration of the density of states function, 

g(𝐸), which describes the number of allowed states per unit volume and energy, and the Fermi-

Dirac distribution function, 𝑓(𝐸), which describes the occupation probability, that is, the ratio of 

states filled with electrons to the total allowed states. For a non-degenerate semiconductor and in 

thermal equilibrium, the solutions expressing the concentration of electrons (𝑛0) and holes (𝑝0)  

are given by, 

 
𝑛0 = 𝑁𝐶exp (−

𝐸𝐶 − 𝐸𝐹

𝑘𝐵𝑇
) 

(2.3) 

 

 
𝑝0 = 𝑁𝑉exp (−

𝐸𝐹 − 𝐸𝑉

𝑘𝐵𝑇
) 

(2.4) 

 

Where 𝑁𝐶 and 𝑁𝑉 are the effective density of states of the conduction band and the valence band 

respectively, 𝐸𝐹 is the Fermi energy, 𝐸𝐶 and 𝐸𝑉 are the conduction band-edge and valence band-

edge respectively, kB is the Boltzmann constant and T is the temperature. Equation (2.3) and 

equation (2.4) are true if Boltzmann approximation is applicable, that is, if the Fermi energy lies 

more than 3kBT away from the band-edges. In the intrinsic semiconductor, that is, without 

impurities, the concentration of excited electrons and holes are equal, and the Fermi energy level 

is midgap, then the intrinsic carrier concentration is  
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𝑛0𝑝0 = 𝑛𝑖

2 = 𝑁𝐶𝑁𝑉 exp (−
𝐸𝐶 − 𝐸𝑉

𝑘𝐵𝑇
) 

(2.5) 

𝐸𝐶 − 𝐸𝑉 = 𝐸g, is the bandgap. The equation (2.5) shows that carrier concentration in an intrinsic 

semiconductor is strongly temperature dependent. Since there is no Fermi level in equation (2.5), 

it is valid for doped semiconductor as well as the intrinsic semiconductor. 

In many semiconductor applications, a high charge carrier concentration is desired, and the 

intrinsic semiconductor might not be applicable for such semiconductor devices, since a very high 

temperature would be necessary for high carrier concentrations. As such, for many semiconductor 

applications, extrinsic semiconductors are more suitable; these are semiconductors that have been 

manipulated by doping with controlled amounts of impurities or defects. The dopants contribute 

additional charge carriers which boosts the net carrier concentration in the semiconductor. A 

semiconductor is p-type (doped) if the majority charge carriers are holes and the minority charge 

carriers are electrons, while it is n-type (doped) if the majority charge carriers are electrons, and 

the minority charge carriers are holes. When the semiconductor is in a state of non-equilibrium 

through illumination, for example, more charge carriers are generated, and the concentration of 

electrons (n) and holes (p) strongly increases above the equilibrium carrier concentration. The 

excited carriers rapidly thermalize with the crystal lattice and if the carriers have a long enough 

lifetime, a quasi-equilibrium state is formed. The Fermi energy can no longer be described by a 

single Fermi level, rather the Fermi level splits in an electron quasi-Fermi level, which describes 

the concentration of electrons, and a hole quasi-Fermi level which describes the concentration of 

holes. The density of electrons can be described by 

 
𝑛 = 𝑁𝐶exp (−

𝐸𝐶 − 𝐸𝐹𝐶

𝑘𝐵𝑇
) 

(2.6) 

and the density of holes described by 

 
𝑝 = 𝑁𝑉exp (−

𝐸𝐹𝑉 − 𝐸𝑉

𝑘𝐵𝑇
) 

(2.7) 

Hence, the product of the carrier concentrations under non-equilibrium conditions is such that, 

 
𝑛𝑝 = 𝑛𝑖

2exp (
∆𝐸𝐹

𝑘𝐵𝑇
) 

(2.8) 
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𝐸𝐹𝐶 − 𝐸𝐹𝑉 = ∆𝐸𝐹 is the quasi-Fermi level splitting (QFLS). The equation (2.8) shows that, under 

non-equilibrium conditions, the product of charge carrier concentrations exponentially depends on 

the quasi-Fermi level splitting. The QFLS is a figure of merit of a semiconductor, and it describes 

the maximum open-circuit voltage achievable. How the QFLS of an absorber is evaluated will be 

described in Subsection 2.3.2. 

 

2.2.2 Charge carrier generation 
 

The section has been taken from the textbook [48], readers are advised to consult the book for 

further background reading. When an external source, such as an external voltage source or 

illumination, is applied to a semiconductor, it is no longer in a state of equilibrium. In the case of 

illumination by a steady-state source, such as a continuous-wave laser, after any reflection loss 

(R), the photon flux density 𝜙(𝑥) inside the semiconductor is described by the Beer-Lambert law: 

 𝜙(𝑥) = 𝜙0(1 − 𝑅)e−𝛼𝑥 (2.9) 

𝜙0 is the photon flux density impinging on the semiconductor and x is an arbitrary position in the 

absorber [48]. The absorption of the incident photon flux by the semiconductor material depends 

on its absorption coefficient 𝛼. After absorption of the excitation photons, and excess carriers are 

generated and the quasi-Fermi level splits, depending on the carrier lifetime, the excess carriers 

remain in the quasi-equilibrium state until they recombine. However, because of the continuous 

generation of excess carriers by the steady-state excitation source, after some time, equilibrium 

between generation 𝐺(𝑥) and recombination 𝑅(𝑥) is established. The rate of generation follows 

as  

 
𝐺(𝑥) = 𝑅(𝑥) = −

𝜕𝜙(𝑥)

𝜕𝑥
= 𝛼𝜙0(1 − 𝑅)𝑒−𝛼𝑥 

(2.10) 

With a pulsed excitation, where the excitation source is not continuous but as a train of short pulses, 

the generation of excess carriers occurs per pulse. For both excitation sources, if the laser 

parameters and output properties of the laser are known, the photon flux density 𝜙0 can be 

estimated.  
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2.3 Photoluminescence spectroscopy 
 

Photoluminescence is the emission of photons by electrons which have been excited from a state 

of thermal equilibrium (valence band) into a higher energy state (conduction band) through the 

absorption of excitation photons. The emission occurs when the electrons in a higher energy state 

recombine with holes in the valence band by releasing the absorbed photons. The photons emitted 

is a spectrum which bears a signature of the semiconductor characteristics and can give insights 

into the properties and electronic structure of the semiconductor. The observable transitions in a 

photoluminescence experiment will be discussed in the following section. The textbooks [49, 50] 

have been used for references. 

 

2.3.1 Observable transitions in a photoluminescence experiment 
 

The observable transitions in a photoluminescence experiment are illustrated in Fig. 2.6. 

 

Figure 2.6: Illustration of observed optical transitions in a photoluminescence experiment. The 

transitions presented are band-to-band (BB), free-to-bound associated with a donor (FB-D), free-

to-bound associated with an acceptor (FB-A), donor-acceptor pair (DA), bound-exciton (BX), and 

free-exciton (FX) transitions. 
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Band-to-band transition 

At room temperature, there is an abundance of free carriers in the band-edges because excitons 

dissociate due to thermal ionization and shallow defects are emptied as charge carriers are re-

emitted to the band-edges. The net recombination rate (𝑅) is the sum of radiative (𝑅𝑟𝑎𝑑) and non-

radiative (𝑅𝑛𝑟𝑎𝑑) recombination rates. The radiative recombination rate is proportional to the free 

electron (n) and the free hole (p) concentrations. Radiative band-to-band transition becomes 

unavoidable since electrons in the conduction band minimum recombine with holes in the valence 

band maximum by the spontaneous emission of photons. In photoluminescence measurements, 

deviations from the thermal equilibrium are of interest, as such, the net radiative recombination 

rate is  

 𝑅𝑟𝑎𝑑
𝑛𝑒𝑡 = 𝐵(𝑛𝑝 − 𝑛0𝑝0) (2.11) 

where 𝑝0 and 𝑛0 are the electron and hole carrier concentrations at thermal equilibrium respectively 

and 𝐵 is the radiative recombination coefficient. Substituting the non-equilibrium carrier 

concentrations in equations (2.6) and (2.7) into equation (2.11), the relationship between the net 

radiative recombination rate and the quasi-Fermi levels is derived as 

 
𝑅𝑟𝑎𝑑

𝑛𝑒𝑡 = 𝐵𝑛𝑖
2(exp (

∆𝐸𝐹

𝑘𝐵𝑇
) − 1) 

(2.12) 

Equation (2.12) shows that in a semiconductor, the net radiative (band-to-band) recombination rate 

is exponentially proportional to the quasi-Fermi level splitting. The analyses of the quasi-Fermi 

level splitting followed in this work will be presented in Subsection 2.3.2. 

Free-to-bound transition 

The introduction of defects into the crystal lattice of a semiconductor gives rise to localized states 

within the mid-gap of the semiconductor. If the localized states lie close to the band-edges, a 

shallow defect level is formed, i. e., shallow acceptor level if close to the valence band or shallow 

donor level if close to the conduction band. The weak bond of holes or electrons to shallow defects 

means that when thermally excited, charge carriers are contributed to the semiconductor, thereby 

boosting electrical conductivity. The energy required to break the bond is referred to as ionization 
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or binding energy (𝐸𝐴/𝐷). The recombination of free electrons (or holes) in the conduction (or 

valence) band with holes (or electrons) in a shallow acceptor (or donor) level is called free-to-

bound transition. The equation describing the free-to-bound transition is given by 

 
ℎ𝜔𝐹𝐵 ≈ [𝐸 − (𝐸g − 𝐸𝐴/𝐷)]

1 2⁄
exp (−

𝐸 − (𝐸g − 𝐸𝐴/𝐷)

𝑘𝐵𝑇
) 

(2.13) 

 

Donor-to-acceptor transition 

In a compensated semiconductor where both acceptors (A) and donors (D) are present, the 

recombination of electrons from the neutral donor level with holes from the neutral acceptor level 

is called donor-to-acceptor (DA) pair transition. The DA transition leave oppositely charged 

defects with effective Coulomb attraction. The energy of the emitted photon (ℎ𝜔𝐷𝐴)  in a DA pair 

transition is  

 
ℎ𝜔𝐷𝐴 = 𝐸g − (𝐸𝐴 + 𝐸𝐷) +

𝑞2

4𝜋𝜀𝑟𝜀0𝑅𝐷𝐴
 

(2.14) 

𝐸𝐴 and 𝐸𝐷 are the energy levels corresponding to the acceptor level and donor levels, 

respectively. The last term describes the additional Coulomb interaction between the donor and 

acceptor levels with q being the elementary charge, 𝜀0 is vacuum permittivity, 𝜀𝑟 is relative 

permittivity and 𝑅𝐷𝐴 is the spatial distance between the donor and acceptor. 

2.3.2 Quasi-Fermi level splitting analyses  
 

When the semiconductor is not in equilibrium, there is a splitting of the quasi-Fermi energy levels, 

and the concentration of the electrons and holes is described by the hole and electron Fermi levels, 

respectively [51]. The quasi-Fermi level splitting (QFLS) is a quality factor for the optoelectronic 

attribute of an absorber since it is a measure of radiative recombination, and it predicts the 

maximum open-circuit voltage achievable by a photovoltaic device before the complexities of 

completing the absorber in a device. QFLS can be evaluated from an intensity-calibrated 

photoluminescence (PL) measurements at room temperature; an intensity-calibration is performed 

to equate incident photon flux (Φ𝑖𝑛𝑐) to the AM1.5 photon flux density, to determine the absolute 

PL yield of the semiconductor material. After the calibrated PL measurements, in this work, two 
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methods are used to evaluate the QFLS on the Cu(In,Ga)S2 absorbers [52]: The first approach is a 

direct fit of the Planck’s generalized law [51, 53] to the absolute photon flux density of the 

absorber. The Planck’s generalized law, which describes the emission of photon flux density per 

energy Φ𝑃𝐿(𝐸) from a semiconductor [53], is given by 

 
Φ𝑃𝐿(𝐸) =

1

4𝜋2ℏ3𝑐2

𝐴(𝐸)𝐸2

exp (
𝐸 − 𝛥𝐸𝐹

𝑘𝐵𝑇
) − 1

 
(2.15) 

where the absorptivity 𝐴(𝐸) is expressed by 𝐴(𝐸) = (1 − 𝑅(𝐸))(1 − 𝑒−𝛼(𝐸)𝑑), with R 

representing the energy-dependent surface reflectivity, and d the absorber thickness. The 

deposition of the absorbers on non-transparent back contact imposes some limitations on the 

measurement of measurement of absorptance spectrum of the absorbers, therefore, on the high 

energy end of the emission spectrum at adequately high energies (𝐸𝑚𝑖𝑛) above the emission peak 

(𝐸𝑃𝐿), that is, 𝐸𝑚𝑖𝑛 > 𝐸𝑃𝐿 + 0.1 eV, absorptivity can be assumed to be unity, 𝐴(𝐸) ≈ 1. This 

assumption is mostly valid for sufficiently thick homogenous absorbers, additionally, it has been 

shown that absorptivity is not always unity for graded absorbers [54]. By Boltzmann 

approximation, the exponential term in the denominator is much greater than 1, since at room 

temperature 𝐸 − 𝛥𝐸𝐹 ≫ 3𝑘𝐵𝑇. Therefore, rearranging the equation (2.15) with consideration of 

Boltzmann approximation gives 

 
ln

Φ𝑃𝐿(𝐸)ℎ3𝑐2

2𝜋𝐸2
 = −

1

𝑘𝐵𝑇
𝐸 +

1

𝑘𝐵𝑇
∆𝐸𝐹 

(2.16) 

This is a linear relation with the slope given by 1/𝑘𝐵𝑇 and the intercept by ∆𝐸𝐹/𝑘𝑇.  

The second approach draws the relationship between the open-circuit voltage in the radiative limit 

(𝑞𝑉𝑂𝐶
𝑟𝑎𝑑), where every absorbed photon generates an electron-pair which recombines radiatively, 

and the actual open-circuit voltage (𝑞𝑉𝑂𝐶) or QFLS of the absorber as described by Shockley and 

Queisser [13]. The relation can be expressed as [55],  

 𝑞𝑉𝑂𝐶
𝑟𝑎𝑑 = 𝑞𝑉𝑂𝐶 + 𝑞𝑉𝑂𝐶

𝑛𝑟𝑎𝑑 = 𝑞𝑉𝑂𝐶 − 𝑘𝐵𝑇 ln(𝐸𝑅𝐸) (2.17) 

where 𝑞𝑉𝑂𝐶
𝑛𝑟𝑎𝑑 describes the non-radiative voltage losses and ERE is the external radiative 

efficiency of the absorber. ERE is defined as [56], 
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𝐸𝑅𝐸 =

Φ𝑃𝐿

Φ𝑖𝑛𝑐
 

(2.18) 

where Φ𝑃𝐿 is the integrated photon flux density from the absorber and Φ𝑖𝑛𝑐 is the incident photon 

flux density. Assuming that 𝑞𝑉𝑂𝐶
𝑟𝑎𝑑 is equal to the theoretically predicted open-circuit voltage by 

Shockley and Queisser (𝑞𝑉𝑂𝐶
𝑆𝑄

) [13], the relation becomes 

 𝑉𝑂𝐶
𝑆𝑄 = 𝑄𝐹𝐿𝑆 − 𝑘𝐵𝑇 ln(𝐸𝑅𝐸) (2.19) 

Apart from evaluating the ERE, the requirement for determining the QFLS by this method is a 

knowledge of the bandgap of the absorber, which is used to determine the corresponding 𝑉𝑂𝐶
𝑆𝑄

 

value. 

 

2.4 Review of photoluminescence transitions and defects in CuGaS2 
 

Early studies on various properties of I-III-VI2 compounds such as CuGaS2 and CuInS2 were by 

Tell et al. in 1971 [21, 57]. CuGaS2 semiconductors were grown by slow cooling stoichiometric 

melts, and of p-type conductivity by annealing under maximum sulfur pressure, although with 

limitations on its n-type conductivity. The low-temperature bandgap was estimated as 2.53 eV 

from an exciton binding energy of 28 meV [21, 32]. Years later in 1985, studies of CuGaS2 under 

different sulfur overpressure by Masse et al. through various photoluminescence (PL) studies 

including time-resolved PL, excitation and temperature dependent studies show that the green 

luminescence of CuGaS2 single crystals at 2.40 eV originates from a donor-acceptor (DA) pair 

with lattice phonon interaction [58, 59]. This provided understandings into the energy and defect 

levels and it was determined that a donor level exists at ~ 50 meV while an acceptor level exists at 

~ 130 meV [58]. Annealing studies on a broadband red emission ~1.8 eV, attributed the emission 

to S vacancies. By 1993, Yagi et al. provided more insight into the aforementioned broad red 

emission from studies on thin film CuGaS2 grown on GaAs and GaP substrates through vapour 

phase epitaxy (VPE), and crystals grown by iodine transport [60]. The broad red emission was 

shown to involve two transitions, around 1.7 eV and 1.85 eV, and these transitions are attributed 

to chalcogen deficiency during the growth process. The more intense 1.85 eV transition was 

credited to DA transition involving S vacancy as proposed by Masse et al. [58, 60]. Another 
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emission at approximately 1.40 eV was attributed to VCu [60]. Thorough studies of band-edge 

transitions on CuGaS2 crystals grown by iodine transport were performed by Shirakata et al., they 

reported the occurrence of free exciton transition at 2.504 eV and bound exciton transitions at 

2.501 eV (donor-bound), 2.495 eV and 2.493 eV (acceptor bound) [61]. Soon after, in addition to 

a broad emission, a strong phonon assisted transition with zero phonon line at 2.29 eV was 

observed in CuGaS2 single crystals grown by iodine transport [62]. Shirakata and Chichibu studied 

MOVPE-grown CuGaS2 films on GaP and GaAs substrates, where nearly stoichiometric epilayers 

exhibited strong exciton-related PL at 2.489 eV and 2.477 eV [63]. In addition, a free-to-bound 

(FB) transition was observed at 2.43 eV, and by excitation-dependent analyses, the ionization 

energy is estimated as 90 meV. While Cu-rich layers were dominated by broad band-edge 

luminescence, Ga-rich epilayers were found to be dominated by a DA transition at 2.39 eV which 

involved a donor at 46 meV and an acceptor at 100 meV. The donor level was attributed to VS and 

GaCu related defects, while the acceptor was related to VCu. Broad band luminescence centered at 

2.1 eV and 1.65 eV were reportedly dominant at 200 K and room temperature respectively [63, 

64]. Photoluminescence studies conducted by Botha et al. on co-evaporated CuGaS2 deposited on 

GaAs showed the dominance of ~ 2.4 eV transition for Ga-rich absorbers, and the dominance of ~ 

2.3 eV for Cu-rich absorbers, which involved a DA transition. A shallow donor level with a binding 

energy of ~53 meV and acceptor level at ~210 meV were implicated in the DA transition. From 

2002 to 2004, Metzner et al. and Eberhardt et al. studied epitaxial CuGaS2 grown on silicon 

substrates. Stoichiometric and Cu-rich absorbers were characterized by excitonic luminescence. A 

transition at 2.4 eV and broad deep defect at 2.1 eV were present in all the absorbers, however, the 

2.4 eV transition was even more prominent and broader in Ga-rich CuGaS2 epilayers, while the 

2.1 eV was more composition related as it was red-shifted with the ratio of Cu to Ga [65-67]. 

Subsequently, further photoluminescence analyses performed on the same epilayers by Metzner et 

al. found, in addition to excitonic transitions two FB at 2.415 eV and 2.435 eV, and two DA 

transitions at 2.39 eV and 2.41 eV.  These transitions were reported to involve a common shallow 

donor at ~ 25 meV due to a VS and two acceptor levels as 89 meV and 109 meV, both related to 

VCu and VGa. From 2003 to 2007 Botha et al. and Branch et al. did several PL studies on MOVPE-

grown CuGaS2 including the influence of composition on PL transitions [68-75]. The transition at 

~2.4 eV was only observed in near-stochiometric to somewhat Cu-rich absorbers. Its thermal 

activation energy was ~ 30 meV and was tentatively assigned a shallow donor level as it compares 
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with earlier reports. For near-stoichiometric to Ga-rich absorbers, a broad peak remained between 

2.24–2.25 eV, but is shifted below 2 eV in Cu-rich absorbers [74]. 

The summary of this review of the photoluminescence transitions of CuGaS2 from literature has 

been summarized in Fig. 2.7. The transitions around 2.5 eV have been identified as either free-

exciton or bound-exciton. Around 2.4 eV, transitions have been identified as donor-to-acceptor 

(DA) transition or free-to-bound transitions. Transitions around 2.3 eV and 2.1 eV which were 

initially labeled deep-level defects have been identified DA transitions. The nature of the transition 

around 1.8 eV is not well known, however recent studies have identified it as DA transitions. There 

are still deep level transitions below 1.7 eV which are yet to categorized. 

 

Figure 2.7: Overview of transition energies of CuGaS2 identified from some preview studies.  

 

2.5 Photoluminescence experiment set-up 
 

All the photoluminescence (PL) measurements in this thesis were performed in the home-built set-

up which is illustrated in Fig. 2.8. The excitation source is a continuous-wave diode laser with the 



35 
 

wavelength of 405 nm or 660 nm (depending on the optical bandgap of the absorber), the 532 nm 

diode laser was not used in this thesis. In front of each laser, a band-pass filter centered at its 

wavelength is used to block unwanted beam modes from the laser. In the laser beam path is a filter 

wheel with several neutral density filters, from optical density (OD) 1 to 4, to attenuate the laser 

power. Also on the beam path is a converging lens which reduces the spot size up to three orders 

of magnitude, and therefore increases the excitation intensity by several orders of magnitude. As 

depicted in Fig. 2.8, the laser beam goes through the aperture of the off-axis parabolic mirror 1 

(OAPM1) to the sample. Afterwards, the emitted PL from the samples is acquired by OAPM1, 

collimated, and reflected into OAPM2. The emission is refocused by OAPM2 into a multimode 

fiber into a spectrograph. Unwanted laser beam is filtered by appropriate high quality long pass 

filters. The spectrograph has two gratings, one with a grating density of 100 lines/mm and another 

with 300 lines/mm.  

 

Figure 2.8: Sketch of the home-built experimental setup where all the photoluminescence 

experiments in this thesis were performed. 
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The beam is dispersed to the detector which is either as a Si-CCD, for a spectral range of 300-1100 

nm, or an InGaAs-array for the spectral range of 900-1700 nm. The set-up is also equipped with 

an extended InGaAs-array detector which measures the spectral range of 1400-2200 nm. 

Subsequently, the raw PL data is spectral- and intensity-corrected. The spectral correction is with 

a commercial calibrated halogen lamp. The raw PL data are spectrally corrected to; (i) account of 

the sensitivities of optical components pertaining to the collection of the raw data, such as 

cameras/detectors, lens, mirrors, filters, optical fibers et cetera, (ii) convert each pixel to 

wavelength and assign units to the y-axis. To generate the correction function (ξ(λ)), known 

spectrum of the halogen lamp (𝜑𝐻𝐿
𝑐𝑘 (λ)) is divided by its spectrum measured in the PL set-up 

(𝜑𝐻𝐿
𝑚𝑒𝑎𝑠(λ)), that is, ξ(λ) = 𝜑𝐻𝐿

𝑐𝑜𝑟(λ)/𝜑𝐻𝐿
𝑚𝑒𝑎𝑠(λ). The actual PL spectrum of an absorber (Φ𝑃𝐿

𝑐𝑜𝑟(λ)) 

after correction is,  

 Φ𝑃𝐿
𝑐𝑜𝑟(λ) = ξ(λ) × Φ𝑃𝐿

𝑚𝑒𝑎𝑠(λ) (2.20) 

where Φ𝑃𝐿
𝑚𝑒𝑎𝑠(λ) is the measured PL spectrum. Upon application of the correction function and 

using Jacobian transformation on the raw data, the corrected spectrum has the same unit as the 

calibrated lamp spectrum, the y-axis is transformed to the units of photons/(cm2·nm·s) and each 

spectrum is transformed into the energy space [76].  

The purpose of the absolute intensity calibration is to quantify the photon flux of the laser, and 

associate it with the measured PL signal of the sample. This is particularly important for intensity 

calibrated measurement to determine the QFLS. The quantification of the laser beam requires that 

the laser beam radius (w) and its power at the sample be known (𝑃0); both properties are measured 

with CCD camera and a photodiode power meter, respectively. The laser wavelength (𝜆) is made 

known by the manufacturer. The photon flux density (Φ0) can be calculated from the knowledge 

of beam radius, power, and wavelength of the laser by the equation, 

 
Φ0(photons/s/cm2) =

2𝑃0𝜆

𝜋𝑤2ℎ𝑐
 

(2.21) 

It is important to measure the laser properties at the sample position because, depending on which 

laser is used, about 50 % of the laser power is lost on the optical path by reflection and scattering. 

The spectrum of the laser is also measured at the sample position by reflecting the laser beam on 
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a spectralon into the PL set-up. The signal collected by the optical fiber is limited by its (fiber) 

diameter, as such, only the photons at the peak of the laser beam are collected. It is possible to 

correlate the photon flux of the laser with the spectrum/relative flux of the laser measured in the 

PL set-up. A ratio of the calculated laser photon flux to the spectrum/relative flux gives the 

calibration factor. Multiplying the calibration factor with the measured PL spectrum of an absorber 

gives the actual photon flux from the absorber.   

For low-temperature photoluminescence (PL) experiments, the samples are housed in a helium-

flow cryostat. The laser beam is focused on the absorber, with the PL emission collected by the 

two off-axis parabolic mirrors. The PL emission is focused into either a 200-μm or a 105-m 

collection fiber, then spectrally resolved by the monochromator and detected by the silicon charge-

coupled-device (CCD). The thinner fiber is used for better resolution of the sharp peaks near the 

band-edge. For excitation intensity-dependent measurements, the laser power is varied, and several 

neutral density filters are used to achieve different orders of magnitude. Temperature-dependent 

measurements are also performed between 10 K to 300 K.  
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Chapter 3 

Thin film solar cell devices 
 

In this chapter, an overview of the Cu(In,Ga)S2 thin film solar cell is introduced. First in the Section 

3.1, the basic principle of p-n junction on which a Cu(In,Ga)S2 solar cell works will be discussed. 

The details and physics of p-n junction can be found in any good textbook on the principles of 

solar cell, however, this section is referenced from the textbooks in Refs. [45, 51, 77]. The different 

layers that make up a Cu(In,Ga)S2 solar cell stack and the respective functions are shown in Section 

3.2. The band diagram of the complex solar cell stack and various recombination channels that can 

occur in the completed solar cell are presented in Section 3.3. In chalcogenide solar cells, the 

double bandgap gradient has become a characteristic feature of the solar cells which has led to 

high efficiencies, as such, in Section 3.4, a review of some advantages of graded-bandgap in 

Cu(In,Ga)S2 solar cell will be presented. The most important parameters used to characterize a 

solar cell device under operation will be introduced in Section 3.5. All the absorbers presented in 

this thesis were grown by physical vapour deposition, accordingly, Section 3.6 describes the PVD 

system, and the section covers the preparation method of the absorbers by co-evaporation 

technique. Specific descriptions are given for the one-stage and the more complex two-stage and 

three-stage deposition processes.  

 

3.1 The p-n junction in solar cells 
 

Cu(In,Ga)S2 devices work by the principle of p-n junctions. In the heterojunction configuration, 

two differently doped semiconductors are brought into contact, hence a formation of the junction. 

Simplified illustrations showing the band diagram of an n-type and p-type materials in isolation 

are presented in Fig. 3.1a. As a single entity, charge-neutrality is maintained in each of the 

materials since in the p-type semiconductor, the negatively charged acceptor atoms balances the 

positively charged holes and the positively charged atoms of the n-type semiconductor 

compensates the negatively charged electrons. In each of the semiconductor, at thermal 
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equilibrium, the Fermi energy level (EF) which describes the occupation of the valence band with 

holes and the conduction band with electrons, as in Equations (2.3) and (2.4), thus the Fermi level 

is closer to the valence band in the p-type semiconductor and closer to the conduction band in the 

n-type semiconductor. When both materials are brought into contact as illustrated in Fig. 3.1b, a 

metallurgic junction is formed and there is a net flow of free carriers across the interface in both 

directions, which leaves the regions close to the junction depleted of charge carriers, thereby 

exposing the oppositely charged ionized atoms in the respective semiconductors. 

 

 

Figure 3.1: (a) Depiction of energy band diagram of p-type and n-type doped semiconductors in 

an equilibrium state. EC and EV are the energies corresponding to the conduction band and valence 

band-edges, respectively. (b) Illustration of the formation of the p-n junction by the two 

semiconductors when in contact. The built-in potential is denoted by Vbi, while xp and xn represent 

the proportions of the SCR extending into the p-type and n-type sides of the semiconductor, 

respectively. 

 

The regions with the exposed positively and negatively charged atoms, which are no longer 

compensated, is referred to as the space charge region (SCR) or depletion region. The region 

outside this SCR is referred to as the quasi-neutral region (QNR). The opposite charges of the 

ionized atoms in the SCR induce an internal electric field, 𝑉𝑏𝑖, which is opposite to the diffusion 

force acting on the charge carriers. With no external voltage applied, the internal electric field 

counterbalances the diffusion force. As the p-n junction is in thermal equilibrium, the position of 
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the Fermi energy stays constant all over the combined system, however, since the energy of the 

Fermi level relative to the bands does not change in the QNR, the bands bend in the SCR due to 

the electric field to compensate for the changes in the electrostatic potential across the SCR as 

depicted in Fig. 3.1b. As a result, there is no flow of current and the charge carriers remain in the 

QNR, with holes in the p-type side and electrons in the n-type side.  

The total width of the SCR (w) is given by the summation of xp and xn which represent the 

proportion of the SCR extending into the p-type and n-type sides of the semiconductor, 

respectively. This is expressed as 

 

𝑤 = xp + xn = √
2𝜀0𝜀𝑟

𝑞
(

1

𝑁𝐴
+

1

𝑁𝐷
) (𝑉𝑏𝑖 − 𝑉) 

(3.1) 

where 𝜀0 is the vacuum permittivity, 𝜀𝑟 is the dielectric constant, 𝑞 is the elementary charge, 𝑉 is 

the applied external voltage, 𝑁𝐴 and 𝑁𝐷 are the doping concentrations in the p-type 

semiconductors, respectively. Equation (3.1) shows that the width of the SCR can be varied by an 

applied voltage or illumination. In chalcopyrite solar cells such as Cu(In,Ga)S2, the n-type 

semiconductor is highly doped in comparison to the p-type absorber, that is 𝑁𝐷 ≫ 𝑁𝐴, thus the 

SCR is only in the p-type absorber [77]. Equation (3.1) becomes, 

 

𝑤 = xp = √
2𝜀0𝜀𝑟

𝑞𝑁𝐴

(𝑉𝑏𝑖 − 𝑉) 

(3.2) 

Since 𝑉𝑏𝑖 is negative in the p-type region with reference to the n-type region, as shown in Fig. 3.1b, 

when the applied voltage is negative, the potential difference across the p-n junction increases 

resulting in a wider SCR. This negative voltage is referred to as reverse bias voltage. When the p-

n junction is no longer under equilibrium condition, the Fermi energy level splits, and the quasi-

Fermi levels which describes the concentration of holes and electrons is established. On the 

contrary, when the external voltage is positive, in the case of a forward bias voltage, the potential 

difference across the p-n junction decreases and the SCR becomes narrower. As the potential 

barrier reduces, the electric field across the p-n junction reduces since the concentration gradient 

of charge carriers also changes, that is, the balance between drift and diffusion, that exists in 

equilibrium, will be perturbed. There is an injection of minority carriers as holes from the p-type 
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material diffuse into the n-type material and electrons from the n-type material diffuse into the p-

type material. Due to the diffusion, minority carriers from one semiconductor recombine with its 

majority carriers in the bulk giving rise to a recombination current.  

If no external voltage is applied to the p-n junction, that is V = 0, there is balance between drift 

force and diffusion force, resulting in zero force and thus no driving force for a current. The 

generation current is determined by the availability of thermally generated minority carriers. 

Meanwhile, recombination current increases with the Boltzmann factor under moderate forward-

bias voltage. The net current density is expressed by  

 
𝐽(𝑉) = 𝐽0 (exp (

𝑞𝑉

𝐴𝑘𝐵𝑇
) − 1) 

(3.3) 

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature, and 𝐽0 is the saturation current density 

of the p-n junction, which is the current density under reverse bias and A is the ideality factor. 

Alternatively, under illumination, there are additional photogenerated carriers as electron-hole 

pairs are created by impinging photons with energies greater than the bandgap of the 

semiconductor. In turn, there is a significant increase in minority carrier concentrations. The flow 

of photogenerated carriers produces photocurrent in addition to the thermally generated current. 

Without external load on the device, it is in short-circuit conditions, that is, no voltage difference 

between the contacts. Rather, there is a net current density referred to as short-circuit current 𝐽𝑆𝐶. 

Under illumination, the relationship between the photocurrent density and applied voltage is 

described by 

 
𝐽(𝑉) = 𝐽0 (exp (

𝑞𝑉

𝐴𝑘𝐵𝑇
) − 1) − 𝐽𝑝ℎ 

(3.4) 

where 𝐽𝑝ℎ is the photocurrent density. The minus sign before 𝐽𝑝ℎ indicates that the photogenerated 

current flows in opposite direction to the dark diode current. If no voltage is applied, the total 

photocurrent density is the short-circuit current, which is the 𝐽𝑆𝐶. If applied, the voltage at which 

the total current density equals zero is referred to as the open-circuit voltage (VOC). Under the 

assumption that 𝑞𝑉𝑂𝐶 ≫ 𝐴𝑘𝐵𝑇 the equation (3.4) is approximated as 
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𝑉𝑂𝐶 =

𝐴𝑘𝐵𝑇

𝑞
ln (

𝐽𝑝ℎ

𝐽0
) 

(3.5) 

Under illumination with the carriers in a steady state, the built-up voltage at the contacts is the 

difference between the electron quasi-Fermi level at the electron contact and the hole quasi-Fermi 

level at the hole contact, hence the measurement of quasi-Fermi level splitting (QFLS) is under 

open-circuit condition and serves as the upper limit of open-circuit voltage achievable. 

 

3.2 Cu(In,Ga)S2 absorber layer and device structure 
 

The typical assembly of layers constituting the CuIn1-xGaxS2 device structure, from the top layer 

to the bottom layer, will be discussed in this subchapter. Being that Cu(In,Ga)Se2 is a closely 

associated compound which is years ahead in research, some ideas and knowledge already 

established from Cu(In,Ga)Se2 will also be used to discuss and describe the structure of 

Cu(In,Ga)S2 device.  A depiction of Cu(In,Ga)S2 device structure is illustrated in Fig. 3.2.  

 

 

Figure 3.2: Illustration of the different layers constituting the CuIn1-xGaxS2 device structure.  

 

Substrate: Unlike silicon, which is self-containing, the thin film requires a structural support for 

which the substrate is responsible for. The substrate is an inactive component of the structure which 
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holds the whole device stack. The substrate can either be flexible and lightweight, such as 

polyimide foil, which is often used in low-temperature processes [78-80], or rigid, such as glass 

[81]. The glass of choice in Cu(In,Ga)(S,Se)2 research is the soda-lime glass (SLG), having 

replaced alumina and Corning glass, due to the discovery of the advantageous impact of sodium 

(Na) in Cu(In,Ga)Se2 by Hedstrom et al. in 1993 [82]. SLG has the benefit of unintentionally 

supplying Na, which diffuses into the absorber during the absorber deposition due to SLG 

containing 12-16 % Na2O [83]. SLG is also preferred for its low cost, thermal and mechanical 

stability, and similar thermal expansion as the CIGS thin film [84]. In this thesis report, the SLG 

and a high thermal resistant (HT) glass with much lower Na content were used.  

Back-contact: The back-contact is required to be highly conductive and particularly be a good 

ohmic contact for the majority carrier, i.e., holes in p-type Cu(In,Ga)S2 absorbers, and required to 

have a low recombination for minority carriers. Thin layer of molybdenum (~ 500 nm) is the most 

widely used back contact in Cu(In,Ga)(S,Se)2. Due to its high melting point of ~ 2700 °C, it is 

inactive during the absorber deposition process, it also has a low sheet resistance and allows the 

diffusion of Na into the absorber [81]. However, Mo is a highly recombinative layer for minority 

carriers, as such, bandgap-grading is used to mitigate the high recombination at the back-contact. 

Bandgap-grading is discussed in Section 3.4. In the selenides, it has been shown that a thin ohmic 

contact layer of MoSe2 forms between the molybdenum layer and the back surface of the absorber 

[85, 86]. Detailed analysis on a similar formation of MoS2 in the sulfides is missing, however, 

Brus et al. have shown that the electrical contact at the Mo-CuInS2 interface is ohmic [87]. 

Absorber: As the name suggests, the absorption of photons occurs in the absorber. It consists of 

evaporated elements deposited on the Mo-sputtered SLG, from which the arbitrary nucleation of 

condensing species form the thin film [88]. An absorber is expected to have a high absorption 

coefficient. The Cu(In,Ga)S2 absorber with a tunable band gap of 1.5 eV to 2.45 eV is the subject 

of investigation in this thesis and Chapter 4 to Chapter 6 will be dedicated to discussing the results 

and observations of these investigations. 

Buffer layer: The buffer layer is an n-type semiconductor with a wide bandgap which allows the 

favourable band alignment at the absorber-buffer interface [77]. The buffer layer also prevents 

damages to the absorber surface during the sputtering of transparent front contacts. Cadmium 

sulfide, (CdS) zinc-oxy-sulfide (Zn(O,S)) and zinc-tin-oxide (Zn,Sn)O are buffer layers that have 
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been used in this thesis. Although CdS is the most widely used buffer layer in chalcopyrite solar 

cells, it has an unfavorable band alignment with Cu(In,Ga)S2 absorbers. Zn(O,S) has been shown 

to have a better band alignment with Cu(In,Ga)S2 [89, 90]. 

i-layer and window layer: The trio of buffer layer, i-layer and window layer have high bandgaps 

and are transparent for illuminating photons to reach the absorber. The intrinsic layer is a highly 

resistive layer which also serves as a protective layer covering spots and holes uncovered by the 

buffer layer, which neutralizes and minimize shunting paths in the completed device [91]. The cell 

structure is completed with an n-type transparent conductive layer. The intrinsic layer used is zinc 

oxide layer (i-ZnO) and a highly doped n-type aluminium doped zinc oxide (Al:ZnO) [92]. 

 

3.3 Recombination mechanisms in solar cells 
 

This section is a summary of the most compelling recombination pathways occurring in completed 

heterostructure device such as a solar cell as presented by Scheer and Schock [77]. Detailed 

analyses on recombination mechanisms in solar cells are presented in textbooks, such as [77, 93], 

to which interested readers are referred to for further reading.  

A schematic band diagram of a model illuminated solar cell such as the Cu(In,Ga)S2 device is 

illustrated in Fig. 3.2. The possible recombination paths, which will be briefly described below, 

have also been highlighted.  

After illumination of the solar cell by light source which the window layers are transparent to, if 

the energy of the photon is higher than the bandgap of the absorber, the photon is absorbed and 

there is a generation of electron-hole pair in the absorber. The electron, having acquired energy 

higher than the bandgap, is excited to the conduction band, releases the excess energy to the crystal 

lattice and thermalizes to the band-edges within picoseconds of excitation. The energy lost in this 

process, referred to as thermalization loss (1), is the difference between the absorbed photon energy 

and the bandgap of the absorber. This is a principal loss in single junction solar cells which can be 

mitigated by next generation photovoltaic devices such as multi-junction solar cells [17, 94]. Due 

to the finite lifetime of a carrier in an excited state, the electron recombines radiatively or non-

radiatively. A recombination with the majority charge carriers in which the absorbed photons are 
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spontaneously emitted is a radiative recombination (2) and this is the most desired process in the 

solar cell. After excitation and thermalization, it is important that the photogenerated carriers have 

long enough lifetime to establish a quasi-equilibrium state before they recombine. 

 

Figure 3.3: Depiction of the band alignment of a typical solar cell (e.g. Cu(In,Ga)S2 device) under 

illumination and open-circuit condition. The recombination mechanisms and losses portrayed are 

(1) thermalization loss, (2) radiative recombination (3) transport losses (4) defect recombination, 

(5) tunnel recombination, (6) interface recombination, and (7) contact recombination. The image 

has been taken from the doctoral dissertation of Finn Babbe [95]. 

 

If the minority carrier and diffusivity are low, this leads to transport loss (3) and low 

photogenerated carrier collection. The recombination path (4) and (5) are non-radiative 

recombination as this recombination occurs through deep defects. The recombination at such mid-

gap states is described by Shockley-Read-Hall recombination, which particularly limits the 

performance of photovoltaic devices. The recombination path (5) is additionally increased by 

tunnelling of carriers into defect states. The recombination path at (6) is specific to heterojunction 

solar cells at the interface between absorber and buffer layer, as lattice mismatch or segregation 
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facilitates interface defect states. At the molybdenum-absorber interface, the back contact 

recombination (7) is particularly prominent in absorbers without back-gradient. The recombination 

can be mitigated by adopting graded bandgap. 

 

3.4 Bandgap grading in Cu(In,Ga)S2 

 

The record-breaking Cu(In,Ga)(S,Se)2 solar cells are based on graded bandgap in which the 

bandgap is varied throughout the bulk of the absorber. The bandgap is increased towards the front 

and back surfaces of the absorber from a point of the lowest bandgap referred to as the notch. The 

origin of the gradient is typically a varied concentration of Ga in the absorber since in the selenides, 

it is known that Ga increases the conduction band minimum [96], consequently, this has also been 

demonstrated in the sulfides [97, 98]. It should be mentioned that the bandgap can also be varied 

by a by S-Se substitution [99]. This thesis is limited to the variation of Ga content for bandgap 

gradient. The increase of Ga or bandgap towards the front surface of the absorber aims to reduce 

high surface recombination at the absorber-buffer interface. Ideally, the impact of the front surface 

gradient can be twofold, on one hand, an increase of bandgap in areas of high recombination can 

increase the open-circuit voltage (VOC) while still preserving the short-circuit current (JSC) [77]. 

On the other hand, it has been shown experimentally and theoretically that a strong front grading 

can result in a barrier for photogenerated electrons which leads to reduced JSC [79, 93].  

The increase of the bandgap towards the absorber-Mo interface not only reduces the back surface 

recombination but also creates a gradient which acts as a driving force for photogenerated carriers. 

The effect is similar to the back surface field (BSF) in silicon solar cells [100]. The high bandgap 

at the back of the absorber reduces the diffusion of electrons to the back contact, as such, a reduced 

back-surface recombination. The reduced back-surface recombination together with the bandgap-

gradient improves charge carrier collection at the notch [77, 100-102].  

Bandgap-gradient is typically achieved by taking advantage of the different diffusion rates of 

gallium and indium during absorber growth. In practice, bandgap-gradient can be achieved by 

various methods [103, 104] which includes the multi-stage deposition methods described in 

Section 3.6.   
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3.5 Solar cell operation: current-voltage characteristics  
 

The working principle of solar cells is well described in references [48, 51]. The standard 

parameters used to characterize the performance of a solar cell are conversion efficiency (η), short 

circuit current (𝐽𝑆𝐶), open-circuit voltage (VOC) and fill factor (FF). The parameters are highlighted 

in Fig 3.4. The parameters are extracted from current-voltage (I-V) measurements with 

characteristics as shown in Fig 3.4, considering the ideal characteristics of the solar cell in the dark 

(without illumination) and under illumination. The solar simulator in the IV setup is set to emit 

approximately the AM1.5 solar spectrum which is equivalent to incident power of 1000 W/m2.  

 

Figure 3.4: Example of a current-voltage (I-V) curve under dark and under AM1.5 illumination.  

 

The efficiency (η) of the solar cell is the fraction of the maximum power density (Pmax) generated 

by the solar cell to the incident power density (Pin). Pmax is the product the current density (Jmp) 

voltage (Vmp) at the maximum power point as depicted in Fig. 3.4. The fill factor is the ratio of the 
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maximum power density, that is, 𝑃𝑚𝑎𝑥 = 𝐽𝑚𝑝 × 𝑉𝑚𝑝, to the product of product of VOC with JSC. In 

essence FF can be visualized as a measure of the squareness of the I-V curve as shown in Fig. 3.4. 

The relationship between the efficiency and the other parameters used to characterize the solar cell 

is given by 

 
𝜂 =

𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐽𝑚𝑝 × 𝑉𝑚𝑝

𝑃𝑖𝑛
=

𝑉𝑂𝐶 × 𝐽𝑆𝐶 × 𝐹𝐹

𝑃𝑖𝑛
 

(3.6) 

 

3.6 Deposition of Cu(In,Ga)S2 absorbers 
 

This section describes the physical vapour deposition (PVD) system and procedures used in 

growing the polycrystalline absorbers investigated in this thesis. The CuInS2 absorbers which are 

investigated in Chapter 4 were grown by Alberto Lomuscio using either the one-stage or the two-

stage deposition process in a different PVD system (colloquially referred to as Calimero in the 

LPV). The detailed description of the machine and how the absorbers were grown can be found in 

the doctoral dissertation of Alberto Lomuscio [26]. For all the CuGaS2 and Cu(In,Ga)S2 samples, 

they were grown in a new PVD system, referred to as (sulfur) S-PVD which will be briefly 

described in this section 3.6.1. The CuGaS2 absorbers were grown solely by the one-stage 

deposition method; a two- or three-stage growth of this material will require a dedicated 

optimization procedure which was not within the scope of this research. Lastly, the Cu(In,Ga)S2 

samples were processed by either of the one-, two- or three-stage deposition methods.  

The deposition processes will be described with respect to the growth of CuGaS2 and Cu(In,Ga)S2 

absorbers. However, the descriptions should be applicable to CuInS2 absorbers or any other type 

of absorbers to be processed in this system, albeit with minor modifications. The substrate on 

which the Cu(In,Ga)S2 absorbers were deposited is the SLG while the CuGaS2 absorbers were 

rather deposited on high thermal resistant glass, which will be referred to as HT-glass. 

Section 3.6.1 describes the S-PVD in which the absorbers were synthesized. The growth process 

of CuGaS2 and Cu(In,Ga)S2 absorbers are specifically presented in Section 3.6.2 and Section 3.6.3 

respectively. 
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3.6.1 The physical vapour deposition system (S-PVD) 
 

The background on physical vapour deposition processes described here follows the textbooks by 

Mattox [105] and Harsha [106], and interested readers are referred to the books for further reading. 

Physical vapour deposition (PVD) procedures are depositions of atomic proportions in which 

substances, such as liquid or solid sources, are vaporized in atomic or molecular form and then 

transported through vacuum or low pressure atmosphere to a substrate where they condense [105]. 

The thermal evaporation is usually executed by means of thermally heated sources like cermanic 

crucibles with tungsten wire coils or by high energy electron beam, while the substrates are 

mounted at a considerable distance from the evaporation source to lessen the effect of radiant 

heating of the substrate by the vaporization source [105].  

 

 

Figure 3.5: Picture (front view) of the physical vapour deposition system used for growing the 

absorbers investigated in this thesis. The pumps, cold trap and cooling system are at the back. 



50 
 

A picture showing the front parts of the (sulfur) physical vapour deposition system (S-PVD) used 

to grow some of the absorbers investigated in this thesis is shown in Fig. 3.5. There are other 

machineries behind which are not shown in the picture. The S-PVD was developed by Plassys 

Bestek with parts such as the sulfur source by Nano4energy and Gencoa. The principal component 

of the PVD is the evaporation chamber where the deposition processes occur. The chamber also 

houses the evaporating thermal sources, the substrates and heater, several sensors, detectors and 

gauges to monitor the absorber growth processes and conditions of the chamber.  

Before viewing the interior of the S-PVD chamber, it is worth mentioning other supporting 

modules which make up the S-PVD system.  

As seen in Fig. 3.5, the sulfur source is externally mounted on the side of the chamber. It consists 

of a heating element which heats the sulfur containing crucible. The sulfur vapour is fed into the 

main evaporation chamber via an injector through a quartz tube. The control of the sulfur flux is 

by a ball valve which can be regulated by a chamber pressure or sulfur sensor feedback loop. There 

is also an injector fitted with a thermal cracker which can thermally crack large sulfur molecules 

into smaller sulfur species.  

The loadlock is a small chamber which can be brought under vacuum within a short period. It is 

used for temporarily storing and transferring substrates from the atmospheric pressure into the 

evaporation chamber without breaking the chamber pressure.  

The Pumps and cold trap, not seen in the picture, are used to purge the evaporation chamber of 

gases and maintain the evaporation chamber under low pressure or vaccum. The base pressure in 

the evaporation chamber reaches approximately 1.0 × 10−7 mbar. The evaporation chamber is 

directly connected to a cold trap, which is brought to low temperatures by a cooling unit that can 

maintain low temperature between -36 °C to -40 °C, then to the turbo pump and finally the rough 

pump. The cold trap is necessary to capture evaporants, mostly sulfur, which did not condense on 

the water-cooled walls of the evaporation chamber. 

The controller unit is the frame hosting all the controllers for the components used to bring the 

S-PVD into operation. The components include the substrate heaters, evaporation sources, sulfur 

sources (crucible, valve, injector) and so on.  
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Fig. 3.6 shows the interior of the evaporation chamber of the S-PVD system. There are shields 

lining the walls of the chamber. At the top of the chamber is the support around the substrate 

heater, which is made of Pyrolytic Boron Nitride (PBN). The temperature of the heater can be 

increased up to a set temperature of ~ 800 °C. Beneath the heater is the sample holder held by a 

rotating substrate holder and a substrate shutter to prevent deposition of evaporants on the 

substrates when not needed. The substrate holder can be rotated to improve homogeneity during 

the deposition process. 

The equilibrium vapour pressure of a substance is its vapour pressure when it is in equilibrium 

with the solid or liquid surface in a closed vessel. At equilibrium, the number of atoms leaving the 

surface is the same as the number of atoms returning. With the vessel at a constant temperature, 

the elements outflowing through the opening depend on the pressure differential. As the 

environment outside the opening is vacuum, and the rate of elements leaving the substance is 

known, the equilibrium vapor pressure of the substance in the vessel can be calculated. Different 

materials have different vapour pressures and since the vapour pressure exerted by each 

evaporating substance is important, it is important to monitor the chamber conditions during 

absorber deposition. The flux of the evaporated source is monitored by electron impact emission 

spectroscopy (EIES) and quartz crystal microbalance (QCM). The QCM, not pictured in Fig. 3.6, 

is a piezoelectric device based on a quartz crystal which oscillates at a resonant frequency. It is 

surface-sensitive and detects changes in mass deposits by changes in the resonance frequency, 

which is in turn correlated with the deposition rate. It is used to quantify the deposition rate of 

copper, indium and gallium. The EIES is also used for measuring the vapour flux density of each 

element by measuring the distinctive photon emission of the evaporated copper, indium and 

gallium. 

The S-PVD is also equipped with a beam flux monitor (BFM) which can measure the partial 

pressure from the sources and the chamber pressure, however; the BFM was not used at the time 

of these investigations. BFM is an ionizing gauge in which electrons emitted from the cathode 

accelerate towards an anode, as such, positive ions are formed when the electrons collide with 

atoms. The ionization rate is proportional to molecular density, hence the pressure. 

The chamber pressure was measured with Pirani and Penning gauges. The Pirani gauge is a thermal 

conductivity gauge used to measure high pressures, while the Penning gauge is also an ionization 
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or cold cathode gauge used to measure low pressure. The sulfur vapour pressure is measured by a 

lambda sensor from Gencoa which has been adapted to sense group six elements. Lambda sensors 

have been typically used with catalytic converter as an oxygen sensor in a vacuum and in cars. The 

device has a Zirconium-dioxide sensing element that is enclosed in a steel shell which is connected 

to a platinum electrode. The top of the lambda sensor is introduced into the evaporation chamber, 

as sulfur molecules in the chamber contact the sensing component, oxygen flowing in through the 

tail-end outside the chamber are heated to generate ions. The difference in concentration between 

the sulfur molecule detected by the sensing element and the oxygen generates a potential 

difference, which is then be translated as the sulfur vapour pressure.  

 

 

Figure 3.6: Picture of the interior of the S-PVD system. 

 

A pyrometer is used to measure the surface temperature of the absorber during the deposition 

process. It works by detecting the energy radiated from the absorber surface. The pyrometer was 
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used to monitor the evolution of phases during the absorber growth. The use of the pyrometer in 

this capacity will be further discussed in section 3.6.3. 

At the bottom of the chamber are five thermal vapourization sources (crucible containers) with 

their respective shutters. The crucible containers may hold large quantities of liquified evaporants 

although the distribution of the vapour flux will change as the level of the liquified substance also 

changes. Metallic containers have the drawback that they are often wetted by the liquefied 

substance which can spread to unwanted areas. To prevent wetting, a liner can be used along a 

crucible. Liners are generally made from pyrolytic graphite, pyrolytic boron nitride, BN/TiB2, 

BeO, Al2O3, etc. and have poor thermal conductivity. The heating is by RADAK and OLED 

furnaces and can reach temperatures of 1400 °C. Each thermal source is equipped with alumina 

crucible and with a PBN liner, together with thermocouples at the bottom of the crucibles.  

The injector which encases the quartz pipe connected to the sulfur source acts as the sulfur outlet. 

It has heating elements which can be heated to 850 °C and used to thermally crack/break sulfur 

molecules. A supplemental sulfur source heater has also been installed in the PVD chamber. It is 

limited by size and the ability to control the sulfur flux by only the heating temperature. 

 

3.6.2 Co-evaporation of CuGaS2 (single-stage deposition) 
 

The CuGaS2 absorbers investigated were all processed by the single-stage deposition process in 

which, at constant fluxes, all the individual elements are simultaneously evaporated during the 

absorber deposition. The single-stage deposition profile is simply illustrated in Fig. 3.7. The 

depiction shows both the source temperatures and elemental fluxes in dependence of deposition 

time, however the most important factor controlling the desired compositional ratio of the final 

absorber are the elemental fluxes during the growth process, and the fluxes are dependent on the 

source temperature. The phase evolution during the growth of the absorber in the one-stage 

deposition does not require monitoring, as the final composition is dictated by the elemental fluxes 

set during the deposition process. The desired fluxes are determined before the deposition by 

calibrating the elemental fluxes to source temperature using the EIES. The maximum of four Mo-
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covered HT-glass substrates are placed on the molybdenum or pyrolytic quartz sample holder and 

loaded unto the substrate holder in the PVD through the transfer loadlock.  

 

 

Figure 3.7: Schematic representation the temperature and flux profile used in the single stage 

deposition process in the growth of Cu(In,Ga)S2 absorbers. For the deposition of CuGaS2 

absorbers, indium is not evaporated, similarly for the deposition of pure CuInS2 absorbers, gallium 

is not evaporated.  

 

The substrate shutter is closed to prevent residual surfactants during the degassing and heating of 

both substrate and thermal sources. To improve the homogeneity of the absorbers during the 

growth process, the rotation of the substrate holder is immediately initialized to rotate at 4-8 

revolutions per minute (rpm). 

The substrate heater temperature is ramped up at 20-30 °C/minute to the set temperature of 600 

°C, and held at this temperature for 30 minutes to clean and to degas the surface of the substrate. 

The actual substrate temperature corresponding to this set temperature can be found in the 
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Appendix 2. The influence of substrate temperature on CuGaS2 will be presented in Chapter 5. 

Concurrently, the temperatures of the thermal sources are also ramped up during this time. Due to 

the volatility of sulfur, the temperature of the sulfur source is increased in steps of 15-20 °C to 

approximately 90-120 °C. If not already done, the fluxes of copper and gallium may be measured 

or calibrated since the level of the molten source in the crucible influences temperature-dependent 

flux. After the substrate-cleaning period, the deposition process begins with a pre-deposition 

sulfurization process by opening of the valve of the sulfur source and the substrate shutter while 

the shutter of copper and gallium remain closed. The pre-deposition sulfurization process enables 

the formation of an ohmic contact of a thin MoS2 layer between Mo and the CuGaS2 at the back 

of the absorber. To minimise pressure fluctuation in the chamber, the sulfur vapour pressure during 

sulfurization is the same as that which will be used during the absorber deposition. Generally, the 

temperatures of the Cu and Ga thermal sources are lowered by about 200 °C during the 

sulfurization period to prevent the evaporation of Cu and Ga when not required, but this also 

ensures that the Cu and Ga fluxes do not drastically change from the beginning to the end of the 

deposition period. Towards the end of the sulfurization period, the temperature of the Cu and Ga 

thermal sources are increased to the temperature matching the desired fluxes earlier calibrated. 

Thereafter, the copper and gallium shutters are opened under the sulfur atmosphere for the growth 

of the CuGaS2 absorber layer. For the duration of the deposition process, all the sources’ 

temperatures are kept constant. The chamber pressure is kept constant by the close-feedback loop 

which adjusts the sulfur flux to maintain a stable chamber pressure. The duration of deposition is 

approximately two hours and results in the absorber thickness of ~ 2-2.5 µm. The absorber 

deposition is terminated by closing the shutters and initiating the cooling down of both copper and 

gallium thermal sources. The cooling down of the substrate heater is also set between 20-30 

°C/minutes while the sulfur vapour pressure is kept at the same level as during the absorber growth 

until the substrate is cooled down to about 200 °C. Since a high chalcogen vapour pressure is 

needed to grow CuGaS2 absorber layer, a high sulfur vapour is maintained to avert sulfur re-

evaporation from the grown absorber during the cooling down process [107, 108]. Additionally, a 

high sulfur vapour pressure during cool down is important for absorbers processed under copper 

excess condition because it enables the transformation of Cu2S to CuS, otherwise, the 

unavailability of surface sulfur in the absorber for the formation of a secondary phase enhances 
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the formation of surface defects [109]. The flow of sulfur is stopped after 300 °C and cooling of 

the samples continues until 200 °C, after which they are removed from the evaporation chamber.  

 

3.6.3 Co-evaporation of Cu(In,Ga)S2 (two-stage and three-stage deposition) 
 

Almost all Cu(In,Ga)S2 absorbers investigated were processed by either the two-stage or three-

stage deposition process. The exception is in section 6.1 where some absorbers were deposited by 

the single-stage method. The description for the growth of such absorbers will not be repeated here 

as it can be found in Ref [110], however, for a single stage deposition of Cu(In,Ga)S2, the 

procedure follows the one-stage deposition procedure described above with the simultaneous 

evaporation of Cu, In and Ga under the sulfur atmosphere. 

Additional points to note are that the more intricate three-stage deposition method is a continuation 

of the two-stage deposition method, hence, the two-stage deposition method will not be exclusively 

described, rather the explanation of the three-stage deposition method will be presented, however, 

an explanation of the termination of the two-stage deposition will be given. Furthermore, it will be 

shown in section 6.2 that for high Ga containing Cu(In,Ga)S2 absorbers, the evaporation of Ga at 

the third stage of deposition requires some precautions.  

The substrates, which in this case are Mo-sputtered SLG, are loaded onto the substrate holders and 

into the PVD as described in the one-stage deposition above. Fig. 3.8 depicts the three-stage 

deposition profile followed in part or wholly. The deposition process begins with the degassing 

and ridding of the Mo-surface of residual surfactants at a set temperature of 450 °C, higher than 

the first stage deposition temperature. This initial high temperature was not necessary in the one-

stage deposition process, since the substrate temperature is high enough to remove adsorbents from 

the Mo-surface. After about 30 minutes of the cleaning phase, the substrate temperature is reduced 

as illustration in Fig. 3.8 to the set temperature for the first-stage deposition. In the entirety of this 

work, different first stage set substrate temperatures between 180-350 °C which corresponds to 

actual temperatures of ~ 260-435°C have been used (see Appendix 2). Next, the pre-deposition 

sulfurization step is performed for about 30 minutes under the sulfur vapour pressure to be used in 

the first stage deposition step. The absorber growth begins when the indium and gallium shutters 

are opened along with sulfur, which is already flowing into the evaporation chamber. In the first 
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stage, the (InxGa1-x)2S3 precursor layer makes up approximately 90 percent of the indium and 

gallium content in the final Cu(In,Ga)S2 absorber. The thickness of ~ 1.7 um is targeted in this 

stage after about 60 minutes of deposition. To end the first stage deposition step, the indium and 

gallium shutters are closed, and the Cu shutter is opened as the substrate set temperature is ramped 

up to 490 °C at rates between 20-40 °C/minutes; thus, marking the beginning of the second stage 

deposition step. The influence of different heat ramping rates is discussed in Section 6.4.4.  

 

Figure 3.8: Depiction of the deposition profile followed in the three-stage growth process of 

Cu(In,Ga)S2 absorber layers. The two-stage deposition process is without the third stage. The time 

is arbitrary and changes with the desired absorber thickness, desired compositional ratio and many 

more factors. 

 

In the second stage, Cu reacts and diffuses through the (InxGa1-x)2S3 precursor layer as the Cu-

content in the gradually evolving CuIn1-xGaxS2 phase progresses. The most important point during 

the second stage of deposition is the first stoichiometric composition point at which the [Cu]/[III] 

ratio is approximately 1, after which the Cu-rich regime begins with the formation of secondary 
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CuxS phase. This is marked by an increase in the emissivity of the surface which is being detected 

by the pyrometer [111]. The metallic nature of the secondary CuxS phase means that the surface 

emissivity of the absorber increases, which leads to higher heat dissipation from the surface of the 

absorber. This higher emissivity is also reflected in the output power of the substrate heater since 

it increases to maintain the constant temperature of the substrate heater. For a two-stage deposition 

process, the duration or amount of the excess Cu deposited after this first stoichiometric point will 

determine the final [Cu]/([Ga] + [In]) ratio of the Cu(In,Ga)S2 absorber. Cu-excess deposition 

times up to 15 minutes have been explored in this study. Shutting off the Cu shutter to stop the Cu 

flux completes the end of the second stage deposition or the two-stage deposition process. 

 

In the case of a three-stage process, indium and gallium are deposited again after the Cu excess 

deposition, during which there is a recrystallization of the excess Cu by In and Ga. Since the 

surface emissivity of the absorber reduces, the pyrometer “temperature readout” reduces, as does 

the output power of the substrate heater. The influence of the Cu excess before the third-stage 

deposition has also been investigated in this thesis. At the end of Cu recrystallization, a second 

stoichiometric point is crossed. The continual deposition of In and Ga after this second 

stoichiometric point determines the final [Cu]/[III] composition. After the desired deposition time, 

the indium and gallium fluxes are halted, and the absorbers are cooled at the rate of 20 °C/minutes 

under sulfur atmosphere to 200 °C in a similar manner as described in subsection 3.6.2. 
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Chapter 4 

Why does the QFLS of CuInS2 absorbers 

improve with temperature and composition? 

 

This Chapter 4 is already published [112] and is taken verbatim with minor modifications. This is 

highlighted by a report of this chapter in a different text font.  

 

4.1 Effect of deposition temperature and composition on QLFS of 
CuInS2 
 

In comparison to its selenide counterpart, Cu(In,Ga)S2 still suffers from a high open-circuit 

voltage deficit, that is, voltage loss relative to bandgap, ~ 600 mV compared to ~ 360 mV in 

Cu(In,Ga)Se2 [25, 113].  However, Hiroi et al. have achieved a high efficiency Cu(In,Ga)S2 

solar cell with absorbers processed at high temperature deposition [24, 113]. To understand 

the influence of the deposition temperature, previously, we have shown, for CuInS2 (without 

Ga), that the main enhancement from a higher deposition temperature stem from reduced 

non-radiative recombination in the absorber, because we observed an increased quasi-

Fermi level splitting with higher deposition temperature (QFLS) [27, 114]. Additionally, we 

have shown that for a set deposition temperature, there is an increase in QFLS with higher 

Cu-excess, i.e., integral composition of [Cu]/[In] > 1. [27, 114] We could show that the higher 

QFLS goes along with the reduction of a deep defect [27]. Therefore, it was assumed that 

the QLFS improvement is due to the reduced density of recombination centers, which will 

increase the minority carrier lifetime. QFLS gives insight into the quality of the absorber 

without and before the intricacies of completing the device. As such, it serves as an upper 

limit for the open-circuit voltage in solar cell devices [51, 115].  



60 
 

The minority carrier lifetime is one of the essential parameters used for characterizing doped 

semiconductor materials for solar cell [116]. It is a measure of device quality by quantifying 

the rate of recombination and it is directly related to device efficiency [117-119]. 

Cu(In,Ga)S2 features very short lifetimes of hundred picoseconds [120] when compared to 

Cu(In,Ga)Se2 where lifetime can range from tens to hundreds of nanoseconds [118, 119, 

121]. Shorter minority carrier lifetimes indicate a higher concentration of minority carriers 

and thus a higher electron Fermi level  𝐸𝐹,𝐶, which in turn increases the QFLS. 

The dependence of many device properties and performance on doping concentration 

makes it an important material property. Established techniques of obtaining the dopant 

concentration in thin-film solar cells include capacitance−voltage (CV) measurements or 

Hall measurements [47, 122, 123]. Doping concentration has a strong influence on the 

QFLS of an absorber. In a p-type CuInS2 absorber, with a higher number of acceptors than 

donors, any changes in doping concentration will change the position of the hole Fermi level 

(𝐸𝐹,𝑉), thereby changing the QFLS.  

b  

Figure 4.1: Illustration of the positions of the Fermi energy levels with respect to: (a) a 

reduction of recombination centers (higher electron Fermi level) (b) higher doping 

concentration (lower hole Fermi level). 

 

The effect of changes in Fermi levels with changes in the density if recombination centers or 

doping level, which in turn results in changes in QFLS, are illustrated in Fig. 4.1. Fig. 4.1a 

shows the case of a reduced density of recombination centers: with the quasi-Fermi levels 
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split, the position of the electron Fermi level 𝐸𝐹,𝐶  will shift higher to 𝐸′
𝐹,𝐶  as s–own here - 

and it is assumed that everything else remain unchanged. This shift of 𝐸𝐹,𝐶  will in turn 

increase the QFLS. Rather, as shown in Fig. 4.1b, as the doping concentration increases and 

no change in the density of recombination centers, the hole Fermi level (𝐸𝐹,𝑉) moves closer 

to the valence band, which in turn increases the QFLS. 

 

In this report, the cause of the improvement in QFLS with growth temperature and Cu 

content for Cu-rich CuInS2 absorbers by means of photoluminescence measurements is 

probed [115, 124]. By using information derived from time-resolved and calibrated 

photoluminescence (PL) measurements, which yield the effective minority carrier lifetime 

and QFLS respectively, we investigate if the improved QFLS is due to less recombination or 

higher doping concentration. All PL measurements are excited by a laser that is absorbed 

within the first nm of the μm thick films, thus an influence of differences in the absorptivity 

can be excluded. 

 

4.2 Preparation of samples and details of experimental procedures 
 

The absorber layers studied were deposited by co-evaporation under Cu excess condition 

i.e, integral composition of [Cu]/[In] > 1, denoted as Cu-rich. The absorbers form 

stoichiometric CuInS2 with Cu/In ratio ≈ 1, and copper sulfide (CuxS) secondary phases. 

[125] The CuxS phase was removed by potassium cyanide (KCN) etching leaving an almost 

stoichiometric absorber. [125] Details of the deposition process can be found in reports by 

Lomuscio et al [27, 114]. Unlike the selenides, e.g. CuInSe2, the absorbers do not degrade 

in air and did not require cadmium sulfide (CdS) coating to prevent degradation [27, 126]. 

In time-resolved photoluminescence (TRPL) measurement, a laser pulse excites electron-

hole pairs in the absorber and the photoluminescence is recorded in time. The TRPL 

measurements were performed by time-correlated single photon counting (TCSPC) [127]. 

Excitation was supplied by an 85 ps pulsed laser of 638 nm wavelength at a repetition rate 
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(𝑓𝑟𝑒𝑝) of 20 MHz. The diameter of the focused beam was ~ 45 μm. The PL emission was 

detected with a high-speed photomultiplier with an integrated amplifier. As illustrated in Fig. 

4.2a, all measurements were at the PL emission peak ~ 820 nm, with the integrated 

monochromator bandwidth of 45 nm to accumulate an adequate number of photons for all 

the samples at the same measurement condition. The number of excess minority carriers 

was approximately 7.6 × 1016 cm-3.  This is determined by calculating the number of 

photons per pulse, assuming that all the photons are absorbed and generate excess carrier 

pairs, which are then evenly distributed over the absorption length. That is, ∆𝑛 = 𝛼 ∙

𝑃0 (𝑓𝑟𝑒𝑝 ∗ 𝐴𝑏𝑒𝑎𝑚 ∗ 𝐸𝑝ℎ𝑜𝑡𝑜𝑛⁄ ), where ∆𝑛, 𝛼, 𝑃0, 𝑓𝑟𝑒𝑝, 𝐴𝑏𝑒𝑎𝑚 and 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 are the excess minority 

carriers, absorption coefficient, average laser power, repetition rate, beam area and photon 

energy respectively. The absorption coefficient of CuInS2 at the wavelength of the pulsed 

laser, was estimated as 6.5 × 104 cm-1 [77].   We aim at low injection conditions, where the 

excess carrier concentration (∆𝑛) is less than the equilibrium hole density (𝑝0), i.e. ∆𝑛 ≪ 𝑝0, 

because in this case the PL  decay time is solely determined by the minority carrier lifetime 

[128]. On the other hand, in a high injection condition ∆𝑛 ≫ 𝑝0 and the PL decay time is 

determined by both, minority and majority carrier lifetimes [128, 129]. In this work, the 

excess carrier density is close to the low-injection condition, lower than the typical doping 

concentration of ~ 1017 cm-3 for Cu-rich CuInS2 [130, 131]. Excitations at lower injection 

levels were not possible due to the weak luminescence of the absorbers, which led to a low 

signal to noise ratio. To account for uncertainty in TCSPC, we also measure the instrument 

response function (IRF) of the set-up. The measured decay curve, 𝑀(𝑡) is a convolution in 

time t of the luminescence decay 𝐷(𝑡) and the 𝐼𝑅𝐹(𝑡), i.e., 𝑀(𝑡) = ∫ 𝐼𝑅𝐹(𝑡′)𝐷(𝑡 − 𝑡′)d𝑡′𝑡

0
 

[130]. The luminescence decay 𝐷(𝑡) is recovered and fitted using a commercial software 

from Edinburgh Instruments.  

The luminescence decay for an ideal semiconductor is characterized by a single exponential 

decay [116]. However, CIGS absorbers often feature a multi-exponential decay which can 

be described as an overlay of several decay times [119]. In this work, background signal 

from the dark count is subtracted, after which the effective lifetime is extracted from the 

luminescence decay curve by a triple-exponential fit  
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𝐼𝑃𝐿(𝑡) = ∑ 𝐴𝑖exp (−
𝑡

𝜏𝑖
)

𝑖

(4.1) 

where 𝐼𝑃𝐿(𝑡) is the intensity at a time t after the laser pulse, 𝐴𝑖  decay amplitude and 𝜏𝑖 the 

decay times for each 𝑖 = 1, 2 ,3. The effective lifetime is then a weighted-average 𝜏𝑎𝑚𝑝 

defined as, 𝜏𝑎𝑚𝑝 = ∑ 𝐴𝑖𝑖 𝜏𝑖 ∑ 𝐴𝑖𝑖⁄  [132]. The weighted-average method takes does not give 

information of the different decay channels, but it allows for a comparison of samples.  

 

Figure 4.2: Exemplary photoluminescence curves. (a) Spectrum of a Cu-rich CIS showing 

the range accounted for by the monochromator bandwidth. (b) Normalized measured time-

resolved decays on absorbers with growth temperature of 550° C (dotted line), 590 °C 

(dashed line) and 650 °C (solid line). 

 

For a calibrated measurement to determine the QFLS, the PL experiment is performed using 

a 660 nm continuous-wave (CW) laser for optical excitation. Two corrections, namely 

spectral and intensity, are applied to the raw PL data measured by a steady state excitation. 

The spectral correction is applied with a commercial calibrated halogen lamp. The intensity 

correction entails the measurement of the laser beam diameter with a charged-couple 

device (CCD) camera and the laser power by a photodiode power meter. The incident photon 

flux is then calculated and adapted to twice the AM 1.5 solar spectrum photon flux above 

the bandgap. The room-temperature bandgap for the samples was ~ 1.51 eV.  
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An equivalent illumination of “1 sun” is used on the samples. The corrected (and now 

calibrated) spectra are transformed to the energy domain and evaluated using Planck’s 

generalized law [53], which describes the energy dependence of the PL yield as a function 

of absorptivity, temperature, and QFLS. The QFLS is extracted from a fit of the sufficiently 

high-energy wing of the PL spectra where absorptivity is assumed to be unity [133], More 

details on QFLS evaluation can be found in the supplemental detail reported by Babbe et al. 

[134]. 

 

4.3 Influence of growth properties on optoelectronic quality and 
lifetime of CuInS2 
 

The influence of the integral composition and growth temperature on quasi-Fermi level 

splitting of Cu-rich CIS absorbers have been reported by Lomuscio et al. [114]. The results 

of the different growth parameters and composition on lifetime are presented and discussed 

here. 

 

4.3.1. Effect of growth temperature on the QFLS and effective lifetime of 
CuInS2  
 

To investigate the impact of growth temperature on the rate of recombination, lifetime 

measurements were carried out on three absorbers with similar Cu/In ratio of 1.8, but 

different growth temperatures of 550 °C, 590 °C and 650°C. The decay curves are shown in 

Fig. 4.2b. It can be seen that, there is no change in the decay curves for the three absorbers. 

Upon evaluation, the extracted lifetime is about 200 ps. This is an indication of a faster rate 

of recombination in the CIS absorbers compared to the selenides. Nonetheless, the similarity 

in the effective lifetime shows that the difference in growth temperature has no significant 

influence on the rate of recombination of minority carriers in the different absorbers. Details 
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of the QFLS and lifetime of the absorbers are presented in Table 4.1 from which it is seen 

that there is a clear increase in QFLS with increasing growth temperature, but the lifetime 

does not change. The dependence of QFLS on Cu/In has also been reported by Lomuscio et 

al. [114]. It was shown that there is an increase in QFLS with higher Cu-excess. Here, the 

Cu-rich absorbers with a Cu/In ratio from about 1.1 to 1.8 are investigated. In Fig. 4.3a, the 

QFLS and the effective lifetimes are plotted against the corresponding Cu/In ratio.  

Table 4.1: Summary of the QFLS and lifetime on absorbers with [Cu]/[In] = 1.8 

Sample Growth temperature QFLS Lifetime 

A 550 °C 806 meV 197 ± 35 ps 

B 590 °C 839 meV 209 ± 32 ps 

C 650 °C 875 meV 208 ± 33 ps 

 

4.3.2 Quasi-Fermi level splitting and effective lifetime on Cu-rich CuInS2 
absorbers  
 

For absorbers processed at 650 °C (black dots), there is a clear increase of more than 40 

meV in QFLS with increasing Cu/In ratio, but the lifetime does not show a corresponding 

increase. In fact, the lifetime scatters around 200 ps. For the high Cu/In ratios, different 

growth temperatures are shown. Again, the QFLS increases with growth temperature, 

whereas the lifetimes scatter around 190 ps.  

The origin of this indiscriminate distribution becomes obvious in Fig. 4.3b where the decay 

times 𝜏1, 𝜏2 and 𝜏3 are plotted with respect to the QFLS measured on the same sample. The 

times 𝜏1 and 𝜏2 are ~ 30 ps and ~ 200 ps respectively, and not correlated with QFLS. 𝜏1 and 

𝜏2 are responsible for the main part of the observed decays. 𝜏3 arises from the decay tail 

where the influence of noise becomes much more important and thus 𝜏3 even more 

randomly distributed between 400 ps and 800 ps. Regardless of the growth temperature or 

Cu/In of the absorbers studied, the lifetime is always the same. This indicates that, the 

improved QFLS is not due to reduction in the rate of recombination. Thus, an increase in 
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doping with higher Cu/In ratios or higher growth temperatures must be the reason for the 

increase in QFLS.   

 

  

Figure 4.3: (a) QFLS (filled) and lifetime (open) plotted against Cu/In ratio for absorbers with 

different growth temperatures of 550° C (blue), 590 °C (red) and 650 °C (black). The quasi-

Fermi level splitting data of growth temperature 650 °C has been shown previously by 

Lomuscio et al. [114]. (b) The distribution of the different decay times 𝜏1, 𝜏2 and 𝜏3 are 

plotted against QFLS. 

 

 

4.4 Doping level and quasi-Fermi level splitting on CuInS2 
 

Here, the effect of doping concentration on QFLS is studied. The estimation of doping 

concentration from the measurement of the QFLS and the lifetime is described. In a p-type 

absorber where the majority carrier are holes, the minority carrier can be generated by an 

external source, and it is possible to estimate the electron concentration from the photon 

flux (𝜙) on the absorber. Since the QFLS is measured under steady state excitation, the 

generation rate is considered for a steady state light source. For the excitation source, it is 

assumed that every photon is absorbed and generates an electron-hole pair. Then the excess 
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carrier concentration can be determined from the lifetime. Assuming that the diffusion 

length of the charge carrier is large enough to achieve a constant carrier concentration over 

the film thickness, the charge carriers diffuse throughout the thickness (𝑑) of the absorber, 

then the excess carrier concentration is  

𝛥𝑛 =
𝜙𝜏

𝑑
 (4.2)

and the charge balance is 𝑛𝑝 =
𝜙𝜏

𝑑
𝑁𝐴, with 𝑛, 𝑝 and 𝑁𝐴 being the electron concentration, 

hole concentration and doping concentration respectively. Then, the dependence of doping 

concentration on the quasi-Fermi level splitting is  

𝜙𝜏

𝑑
𝑁𝐴 = 𝑛𝑖

2 exp (
∆𝐸𝐹

𝐾𝐵𝑇
) (4.3) 

where, 𝑛𝑖  is the intrinsic carrier concentration, ∆𝐸𝐹 is the quasi-Fermi level splitting, 𝐾𝐵 is 

the Boltzmann constant and T is the temperature in Kelvin.  The electron and hole effective 

masses of 0.16𝑚0 and 1.3𝑚0 respectively, 𝑚0 being the free electron mass, for CuInS2 as 

given by Binsma et al [135]. to calculate the intrinsic carrier concentration are utilized. 

These constants, together with the measured opto-electronic quantities of effective lifetime 

and QFLS, allows the estimation of the doping concentration of the p-type absorbers. 

The calculated doping concentration is plotted against the Cu/In ratio in Fig. 4.4. It can be 

observed that, the plot mirrors the Fig. 4.3a where QFLS is plotted against Cu/In ratio. We 

expect this correlation when the lifetime is constant, since then the QFLS is proportional to 

the logarithm of the doping concentration. For samples A, B and C with similar Cu/In ratio of 

1.8, the doping concentration is seen to increase with the growth temperature. To support 

these series of calculations, doping concentration was also estimated from a CV 

measurement, performed on finished devices. Due to shunting, it was not possible to do a 

CV measurement on all the absorbers. However, it was found that; the absorbers processed 

at 650 °C, with Cu/In ratio higher than 1.4, have doping concentration in the order 1017 cm-

3, while those absorbers with Cu/In ratio ~ 1.3 or lower were in the order of 1016 cm-3. These 

observations show that, the increase of QFLS with growth temperature or with Cu/In ratio 

results from higher doping concentration and not from a decrease in recombination rate. 
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Figure 4.4: Estimated doping concentration on the different absorbers plotted against the 

Cu/In ratio. The absorbers labelled A, B and C with Cu/In ratio of 1.8 were processed at 

temperatures of 550°C, 590°C and 650°C respectively.  

 

To summarise this chapter, the cause of improvement in QFLS with higher deposition 

temperature and higher Cu/In ratio in Cu-rich CuInS2 absorbers has been studied. We 

showed that, although a higher absorber processing temperature and a higher Cu/In ratio in 

Cu-rich CuInS2 absorbers lead to a significant improvement in the QFLS, these parameters 

do not influence the effective lifetime. Rather, the improvement in QFLS with growth 

temperature and Cu/In ratio, results from an increase in doping concentration, which 

expectedly shifts the position of the hole Fermi energy level lower and closer to the valence 

band. Although we previously saw a lower density of deep defects, the minority carrier 

lifetime is not affected by the changes in deposition temperatures and Cu/In ratio. As such, 

to optimize CuInS2 solar cells for higher efficiency, it is still necessary to reduce the 

recombination channels that reduces the effective lifetime.  
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Chapter 5 

Defects in wide-gap CuGaS2 
 

Cu(In,Ga)S2 (CIGS) is not only a promising material for a single junction solar cell, but also a 

strong candidate as a top cell in tandem applications to absorb high-energy photons of the solar 

spectrum [15, 23]. Nevertheless, Cu(In,Ga)S2 is still limited by a high deficit in Voc and lower 

photoconversion efficiency in comparison to its chalcopyrite equivalent Cu(In,Ga)Se2 [24, 113, 

136, 137]. The plethora of research works on Cu(In,Ga)Se2 and its parent compounds, CuInSe2 

and CuGaSe2, have – among many other findings – established an understanding of the electronic 

structure and of the impact of elemental substitution, and the Cu excess or deficiency in 

Cu(In,Ga)Se2 [43, 138-142]. Accordingly, defects, donor and acceptor levels have been identified 

in both CuInSe2 and CuGaSe2. Particularly, for the wide bandgap CuGaSe2, Spindler et al. have 

reported that defects levels shift mid-gap and defects that were otherwise shallow in CuInSe2 

become deeper in CuGaSe2 [142]. Thus, as Ga is substituted for In, shallow defects become deeper 

and hence form deep levels which serve as channels for unwanted nonradiative recombination in 

Cu(In,Ga)Se2 absorbers [138-143]. On the other hand, very few studies of defects in Cu(In,Ga)S2 

absorbers exist [120, 144]. However, recently there are new insights into the defect structures of 

the ternary CuInS2 absorbers, where three shallow acceptors and two deep broad defect bands close 

to 0.8eV and 1.1 eV have been reported [27, 145]. Although several reports have revisited CuGaS2 

in more recent times [58, 61, 72, 146], the prevailing defect structure of CuGaS2 ternary is still 

unclear. Previous reports (see Fig. 2.7) on CuGaS2 have shown the occurrence of two donor-

acceptor (DA) transitions around 2.39-2.41 eV, and these transitions were attributed to a common 

shallow donor around 20-25 meV [67, 146]. Earlier studies also reported a similar shallow donor 

energy level at 45-50 meV [58, 61]. In addition, there are reports of deep level transitions around 

2.25 eV and 1.8 eV [60, 74]. The likely origin of the donor level has been accorded to a VS or GaCu 

and one of the acceptors to VCu [58, 60, 64, 147].  

In this work, photoluminescence spectroscopy has been performed on CuGaS2 absorber layers 

grown by physical vapour deposition to understand the electronic defect structure. This chapter 

will conclude by presenting a novel solar cell on Cu-rich CuGaS2 absorber. Apart from this 
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contribution advancing the comprehension of defects structure in CuGaS2, it is also believed that 

it will supplement the understanding of the role of Ga in Cu(In,Ga)S2. 

 

5.1 Deposition process for CuGaS2 absorbers 
 

The polycrystalline CuGaS2 absorbers investigated in this work were deposited by one-stage co-

evaporation of elemental copper and gallium with a source temperature of ~1250°C and ~1150°C, 

respectively, under a sulfur atmosphere. The one-stage deposition profile is illustrated in Fig. 3.7. 

The various compositions of the CuGaS2 films were obtained by changing the temperatures of the 

elemental sources. The deposition was on a molybdenum coated HT-glass with better heat 

resistance than soda-lime glass [114] at actual substrate temperature of ~ 690°C. Such high 

substrate temperature is necessary to obtain a high-quality Ga-containing films particularly for 

pure CuGaS2 [36, 148, 149]. This is partly due to: (i) the slow elemental migration and reaction 

velocity of Ga relative to In, and the relatively melting point of Ga-based samples than In-based 

samples [36, 40, 150], as seen in the Cu2S-In2S3 and Cu2S-Ga2S3 phase diagrams [36, 40]. (ii) The 

higher melting point of sulfides compared to selenides due to the difference in the mean atomic 

weight and lattice strain of S and Se [151-153]. Lower substrate temperatures resulted in poor 

quality absorbers showing unidentifiable crystallographic phases among those close to CuGa3S5 

and CuGa5S8 [31, 37, 154]. This shares a similarity to CuGaSe2 when deposited at low 

temperatures [155]. Conversely, at these high deposition temperatures, group VI elements such as 

sulfur and selenium, have low sticking coefficient and are extremely volatile, which increases the 

possibility and the rate of sulfur loss and re-evaporation [63, 73, 156, 157]. The growth properties 

of absorbers grown at various sulfur vapour pressures and substrate temperatures, labeled G1-G4, 

are presented in Table 5.1; the X-ray diffractogram on them are also shown in Fig. 5.1. Analysis 

of the chemical composition of the absorber G1, deposited with actual substrate temperature of 

600° C and chamber pressure of 3.7 · 10-5 mbar, showed that the [S]/([Cu]+Ga]) was 0.69. From 

the X-ray diffractogram in Fig. 5.1, the deficiency of sulfur in G1 promoted the growth of a 

γCu9Ga4 phases. An increase in the growth temperature to 620 °C in G2 minutely increased the S 

content to 0.71 and the slight decrease of the γCu9Ga4 phase. Ultimately, by simultaneously 
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increasing both the deposition temperature and chamber pressure to ~ 690°C and 5.9 · 10-5 mbar 

respectively, the S content increased to 1.0 and the unwanted γCu9Ga4 phases were suppressed. 

 

Figure 5.1: X-ray diffractogram of various absorbers showing the effect of increasing different 

growth temperatures and chamber pressures from G1-G4. The details are presented in Table 5.1. 

 

Hence, the deposition of CuGaS2 requires a large S overpressure [58], than would be needed for 

pure CuInS2 or Cu(In,Ga)S2 [148, 158], in order to mitigate sulfur loss. Consequently, during the 

CuGaS2 deposition process, the chamber pressure is maintained in the range of 5.9-8.5 . 10-5 mbar. 

The deposition time of ~ 2 hours is used to achieve thicknesses of nearly 2μm. The characterization 

of the crystallinity, phases and vibrational properties of the absorbers was by X-ray diffraction 

(XRD) using the CuKα radiation, and Raman spectroscopy with an excitation wavelength of 532 

nm. The surface morphology and cross-section micrographs were obtained by a scanning electron 

microscope (SEM), and the chemical composition was determined by energy dispersive X-ray 

spectroscopy (EDX) with beam energy of 20 kV on as-grown absorbers before etching. Therefore, 

the compositional ratio mentioned in this report is an integration of the ternary chalcopyrite phase 

and secondary copper sulfide (CuxS) phases. As such, Cu-poor absorbers refer to the ratio 
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[Cu]/[Ga] ≤ 1, while the Cu-rich refers to [Cu]/[Ga] ≥ 1. The Cu-excess phases were removed by 

etching in an aqueous solution of 10 % potassium cyanide (KCN) for 5 minutes [125], before the 

photoluminescence measurements. 

 

Table 5.1: Influence of deposition properties on the sulfur-content in CuGaS2 absorbers  

Absorber label Actual substrate temperature Chamber pressure [S]/([Cu]+[Ga]) 

G1 600 °C 3.7 · 10-5 mbar 0.69 

G2 620 °C 3.7 · 10-5 mbar 0.71 

G3 640 °C 4.7 · 10-5 mbar 0.81 

G4 690° C 5.9 · 10-5 mbar 1.0 

 

5.2 Effect of growth conditions on the structural properties of the 

absorber  
 

Before presenting the results and discussing the optical characterization of different spectral 

regions on the absorbers, it is imperative to ascertain the quality of the absorbers under 

investigation. Hence, in the following section, the material characterization in terms of 

composition analyses, preferential chalcopyrite orientation, crystallinity and microstructural 

structural properties obtained from SEM-EDX, XRD and Raman analyses will be examined. 

The chemical composition of the different films studied, as analyzed by EDX, is between 0.94 and 

2.0 in [Cu]/[Ga] atomic ratio. Fig. 5.2 shows the SEM micrographs depicting the typical surface 

morphology and cross-sectional images of Cu-rich and Cu-poor absorbers. The specific 

composition of the absorbers shown are [Cu]/[Ga] = 1.3 for the Cu-rich absorber, and [Cu]/[Ga] = 

0.94 for the Cu-poor absorber. The micrographs were obtained after the CuxS secondary phase was 

etched by 10 % KCN solution. The top-view, Fig. 5.2b, and the cross-sectional image, Fig. 5.2d 

of the Cu-poor absorber show rough granular surface with pyramidal grains which are compact 

and well-connected to the back on the Mo back-contact. On the other hand, both micrographs in 

Fig. 5.2a and Fig. 5.2c show that the Cu-rich films featured smoother surfaces with larger and 



73 
 

denser grains. This is in accordance with other chalcopyrite compounds, where it is well 

established that copper-excess promotes the formation of large grain sizes and improves 

crystallinity [27, 69, 103, 159, 160]. Additionally, the high deposition temperature and pressure 

could have contributed to the quality of both Cu-rich and Cu-poor absorbers, as these conditions 

foster effective nucleation and improve the quality of the grain growth [73, 114]. 

 

Figure 5.2: SEM micrograph showing the microstructure of CuGaS2 absorbers. Top-view and 

topographical view of typical Cu-rich absorber ((a) and (c)), and Cu-poor absorber ((b) and (d)). 

 

The characteristic crystallographic orientation of the prevalent phase in the layers obtained from 

XRD is depicted in the diffractogram in Fig. 5.3a. The ICDD database - ICDD PDF 00-025-0279 

is used as a reference to index the peaks. The most prominent peak is the (112) plane of CuGaS2. 

The (110) peak at 41° in Fig. 5.3a is due to Mo. A measure of the absorber crystal quality is 

manifested in the occurrence of the 220 and 204 planes, resulting from the tetragonal splitting 

occurring in the chalcopyrite unit cell. The crystal quality of the absorbers investigated is also 

corroborated by the absence of secondary phases in Fig. 5.3a. Fig. 5.3b shows the Raman spectrum 

on a CuGaS2 absorber. The dominant line at 310 cm-1 is the A1 mode, known as the breathing 

mode, and it corresponds to the vibration of the sulfur (or group VI) atom [161, 162]. This mode 

is also the dominant mode for chalcopyrite compounds such as CuInS2, CuInSe2, CuGaSe2, etc. 

[163, 164]. The other less intense but notable Raman-active modes appearing at 276 cm-1, 364 cm-

1 and 384 cm-1 correspond to the highest longitudinal optical phonon modes [161], while the peak 
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at 408 cm-1 has been attributed to MoS2 [165]. The impact of the modes will be revisited in relation 

to the observed peaks in the PL spectrum discussed in the subsequent section below. To 

summarize, the results from the SEM-EDX, XRD and Raman analyses on the CuGaS2 thin films 

investigated attest to the good quality of the absorbers. 

 

  

Figure 5.3: (a). X-ray diffractogram of a typical CuGaS2 absorber showing the reflection planes. 

(b) Raman spectrum of a Cu-rich CuGaS2 absorber with the Raman active modes.  

 

5.3 Photoluminescence features of CuGaS2 at low temperature  
 

First, a summary of the spectral belonging to various CuGaS2 absorbers with varying 

compositional ratios is presented. Afterwards, the methods used in analyzing and assigning the 

different peaks to a specific transition are discussed. Fig. 5.4 shows an overview of different 

CuGaS2 PL spectra by composition at 10 K. The spectral features (i) band edge emissions with 

sharp intense excitonic (EXC) peaks around 2.48 eV, 2.49 eV and 2.502 eV; (ii) defect-related 

emissions between 2.3 eV and 2.45 eV: several free-to-bound (FB) and donor-acceptor transitions 

(DA) with their respective phonon replicas, and (iii) broad deep defect peak at ~ 2.15 eV. The 

influence of the [Cu]:[Ga] composition on some peaks can be observed in the 2.3 eV transition 
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(DA3), where the intensity of the peak increases with increasing Cu content, even dominating and 

screening other peaks in the spectrum for the absorber with [Cu]/[Ga] ratio = 2.  

For slightly Cu-rich absorbers with [Cu]/[Ga] ratio of 1.3 for example, the relative intensity of the 

2.3 eV transition to the other peaks reduces, and it is noticeable that the 2.3 eV transition overlaps 

with a broad peak around 2.15 eV. In contrast, the intensity of the broad peak at ~ 2.15 eV and 

another at 1.85 eV (not shown in Fig. 5.4) increases with lower Cu-content and it dominates the 

Cu-poor absorber alongside the excitonic transition at 2.48 eV and transitions around 2.40 eV. 

 

Figure 5.4: Photoluminescence spectra of shallow defects for CuGaS2 absorbers of different 

chemical compositions at 10 K. The attribution of the peaks to the transitions in the figure will be 

derived in the following sections. 
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To investigate the different spectral regions, the intensity of the transitions described above is 

considered, as such, the band-edge emissions and shallow defects are investigated using the near 

stoichiometric and Cu-rich absorbers, while the deep defects are studied with Cu-poor and near-

stoichiometric absorbers. The assignment of a peak to a specific transition follows the evaluation 

of PL flux and energy position in dependence of the excitation intensity in a double logarithmic 

scale and semi-logarithmic scale, respectively [49]. A simplified single exponential power law 

described by equation (5.1) is then used to analyze the dependence of the integrated PL flux on 

laser excitation intensity [49].  

 𝐼𝑃𝐿 ∝ 𝜙𝑘 (5.1) 

𝐼𝑃𝐿 is the laser excitation intensity, ϕ is the integrated PL flux and k is the power law exponent, 

taking values 𝑘 ≤ 1 for DA and FB, and 1 ≤ 𝑘 ≤ 2 for excitonic transitions [49, 166]. However, 

the high luminescence of some samples allowed for a wide range of excitation intensity, and the 

double-logarithmic plot of the excitation-dependent integrated PL flux of such samples result in a 

curvature which cannot be described by a single power law. The curvature is inherent and occurs 

when multiple defect levels participate in the recombination process [167]. Using rate equations 

and charge balance, exhaustive conditions beyond just the simple case, where a single power law 

can describe PL flux dependence on excitation intensity, has been reported in Ref [166-168]. A 

more comprehensive double-power law expression that better describes the curved shape  

 
𝐼𝑃𝐿 ∝

𝜙𝑘1+𝑘2

1 + (
𝜙
𝜙0

)
𝑘1

 
(5.2) 

where 𝑘𝑖, (i = 1, 2) take on multiples of 
1

2
 and 𝜙0 is a turning point or crossover excitation at which 

a state involved in the recombination process becomes saturated [167]. Essentially, for a curved 

double-log plot, the k-values are such that for exciton-related transitions, 
2

2
≤ 𝑘 ≤

4

2
, whereas for 

defect-related transitions 
1

2
≤ 𝑘 ≤

3

2
 [167]. A simple summary of k-value for different transitions 

investigated in this work is presented in Table 5.2, however, more complex cases can be found in 

Ref. [166, 167]. 
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Table 5.2: Summary of the behaviour of the power law exponent (k) and 𝛽-values in dependence 

of excitation intensity. The values of k take on multiples of  
1

2
. 

Transition Power law exponent (k) Change of energy 

position (𝜷-value) Low (𝜙) High (𝜙) 

Exciton 4

2
 

2

2
 

0 

Donor-to-acceptor (DA) 3

2
 

1

2
 

1-5 meV/decade 

Free-to-bound (FB) 3

2
 

1

2
 

0 

 

Between the DA and FB transition, the DA transition is distinguished by a characteristic blue-shift 

of its transition energy position with increasing excitation intensity. This energy position is 

expressed by,   

 𝐸𝐷𝐴 = 𝐸𝐺 − (𝐸𝐷 + 𝐸𝐴) +
𝑞2

4𝜋𝜀0𝜀𝑟𝑅𝐷𝐴
 (5.3) 

where 𝐸𝐷𝐴 is the DA peak energy position, 𝐸𝐺  is the bandgap, 𝐸𝐷 is the donor defect energy and 

𝐸𝐴 is the acceptor defect energy. The last term is the Coulomb energy, with q being the elementary 

charge, 𝜀0 is vacuum permittivity, 𝜀𝑟 is the relative permittivity and 𝑅𝐷𝐴 is the spatial distance 

between the donor and acceptor [49, 169]. As the excitation intensity increases, the density of 

neutralized donors and acceptors increases, and the spatial distance 𝑅𝐷𝐴 between the donor and 

acceptor atoms decreases, thereby increasing the influence of the Coulomb interaction. The 

relationship between the transition energy position in dependence of excitation is empirically 

described by  

 𝐸𝐷𝐴(𝜙) ∝ 𝐸𝐷𝐴(𝜙0) + 𝛽 log (
𝜙

𝜙0
) (5.4) 

where 𝛽 typically takes values between 1-5 meV per decade of excitation intensity [170].  
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5.4 Near band-edge (2.46-2.53 eV) luminescence of CuGaS2 
 

The band-edge emissions are assessed using the absorber with the highest Cu-content of [Cu]/[Ga] 

ratio = 2.0, due to its high luminescence flux and well-resolved peaks. The luminescence strength 

of this absorber also supports the enhanced crystallinity when absorbers are processed under high 

Cu excess. A plot of the PL spectra in the band-edge region between 2.46 eV and 2.53 eV at 

different excitation intensities is illustrated in Fig. 5.5.  

Of the five peaks delineated, the most intense peak is at ~ 2.481 eV (D), with transitions at 2.488 

eV (C) and 2.496 eV (B) at lower intensities. On the high-energy end, the weak line at ~2.518 eV 

(A) is visible only at high excitation, and on the low-energy end, the intensity of a transition at 

~2.474 eV (E) decreases while the 2.468 eV (F) peak is more resolvable at higher excitation 

intensities. In Fig. 5.5, the lines at A-D do not show a shift of energy positions with increasing 

excitation intensity, which preliminarily leaves them as either excitonic or free-to-bound 

transitions. To discriminate between the two possibilities, the photon flux in dependence of the 

excitation intensity for the different peaks is evaluated in the double-log plot shown in Fig. 5.6. A 

fit of the points by the equation (5.1) to determine the power law exponent (k) result in values 

between 1.2 < k < 1.3 for all the transitions as presented in Fig. 5.6a. Such superlinear dependence 

of PL flux is characteristic of excitonic transitions [49], although it is evident that the double-log 

plots are curved and cannot be fittingly described by the single power law. The multiple-power 

law in equation (5.2) is rather used to fit the curves, and the fit of the emission line 2.496 eV (B) 

is presented in Fig. 5.6b. 

The k-exponent results in ~ 
3

2
 at low excitation intensity, and in ~ 

2

2
 at high excitation intensity. As 

mentioned in the introduction to this section, the exponents take on multiples of 
1

2
, and the change 

of exponent occurs when competing transitions or a defect involved in the transition saturates. The 

line B transition at 2.496 eV in Fig. 5.5 is attributed to the free exciton transition, since it occupies 

the highest energy position (apart from line A which is only detected at higher excitation intensity 

and will be discussed later). Bound excitons appear at lower energies due to larger binding energies 

of the exciton to defects [49, 61, 135]. Consideration of the 2.496 eV as a free exciton is further 
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substantiated by its subsequent use in deducing the free exciton binding energy (𝐸𝑥) from the first 

excited state, as shown next.  

 

 

Figure 5.5: Excitonic spectra of Cu-rich CuGaS2 measured at 10 K taken at several excitation 

intensities over three orders of magnitude. The transition peaks are at ~2.474 eV (E), 2.481 eV 

(D), 2.488 eV (C), 2.496 eV (B) and 2.518 eV (A). The dashed lines highlight the constant energy 

positions with increasing excitation intensity.  

 

In previous reports, and in agreement with this report, free exciton has been observed between 

2.489 eV and 2.504 eV from photoreflectance spectroscopy and PL analyses [57, 61, 64]. In the 

different reports, the disparity of the free exciton energy positions were linked to lattice strain 

during the deposition processes and the different analytical techniques [63]. The emission line A 

at 2.518 eV in Fig 5.5 matches the first excited state (n = 2) of the free exciton, and the free exciton 

binding energy can be determined from the energy difference between the ground state 

𝐸𝐹𝑋(𝑛 = 1) and the first excited state 𝐸𝐹𝑋(𝑛 = 2) using 𝐸𝑥 =
4

3
(𝐸𝐹𝑋(𝑛 = 2) − 𝐸𝐹𝑋(𝑛 = 1)). The 

determined free exciton binding energy of 29 meV is in the range of reported free exciton binding 

energy for CuGaS2 between 28-32 meV [21, 61, 74], which further justifies the designation of line 
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A as the first excited state of the free exciton. The knowledge of 𝐸𝑋 makes it possible to deduce 

the bandgap value, which will be important in the determination of the defect level energies.  

 

 

 

Figure 5.6: (a) Excitation intensity dependence of integrated PL flux for transitions lines 2.474 eV 

(E), 2.481 eV (D), 2.488eV (C) and 2.496 eV (B) fitted with a single power law. (b) A fit of the 

emission line 2.496 eV (B) with two power laws exponents 𝑘 =
3

2
  and 𝑘 =

3

2
  at high and low 

excitation, respectively. 𝜙0 denotes the turning point between the two excitation regimes, i.e., the 

flux where one of the defects is saturated.  
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Therefore, in this study, we report the corresponding bandgap, (𝐸g = 𝐸𝐹𝑋 +  𝐸𝑋), for CuGaS2 as 

2.525 eV at 10K. For CuGaS2, the hole effective mass (𝑚ℎ) deduced from Hall-effect analysis and 

by calculation is 𝑚ℎ = 0.69 𝑚𝑜 [171, 172], where 𝑚𝑜 is the electron mass, and the dielectric 

constant obtained from optical-absorption analysis is 𝜀𝑜= 8.5 [147]. Different values between 0.12-

0.19𝑚𝑜 have been reported for the reduced mass of CuGaS2 by different groups, consequently, the 

electron effective mass (𝑚𝑒) deduced from the reduced mass is between 0.13-0.26 𝑚𝑜 [61, 153, 

171-173]. Therefore, the mass ratio (𝑚𝑒 𝑚ℎ⁄ ) for CuGaS2 is between 0.19-0.38. Sharma et al. 

found that the limit of mass ratio for solving the Schrodinger equation for electron and hole around 

a charged donor and a charged acceptor is 0.20 and 0.29 respectively [174], as such, the mass ratio 

for CuGaS2 suggests that the binding of excitons to both ionized donors and acceptors in CuGaS2 

would result in unstable ionized complexes [174]. 

However, binding energy for the neutral complex of both the donor (𝐷0, 𝑋) and the acceptor 

(𝐴0, 𝑋) can be found from the expressions 

 𝐸(𝐷0,𝑋) = 0.12𝐸𝐷 + 𝐸𝑋 (5.5) 

   

 𝐸(𝐴0,𝑋) = 0.07𝐸𝐴 + 𝐸𝑋 (5.6) 

where, 𝐸𝐷 and 𝐸𝐴 are donor and acceptor energies respectively [61, 174, 175]. Similar to the 

deduction of the binding energy for free exciton, the difference between a bound exciton and the 

bandgap corresponds to the binding energy of the bound exciton [176, 177]. 

From the knowledge of the bandgap and exciton binding energy, the probable ionization energies 

of the donors or acceptor corresponding to an emission line can be calculated from equations. (5.5) 

and (5.6). The values are summarized in Table 5.3 for emission lines C to F. Previous reports have 

associated similar transition to the line C at 2.488 eV to a bound exciton recombination [69, 146], 

while some other reports have attributed a comparable emission to the 2.481 eV line (D) as a FB 

recombination involving a transition between a neutral donor and the valence band-edge [69, 178]. 

According to the estimation presented in Table 5.3, it seems that the 2.488 eV exciton (C) is bound 

to neutral acceptor at 67 meV or neutral donor at 114 meV, while the 2.481 eV emission (D), is 

bound exciton to a neutral donor at 125 meV or a neutral acceptor 214 meV. The existence of 

either of these levels and applicable level is presented in the succeeding sections. 
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Table 5.3: Estimated values of exciton binding energies, neutral donor and acceptor energy levels 

calculated using equations. (5.5) and (5.6) for the emission lines C-F.  

Line Emission 

(eV) 

Binding energy 

(meV)  

Neutral donor 𝑬𝑫 

(meV) 

Neutral Acceptor 𝑬𝑨 

(meV) 

C 2.488 37 67 114 

D 2.481 44 125 214 

E 2.474 51 183 314 

F 2.468 57 233 400 

 

Lastly, in previous reports, transitions identical to the line E have been assigned to a FB transition 

involving a shallow level [58, 61]. However, following the excitation-dependent analyses of the 

line E showing exciton-related behavior. The consideration of the transitions at 2.474 eV (line E) 

and 2.468 eV (line F) as exciton-related transitions would require that the exciton be bound to a 

much deeper defect level, as inferred from Table 5.3.   

 

5.5 Shallow defects, donor-to-acceptor pair transitions and phonon 

coupling 
 

Several sharp peaks dominate the typical PL spectrum of Cu-rich CuGaS2 absorbers at 10 K, 

between the range of 2.42 eV and 2.10 eV, as seen in Fig. 5.7. Some of the peaks appear in groups 

at regular energy intervals, and as it will be shown in the following: these are phonon replicas 

associated with shallow donor-to-acceptor (DA) transitions. The series of sharp peak follows an 

intense line, known as the zero-phonon line (ZPL), which on its low energy end, several successive 

peaks of weakening intensities follow. These peaks are separated by the energy of the coupling 

LO-phonon. The excitation- and temperature-dependence behavior of the phonon-replicas is 

identical to the emission at the ZPL. As we show below, the spectral intensity dependence of such 

phonon-assisted transitions is well described by the Poisson distribution expressed by, 
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𝐼𝑛 ∝ exp(−𝑆)

𝑆𝑛

𝑛!
 , 

(5.7) 

where 𝑛 is the number of phonons involved in the interaction,  𝐼𝑛 is the intensity of the nth phonon 

replica and 𝑆, known as the Huang-Rhys factor, is the coupling strength of the electron-phonon 

interaction [179]. For shallow (non-localized) defects, the electron-phonon coupling is weak and 

𝑆 < 1, thus, the ZPL is the most intense peak and does not shift in peak energy. On the other hand, 

if 𝑆 = 1, there is a change in the maximum intensity, as the first phonon replica is of the same 

intensity as the ZPL. Lastly, when 𝑆 > 1 there is a strong electron-phonon coupling of localized 

defects, leading to a shift in the maximum intensity away from the ZPL to a lower energy, since 

the phonon replicas have higher intensities than the ZPL. It is worth mentioning that for broadened 

emission bands, phonon replicas do not manifest by the sharp peaks, rather by a broad asymmetric 

distribution [180-182].   

In the next subsections, each of the donor-to-acceptor pair transitions (DA) peaks as shown in Fig. 

5.7, that is, DA1, DA2 and DA3, along with their accompanying phonon replicas, will be 

discussed.  

 

Figure 5.7: Low temperature (10 K) spectrum of Cu-rich CuGaS2 absorber of [Cu]/[Ga] = 1.3 

measured at 10 µW. Phonon replicas follow many DA transitions between 2.42 eV and 2.10 eV. 

This is the same absorber in Fig. 5.4 at a higher excitation intensity. The sample is chosen at this 

excitation power to highlight the appearance of several DA transitions and their replicas all 

together. The dashed line centered at approximately 2.15 eV delineates a broad transition around 

the said energy. 
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5.5.1 DA3 transition at ~ 2.29 eV 
 

The low-temperature (10 K) PL spectrum showing the transition relating to 2.29 eV, measured at 

a low excitation intensity where the peaks are well resolved and without the strong influence of 

other defect peaks, is presented in Fig. 5.8. It is worth noting that the sample in Fig. 5.8 is the same 

as the sample in Fig. 5.4 with [Cu]/[Ga] = 1.8. However, while the spectrum presented in Fig. 5.8 

is measured at 10 µW, the spectrum presented in Fig. 5.4 is at 100 µW. The spectrum (Fig. 5.8) 

features a series of peaks with the most intense line at ~ 2.29 eV followed by several successive 

lines of weakening intensities on the lower energy end. These weakening lines are energy-spaced 

by ~ 45±1 meV, corresponding to the highest optical phonon modes of 45.2 meV, 47.6 meV and 

49 meV [161, 183], which are equivalent to the Raman modes observed at the frequencies of 364 

cm-1, 384 cm-1 and 408 cm-1 as seen in the Raman spectrum of CuGaS2 presented in Fig. 5.2b.   

 

 

Figure 5.8: Low-temperature (10 K) PL spectrum of a CuGaS2 absorber of [Cu]/[Ga] = 1.8 between 

2.0-2.4 eV. The figure shows a fit of the phonon-assisted transition at ~ 2.29 eV (DA3) by Poisson 

function with consideration for deep defects. The low intense peak at ~ 2.32 eV is an associated 

FB transition related to DA3 which will be discussed afterwards.  
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A fit of the spectral and intensity pattern by the Poisson distribution in equation (5.7), while also 

considering deep defects, yielded a Huang-Rhys factor 𝑆 ≈ 0.80 ± 0.05 and a ZPL at ~ 2.285 eV. 

This value of S indicates a strong and localized electron-phonon coupling, which suggests the 

involvement of a deep defect [49, 181]. 

To identify the exact nature of the transition, the PL spectra acquired at different excitation 

intensities for the energy between 2.10-2.35 eV are presented in Fig. 5.9a. It is visible that there is 

a blue-shift of peak positions for the ZPL and the phonon replicas as the excitation intensity is 

increased. Such a shift in energy position is due to the influence of Coulomb interaction and 

indicative of a DA transition as stated in Section 5.3 and expressed by the equation (5.4).  

 

   

Figure 5.9: (a) The low-temperature (10 K) PL spectra of Cu-rich CuGaS2 at different excitation 

intensity, demonstrating the shift of energy position of DA3 and its phonon replicas with the 

increase in excitation intensity. The dotted arrows are used to guide the eye for the shift in energy 

position. (b) Excitation intensity dependence of the energy position of DA3 transition in a semi-

logarithm plot at 10 K.  

 

The actual shift of energy position can be extracted from a plot of the energy positions against the 

excitation intensity. As shown in Fig. 5.9b, for the transition at ~ 2.29 eV, the plot of energy position 
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against excitation intensity shows a curvature. This is due to the fact that, for a sufficiently wide 

range of excitation intensity, the energy positions of DA transitions assume an S-shape behaviour 

[167, 184]. The peak position approaches the energy position for infinite donor-acceptor pair 

separation at the lowest excitation, while at the highest excitation; the peak position approaches 

the summation of infinite donor-acceptor pair separation and the Coulomb energy for minimum 

donor-acceptor pair separation [184]. Excitation dependence of the integrated PL flux for the DA3 

transition is reported in a double-logarithm plot shown in Fig. 5.10. A preliminary fitting with a 

single power law in equation (5.1) results in an exponent k = 0.74, as would be expected for a DA 

transition. However, it can be seen, that the plot in Fig. 5.10 is a curvature which equation (5.1) is 

not a good fit, rather it is adequately evaluated by equation (5.2). The fitting by two power law 

exponents results in 𝑘 =
2

2
 at low excitation intensity and 𝑘 =

1

2
 at higher excitation intensity. The 

change of exponents, referred to as crossover, occurs at ~ 3-6 mW/cm2 of excitation intensity. This 

crossover indicates that a defect level or a deeper mid-gap level interacting with the recombination 

process of DA3 transition saturates [167]. 

 

 

Figure 5.10: Double logarithmic plot of the DA3 transition with the integrated PL flux as a function 

of excitation intensity. The values are extracted from the integrated PL flux of the Cu-rich CuGaS2 

spectra in Fig. 5.9a. 
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On the high-energy end of DA3, is a low-intensity peak at ~ 2.32 eV as seen in Fig. 5.8 and Fig. 

5.9a. The peak becomes more intense with increasing excitation intensity, as shown in Fig. 5.9a, 

until it is eventually obscured by the broadening DA3 transition. Nevertheless, it is still noticeable 

in Fig. 5.9a that the energy position barely changes with increasing excitation intensity. Given that 

the energy position of FB transition does not shift with energy position, and owing to its proximity 

to the DA3 transition, the weak peak at ~ 2.32 eV is assigned FB3. It is noteworthy that the FB3 

transition might account for the curvature of the excitation dependence of PL flux for DA3 as 

illustrated in Fig. 5.10, since a shallow defect participating in the DA3 transition could saturate 

[167]. This is established by the value of the crossover excitation at ~ 3-6 mW/cm2 in Fig. 5.8 

being close to the screening of FB3 in Fig. 5.9a, as seen above in the PL spectrum at 5.76 mW/cm2 

in Fig. 5.9a. Temperature-dependent analyses of the PL spectra shown in Appendix 7, further 

provide insight into the transitions DA3 and FB3. As the temperature increases, the intensity of 

DA3 decreases as the intensity of FB3 decreases before the thermal quenching of the transition.  

 

Figure 5.11: Arrhenius plot of the integrated PL flux with respect to temperature for the thermal 

quenching of the DA3 transition in a Cu-rich CuGaS2 absorber.  

 

This is another reason to associate FB3 with DA3 because, ideally, shallow defect involved in a 

DA transition is thermally emptied with increasing temperature, hence leaving FB transition. The 
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Arrhenius plot of the integrated PL flux against the inverse temperature for the thermal quenching 

of the DA3 transition is shown in Fig. 5.11. The thermal activation energy was obtained as ~ 35 

meV. Using the bandgap of 2.525 eV calculated for CuGaS2 at 10 K and energy differences of 

FB3 and DA3, DA3 is determined to involve an acceptor ~ 205 meV above the valence band and 

a shallow donor ~ 35 meV below the conduction band. 

 

5.5.2 DA1 and DA2 transitions around 2.40 eV   
 

As it will be shown in detail in the following, below the band-edge around 2.32-2.46 eV, two 

donor-to-acceptor transitions are identified at 2.410 eV and 2.398 eV, followed at ~ 46 meV by 

peaks at 2.35 eV and 2.363 eV respectively, as shown in Fig. 5.12a. Additionally, on the high 

energy wing, two free-to-bound transitions were detected at ~ 2.43 eV and 2.45 eV. Fitting the 

donor-to-acceptor lines with the Poisson distribution determined the zero phonon lines to be at 

2.410 eV (DA1) and 2.398 eV (DA2). The Huang-Ryhs factors were SDA2 = 0.50 ± 0.10 and SDA1 

= 0.55 ± 0.10 for DA1 and DA2, respectively. These values are smaller in comparison to the S 

factor for the DA3 as a result of the deeper defect level from which DA3 originates, since the 

deeper the defect level, the more localized and tightly bound the carriers are to the defects, hence 

an even stronger electron-phonon coupling [181].  

Excitation intensity-dependent analyses of the energy positions for DA1 and DA2 presented in 

Fig. 5.12b show that, for both transitions, there is a blue-shift of energy positions with increasing 

excitation intensity, as is the case for DA transitions. The energy shift as a function of excitation 

intensity evaluated by equation (5.4) results in 𝛽-values of 2.2 meV/decade and 1.3 meV/decade 

for DA1 and DA2, respectively. These 𝛽-values are within the range for DA transitions [49]. The 

PL flux in dependence on excitation intensity show that both DA1 and DA2 can be fitted by a 

single power law yielding an exponent k ≈ 
2

2
. As mentioned in the preceeding Section 5.3, k takes 

on multiples of 
1

2
, and for DA transitions in particular, k approaches 

2

2
 at low excitation intensities 

[167]. Hence, it can be concluded that the study of DA1 and DA2 transition in this study is within 

the limiting region of low excitation.  
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Figure 5.12: (a) Low temperature (10 K) PL spectrum of Cu-rich CuGaS2 measured at 10 µW, 

showing phonon replicas accompanying the DA transitions at 2.42 eV and 2.10 eV. The sample 

used to analyze these transitions is the absorber with [Cu]/[Ga] = 1.3 in Fig. 5.4. In Inset is the full 

spectrum of the absorber. The dashed line centered at approximately 2.15 eV delineates a broad 

transition around said energy. The region in focus is indicated by the red box in the inset. (b) 

Energy position in dependence of excitation intensity for 2.410 eV (DA1) and 2.398 eV (DA2). 

 

For the transitions at ~ 2.43 eV and 2.45 eV indicated as FB2/BX and FB1 respectively in Fig. 

5.12a, the integrated PL flux for both peaks with respect to excitation intensity in a double-log 

scale is shown in Fig. 5.13a. The single power law fit of both transitions gives a power law 

exponent 𝑘 =  
2

2
 for both transitions. This linear dependence of the PL flux on excitation intensity 

can be interpreted as transitions originating from DA at low excitation, FB transitions or BX 

transition [49, 167], although both transitions at ~ 2.43 eV and 2.45 eV have been tentatively 

reported as FB transitions [64, 146]. The energy positions in dependence of excitation intensity 

which is presented in Fig 5.13b show no significant shift of energy position with increasing 

excitation intensity over three orders of magnitude for the 2.45 eV peak, making its consideration 

as an FB transition compelling.  

The behaviour of the ~ 2.43 eV transition in Fig. 5.13b shows a shift of energy position, where the 

energy position is initially at ~ 2.433 eV later shifting to ~ 2.428 eV. While the behaviour of the 

2.43 eV transition in Fig. 5.13b can be misconstrued for the S-shape in the excitation dependence 
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of a DA transition [184], it should be noted that such pattern appears with excitation over many 

orders of magnitude [167, 184], whereas the excitation in Fig. 5.13b is just over three orders of 

magnitude. 

   

Figure 5.13: (a) PL flux in dependence of the excitation intensity for the transition peaks at 2.43 

eV and 2.45 eV. (b) Energy position in dependence of peak energy position for transitions at 2.43 

eV and 2.45 eV. 

 

The explanation for the energy shift of 2.43 eV peak is by the existence of two transitions occurring 

around 2.35 eV, i.e., ~ 2.428 eV and 2.436 eV, which are better resolved by the temperature-

dependent analysis. Nonetheless, it could be surmised that, below the excitation intensity of 10 

mW/cm2 in Fig. 5.13b, the 2.428 eV transition dominates, however, as the excitation intensity 

increases beyond 10 mW/cm2, the intensity of the 2.436 eV transition increases and dominates, 

hence the shift of energy position observed in Fig. 5.13b.  

Temperature-dependent measurements were performed to understand the behaviour of the DA1 

and DA2 transitions, and to know the influence of temperature on the associated FB or excitonic 

transitions associated with DA1 and DA2. This is because shallow defects will be thermally 

emptied with increasing temperatures, and contribute to a FB transitions [49].  

The temperature-dependent spectra presented in Fig 5.14, show that as the temperature increases, 

the intensity of the DA1 and DA2 peaks decrease since a shallow defect level involved in the 
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transitions are thermally emptied. It becomes obvious that the 2.43 eV line (labelled FB2/BX in 

Fig. 5.12a) consists of two peaks, one at 2.428 eV and another at 2.436 eV. It is observed that the 

relative intensity of the 2.428 eV line rapidly decreases and is quenched at approximately 50 K. 

 

Figure 5.14: Temperature dependent PL spectra on Cu-rich absorber with [Cu]/[Ga] ratio of 1.3. 

The temperature-dependent measurement leads to the resolution of bound exciton transition at 

2.428 eV and free-to-bound peaks at 2.436 eV and 2.449 eV. 

 

The relative intensity of the 2.436 eV and 2.448 eV lines increases as temperature increases up to 

70 K before decreasing and quenching at 120 K. The rapid quenching of the transition at 2.428 eV 

is characteristic of a bound exciton, and its energy position suggests that, it is bound to a much 

deeper defect. In contrast, the phenomenon of increasing intensity with increasing temperature can 

be attributed to FB transitions, and given the proximity to the energy positions of DA1 (2.410 eV) 

and DA2 (2.398 eV), the transitions at 2.449 eV and 2.436 eV can be sufficiently associated with 

the DA1 and DA2 transitions as the related FB transitions at, FB1 (2.449 eV) and FB2 (2.436 eV) 

respectively. By the energy difference between the DAs and FBs, FB1 and FB2 appear to involve 

a common shallow donor at 35 meV. In accordance with the attribution of FB1 and FB2, and the 

estimated CuGaS2 bandgap of 2.525 eV at 10K, the 2.449 eV (FB1) and 2.436 eV (FB2) transitions 

are estimated to involve defect levels at ~ 75 meV and ~ 90 meV, respectively.  
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Figure 5.15: Tentative shallow defect levels in CuGaS2 showing a donor level (D1) and three 

shallow acceptor levels (A1, A2 and A3). 

 

At this point, in the analyses of the different transition peaks of CuGaS2 studied in this report, a 

summary of the tentative shallow defects in CuGaS2 can already be drawn. The transitions DA1, 

DA2 and DA3 are assigned donor-to-acceptor transitions due to the shift of their energy positions 

(𝛽-value) in dependence to excitation intensity, and by the nature of their power law exponents 

(k). For DA3, the power law exponent changed from 𝑘 =  
2

2
 to 𝑘 =  

1

2
, while k is 1 for both DA1 

and DA2. Summarily, there exist a common shallow donor (D1) level at ~ 35 meV and three 

shallow donor levels at 75 meV (A1), 90 meV (A2) and 210 meV (A3). The tentative shallow 

defect levels are illustrated in Fig. 5.15.  

 

5.6 Deep defects at 2.15 eV and 1.85 eV 
 

The PL spectra of all the absorbers (in Fig. 5.4) investigated show that, as the compositional ratio 

of [Cu]/[Ga] decreases, the spectrum is dominated by two broad transitions in the range between 

1.6 eV and 2.3 eV. The two transitions centered at 2.15 eV and 1.85 eV are as shown in Fig. 5.16a. 
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The occurrence of the transition at 2.15 eV is strongly composition related, as shown by the reports 

of Botha et al. and Metzner et al. [65, 74]. Both groups report that in Ga-rich samples the transition 

shifts to ~ 2.0 eV, while in Cu-rich samples the transition shifts to higher energies around 2.12-

2.18 eV. Hence it is possible that one or more defects are involved in the 2.15 eV, and this may 

account for the broadness of the peak. Given that a Cu-rich absorber is used to investigate this 

peak in this report, the transition is considered to be centered at 2.15 eV. Additionally, the phonon 

replicas on DA3 superpose on the 2.15 eV peak, thereby imposing constraints when fitting with 

an assumed Gaussian shape. 

  

Figure 5.16: (a) Region of broadband deep defects featuring transitions centered at approximately 

1.85 eV and 2.15 eV. (b) Energy position as a function of excitation intensity for the deep defect 

at ~ 1.85 eV. 

 

Analyses of the power law dependence for both transitions yield exponents k ~ 1. The energy 

position with respect to excitation intensity over four orders of magnitude show a blue-shift of ~ 5 

meV per decade for the 2.15 eV peak, while the 1.85 eV peak shows a larger blue-shift of ~ 25 

meV per decade with respect to excitation intensity as presented in Fig 5.16b. While the 2.15 eV 

transition show features of a typical donor-acceptor transition, the blue-shift with 1.85 eV is much 

larger than expected for a typical DA transition. Various sources have reported this large blue-shift 

of the 1.85 eV transition, however, it has been attributed to potential fluctuations of the band-edges 

[74]. Although it is apparent that both transitions likely involve broad density of states, the large 

blue-shift of the 1.85 eV transition might also be due to stronger phonon coupling manifested with 

deep defects. 
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5.7 Summary and tentative shallow defect levels in CuGaS2 

 

 

Figure 5.17: Summary of identified transitions for a Cu-rich CuGaS2 absorber at 10 K 

 

Fig. 5.17 summarizes the photoluminescence spectra of a slightly Cu-rich CuGaS2 with all the 

peaks identified. In the course of investigating the CuGaS2 absorbers in this present work, several 

well-resolved exciton-related transitions were detected. The bandgap at 10 K is determined as 

2.525 eV from the free exciton and its first excited state at 2.496 eV and 2.518 eV, respectively.  

In this report, several sub-band edge transitions, were identified as DA transtions interacting with 

a common shallow donor level at 38±2 meV and shallow acceptors 75 meV (DA1) and 90 meV 

(DA2). Metzner et al. have reported similar transitions and defect level, assigning a shallow donor 

25 meV occuring due to S vacancy, and two shallow acceptors at 89 meV and 109 meV due to 

metal vacancies [146]. Also identified is a rather deeper acceptor level at 205 meV (DA3) which 

becomes intense with higher Cu-content involving. DA3 is also shown to involve a shallow level 
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at ~ 35 meV. Botha et al. also reported such defect for slightly Cu-rich CuGaS2 for acceptor 210 

meV above the valence band with donor likely at ~ 53 meV. It is evident that DA1, DA2 and DA3 

interact with a common shallow donor ~ 38±3 meV, which is a level that has been deduced from 

hydrogenic approximation and values approximated from photoluminescence analyses [49]. 

Lastly, two broad transitions at 2.15 eV and 1.85 eV were present in all the absorbers. Although 

both transitions are DA-related, the exact defect levels involved could not be identified, however, 

both transitions presumably involve broad density of states. Transitions involving these defects 

particularly dominate the PL spectrum of CuGaS2 at room temperature. It is worth mentioning that 

defect levels identified in this report shares similarity with shallow and deep defects identified in 

CuGaSe2 [138-142] and even CuInS2 [27, 145]. 

An overview of the transition energies identified from literature and those identified in this work 

is presented in Fig. 5.18. It can be observed that different transitions were identified independently 

by different groups. In this work, within the range of energies investigated, all the different 

transitions energies separately reported were identified.  

 

Figure 5.18: Overview of transition energies of CuGaS2 from literature with transitions identified 

in this work. 
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The tentative defect levels on CuGaS2 in Fig. 5.15 is update and summarized in Fig. 5.19. The 

existence of a shallow donor level ~ 35 meV (D1) and shallow acceptors 76 meV (A1), 90 meV 

(A2) with an additional acceptor deeper level at 210 meV (A3). Finally, two deep transitions level 

seem to originate from or involve two broad defect levels deep within the midgap.  

 

Figure 5.19: Tentative defect model for CuGaS2 as reported in this work. A shallow donor level 

(D1) and three shallow acceptor levels (A1, A2 and A3) were identified. Two broad defect levels 

are also assumed to be involved in transitions in CuGaS2 

 

5.8 Novel solar cell on CuGaS2  
 

The room temperature bandgap of CuGaS2 is around 2.45 eV. The wide bandgap makes it not 

interesting for use as a single junction solar cell. Nevertheless, it is also important to understand 

how the defects of CuGaS2 might influence the electrical properties of a single junction solar cell. 

The absorber used is a Cu-rich absorber with the [Cu]/[Ga] ratio of ~1.3. The room temperature 

PL spectrum of the absorber is shown in Fig. 5.20. The room temperature spectrum is dominated 

by the broad transition centered around 1.5 eV as shown in Fig. 5.20. The device possesses a quasi-

Fermi level splitting (QFLS) of 1.68 eV, and consequently a rather large deficit of 0.42 eV 
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compared to the Shockley-Queisser open-circuit voltage (𝑉𝑂𝐶
𝑆𝑄) [13] owing to the defects in the 

material. The QFLS was determined by the ERE method described in Section 2.3.2. 

 

 

Figure 5.20: Room temperature photoluminescence spectrum of the CuGaS2 absorber completed 

into solar cell. In inset is the magnification of the band-to-band transition. 

 

Fig. 5.21 shows the current density-voltage curve of the CuGaS2 device prepared with (Zn,Mg)O 

buffer layer. The device demonstrated a VOC of 821 mV leading to a very high interface VOC deficit 

[185] when compared to the quasi-Fermi level splitting. Thus, leading to a power conversion 

efficiency of mere 1.8%. We speculate that the high interface VOC deficit originates from two 

factors: (i) from the near interface defects [185] as the device was prepared using the Cu-rich 

CuGaS2 absorbers, (ii) a negative conduction band offset at the CuGaS2/(Zn,Mg)O interface, due 

to high conduction band minimum of CuGaS2 and relatively low conduction band minimum of 

(Zn,Mg)O. While the former limits the VOC by reducing the QFLS near the interface and can be 

mitigated by doing a chalcogen treatment [186], the later limits the VOC by reducing the QFLS, 

and requires a buffer that is better matched to the conduction band minimum of the CuGaS2. 

Nonetheless, This work demonstrates that it is possible to make working solar cells with CuGaS2 
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though significant efforts are required to achieve VOC and power conversion efficiency close to 

Shockley-Queisser limit [13]. 
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Figure 5.21: Current density-voltage curve of CuGaS2 device prepared with (Zn,Mg)O buffer layer 

with Mg/(Mg+Zn) ~ 0.3 atomic percent. 
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Chapter 6 

Cu(In,Ga)S2 – based absorbers for single 

junction solar cells 
 

This chapter encompasses a detailed description of studies performed on Cu(In,Ga)S2 thin film. 

The details include the growth processes, results and findings from investigations performed on 

Cu(In,Ga)S2 absorbers and the complementary solar cells thereof. In this context, the different 

characterization procedures performed on the bare absorbers and completed solar cells using 

different analytical techniques will be discussed. Consequently, the results from the experimental 

and optimization procedures will solve some challenges occurring in Cu(In,Ga)S2 and also lead to 

the modification of the three-stage deposition process to achieve high quality Cu(In,Ga)S2 

absorbers.  

The first Section 6.1 examines the influence of Cu-content on the properties and optoelectronic 

quality of Cu(In,Ga)S2 absorbers, as well as the overall impact on the solar cells completed on 

such absorbers. This section will make clear why Cu(In,Ga)S2 absorbers grown under Cu-deficient 

conditions are preferred, despite the excellent microstructural property of absorbers grown under 

Cu-excess conditions. Some results from Section 6.1 have already been published [110], and a 

comprehensive analysis of the electrical properties on the solar cells completed on some of the 

absorbers can be found in the doctoral dissertation of Mohit Sood [90]. 

As the three-stage deposition process is a breakthrough technique distinguished by the varying Ga 

content (Ga-grading) throughout the depth of the absorber [187], the front grading is crucial in 

absorption and photogenerated carrier extraction. During the growth process of Cu(In,Ga)S2 

absorbers, Ga is introduced during the first and third stages of deposition either to increase the 

bandgap or to achieve a front surface bandgap gradient. Section 6.2 demonstrate the impact of 

surface Ga on Cu(In,Ga)S2 absorbers and solar cells. Then, the best surface Ga-content for high 

performing low-Ga content Cu(In,Ga)S2 absorbers for good solar cells will be investigated. The 

knowledge derived from Section 6.2 will lead to the first modification of the three-stage deposition 

step used in processing Cu(In,Ga)S2 absorbers; the modification will be described. 
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Next, in Section 6.3 the challenges encountered when increasing the Ga content in the absorber by 

the three-stage deposition process of Cu(In,Ga)S2 absorbers will be shown. Through several 

analyses, the effect of phase segregation will be presented, and how the segregated phases hinder 

the optimum performance of solar cells will be shown. 

Section 6.4 will show that it is possible to circumvent factors favoring segregated phases in high 

Ga-containing Cu(In,Ga)S2 absorbers. The trade-off that needs to be considered and its mitigation 

will be presented. The Section 6.4 will also show the effect of several deposition parameters on 

the Cu(In,Ga)S2 absorbers. These deposition parameters include the cracking of sulfur molecules, 

first-stage deposition temperature, Cu-excess deposition after stoichiometry and ramping of 

substrate temperatures. 

 

6.1 Influence of copper-content on the quality of Cu(In,Ga)S2 

absorbers and devices 
 

The trend of certified record efficiencies for Cu(In,Ga)S2 solar cells is depicted in Fig. 6.1.  

 

Figure 6.1: Certified record efficiency chart of Cu(In,Ga)S2 solar cells between 1988 to 2016. 
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The efficiency trend can be divided into two parts; (i) a slow increase over a span of 25 years 

where the efficiency increases from 7.5 % to 13.2 % and (ii) a sharp increase in efficiency from 

the 13.2 % to 15.5% within 3 years. A distinguishing factor between these two regimes is the fact 

that the former consists of solar cells which were completed on Cu-rich absorbers, while in the 

latter, the solar cells were on Cu-poor absorbers. To understand why the Cu content in Cu(In,Ga)S2 

could induce such a trend as in Fig. 6.1, many Cu(In,Ga)S2 absorbers with different Cu content 

have been studied. The need for a variation of Cu content in the Cu(In,Ga)S2 absorbers in this 

study necessitated the utilization of multiple techniques to process the absorbers. Since the two-

stage and three-stage processes could result in markedly different compositions, the Cu-rich 

absorbers were grown by the two-stage deposition method, while the Cu-poor absorbers were 

grown by the three-stage method. In both cases, the first stage substrate temperature was ~ 260 °C, 

while the second and third stage substrate temperature was at ~ 570 °C. The combination of all the 

Cu(In,Ga)S2 absorbers were deposited with the control of sulfur flux either in the open- or closed-

loop with the chamber pressure typically between 3 × 10−5 mbar to 7 × 10−5 mbar. Since the Cu-

rich ([Cu]/([Ga]+[In]) > 1) absorbers are grown with additional secondary copper-sulfide (CuxS) 

phases, the Cu-rich absorbers were etched by 10 % solution of potassium cyanide (KCN) for 5 

minutes to remove the CuxS phases before photoluminescence (PL) measurement are performed 

on them [125]. KCN etching was not required of the Cu-poor ([Cu]/([Ga]+[In]) < 1) absorbers 

before PL measurements, although they could be etched in 5 % solution of KCN for 30s to remove 

oxidized layers before they were processed into solar cells. CuInSe2 and Cu(In,Ga)Se2 bare 

absorbers have been shown to degrade upon exposure to air due to the oxidation of indium, hence, 

a thin layer of CdS acting as a passivation layer is often deposited on CuInSe2 and Cu(In,Ga)Se2 

bare absorbers [126, 134]. Cu(In,Ga)S2 absorbers required no such passivation layer as CdS 

because the surface remained stable over time [27]. 

After the growth of the Cu(In,Ga)S2 absorber, a rudimentary evaluation could be performed to 

rapidly evaluate the luminescence characteristics of the absorber by observing the PL spectrum at 

room temperature. For an absorber processed under Cu-rich conditions, after the mandatory KCN 

etching of the secondary CuxS phases, its luminescence intensity is low and characterized by broad 

defect peak. Additionally, a non-luminescing absorber could be of substandard quality. However, 
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a luminescing absorber which does not require a KCN etching is possibly one which is Cu-poor. 

The luminescence spectrum of the Cu-poor absorber and the Cu-rich absorber possess different 

signatures depending on the relative Cu-content. For instance, a visual difference in the 

photoluminescence (PL) spectrum between a moderately Cu-rich absorber, [Cu]/([Ga]+[In]) (CGI) 

ratio = 1.29, and a Cu-poor absorber with CGI ratio = 0.93 with similar optical bandgaps is 

illustrated in Fig. 6.2a. The optical bandgap is taken as the maximum PL emission energy since 

this is expected to be the minimum energy in a Ga-graded absorber film. The PL spectrum of the 

Cu-rich absorber after etching typically features a broadband peak at the lower energy end of the 

band-edge emission, and several orders of magnitude more intense than the band-edge emission 

as shown in Fig. 6.2a. For the Cu-poor absorber, the spectrum is always dominated by an intense 

band-edge emission with a narrow bandwidth of ~ 10 meV at full width half maximum as in Fig. 

6.2a. The fringes on the low energy end of the PL spectra in Fig. 6.2a are due to interference effect, 

particularly on absorbers with smooth and shiny surfaces. In general, depending on the Cu-content 

in absorber, the PL spectrum of a Cu(In,Ga)S2 absorber features the signatures of both band-edge 

emission and broad defect emission peaks with varying intensities.  

 

  

Figure 6.2: (a) The typical photoluminescence (PL) spectra of a bare Cu-rich and Cu-poor 

Cu(In,Ga)S2 thin film. In the inset is the PL spectrum in logarithmic scale. The fringes on the low 

energy end of the spectra are due to interference effect. (b) Transient PL decay from a Cu-poor 

and Cu-rich absorber. All measurements were in ambient atmosphere. 
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The quasi-Fermi level splitting (QFLS), representing the upper-limit of open-circuit voltage 

achievable, is used as a figure of merit for the optoelectronic quality of the absorbers. QFLS was 

measured at the laser power corresponding to 1-sun illumination, then the quantity is evaluated by 

the Planck’s generalized law or by evaluation of external radiative efficiency [13, 52, 56] as 

described in Section 2.3.2. In the case of low photoluminescence intensity as it will be the case in 

some Cu-rich absorbers, the absorbers were measured at higher laser powers corresponding to 

higher sun power, subsequently, the QFLS value is extracted at the higher sun power and 

extrapolated to 1-sun. For the model absorbers presented in Fig. 6.2, the QFLS is evaluated as 872 

meV and 972 meV for the Cu-rich and Cu-poor absorbers, respectively. Example of the carrier 

lifetimes between a typical Cu-rich and Cu-poor acquired by time-correlated single photon 

counting (TCSPC) is presented in Fig. 6.2b. An assessment of the lifetime by a bi-exponential fit 

of the luminescence decay in Fig. 6.2b indicates that the Cu-rich absorber (𝜏1 = 0.1 𝑛𝑠, 𝜏2 =

0.5 𝑛𝑠 ) exhibits a faster luminescence decay in comparison to the Cu-poor absorber (𝜏1 =

0.56 𝑛𝑠, 𝜏2 = 3.2 𝑛𝑠 ).   

The absorbers are completed into solar cell devices with cadmium sulfide (CdS) buffer layer and, 

intrinsic zinc oxide (i-ZnO) and aluminum doped zinc oxide (Al:ZnO) window layer. Although it 

has been shown that CdS is not appropriate for Cu(In,Ga)S2 devices [90, 110], it is suitable for 

low-bandgap devices due to a lower conduction band offset at the absorber-buffer interface. In that 

regard, CdS buffer layer has produced highly efficient low-bandgap Cu(In,Ga)S2 devices [28]. 

Additionally, CdS provides a quick means of completing the device to be assessed. The device 

characteristics measured on the solar cells are presented in Table 6.1, and the current-voltage (I-

V) curves are shown in Fig. 6.3a. It can be seen that, the solar cell completed on the Cu-poor 

absorber, shows a higher open-circuit voltage (VOC) of 734 mV, than the Cu-rich absorber with 

607 mV. It is also obvious from the device parameters presented in Table 6.1 that the Cu-poor 

device outperforms the Cu-rich device. Comparing the QFLS with the VOC in Fig. 6.3b for both 

devices, QFLS is not fully transformed into VOC. Actually, there is a lower conversion of QFLS to 

VOC for the Cu-rich device than for the Cu-poor device.  

To address the origin of this discrepancy between the Cu-rich and the Cu-poor absorbers, the data 

set is expanded to consider more absorbers with more diverse CGI ratios and [Ga]/([Ga]+[In]) 
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(GGI) ratios. The inclusion of absorbers having various GGI ratios account for absorbers with 

different optical bandgaps between 1.53-1.61 eV [188]. 

 

Table 6.1: Solar cell parameters for Cu(In,Ga)S2 devices of different chemical composition. 

Device QFLS  

(meV) 

VOC  

(mV) 

JSC  

(mA/cm2) 

FF  

(%) 

PCE 

(%) 

Cu-poor Cu(In,Ga)S2 972 734 19.1 60.7 8.6 

Cu-rich Cu(In,Ga)S2 872 607 18.5 59.7 6.7 

 

 

  

Figure 6.3: (a) Current-voltage (I-V) curves of a solar cell on a Cu-rich and Cu-poor absorber. (b) 

Comparison of the QFLS and VOC of Cu-rich and Cu-poor Cu(In,Ga)S2 absorbers and devices. 

 

The overall GGI ratios of the different absorbers considered were between 0.12-0.20. The QFLS 

of the different absorbers, which are determined by either the Planck’s generalized law or 

evaluation of the ERE, are presented against the corresponding optical bandgaps in Fig. 6.4. From 

Fig. 6.4, the distribution of the QFLS for the Cu-poor absorbers lies above the QFLS values 

measured on the Cu-rich absorbers. Ultimately, for two absorbers with similar bandgaps, the QFLS 

for the Cu-poor absorber will be higher than the QFLS for the Cu-rich absorber, rather the QFLS 
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values for higher bandgap Cu-rich absorbers compares with low bandgap Cu-poor absorbers. A 

linear fit of the QFLS distribution results in similar slopes for both sets of absorbers, with 

0.95±0.19 and 0.97±0.23 for the Cu-poor and Cu-rich absorbers respectively. Although the slopes 

are less than 1 due to thermodynamic losses in photovoltaic devices [189], the similarity of the 

slopes for both Cu-poor and Cu-rich absorbers is an indication that, the change in QFLS with 

respect to bandgap is similar for both Cu-poor and Cu-rich Cu(In,Ga)S2 absorbers. The large 

spread of the QFLS values around the slope can be explained by the fact that the exact CGI ratios 

are not considered, as it has been reported in Chapter 4 and references [27, 114] that, stoichiometry 

can influence the optoelectronic quality of an absorber. Nonetheless, it can be deduced from Fig. 

6.4 that the average QFLS between two Cu(In,Ga)S2 absorbers - one Cu-rich, the other Cu-poor - 

can differ by ~ 85±7 meV. 

 

Figure 6.4: The distribution of QFLS values of different Cu-poor and Cu-rich Cu(In,Ga)S2 

absorbers in dependence of the optical  bandgaps taken from the maximum of PL emission. 

 

Another approach to consistently evaluate the non-radiative loss in an absorber is expressed by the 

difference between the theoretical VOC (𝑉𝑂𝐶
𝑆𝑄) predicted by Shockley and Queisser [13] and the 

QFLS, i.e, (𝑞𝑉𝑂𝐶
𝑆𝑄

− 𝑄𝐹𝐿𝑆), referred to as “𝑉𝑂𝐶
𝑆𝑄

 deficit” in this work. As mentioned in Chapter 2, 

𝑉𝑂𝐶
𝑆𝑄

 represents the open-circuit voltage in an ideal solar cell [13, 51]. Although the bandgap of an 
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absorber is needed to determine the 𝑉𝑂𝐶
𝑆𝑄

 value corresponding to an emission energy, the 𝑉𝑂𝐶
𝑆𝑄

 deficit 

is not directly contingent on variations of absorber bandgap, hence the nonradiative loss of 

different absorbers can be directly compared. From the definition of 𝑉𝑂𝐶
𝑆𝑄

 deficit above, it is 

apparent that the farther the QFLS is from the ideal 𝑉𝑂𝐶
𝑆𝑄

, the higher the 𝑉𝑂𝐶
𝑆𝑄

 deficit will. Against 

this backdrop, the data points in Fig. 6.4 can be compared independent of the absorber bandgap 

and chemical composition as shown in Fig. 6.5, where the 𝑉𝑂𝐶
𝑆𝑄

 deficit of each absorber is plotted 

in dependence of the ERE. The relationship between the 𝑉𝑂𝐶
𝑆𝑄

deficit and ERE follows a negative 

slope, showing that the higher nonradiative losses is, the higher 𝑉𝑂𝐶
𝑆𝑄

deficit is. 

 

The trend shows a slope of − 𝑘𝐵𝑇 following the relationship 𝑞𝑉𝑂𝐶
𝑆𝑄deficit = −𝐾𝐵𝑇 𝑙𝑛(𝐸𝑅𝐸). From 

Fig. 6.5, the Cu-rich absorbers have lower radiative efficiencies, corresponding to higher 𝑉𝑂𝐶
𝑆𝑄

 

deficit than the Cu-poor absorbers.  

 

Figure 6.5: 𝑉𝑂𝐶
𝑆𝑄

deficit in dependence of ERE external radiative efficiency (ERE) for the various 

absorbers Cu-rich and Cu-poor absorbers. The highlighted samples C1, C2, C3 and C4 are 

absorbers are [Cu]/([Ga]+[In]) (CGI) ratio 1.23, 1.02, 0.95 and 0.93 respectively.  
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To understand the origin of the different QFLS along the compositional divide, various absorbers 

with different QFLS and 𝑉𝑂𝐶
𝑆𝑄

 deficit from both the Cu-rich and Cu-poor absorbers were selected 

for further investigations at low temperatures analyses. The absorbers are labeled C1, C2, C3 and 

C4, with their properties presented in Table 6.2. The low temperature spectra of the absorbers C1-

C4 are shown in Fig. 6.6. Starting with C1 with CGI ratio = 1.29, the band-edge luminescence is 

distinguished by two high energy peaks, rather than the singular band-edge emission in the 

absorbers C2, C3 and C4. 

 

Table 6.2: Optoelectronic properties of different Cu(In,Ga)S2 absorbers with various Cu-content. 

Absorber label [Cu]/([Ga]+[In]) 𝑬𝐠
𝑷𝑳 (eV) QFLS (eV) 𝑽𝑶𝑪

𝑺𝑸
 deficit (eV) 

C1 1.29 1.58 0.872 0.418 

C2 1.02 1.62 0.944 0.395 

C3 0.95 1.57 0.942 0.348 

C4 0.93 1.57 0.972 0.308 

 

The detection of the two peaks is likely due to the superior crystallinity of Cu-rich absorbers, as 

seen in both CuInS2 [145, 190] and CuGaS2 absorbers in Chapter 5. While the highest energy 

transition could be related to the band-edge emission, it is possible that the peak ~ 1.45 eV is 

related to donor-to-acceptor transition [144]. On the low energy end is a broadband deep defect, 

as also characteristic of Cu-rich absorbers at room temperature in Fig. 6.2a. The broad peaks could 

be resolved into two peaks by fitting with two Gaussian distributions centered at 1.3 eV and 1.1 

eV. The two peaks referred to as D1 and D2 in Fig. 6.6 are considered to originate from mid-gap 

states. Going from sample C1, to C2 - of stoichiometric composition - and C3 with even lower Cu-

content in Fig. 6.6, it is observed that the intensity of the bulk defect peaks D1 and D2 weakens as 

Cu-content decreases. Remarkably, D1 and D2 are effectively subdued in sample C4 with the 

lowest Cu-content. It should be noted that, although these absorbers are of different GGI ratio 

between 0.12-0.18, the low variation in Ga-content between the absorbers is sufficient to ascribe 
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the behavior of D1 and D2 in Fig. 6.6 to Cu-related defects, since Cu is the element strongly driving 

the compositional variation between the absorbers. 

 

 

  

Figure 6.6: Low temperature PL spectra at 20 K for absorbers C1, C2, C3 and C4 with of CGI 

ratio 1.23, 1.02, 0.98 and 0.93 respectively, showing the evolution of the broadband deep defect 

with decreasing concentration of Cu in the absorbers. 

 

The ERE and 𝑉𝑂𝐶
𝑆𝑄

 deficit are presented in dependence of CGI ratio for C1-C4 in Fig 6.7. The 

increase of ERE and complementary reduction of 𝑉𝑂𝐶
𝑆𝑄

 deficit in relation to decreasing Cu-content 

in Fig. 6.7, can be correlated with the suppression of deep defects D1 and D2 in Fig. 6.6. This 

implies that the suppression of Shockley-Read-Hall (SRH) recombination centers which appears 

to dominate Cu-rich absorbers, lead to an increase of (or higher) QFLS in Cu-poor absorbers as 
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seen in Fig. 6.4. This also explains the longer lifetime of Cu-poor absorbers than Cu-rich absorbers 

as seen in Fig. 6.2b.  

 

Figure 6.7: 𝑉𝑂𝐶
𝑆𝑄

 deficit and ERE in dependence of CGI ratio of samples C1, C2, C3 and C4. 

 

For ease of quotation, the difference between QFLS and VOC will be referred to as “VOC loss”. 

With the passivation of bulk defect realized in Cu(In,Ga)S2 absorbers by going Cu-poor,  there is 

still a disparity between QFLS and VOC values as depicted in Fig. 6.3, since irrespective of the 

absorber composition, the QFLS is still not fully transformed into VOC when solar cell devices are 

completed on the absorbers. The added layers to complete the device formation on the absorber 

suggest the origin of the deficit is interface-related, manifesting from the deposition of buffer layer. 

Research work on interface defects on Cu(In,Ga)S2 have been done by Dr Mohit Sood, and readers 

are urged to refer to his Doctoral thesis for in-depth analyses [90] on the origin of VOC loss in Cu-

rich and Cu-poor absorbers. It was reported that, Cu-poor device with CdS buffer layer form a 

cliff-type offset or negative conduction band offset (CBO) at the absorber-buffer interface, which 

leads to interface recombination. The interface recombination can be passivated with Zn(O,S) 

buffer layer [90, 110, 191]. With this knowledge, CdS is not an ideal buffer layer for Cu(In,Ga)S2 

devices. 
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The solar cell device completed on the best Cu(In,Ga)S2 absorber, C4,  with Zn(O,S) buffer layer 

produced an efficiency of 15.2 % with VOC of 902 mV [110]. A comparison of the efficiency with 

efficiencies of several CuInS2 and Cu(In,Ga)S2 solar cells is plotted against the respective 

bandgaps in Fig. 6.8. The bandgap of the solar cells are determined from the inflection point of 

their external quantum efficiency (EQE) curves. Although the device on C4 made the best high-

bandgap solar cell at 1.60 eV, the device still suffers from a high loss between 𝑉𝑂𝐶
𝑆𝑄

 and device in 

comparison to the Cu(In,Ga)S2 device holding the record-efficiency [24, 110].  

 

 

Figure 6.8: Efficiency of different CuInS2 and Cu(In,Ga)S2 solar cells plotted against the respective 

bandgap determined from external quantum efficiency (EQE) curves of the solar cells [24, 27, 28, 

98, 110, 192-205]. The efficiency and performance of the solar cell on C4 (half-filled star) has 

been reported by Shukla and Sood et al. [110]. 

 

6.2 Surface gallium-grading in Cu(In,Ga)S2 absorber 
 

In the previous section, the influence of Cu-content on deep recombination centers/defects which 

limits the QFLS on Cu(In,Ga)S2 absorbers have been discussed. As we have already seen that Cu-
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poor absorbers have led to a change in the trend of certified record efficiencies of Cu(In,Ga)S2 

solar cells, see Fig. 6.1, the last section showed why Cu-poor absorbers would be the preferred 

choice for making high quality Cu(In,Ga)S2 devices.  

The initial objective of this section was to increase the Ga content in Cu(In,Ga)S2 absorbers in 

order to obtain a higher bandgap, thus a higher QFLS. To grow the higher Ga-content absorbers, 

a procedure similar to that which was used to process the best absorber in Section 6.1 was used as 

a baseline. This Section 6.2 will show that the use of this baseline to process high Ga absorbers 

requires a modification. However, more importantly, this Section 6.2 will show the influence of 

surface Ga on Cu(In,Ga)S2 absorbers and solar cells. 

The idea and advantages of the double gallium or bandgap gradient derived from the three-stage 

deposition method was described in Section 3.6, where some of the advantages which make such 

bandgap profile or its adaptations the preferred standard was introduced. It has been shown in 

Cu(In,Ga)Se2 absorbers that the height of the front surface Ga-gradient is crucial for the optimum 

performance of highly efficient devices [79, 206, 207]. However, if the front Ga-gradient is too 

high, the beneficial effect of the front gradient can be hindered by a barrier to photocurrent 

extraction and recombination at the absorber-buffer interface [79, 100]. With this background, this 

section examines the impact of front surface Ga-grading on the optoelectronic properties of 

Cu(In,Ga)S2 absorbers and consequently the solar cells devised on the absorbers. The findings will 

serve as a precedent for a modification of the co-evaporation process in the succeeding sections 

within the context of gallium content in the third stage of a three-stage deposition. 

 

6.2.1 Cu(In,Ga)S2 absorbers and devices with high surface gallium  
 

The three samples (H, M, and L) studied in this section were processed by the classical three-stage 

deposition method as described in Section 3.6, whereby the same In and Ga fluxes are evaporated 

in the first and third stage of deposition while Cu is deposited at the second stage [187]. 

Considering that the samples were deposited with the aim of increasing gallium content or the 

overall GGI ratio, the indium flux was kept constant during the first and third stages deposition for 

all the absorbers, and only the gallium flux was varied between the deposition of the absorbers. 
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The profile illustrating the deposition method is depicted in Fig. 6.9. The substrate temperature 

was heated at 265 °C during the first stage, and at 580 °C during the second and third stages. It 

should be mentioned that the temperatures mentioned are the estimated actual temperatures 

obtained from the substrate temperature calibration. The relationship between the set and real 

temperatures in presented in Appendix 2. The deposition process occurs under a sulfur atmosphere, 

as such, the sulfur flux was held constant by the closed loop method (see Section 3.6) to keep the 

evaporation chamber at approximately (5.4 ± 0.3) × 10−5 mbar.  

 

Figure 6.9: Schematic description of the three-stage deposition process used to vary Ga-content 

and surface GGI ratio of sample H, M and L. Here, the Ga fluxes remained the same in the first 

and the third stages of deposition. Samples H, M and L were deposited with similar In fluxes, but 

different Ga fluxes where H had the highest Ga flux and L had the lowest Ga flux. The Ga flux 

which corresponds to sample C4 in Section 6.1 has been indicated for comparison.  

 

The average chemical compositions of the absorbers were analyzed by energy dispersive X-ray 

(EDX) spectroscopy at different acceleration voltages. In EDX, high-energy electrons impinge on 

a sample, with some incident electrons colliding with electrons orbiting the atoms in the sample. 



113 
 

The collision of the impinging electrons with the atom releases an electron in its lower energy 

level. An electron at a higher energy level in the atom then occupies the vacant low-energy level 

by releasing energy or X-ray characteristic to the atom. The penetration depth of the electrons 

impinging on the sample is dependent on the electron accelerating voltage, thereby allowing 

different depths of the absorber from the front surface layer to the back surface to be probed [208]. 

The penetration depth of electrons impinging on Cu(In,Ga)S2 absorber in dependence of 

acceleration energy has been simulated using CASINO ("monte CArlo SImulation of electroN 

trajectory in sOlids") [209]. A schematic representation of the diffusion depth as a function of 

acceleration voltage at 5 keV, 10 keV and 20 keV is illustrated in Fig. 6.10. A more detailed view 

taken from CASINO of the different depth percentage for the different energies can be seen in 

Appendix 4. It was estimated that at acceleration energies of 5 keV and 20 keV, the maximum 

diffusion depth of the impinging electrons in Cu(In,Ga)S2 are ~ 0.15 um and 1.5 um respectively. 

As such, the surface layer composition of the absorbers investigated is acquired at acceleration 

voltages of 7 keV, and the overall/average composition through the depth of the absorber is 

measured at 20 keV since the effective diffusion extends into the bulk of the absorber towards the 

back contact. Note that the acceleration energy of 5 eV was not used to acquire the near-surface 

composition since it is close to the characteristic X-ray emitted by indium. 

 

Figure 6.10: Simulation of penetration depth of energy dispersion X-ray at different acceleration 

voltages in a 3 um thick Cu(In,Ga)S2 absorber. The outer black ring denotes the maximum 

diffusion region, while the innermost green ring represents the effective penetration depth. The 

illustration is adapted from Casino (monte CArlo SImulation of electroN trajectory in sOlids) 

[209]. 
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The detailed chemical compositions as analyzed from EDX are presented in Table 6.3. For good 

comparison, all three absorbers were sufficiently Cu-poor with comparable [Cu]/([Ga]+[In]) (CGI) 

ratios between 0.91-0.94. Therefore, the influence of Cu-related recombination centers, which 

diminishes the optoelectronic quality between the absorbers, as shown in Section 6.1 and Ref. 

[110], are negligible. The front surface GGI ratios measured on the absorbers increased from (0.40) 

L to (0.62) H as the overall GGI ratio measured on the absorbers also increased from 0.19 (L) to 

0.26 (H) as presented in Table 6.3. Hence, it can be concluded that the gallium content between 

the samples changes due to the higher Ga fluxes during deposition, with a stronger influence on 

the surface Ga. 

 

Table 6.3: Chemical composition of absorbers processed with the same Ga fluxes at the first and 

third stages of deposition. Different Ga fluxes were used to process the various absorbers. The 

elemental composition was determined by EDX analyses. 𝑬𝐠
𝑷𝑳 is the optical bandgap taken from 

the maximum of the PL peak. 

Absorber Average 

GGI ratio 

Surface 

GGI ratio 

∆GGI 

ratio 

Average 

CGI ratio 

𝑬𝐠
𝑷𝑳 

(eV) 

Sample C4 0.13 0.17 0.03 0.93 1.57 

Sample L 0.19 0.40 0.21 0.94 1.548 

Sample M 0.22 0.47 0.25 0.91 1.558 

Sample H 0.26 0.62 0.34 0.93 1.561 

 

The gallium profile of the absorber measured by secondary ion-mass spectroscopy (SIMS) is 

available for only Sample H with the highest Ga content, and this is shown in Fig. 6.11a. Given 

the similar growth processes for the three samples H, M and L, the gallium profiles for samples L 

and M are assumed to be like sample H, with some differences in the notch height and the 

level/concentration of the surface gallium. For ease of comparing the gallium content measured on 

the absorbers without the SIMS gallium profiles for samples L and M, ∆GGI ratio is defined as 
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the difference between the overall and surface GGI ratios, and it is used for the relative comparison 

between the absorbers since they have different GGI ratios.  

From optical measurement, the different surface GGI ratios had no strong influence on the shape 

of the emission spectra of the absorbers, as depicted by Fig 6.11b. From studies on Cu(In,Ga)Se2, 

it has been reported that in a Ga-graded absorber, the PL emission energy is related to the bandgap 

minimum, since photogenerated carriers diffuse towards the position of minimum bandgap (notch) 

[103, 207, 210]. The PL emission energies presented in Table 6.3, show that there is no appreciable 

change in the emission energies between the samples compared to the GGI ratio as shown in Fig. 

2.3. Rather, the optical bandgap extracted from the PL emission peak only increases from ~ 1.548 

eV (L) to  ~ 1.561 eV (H) despite the increase in the overall GGI ratio from 0.21 (L) to 0.34 (H) 

which would be expected to increase the bandgap [21, 35]. Even more remarkable is the fact that, 

although all three samples L, M and H possess higher GGI ratios than C4, they all have a lower 

optical bandgap in comparison.  

  

Figure 6.11: (a) Gallium profile of sample H (with high surface GGI ratio) measured by secondary 

ion-mass spectroscopy (SIMS). (b) Normalized PL spectra of the samples L, M and H. 

 

The insignificant change in emission energy might be explained by the SIMS Ga profile of Sample 

H in Fig. 6.11a, where it can be observed that the intensity of the front surface Ga is approximately 

double the intensity of the back surface Ga, although the notch height is much lower. Owing to the 

high concentration of Ga on the front surface of the absorber, it could be assumed that the 
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additional Ga deposited during the third stage of growth process accumulates on the front of the 

absorber. Furthermore, the overall GGI ratio measured from EDX [211] is over-represented by the 

surface GGI ratio, which might lead to a discrepancy between the overall GGI ratio and optical 

emission energies as observed particularly in sample H.  

The optoelectronic quality of the absorbers represented by the quasi-Fermi level splitting (QFLS) 

was evaluated using the external radiative efficiency (ERE) method, and for a good comparison, 

the values are again referenced against the highly efficient Cu-poor absorber (C4) with low surface 

and overall GGI ratio in section 6.1. The QFLS of each absorber evaluated at 1 sun illumination is 

presented in Table 6.4 and as a bar graph in Fig. 6.12. All three absorbers exhibited remarkable 

radiative efficiency resulting in QFLS greater than 1 eV, with improvement of +33 meV, +46 meV 

and +95 meV for Samples L, M and H respectively in comparison to the reference sample (C4). 

The gain in QFLS between L and H can be expected, since ideally, the theoretical VOC as predicted 

by Shockley and Queisser increases with higher bandgap [13, 14], contrarily, C4 rather has a lower 

QFLS than L, M, and H although it has a higher bandgap than the three absorbers. 

970

1003 1016
1065

901

622

542

361

Sample C4 Sample L Sample M Sample H

0

200

400

600

800

1000

1200

[Ga]/[Ga+In] @ 20kV

 QFLS (meV)

 VOC (mV)

240

250

260

270

280

290

300

310

320

330

V
S

Q
O

C
 d

e
fi

c
it

 (
m

e
V

) 

 

Figure 6.12: Graphical presentation of the QFLS and VOC of Cu(In,Ga)S2 absorbers with high 

surface GGI ratio. The line symbol shows the VOC
SQ

 deficit. The solar cells were completed with 

Zn(O,S) buffer layer. 
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Due to the different bandgap among the absorbers, the 𝑉𝑂𝐶
𝑆𝑄

 deficit is used for a relative comparison 

of radiative losses among the samples independent of bandgap. From Table 6.4 and Fig. 6.12, it 

can be observed that 𝑉𝑂𝐶
𝑆𝑄

 deficit for the three samples significantly decreased in reference to C4 

and it also decreased from sample L to H. The reduced 𝑉𝑂𝐶
𝑆𝑄

 deficit and the QFLS values indicate 

that the optoelectronic properties of the absorbers under study did improve with higher surface Ga. 

On one end, this could be because the high surface Ga/bandgap mitigates surface recombination 

[207], on the other hand, a higher front bandgap will be more transparent to longer wavelengths 

which can travel further into the absorber and generate charge carriers closer to the notch [100], 

and increase the carrier density and radiative efficiency of the absorbers. 

 

Table 6.4: QFLS values and device parameters of the solar cell developed on the Cu(In,Ga)S2 

absorbers with high surface GGI ratio. The devices were made with Zn(O,S) buffer layer. 

Sample QFLS 

(meV) 

𝐕𝐎𝐂
𝐒𝐐

 deficit 

(meV) 

VOC 

(mV) 

VOC loss 

(meV) 

PCE 

(%) 

FF 

 (%) 

JSC 

(mA/cm2) 

C4 970 308 901 69 14.3 71.6 21.8 

L 1003 280 622 381 0.7 14.4 6.7 

M 1016 270 542 474 0.1 18 1.0 

H 1065 240 361 704 0.06 22 9.2 

 

In the next step, solar cells are made on the absorbers, L, M and H with the stack of Zn(O,S), ZnO 

and Al:ZnO to inspect their electrical performance. The results of the optoelectrical and electrical 

performance are presented in Table 6.4 and Fig 6.12. The results show that VOC strongly decreases 

from 622 mV in sample L to 361 mV in sample H. This contrasts with reports that Ga-grading in 

the space-charge region (SCR) significantly enhances VOC [101, 212]. It is clear that the improved 

optoelectronic quality and high QFLS realized with high surface GGI ratio does not translate into 

high VOC. The opposite is observed as seen in Fig. 6.13b, where the VOC loss is correlated with the 

surface GGI ratio; it is seen that the higher the surface GGI ratio, the higher the VOC loss. The 
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device parameters presented in Table 6.4 shows that the device performance registered on the solar 

cells made on the absorbers were equally bad.   

The origin of the poor performance of the devices with high surface GGI ratio can be deduced 

from the I-V curves in Fig. 6.13a. It can be seen from Fig. 6.13a that the JSC is less than JPh, which 

is an indication of a barrier for photogenerated carriers. This is corroborated by the S-shape and 

rollover effect seen in the I-V curves which becomes more pronounced with higher surface GGI 

ratio, particularly prominent in Sample H. It is also possible that with very high front surface Ga, 

the notch (or bandgap minimum) is shifted behind the SCR into the quasi-neutral region (QNR) 

[79]. This phenomenon, in addition to the low JSC values (Table 6.4) adds to the suggestion that 

there is a barrier to photogenerated carriers, which is increases unwanted recombination thereby 

reducing VOC and JSC [93].  

 

  

Figure 6.13: (a) Current-voltage (I-V) curves of the solar cells made on the absorbers with high 

surface GGI ratios . (b) Bar graph showing the correlation between VOC loss (QFLS – qVOC) and 

surface GGI ratio.  

 

Chirila et al. reported on the influence of high surface GGI ratio on Cu(In,Ga)Se2 [79], that with a 

high surface GGI ratio, there is a possibility that the notch formed at the conduction band is shifted 

behind the SCR into the QNR when forward biased. Owing to the high ∆GGI ratio, the high surface 

Ga acts as a barrier while the notch acts as confinement for the photogenerated electrons, which 
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easily recombines with holes in the valence band or mid-gap states [77, 79]. As the surface GGI 

ratio increases, the barrier effect is exacerbated leading to higher recombination. It is not 

understood if the same mechanism is occurring in the Cu(In,Ga)S2 devices on absorbers L, M and 

H with high surface GGI ratio. A deeper understanding will require detailed device simulations 

and analyses which is not within the scope of this thesis. The interest in this thesis is limited to 

process optimization for the improvement of Cu(In,Ga)S2 devices which continues in the next 

section.  

 

6.2.2. Surface gallium for high performing Cu(In,Ga)S2 devices 
 

Findings from the preceding section have demonstrated that (i) the bandgap of Cu(In,Ga)S2 is not 

significantly increased by the additional Ga deposited at the third stage of growth. (ii) Increased 

concentration of Ga on the front surface of Cu(In,Ga)S2 absorbers is beneficial to the 

optoelectronic quality of the absorber, insofar as, QFLS increases and VOC
SQ

 deficit is minimized 

due to a reduced surface recombination. Unfortunately, the high QFLS is not converted to a 

correspondingly high VOC. Rather, the high concentration of front Ga leads to an undesirable 

barrier effect, which causes unwanted recombination and VOC losses at the absorber-buffer 

interface. The results also suggest that, it is not adequate to have a high Ga flux or to maintain the 

same Ga flux in the first and third stage during the deposition of high Ga-content Cu(In,Ga)S2 

absorbers, although the same Ga flux ratio might be tolerable in low Ga-containing absorbers. 

Nevertheless, a higher-than-notch surface Ga or bandgap is still desired to garner the favorable 

outcomes and expectations of the Ga front gradient discussed in Section 3.6. 

In a revision of the previous deposition profile depicted in Fig 6.10, an optimized profile where 

lower Ga flux at the third stage than in the first stage of evaporation is adopted. The elemental flux 

profile is exemplified in Fig. 6.14 with the Sample H in Section 6.2.1 used as a reference for 

comparison. The deposition conditions are such that the substrate temperatures at the first and 

second stages are 265 °C and 580 °C respectively with the chamber pressure ~ (5.4 ± 0.3) × 10−5 

mbar. In the revised deposition two samples labelled OL1 and OL2 were prepared. As illustrated 

in Fig 6.14, for both absorbers, the Ga fluxes at the third stage are lower than the Ga fluxes at the 

first stage. OL1 had a higher Ga flux than OL2 in the first stage while OL2 had a higher Ga flux 
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than OL1 in the third stage. The chemical composition showing the average CGI ratio, average 

and surface GGI ratios, from EDX analyses are presented in Table 6.5.  

 

 

Figure 6.14: Revised three-stage deposition profiles for Cu(In,Ga)S2 absorbers grown to have low 

surface GGI ratios. 

 

Table 6.5. Chemical compositions extracted from EDX analyses for the Cu(In,Ga)S2 absorbers 

grown with optimized deposition profile for lower Ga content.  

Absorber Average 

GGI ratio 

Surface 

GGI ratio 

∆GGI 

ratio 

Average 

CGI ratio 

𝑬𝐠
𝑷𝑳 

(eV) 

Sample H 0.26 0.62 0.34 0.93 1.561 

Sample OL1 0.13 0.33 0.20 0.90 1.545 

Sample OL2 0.16 0.22 0.06 0.95 1.565 
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The front surface GGI ratio for OL1 at 0.33 is higher than that of OL2 at 0.22, while the average 

GGI ratio of 0.13 for OL1 is slightly lower than OL2 which is 0.16. From the bowing diagram 

showing of bandgap dependence on GGI ratio in Fig. 2.3 and comparing the average GGI ratio 

with the optical bandgaps in Table 6.5, it is noticeable that the bandgaps of OL1 and OL2 are better 

correlated with the average GGI ratio than in Sample H. Summarily, the surface-Ga optimized 

absorbers with lower GGI ratios are unlike Sample H where a much higher average GGI ratio 

rather showed a lower optical bandgap. Thus, the average GGI ratios of OL1 and OL2 are not 

heavily weighted by the front surface GGI ratio.  

 

    

 

Figure 6.15: Cross-section SEM micrograph of (a)OL1 and (b) OL2. (c) Normalized PL spectra of 

the surface Ga-optimized absorbers, OL1 and OL2, along with H. (d) The uncalibrated Ga profile 

from SIMS of OL1, OL2 compared with H.  
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Fig. 6.15 shows the SEM cross-section of OL1 and OL2. The micrograph shows that OL2 has 

visibly smaller grain size in contrast to the larger grains of OL1. At this point, it is not clear if this 

is due to different Ga content in absorbers, although Ga is known to influence the grain size in 

absorbers [213-215].  

The in-depth Ga profiles from SIMS analysis for OL1 and OL2 in comparison to Sample H are 

presented in Fig 6.15. From SIMS analysis of the Ga profile of OL1 and OL2, the notch height for 

OL2 is somewhat higher than OL1. The effect of the optimization on the front surface GGI ratio, 

highlighted by the difference between surface GGI ratio and the average GGI (∆GGI) ratio, shows 

a reduction of the ∆GGI ratio from 0.34 in H to 0.20 and 0.06 in OL1 and OL2, respectively. The 

effect of reduced ∆GGI ratio is irrespective of the different Ga fluxes in the first stage of depositing 

the absorbers.  

First, the influence of the reduced front GGI ratio on the optoelectronic quality is investigated on 

the bare absorbers by evaluating the QFLS which the details are presented in Table 6.6. The results 

presented in Fig. 6.16 are again compared with the reference absorbers, C4 in Section 6.1, and 

Sample H with high surface GGI ratio in Subsection 6.2.2. The average QFLS (and VOC
SQ

 deficit) 

are evaluated as 962 meV (307 meV) and 979 meV (320 meV) for OLI and OL2, respectively. 

These values are comparable with C4 although QFLS is much lower than in Sample H. While the 

higher QFLS value of OL2 might be due to its higher bandgap than OL1 [14], its QFLS and VOC
SQ

 

deficit differs from Sample H with a similar bandgap by ~ 100 meV and 80 meV, respectively. 

This is due to the exceptionally high radiative efficiency of Sample H as reflected in Fig. 6.16. The 

exceptionally high surface GGI ratio (or high bandgap) for Sample H reduces surface 

recombination and this leads to improved photogenerated carrier collection. A consequence of 

such an assumption will be that the lower (front) bandgap of OL1 and OL2 increases surface 

recombination [207], which reduces photogenerated carriers at the notch and will reduce the 

radiative efficiency of absorbers with lower surface GGI ratio. 

Ultimately, while a higher surface GGI ratio is beneficial to the radiative efficiency and QFLS of 

Cu(In,Ga)S2 absorbers as seen in Fig. 6.16 and Fig. 6.12, contrarily, a higher surface GGI ratio 

does not strongly influence the bandgap of the absorber. This is as observed in Section 6.1. 
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In the next step to investigate the influence of the optimized surface GGI ratio in Cu(In,Ga)S2, 

solar cell devices are completed on the absorbers with CdS buffer layers. Although Zn(O,S) buffer 

layer is more advantageous to Cu(In,Ga)S2 devices due to a favorable conduction band alignment 

as mentioned in Section 6.1 and references [90, 110], CdS buffer is chosen in this step to 

circumvent the electron-barrier (appearing as rollover) which exists at the Cu(In,Ga)S2/Zn(O,S) 

interface [90]. Additionally, CdS is used has it has been shown to impede the fill-factor loss with 

a non-optimal buffer even with a lower VOC.  Fig. 6.16a shows the I-V characteristics of Sample 

OL1 and OL2 along with the I-V characteristic of Sample H device completed with CdS buffer 

layer for good comparison, while the details of the device parameters are shown in Table 6.6. Note 

that in Section 6.1, the device parameters presented in Table 6.4 and Fig. 6.13 for Sample H are 

for device completed with Zn(O,S) buffer layer.  

 

Table 6.6. QFLS and device parameters with CdS buffer layer on Cu(In,Ga)S2 absorbers with 

optimized front GGI ratio. 

Sample QFLS 

(meV) 

𝐕𝐎𝐂
𝐒𝐐

 deficit 

(meV) 

VOC 

(mV) 

VOC loss 

(meV) 

PCE 

(%) 

FF 

 (%) 

JSC 

(mA/cm2) 

C4 970 308 734 236 14.3 71.6 21.8 

H 1065 240 655 410 0.07 22 0.5 

OL1 961 307 773 188 6.4 46.1 17.8 

OL2 962 320 830 132 10.4 52 21.3 

 

The VOC values are plotted with the QFLS for comparison and visualization of the losses incurred 

in Fig. 6.16c. The Sample OL1 exhibit FF, JSC and PCE of 46.1 %, 17.8 mA/cm2 and 6.4 % 

respectively. This is an improved performance in comparison with device performance of Sample 

H, detailed in Table 6.6. Although the VOC of 773 mV and VOC loss of 188 meV shows a better 

transformation of QFLS to VOC, see Fig. 6.16 for comparison, other device parameters such as JSC, 

FF and PCE are deficient. The origin of the deficiency might be understood from the I-V 

characteristics in Fig. 6.16a, as the attributes of barrier to photogenerated carriers can still be seen 

in the curve accredited to OL1. On the other hand, the device on OL2 absorber, sees the VOC 
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increase to 830 mV, with VOC loss of 132 meV, indicating a better QFLS-to-VOC conversion than 

OL1 and the reference sample C4, Fig 6.16c.  

  

 

Figure 6.16: (a) I-V curve of Cu(In,Ga)S2 device prepared on absorbers with moderate surface 

GGI ratio. (b) Loss between QFLS and VOC (qVOC deficit) in relation to surface GGI ratio. (c) 

Average quasi-Fermi level splitting (QFLS) on bare absorbers (turquoise bars) having lower 

surface GGI referenced with high surface GGI absorber. The VOC
SQ

 deficit is represented by the line 

symbol (blue), and the open-circuit voltage (VOC) measured on the CdS-buffered solar cells (red 

bars). 
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The FF, JSC and PCE of 52 %, 21.3 mA/cm2 and 10.4 % respectively for OL2 attest to the better 

performance of OL2 device as also shown by its I-V curve in Fig. 6.16a with less pronounced 

effect of photogenerated barrier. The correlation between the Voc loss and the front surface GGI 

ratio is presented against the average GGI ratio in Fig. 6.16b, where it can be observed that the 

lower the ∆GGI ratio, the lower the loss between QFLS and VOC.   

In summary, although a high surface bandgap does reduce recombination at the surface of 

Cu(In,Ga)S2 absorbers, to benefit from front to surface Ga-grading in Cu(In,Ga)S2 devices, the Ga 

profile needs to be moderated such that the surface Ga is not exceptionally high as to generate a 

barrier for photogenerated carriers. Furthermore, surface Ga did not substantially contribute to 

increasing the bandgap of the absorber. The high surface Ga poses a constraint on the third stage 

Ga flux during the three-stage deposition process when increasing the Ga content of the absorber. 

The Ga in the bulk can be increased without an exceptional increase at the surface by intentionally 

reducing the Ga flux at the third stage of deposition. There is a compromise in the lowering of the 

surface GGI ratio, in that, the recombination at the surface of the absorber increases, however, a 

barrier for photogenerated carriers is induced by a high surface GGI ratio. 

 

 

6.3 Cu(In,Ga)S2  back gallium-grading 
 

An effect of incorporating Ga into CuInS2 or increasing the Ga content in Cu(In,Ga)S2 is to 

increase the bandgap, since there is an upward shift of the conduction band (CB) minima with Ga. 

Some knowledge of bandgap-grading from the counterpart and better-researched Cu(In,Ga)Se2 

were also discussed in Chapter 3 to better understand the outcome of the growth processes of 

Cu(In,Ga)S2 absorbers. 

In the need to overcome the theoretical working efficiency limitation in single junction solar cells, 

the concept of tandem application, where more than one solar cell is utilized has been presented in 

the introductory chapter. It was introduced that Cu(In,Ga)S2 devices are viable as top cell due to 

the variability of its bandgap between 1.5 eV and 2.4 eV. For instance, if c-Si or Cu(In,Ga)Se2 is 
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used as the bottom cell, a solar cell with bandgap ~ 1.6-1.7 eV can be utilized as a top cell in 

tandem applications [17, 216]. Consequently, research on Cu(In,Ga)S2 has found more interests 

recently [24, 28-31, 41, 113, 120, 193]. However, before the optimal use of Cu(In,Ga)S2 in tandem 

applications, it is a prerequisite that the absorber possess a high QFLS and that high efficiency be 

achieved in Cu(In,Ga)S2 single junction devices. Until now, in Section 6.1 and Section 6.2, the 

best high performing device demonstrated has an optical bandgap of ~ 1.57 eV or device bandgap 

of 1.6 eV, which is still lower than the desired bandgap between 1.6-1.7 eV. It should be mentioned 

that, it was recently shown that in a silicon-based bifacial tandem application, if Si is utilized as a 

bottom cell, a top cell of 1.5 eV bandgap is also suitable in a two-terminal tandem application 

[217], however for higher open-circuit voltage a higher bandgap than 1.5 eV is still necessary for 

the top cell in tandem applications. 

In this current section, the aim is to increase the notch energy in Cu(In,Ga)S2 absorbers to achieve 

optical bandgaps reaching up to 1.66 eV, in view of achieving a high performing solar cells. 

Section 6.2 has shown that when growing Cu(In,Ga)S2 absorbers by the three-stage deposition 

process, a higher bandgap cannot be achieved by increasing Ga flux at the third stage of deposition, 

rather it is achieved with the increase of Ga flux at the first stage of deposition, since Ga evaporated 

at the first stage strongly influences the back Ga gradient.  

This section will show the challenges encountered as the Ga in the first stage is increased to achieve 

a higher bandgap, that is, how the Ga content in the first stage of deposition influences the QFLS 

of the absorber and the impact on the device performance. Then, bulk analyses on the absorber 

will be used to investigate the crystalline phases, Ga depth profile, etc., will be performed to 

understand the origins of inhibitions to optimum performance. Again, the three-stage deposition 

technique will be utilized, in order to harness the qualities and benefits which has made bandgap-

grading  the standard technique in Cu(In,Ga)(S,Se)2 absorbers. [218].   

 

6.3.1 Challenges with high back-gallium Cu(In,Ga)S2  
 

The back Ga is varied or increased with the purpose of elevating the notch energy - point of the 

lowest Ga concentration - of the absorber to produce bandgaps between 1.6-1.7 eV. This bandgap 
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has been reported to correspond to overall GGI ratio of 0.3-0.35 [35]. As the primary focus in this 

section is the back Ga-grading in Cu(In,Ga)S2 absorbers, the deposition will employ the baseline 

process in the previous Section 6.2, that is, the deposition of the absorbers will follow the three-

stage co-evaporation sequence described in Section 3.6.3, but with a lower Ga flux at the third 

stage. To achieve a higher GGI ratio among the absorbers, only the gallium flux was adjusted in 

the first stage of deposition between all the absorbers, while the indium flux was kept constant to 

achieve the desired composition. Only Copper is deposited in the second stage. As a consequence 

of the knowledge obtained from the Section 6.2, at the third stage, the Ga flux is reduced to lower 

the surface GGI ratio, since Section 6.2 above showed that high surface GGI ratio has detrimental 

effect on Cu(In,Ga)S2 devices. The deposition profiles depicting the Ga fluxes for the four 

Cu(In,Ga)S2 samples, labeled BL1-BL4, are as illustrated in Fig. 6.17. 

 

 

Figure 6.17: Illustration of the deposition profiles showing the increase of Ga fluxes at the first 

stage of deposition to achieve a higher notch energy in BL1-BL4. The same Ga flux was used at 

the third stage of deposition for all four samples. 
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All the absorbers were deposited on Mo-sputtered soda-lime glass (SLG) substrate. At the first 

stage, the substrate temperature was ~ 335 °C under a sulfur atmosphere with the chamber pressure 

of ~ 5.2·10-5 mbar. At the second stage, the substrate temperature is increased to 595 °C at a heat 

ramp rate of 20 °C/minute, and the chamber pressure is increased ~ 6.0·10-5 mbar by increasing 

the sulfur flux. Note that the temperatures are actual temperatures obtained from a calibration 

process, please find the corresponding set temperatures in the Appendix 2. As mentioned in 

Section 3.6, the heating of elements, opening and closing of shutters does influence the overall 

chamber pressure and the sulfur partial pressure is adjusted to account for the pressure changes, 

hence the increase in chamber pressure at the second stage. The deposition time at the first stage 

is between 45-60 minutes, approximately 60-75 minutes at the second stage and 20-22 minutes at 

the third stage. The different deposition times can be influenced by factors such as elemental 

fluxes, recrystallization of Cu-excess, and so on. 

 

Table 6.7: The chemical composition extracted from EDX analyses and the optical bandgap (𝐸𝑔
𝑃𝐿) 

of the absorbers deposited with different first stage Ga flux to achieve higher bandgap. 

Sample  Overall GGI 

ratio @ 20 kV 

Average  

CGI ratio @ 20 kV 

Surface GGI 

ratio @ 7 kV 

𝑬𝐠
𝑷𝑳 

(eV) 

BL1 0.17 0.98 0.24 1.56 

BL2 0.25 0.97 0.38 1.62 

BL3 0.30 0.98 0.49 1.64 

BL4 0.35 0.98 0.49 1.66 

 

The specific chemical compositions of BL1-BL4 from EDX analyses, measured at 20 kV and 7 

kV for overall and surface compositional ratios respectively, are presented in Table 6.7. All four 

samples have similar copper content with CGI ratio of 0.97-0.98. As intended, the overall GGI 

ratio steadily increased from 0.17 in BL1, the sample deposited with the lowest Ga flux, to 0.35 in 

BL4, the sample deposited with the highest Ga flux during the first stage. It is also observed from 

Table 6.7 that, there is an unintentional increase of the surface GGI ratio as the Ga fluxes in the 
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third stage increased. A likely explanation can be found in Section 6.2, where it is seen that much 

of the additional gallium at the third stage tends to agglomerate on the surface leading to a higher 

surface GGI ratio. Hence, for the samples BL1-BL4, as the back gallium was increased and the 

notch energy is elevated, the surface gallium and GGI ratio also increased even when gallium flux 

is reduced at the third stage. 

The room temperature PL spectra of the absorbers BL1-BL4 showing the band-edge luminescence 

are presented in Fig. 6.18a. The effect of increasing the overall GGI ratio from 0.17 to 0.35, 

through the back gallium concentration, is seen by a shift in the band-edge emission by 0.1 eV, 

i.e., from 1.56 eV in BL1 to 1.66 eV in BL4, as seen in Fig 6.18a. The specific emission energies 

extracted from the PL peak are detailed in Table 6.7. For Cu(In,Ga)Se2, the PL emission has been 

shown to originate from the notch [210], hence the shift of band-edge emission to higher energies 

indicates that the notch height is also influenced by the increasing back gallium (or first stage Ga 

flux) through a shift of the notch to a higher energies.  

 

 

Figure 6.18: (a) Room temperature PL spectra of Cu(In,Ga)S2 absorbers, BL1-BL4, deposited with 

varying first stage gallium flux. The PL spectra has been normalized to the band-edge emission 

peaks. A broad emission extending below 1.30 eV exists on the low-energy end. (b) A comparison 

of the QFLS and 𝑉𝑂𝐶
𝑆𝑄

 deficits of the same absorbers presented as a bar graph.  
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Also, in Fig. 6.18a is a characteristic broad band on the low energy end extending below 1.30 eV. 

In Section 6.1, a similarly positioned broad band was associated with copper related defect since 

the GGI ratio of those absorbers (C1-C4) are around 0.12-0.18 and Cu was rather largely varied. 

However, in this section, the CGI ratio of all the BL1-BL4 absorbers lie within 0.97-0.98 as 

detailed in Table 6.7, even though the most distinguishing factor is their gallium content, the 

attribution of the deep band to Ga is questionable and more investigations will be needed. 

Nevertheless, the results in Table 6.7 supports the fact that, apart from BL3, the intensity of the 

broad band increases as the gallium increases from BL1 to BL4. The band is most intense for BL3, 

despite being of lower average GGI ratio than BL4, although, of similar surface GGI ratio, which 

will make BL3 possess a higher ∆GGI ratio than BL4. Hence, for these gallium-varied absorbers 

BL1-BL4, the origin of the broad band beyond 1.3 eV is presumably gallium related. In 

Cu(In,Ga)Se2, such defect in high-gallium absorbers are attributed to GaCu antisite, and as the 

energetic distance of the conduction band minima rises with increased gallium, these defects shift 

deeper into the mid-gap  [168, 182]. 

The optoelectronic quality of the absorbers quantified by QFLS and 𝑉𝑂𝐶
𝑆𝑄

deficit are reported in Fig. 

6.18b and Table 6.8. The ERE method explained in Section 2.3.2 is used to evaluate the QFLS 

[52], and the bandgap is taken from the PL emission energy. Evidently, the effect of higher gallium 

content between the absorbers is also manifested by the increase in QFLS, as there is a gain of 95 

meV in BL4 from 980 meV in BL1. For a change of 0.1 eV in band gap emission, the QFLS gain 

is consistent with the slope describing the change in QFLS in dependence of band gap in Fig. 6.4. 

Comparing the optoelectronic quality of the absorbers, it is important to mention that the higher 

QFLS achieved with increased Ga is not due to reduced nonradiative recombination loss, as the 

𝑉𝑂𝐶
𝑆𝑄

deficits in Fig. 6.18b and Table 6.8 show nearly identical values. Rather the higher QFLS is 

because of the higher band gap of the absorbers, since the energy difference between the electron 

Fermi level and hole Fermi level also increases with the higher CB minima [13, 14]. The 

𝑉𝑂𝐶
𝑆𝑄

deficits for the absorbers BL1, BL2 and BL4 are within 307-320 meV, indicating the similarity 

in optoelectronic quality. BL3 has a slightly higher 𝑉𝑂𝐶
𝑆𝑄

deficit at 334 meV, which seems to be 

related to the particularly intense broad band on the low energy side of the band-edge emission, 

see Fig. 6.18a (this will be discussed after the device characteristics are presented below).  
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The absorbers are finalized into solar cell devices with CdS buffer layer and standard i-ZnO and 

Al:ZnO window layer. Although, we have already demonstrated that Zn(O,S) buffer layer is 

optimum for the overall performance of Cu(In,Ga)S2 devices [90, 110], nevertheless, CdS buffer 

layer is used on these absorbers to investigate the performance of devices on BL1-BL4, since a 

better FF is reported of CdS-buffered device due to the absence of roll-over effect [90, 110].  

 

 

Figure 6.19: (a) I-V curve of the devices prepared on the high back Ga Cu(In,Ga)S2 absorbers 

(BL1-BL4) with the dashed lines representing the QFLS values. (b) EQE corresponding to the 

devices. (c) First derivative of the EQE showing the inflection points (𝐸𝑔
𝐸𝑄𝐸). (d) Low temperature 

(10 K) spectra of the near band-edge emission of the absorbers BL3 and BL4. 
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Additionally, in the LPV lab, the deposition of CdS buffer is a rather rapid process, thereby 

offering a quicker means of assessing the device performance. Fig. 6.19a and 6.19b respectively 

reports the I-V characteristics and external quantum efficiency (EQE) curves of the completed 

solar cell devices on BL1-BL4, with full detail of the parameters presented in Table 6.8. The EQE 

curves on all the devices in Fig 6.19b show a reduced blue response below 520 nm due to 

absorption by the CdS buffer layer. From Fig. 6.19a and Fig. 6.19b, the overall best performance, 

with the highest VOC, JSC, and FF (Table 6.8), is exhibited by the device on BL1, the absorber 

grown with the lowest gallium content. The VOC loss of 149 mV indicates a better conversion of 

QFLS to VOC, a conversion comparable to our best CdS-buffered device on Cu-poor absorber C4 

in Section 6.1 and published results [110]. 

 

Table 6.8: Optoelectronic quality and I-V characteristics of the Cu(In,Ga)S2 absorbers and devices 

deposited with higher back gallium. The devices were completed with CdS buffer layer. 

Sample  QFLS 

(meV) 

𝑽𝑶𝑪
𝑺𝑸

 deficits 

(meV) 

VOC 

(mV) 

Voc loss 

(mV) 

PCE  

(%) 

FF  

(%) 

JSC  

(mA/cm2) 

BL1 980 314 831 149 9.96 67.4 19.8 

BL2 1020 307 796 224 5.27 51.8 14.3 

BL3 1037 334 760 277 0.88 38 3.0 

BL4 1075 320 801 274 5.87 56.7 12.9 

 

The better VOC and JSC contributes to a PCE of 9.96 % on the BL1 device. The VOC of devices on 

BL2 and BL4 are similar, although BL4 has a higher VOC loss 274 mV compared to 224 mV in 

BL2, and BL4 has a higher FF and PCE likely due to the slightly higher maximum power output 

in Fig. 6.19a. Even though VOC loss in BL3 is comparable to BL4, the device on BL3 show a rather 

poor performance with JSC of 3 mA/cm2 as shown in Fig. 6.19a. Theoretically, current density 

decreases towards high bandgap due to low electron-hole pair generation [13, 14], so the reduced 

JSC from 19.8 mA/cm2 (BL1) to 12.9 mA/cm2 (BL4) is not surprising, however the particularly 

low JSC in BL3 indicates a photocurrent loss from high recombination in the device [77]. The 

response of the EQE curve for BL3 in Fig. 6.19b, which drastically decreases after ~ 520 nm 
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towards the long wavelength, could better explain the origin of the poor JSC and poor performance 

of the device. This region depicts a device with back surface recombination, low absorption of 

long wavelength or transport loss [219, 220], but also it portrays the response of a two-structure 

device with two bandgaps [213, 221]. This is affirmed by the inflection point of EQE curves, that 

is 
d(𝐸𝑄𝐸)

d𝐸
, which is alternatively interpreted as the bandgap of a photovoltaic (𝐸g

𝐸𝑄𝐸) device [222, 

223], and has been used as such. The derivation of 𝐸g
𝐸𝑄𝐸

 for all the devices are shown in Fig. 6.19c. 

First to address the discrepancies between the bandgap emission from the PL (Table 6.8, Fig. 

6.18a) and the EQE inflection points (𝐸g
𝐸𝑄𝐸

) in Fig. 6.19c; the difference in bandgap occurs as the 

PL is measured on the bare absorber, whereas the EQE is measured on the completed solar cell. 

Moreover, the PL emission originates from the notch [210], whereas the inflection point is taken 

from the absorption threshold [222-224]. Except for BL3, the devices show a single inflection 

point, and as realized in for the 𝐸g
𝑃𝐿, the 𝐸g

𝐸𝑄𝐸
 of each device shifts to higher energy from 1.61 eV 

(BL1) to 1.68 eV (BL4) in correlation with the increased back gallium of the absorbers. BL3 rather 

has two inflection points, one at 1.65 eV and another at 2.32 eV, which confirms the presence of 

two bandgaps in the absorber. Lastly, the low temperature PL measured on BL3 and BL4 are 

displayed in Fig. 6.19d. Both absorbers are chosen due to the similarity of their surface GGI ratio, 

albeit with different overall GGI ratio. On the high energy end of the band-edge emissions (i.e., 

1.60-1.65 eV), a low-intensity peak at ~ 1.8 eV which is discreet for BL4 is rather more intense in 

BL3. This peak is not likely to originate from the bulk or back of the absorber [210], rather from 

the surface of the absorber as confirmed by the high surface GGI ratio in BL3 (see Table 6.8).  

 

Figure 6.20: Cathodoluminescence hyperspectral imaging showing the intensity map of the front 

surface of BL1-BL4. The emission is centered at 2.2 eV with bandpass from 2.38 eV to 2.08 eV.  
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The high surface gallium is again confirmed by cathodoluminescence (CL) hyperspectral imaging 

performed on the samples in Fig. 6.20. In fact, three peaks are featured in the CL spectra; the main 

and most intense peak at the band-edge, a low energy defect peak at ~ 1.3 eV and a high energy 

peak localized around facets of some grains (~ 2.2 eV), which is presented in Fig. 6.20. 

To summarise the observations so far, an increase of the GGI ratio in Cu(In,Ga)S2 absorbers from 

0.19 to 0.35 (BL1-BL4) obtained by increasing the first stage Ga flux (or back gallium), actively 

shifts the band-edge luminescence to high energies, with a corresponding increase in QFLS. 

However, the device performance deteriorates as the Ga content increases. An increase of surface 

gallium also leads to even poorer device performance.  

To understand impediments that could be limiting the optimal performance of the devices vis-à-

vis the absorbers (BL1-BL4), the microstructural and crystallographic properties of the absorbers 

are studied by SEM analysis, SIMS analysis, X-ray diffraction and cathodoluminescence imaging. 

The SEM cross-section images of the absorbers BL1-BL4 are shown in Fig. 6.21. The chemical 

compositions determined from EDX are already presented in Table 6.8 above. Since the absorbers 

are processed under Cu-deficient conditions, as also confirmed by the compositions, the SEM 

images are on the as-grown absorbers without the need for KCN etching. The images show that, a 

bi-layer in which rough smaller grains mark the lower layer extending to the Mo back-contact, 

while the upper layer exhibit smoother larger grains. BL1 and BL2 feature particularly larger sized 

grains with a thicker upper layer than the lower layer. As the back Ga increases in absorbers BL3 

and BL4, the grains get smaller with the thickness of the upper layer reducing while the thickness 

of the back layer increases. The reason behind this phenomenon could be due to the higher Ga-

content because, it was reported by Abou-Ras et al. that, in Cu(In,Ga)Se2, the grain size increases 

with Ga content up to a GGI ratio of 0.23, above which the grain size decreases [34, 213]. This 

occurs due to lattice strain of the crystal structure induced by the smaller lattice parameters of 

gallium in comparison to indium [32, 225]. These cross-sectional images of BL1-BL4 in Fig. 6.21 

are remarkably in contrast with those shown in Section 6.2 for OL1 and OL2, with similar growth 

technique albeit with lower Ga content, where a microstructure featuring large homogeneous 

grains are seen throughout the cross-section of the absorbers even in absorbers with overall GGI 

ratio up to 0.16.  
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Figure 6.21: (a)-(d) Cross-sectional SEM micrograph showing the microstructure of Cu(In,Ga)S2 

absorber layers BL1-BL4 deposited on Mo-covered SLG. The absorbers were grown with various 

first stage Ga fluxes which increased from BL1 to BL4.  

 

For the actual constitution of the bi-layer or segregated phases in BL1-BL4 absorbers, a qualitative 

EDX mapping is performed on the cross section of the absorbers, with BL1 and BL3, presented in 

Appendix 6. In both samples, the homogeneity of sulfur through the bulk of the absorber signals 

an even distribution of the chalcogen atom in the layers. In BL1, Cu appears better diffused across 

the absorber than in BL3, where it appears that there is a higher concentration of Cu at the back of 

the absorber. However, the major difference between both absorbers is the concentration of In and 

Ga. Already in BL1, the back layer has a higher Ga concentration than the top layer, while indium 

seems better diffused with a slight gradient from the top to the back of the absorber at the Mo back-

contact. It should be stated that, due to the three-stage co-evaporation method, a higher 

concentration of Ga at the back of the absorber is typical. However, the abrupt contrast in the Ga 

concentration questions the extent of the Ga-gradient in the absorber. In comparison to BL1, the 

back Ga in BL3 is more intense, indicating a higher concentration of back Ga. Noticeably, there is 

also a substantial concentration of Ga at the top layer of BL3 in agreement with the high surface 

GGI ratio recorded for BL3 in Table 6.8. In-between these two Ga-rich areas is a Ga-deficient 

region which is rather indium-rich. Ultimately, the EDX mapping of BL1 and BL3, confirms that 
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the separated phases in all the absorbers consists of a strongly Ga-rich back layer, and in the case 

of the higher Ga samples, specifically BL3 and BL4, there is an additionally high concentration of 

Ga at the front surface. From three-stage-deposited CuGaSe2 or high Ga containing Cu(In,Ga)Se2, 

it is not unusual for the grain size to vary throughout the depth of an absorber or for the appearance 

of smaller grains at the back of an absorber, as this is associated with the inadequate migration or 

diffusion of Ga during the growth of the absorber [214, 226]. Nonetheless, similar phase 

separation/segregation phenomenon in chalcopyrite Cu(In,Ga)S2 has been reported by Thomere et 

al. [29]. It was shown that during the growth of the absorbers by the three-stage deposition method, 

phase segregation already starts appearing as soon as Cu is evaporated at the second stage of 

deposition [29]. To discuss the tentative origin of the phase segregation, the crystallographic phase 

of the absorbers is first investigated. X-ray diffraction is performed on the samples to analyze the 

phase compositions and crystal structure of the absorbers.  

 

  

Figure 6.22: (left) XRD reflection pattern around the chalcopyrite (112) peaks between 27.5° and 

29.7° of the absorbers BL1 to BL4 where the back gallium has been increased. For reference, the 

reflection on CuInS2 and CuGaS2 processed and measured in the same machines has been included. 

(right) The (112) peak positions presented along with the expected [Ga]/([Ga]+[In]) ratio in 

dependence of the overall GGI ratio evaluated on the absorbers. 
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The diffractogram of the absorbers showing the diffraction pattern between 27.5° and 29.7°, a 

range selected for emphasis on the behavior of the dominant (112) peak concerning the 

chalcopyrite structure, is illustrated in Fig. 6.22. In a single-stage deposited Cu(In,Ga)(S,Se2) 

absorber where Ga is more uniformly distributed, since a single phase prevails, a single dominating 

peak is observed, and this peak shifts to higher angles as Ga is incorporated [144, 227]. For 

instance, in a pure CuInS2 where the chalcopyrite peak is at ~ 28°, when Ga is substituted for In, 

the peak shifts towards 29.2 °, since the gallium atom is smaller than the indium atom, the lattice 

contracts [29, 32, 110, 225]. The shift of the dominant diffraction peak in dependence of Ga content 

follows a linear relationship described by Vegard’s law [228]. The relationship goes from 0 in pure 

CuInS2, to 1 in pure CuGaS2 [228]. In Ga-graded absorbers, the likes of which is induced by the 

three-stage deposition method, the chalcopyrite peak could be broad, or more than one peak 

belonging to multiple chalcopyrite phases could appear due to the intermixing and diffusion of the 

elements [110, 227, 229]. 

In Fig. 6.22(left), the XRD reflection on the four absorbers BL1-BL4 show that the chalcopyrite 

phase is composed of two structures, one at a lower angle and the other at a higher angle. The peak 

shift for pure CuInS2 and CuGaS2 processed and measured by similar processes are also shown for 

references. Reports have shown that the lower angle corresponds to the front - low gallium part - 

of the absorber while the higher angle originates from the gallium rich back of the absorber [30, 

227]. Fig. 6.22(left) also shows that the (112) peak positions change with Ga content, in that, as 

the Ga concentration increased, the peak positions shift to higher angles. The intensity of the low 

angle peak weakens with increasing Ga while the intensity of the high angle peak strengthens with 

the increased Ga content. Fig. 6.22(right) shows the extracted (112) peak positions compared with 

the expected [Ga]/([Ga]+[In])  from the Vegard law [228], in dependence of the overall GGI ratio. 

The low angle peak for BL1 occurs at ~ 28.05°, (i.e., GGI ratio = 0.05), close to the angle 

corresponding to pure CuInS2, and the high angle peak is at ~28.65° (i.e., GGI ratio = 0.67), while 

for BL4 with the highest Ga content, the peaks are at ~ 28.29° (i.e., GGI ratio = 0.25) and ~29.12° 

(i.e., GGI ratio = 0.93) for the low and high angle peaks, respectively. The angle-spacing between 

both peaks increases from ~ 0.62° in BL1 to 0.88° in BL4, suggesting that as the back gallium is 

increased, there is a weak In-Ga intermixing between the front and the back compositions of the 

absorbers. Finally, the depth profile measured by SIMS analyses for BL4 is presented in Fig. 6.23.  
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Figure 6.23 SIMS depth profile measurement showing the normalized intensities of the element 

through the depth of the absorber BL4.  

 

The SIMS profile shows a flat Ga-rich back that is about 10 percent indium, while the front is In-

rich with about 20 percent gallium, which is in agreement with the EDX mapping and XRD 

reflection patterns. There is a very steep Ga-gradient between the nearly flat Ga-rich back layer 

and the equally flat In-rich front layer, that is, the notch. The notch shape here is also far from the 

typical V-shaped seen in Cu(In,Ga)Se2 [11, 230], however, such flat notch has been observed in 

Cu(In,Ga)S2 absorbers [29, 30], and this has been attributed to different formation mechanism in 

the selenides than in the sulfides [29]. Thus far, the various analyses on the absorbers BL1-BL4, 

all with increasing back gallium content deposited to increase the optical bandgap, have 

highlighted the challenge of phase segregation when making Cu(In,Ga)S2 absorbers with high Ga 

content. Referring to similar observations [28, 30], the origin of the phase segregation in 

Cu(In,Ga)S2 is identified in the pseudo-ternary phase diagram of Cu2S–In2S3–Ga2S3 which 

implicates a dual phased Cu-poor Cu(In,Ga)S2 region [31]. It was shown that the Cu-poor region 

comprise a cubic and a trigonal phase that do not mix, forming a compositional plateau [29, 31].  
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6.4 Gallium profile optimization in Cu(In,Ga)S2 absorbers 
 

The results from the preceding section have shown that there are pitfalls when increasing the 

gallium content in Cu(In,Ga)S2 absorbers, especially under Cu-deficient conditions. It is seen that 

as the GGI ratio is increased towards 0.30-0.35 to achieve bandgap of  ~ 1.60-1.65 eV, the phases 

involved in the absorber growth along with the crystal and microstructural properties drastically 

change the absorbers. This influences the device performance on absorbers grown in such 

condition. Apart from the intrinsic origins of the phase separation effect explained above, the steep 

gallium gradient observed in all the absorbers also suggests a low intermixing of Ga and In [231, 

232], particularly Ga, since it accounts for the bandgap variation in the bulk of the absorber. 

Several factors that can influence the Ga-gradient in the bulk of the absorber include sulfurization 

or annealing temperature, and substrate temperature since the intermixing and diffusion of the 

elements are temperature-dependent [98, 193, 232, 233]. 

In this section, in efforts to alleviate the challenges highlighted in Section 6.3, the impact of 

growing Cu(In,Ga)S2 absorbers under different conditions such as, sulfur atmosphere, substrate 

temperature, different heat ramping rates and Cu-excess recrystallization, on the absorber 

attributes and device performance will be investigated. Table 6.9 lists the expected outcomes of 

the various deposition parameters. At the end of the Section 6.4 a similar table will be revisited to 

check if the outcomes are as expected. 

 

Table 6.9: Expected outcome of tunning various deposition parameters during the deposition 

process of Cu(In,Ga)S2 absorbers. 

Deposition parameter Expected outcome Relevant subchapter 

Sulfur cracker temperature Better reaction of Ga and In with S Section 6.4.1 

First stage substrate 

temperature 

Improve Ga diffusion and In-Ga 

intermixing 

Section 6.4.2 

Ramping of substrate heater 

temperature 

Less steep Ga gradient and low 

surface Ga 

Section 6.4.4 

Cu excess recrystallization  Vary notch energy Section 6.4.5 
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6.4.1 Influence of thermal cracking of sulfur on the Ga profile of Cu(In,Ga)S2  
 

The sulfur unit in the PVD system in which the Cu(In,Ga)S2 absorbers are processed at LPV is 

designed such that the crucible can be heated at temperatures of 80-120°C. For detailed description 

of the system, please refer to Chapter 3. Upon evaporation from the crucible, the sulfur vapour 

travels through a valve tube which regulates the flow of sulfur and an injector or thermal cracker 

which both operate at the minimum temperatures of 250 °C, as described in Section 3.6.1. At these 

temperatures, the dominant sulfur phases are the larger and less chemically reactive S8, S7, S6 and 

S5 molecules with formation enthalpy of 24.32 kcalth mol-1, 27.17 kcalth mol-1, 24.36 kcalth mol-1 

and 25.14 kcalth mol-1 respectively  [234, 235]. When these species of sulfur pass through the 

thermal cracker at high enough temperatures, the S8, S7, S6 and S5 molecules are broken into the 

smaller and more reactive S4, S3 and S2 molecules with formation enthalpy of 34.84 kcalth mol-1, 

33.81 kcalth mol-1 and 31.20 kcalth mol-1 respectively [234, 236]. With this knowledge, the 

influence of thermal cracking of sulfur in Cu(In,Ga)S2 absorbers and devices will be investigated. 

Four different Cu(In,Ga)S2 absorbers named SC300, SC500, SC650 and SC800 were deposited 

under different sulfur atmosphere, where the sulfur cracker temperatures of 300 °C, 500°C, 650°C 

and 800°C were used to grow the respective absorbers. The growth of the absorbers was by the 

three-stage deposition method for a Cu-deficient composition, and under identical deposition steps 

to minimize drastic variations between the absorbers. The substrate temperature at the first stage 

was 335 °C while the substrate temperature at the second and third stages was 590 °C. The control 

of sulfur flux into the evaporation chamber was under a closed feedback loop to ensure a constant 

and stable sulfur flux throughout the deposition process. To prevent the complexity and possibility 

of a bi-layer structure, the evaporated Ga is reduced to a flux identical to those which resulted in 

GGI ratio ~ 0.13 in Section 6.1 to Section 6.2, since the microstructure of those absorbers showed 

minimal to no bilayer features. The SEM images showing the microstructure of the absorbers 

deposited under the different sulfur cracker temperatures are shown in Fig. 6.24. All the absorbers 

do not show a structure constituting a phase separation although SC800 shows voids and cavities 

near the Mo back-contact.  
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Figure 6.24: SEM micrographs showing the cross-sectional images of the Cu(In,Ga)S2 absorbers 

deposited under different thermally cracked sulfur atmosphere of (a) 300 °C, (b) 500 °C, (c) 650 

°C and (d) 800 °C named SC300 SC500 SC650 and SC800, respectively. 

 

A comparison of SC300 and SC500 shows no clear difference in absorber morphology with sulfur 

cracker temperatures of 300 °C and 500°C. On the other hand, the morphology of SC650 show 

larger grain in comparison with all the other absorbers. The chemical compositions of the absorbers 

are detailed in Table 6.10. From the Table 6.10, EDX analyses show that there is no difference in 

the sulfur content of the absorbers, and the average CGI ratio of all the samples is identical within 

the values 0.94-0.95. However, the GGI ratio was not the same for all the absorbers, as the 

absorbers SC300 and SC500 have a similar GGI ratio of 0.13, while the GGI ratio slightly 

decreases to 0.12 and 0.11 in SC650 and SC800, respectively.  

To explain these observations, Fig. 6.25a shows a diffractogram of the XRD analysis performed 

on SC500, SC650 and SC800, with a focus on only the vicinity of the (112) planes highlighting 

the dominant chalcopyrite phases occuring in the absorber. A (112)-plane is occurring at ~ 28° 

while the other is at ~ 28.3°. The higher angle corresponds to the region of maximum gallium 

content at the back of the absorber while the lower angle corresponds to region of minimum 

gallium at the front. The diffractogram has been normalized to the intensity of the low gallium 

peak at 28° to observe the behaviour of the high gallium peak. From the comparison of the intensity 
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of the peaks, it is immediately obvious that the peak at 28.3° drastically decreases from SC500 to 

SC800. 

 

Table 6.10: The chemical compositions of the Cu(In,Ga)S2 absorbers processed under different 

thermally cracked sulfur atmospheres. 

Sample Sulfur cracker 

temperature 

Average CGI 

ratio @ 20 kV 

Average GGI 

ratio @ 20 kV 

S/([Cu]+[Ga]+[In]) 

@ 20 kV 

SC300 300 °C 0.94 0.13 0.99 

SC500 500 °C 0.95 0.13 1.00 

SC650 650 °C 0.95 0.12 1.00 

SC800 800 °C 0.94 0.11 0.99 

 

The SIMS analysis of SC300 and SC650 showing the Ga profile is presented in Fig. 6.25b. It can 

be observed that, the intensity of the back-Ga in SC650 is strongly reduced in comparison to SC300 

as the cracking temperature increases from 300 °C to 650 °C. The origin of this difference could 

be that the more reactive sulfur provided by the thermal cracker, increases the thermal motion of 

sulfur and as this molecule of sulfur is more reactive with indium, the formation of an indium-rich 

phase is favored. This might also explain the bigger grains observed in the SEM cross-section 

corresponding to SC650, since evidence from EDX and SIMS shows that this absorber has lower 

gallium content than SC300 and SC500. It has been shown in Cu(In,Ga)(S,Se)2 that, the grains of 

absorber becomes smaller as Ga-content increases, particularly when the process is optimized for 

In-rich absorbers. The QFLS of the absorbers is evaluated by the ERE method. The optical 

bandgap is taken from the PL peak, and it is used to obtain the 𝑉𝑂𝐶
𝑆𝑄

. The analyses show that, as the 

thermal cracker temperature is increased, the QFLS of the absorbers rapidly decreases. Taking the 

different bandgaps into account, evaluation of the 𝑉𝑂𝐶
𝑆𝑄

 deficit shows an increase of nonradiative 

loss from 306 meV to 390 meV as the cracker temperature increased from 300 °C to 800 °C. The 

cause of the increasing 𝑉𝑂𝐶
𝑆𝑄

 deficit cannot be attributed to poor crystal quality, but rather to the 
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lower back Ga-content in the absorber. The XRD diffractogram on the absorbers shown in Fig. 

6.25a, can explain the origin of the increasing 𝑉𝑂𝐶
𝑆𝑄

 deficit with higher cracker temperature. The 

details of the optoelectronic properties and the device parameters are presented in Table 6.11 and 

Fig. 6.26. In Section 3.4, it has been explained that, among the advantages of the back gallium 

gradient is a reduced back surface recombination and additional driving force which reduces for 

photogenerated charge carriers towards the notch, leading to an increased photon flux [77]. The 

decreasing intensity of the high angle peak in Fig. 6.25a indicates a reduction in the back gallium, 

thus, there will be an increased back surface recombination and a lower number of electrons 

reaching the notch. Ultimately, this leads to QFLS loss as witnessed by the results in Table 6.11 

and Fig. 6.26.  

  

Figure 6.25: XRD diffractogram on absorbers deposited with sulfur thermal cracker of 500 °C, 

650 °C and 800 °C (SC500, SC650 and SC800). (b) Ga profile for SC300 and SC650. 

 

Devices were completed on the absorbers with CdS buffer layer, and the results are shown in Table 

6.11 and Fig. 6.26. The device performance indicates an overall decrease in the JSC and the VOC as 

the temperature of the thermal cracker increases. Again, this is likely due an increasing 

recombination at the absorber-back contact interface as explained above. Although, the VOC loss 

reduces as the thermal cracker temperature is increased, this is due to an already degrading QFLS 

rather than improved absorber or device. In general, the performance of the device worsens with 

higher thermal cracking temperature as shown by the FF and PCE in Table 6.11. 
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Table 6.11: QFLS values at 1 sun illumination on Cu(In,Ga)S2 absorbers which have been 

processed with different sulfur thermal cracking temperatures. The device parameters on the 

corresponding solar cells completed with CdS buffer layer are also presented. 

Sample 𝑬𝐠
𝑷𝑳 

(eV) 

QFLS 

(meV) 

𝑽𝑶𝑪
𝑺𝑸

 deficit 

(meV) 

VOC 

(mV) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

SC300 1.56 971 306 769 21.0 61 9.83 

SC500 1.56 955 332 728 19.2 51 7.03 

SC650 1.56 915 370 738 19.9 49 6.66 

SC800 1.54 878 390 707 19.3 46 6.15 

 

 

 

Figure 6.26: Bar charts showing the QFLS, 𝑉𝑂𝐶
𝑆𝑄

 deficit, VOC and VOC losses in the absorbers that 

have been processed with different sulfur thermal cracking temperatures. 
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In summary, this section has established that, the thermal cracking of sulfur is detrimental to the 

quality of Cu(In,Ga)S2 absorbers and devices with the current deposition profile employed. The 

more reactive sulfur seems to favorably reacts with indium, and the loss of back-Ga is observed. 

A reduction of the back-Ga reduces the bandgap towards the absorber-Mo interface which will 

lead to higher back surface recombination. It is noteworthy that the thermal cracking of sulfur 

could actually be beneficial in reducing the too high back-Ga in Cu(In,Ga)S2 absorbers, 

particularly in low temperature processes requiring low substrate temperature.  

 

Since the best results were obtained when the thermal cracker is heated at 300 °C, it appears that 

the use of high thermal cracker temperature requires an optimized deposition process, which 

accommodates the thermodynamic changes and steps in such depositions. In this PVD, the lowest 

temperature at which the injector/thermal cracker and valve are designed to operate is 250 °C, this 

is to prevent condensation of sulfur in the quartz tube guiding the sulfur flow into the chamber. 

Because of these results from Section 6.4.1 which shows that high sulfur temperatures are 

unfavorable to the absorber quality, from here on, the sulfur thermal cracker is operated at a 

temperature of 250 °C. 

 

6.4.2 Effect of first stage substrate temperature on Cu(In,Ga)S2 absorbers 

and devices 
 

The last section showed how the thermal cracking of the sulfur molecule can influence the gallium 

content in a Cu(In,Ga)S2 absorber. This influence is seen by a reduction of Ga at the back of the 

absorber, however, the reduction of Ga increased back surface recombination. Still, temperature 

has been reported to enhance structural or optical properties of absorbers, be it one-stage deposition 

temperature or sulfurization temperature [232], and have been reported to influence the 

microstructural properties of absorbers and led to improved performance of Cu(In,Ga)Se2 and 

Cu(In,Ga)S2 devices [98, 114, 232, 233, 237, 238].  

In this section, the influence of first stage substrate temperature during the growth of Cu (In,Ga)S2 

absorber layers will be investigated. Particularly, the influence of first stage substrate temperature 
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on the intermixing of In and Ga, Ga gradient profile, crystal structure and microstructure will first 

be examined. Subsequently, the optoelectronic attribute of the absorbers and device performance 

will be discussed.  

 

The Cu(In,Ga)S2 absorbers were processed under a Cu-deficient condition and with low Ga 

content with GGI ratio of  0.11-0.12 by the three-stage deposition method, all following identical 

steps to maintain similar composition and to reduce discrepancies caused by unintentionally 

induced variations. Three absorbers were investigated for the influence of the first stage substrate 

real temperature at 335 °C (SH1), 385 °C (SH2) and 435 °C (SH3); the corresponding set 

temperatures can be found in Appendix 2. Since only the influence of the first stage substrate 

temperature is of interest, the second and third stage temperatures were kept constant at actual 

substrate temperature of 590 °C. The sulfur-cracker temperature used was 250 °C and the chamber 

pressure maintained between 4.7-5.2·10-5 mbar. As a reminder, at the third stage, Ga flux is 

particularly kept low to prevent the detrimental effect of high surface gallium (see Section 6.2). 

The cross-sectional SEM micrographs of the three absorbers, SH1, SH2 and SH3, deposited at the 

various first stage substrate temperatures are shown in Fig. 6.27. A primary assessment of the three 

images shows that the first stage substrate temperature has a visible influence on the microstructure 

of the absorbers especially when the temperature is varied over a hundred degrees. First to consider 

the cross-section of SH1 and SH2 in Fig. 6.27a and Fig. 6.27b respectively, there is no obvious 

phase segregation as observed for the absorbers BL1-BL4 in Fig. 6.21, rather the morphological 

structure of both absorbers features large and compact grains in micrometers range which extends 

from the top to the back contact of the absorbers. It is not necessary that the grain size is solely 

due to the growth temperature, since these are low gallium content with GGI ratio ~ 0.11-0.12, and 

as already seen in the preceding sections, it is not uncommon for low Ga Cu(In,Ga)S2 absorbers to 

have larger grain size. Nevertheless, in Fig. 6.27c, SH3 which was grown at a higher first stage 

substrate temperature of 435 °C show a starkly different feature from SH1 and SH2. There are two 

distinct features; the top half is composed of large compact grains while the lower half extending 

to the Mo back contact is rather made up of smaller porous grains. Given that the sole discriminant 

of all three absorbers is the first stage substrate temperature, it is apparent that the distinct 

microstructure of SH3 is due to the deposition temperature. 
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Figure 6.27: Cross-sectional SEM micrographs of Cu(In,Ga)S2 absorber layers deposited by three-

stage method at different first stage substrate temperature of (a) 335 °C (SH1), (b) 385 °C (SH2) 

and (c) 435 °C (SH3). The second and third stage substrate temperate was 590 °C. 

 

 

  

 

Figure 6.28: (a) Secondary ion mass spectrometry (SIMS) profile showing the normalized gallium 

profile of Cu(In,Ga)S2 absorbers grown that first stage substrate temperature of 335 °C and 435 

°C. (b) XRD diffraction angle around the main chalcopyrite peak for absorbers SH1-SH3 grown 

at various first stage deposition temperatures of 335 °C, 385 °C and 435 °C, respectively.  

 

Insights into the different microstructure observed in the SEM cross-sections in Fig. 6.27, is gained 

by a crystallographic examination of the absorbers by XRD and Ga profile through SIMS depth 

analysis. The depth profile showing the Ga profile for SH1 and SH3 are presented in Fig. 6.28a, 

and the XRD diffractogram of the three absorbers showing the dominating phases occurring in the 
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absorbers are shown in Fig. 6.28b. The SIMS profile shows a steep gallium gradient between the 

front and the back of the absorber SH1 which was processed at the lowest first stage substrate 

temperature. It can also be observed that the Ga concentration remains flat at the back towards the 

Mo back-contact, while a wide notch is seen towards the front of the absorber. From the XRD 

analysis on SH1, the two participating peaks which are separated by ~ 0.4° indicates the prevalence 

of two different sub-layers with different Ga phases. The peak at the lower angle correspond to the 

phase with the minimum Ga concentration while that at the higher angle corresponds to the phase 

with the maximum Ga concentration [29, 227]. Although inhomogeneous, the proximity of the 

two peaks suggests that the two phases are more similar than in BL1-BL4. This is likely so since 

the absorbers were processed with low Ga content.  

 

With the first stage substrate temperature at ~ 100 °C higher in SH3, the SIMS profile shows a less 

steep gallium gradient in comparison to SH1. The Ga profile in Fig. 6.28a indicates a gradually 

decreasing gallium concentration from the back into the bulk of the absorber. However, at the rear 

of the absorber towards the Mo back-contact, in Fig. 6.28a, there is a negative gradient of Ga 

towards the Mo back-contact indicating a decreased Ga concentration. This indicates the depletion 

of gallium towards to the back-contact. The influence and mitigation of such depletion will be 

discussed in the next section. 

 

Although the SIMS Ga profile of SH2 is not available, the XRD diffractogram of SH2 in Fig. 

6.28b might give an insight into the intermediate step occurring between SH1 and SH3. In Fig. 

6.28b, the high angle peak shifts to a lower angle from SH1 to SH2, that is, when the first stage 

substrate temperature is increased from 335 °C to 385 °C. It could be assumed that the first stage 

substrate temperature of 385 °C enhanced the intermixing of gallium and indium, and back-Ga 

diffused from the back-contact further into the absorber bulk, therefore reducing the abruptness of 

the Ga gradient. As this intermixing and gallium diffusion occurs, so does the bandgap evenly 

reduce from the back towards the notch. Extending this phenomenon to SH3, it can be concluded 

that, increasing the first stage substrate temperature up to 435 °C improves the intermixing of Ga 

and In, which reduces the indium concentration at the front and drives more gallium into the bulk 

of the absorber. This is supported by the reduced intensity of the low angle peak and the increased 

intensity of the high angle peak of SH3 in Fig. 6.28b. The origin of the depleted Ga towards the 



149 
 

Mo back-contact in SH3 was not investigated, however, it can be considered that, the increased 

diffusion of gallium into the absorber-bulk with higher first stage substrate temperature seems to 

exhaust the absorber-back of gallium as observed in the SIMS Ga profile shown in Fig. 6.28a. 

Therefore, the reduction or loss of Ga towards the Mo back-contact at 435 °C has the effect of 

creating crevices and voids or pinholes at the back of the absorber SH3 as seen in Fig. 6.27c. We 

also consider that the first stage substrate temperature of 435 °C is high enough to cause a high 

diffusion of Na from the SLG substrate into the bulk of the absorber [82, 83]. As such, it could be 

that the high Na has an influence on Ga diffusion, and this could be a reason for the negative back-

Ga gradient towards the Mo back-contact. The chemical compositions of SH1-SH3 extracted from 

EDX analysis and optical properties from photoluminescence measurements on the absorbers are 

presented in Table 6.12. 

 

Table 6.12: The chemical compositions evaluated from EDX analyses, and the optical properties 

of the Cu(In,Ga)S2 absorbers deposited at different first stage substrate temperatures. 

Sample 

name 

First stage 

substrate 

temperature 

Average 

CGI 

ratio 

Average 

GGI 

ratio 

Surface 

GGI 

ratio 

𝑬𝐠
𝑷𝑳 

(eV) 

QFLS 

(meV) 

𝑽𝑶𝑪
𝑺𝑸

 deficit 

(meV) 

SH1 335 °C 0.95 0.11 0.19 1.55 963 318 

SH2 385 °C 0.97 0.12 0.19 1.55 980 296 

SH3 435 °C 0.95 0.11 0.20 1.53 920 345 

 

From Table 6.12, the three absorbers are Cu-poor with average CGI ratios within 0.95-0.97, and 

with surface GGI ratios lying within 0.19-0.20. These are indications that the different first stage 

substrate temperatures have no drastic effect on the overall Cu-content and surface Ga. The 

average GGI ratio and the bandgap presented in Table 6.12, taken from the maximum of the PL 

peak, show a shift of the average PL maximum from 1.55 eV in SH1 and SH2 to ~ 1.53 eV in 

SH3. Fig. 6.29 which shows the band-edge energy map from CL emissions also supports the shift 

of PL emission to lower energy from SH1 to SH3. It should be noted that, due to the characteristic 

inhomogeneity present in the absorbers during growth as described in Appendix 3, it cannot be 
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categorically concluded that the change in bandgap is directly influenced by the first stage substrate 

temperature. This is because, although the SIMS Ga profile in Fig. 6.28a shows a redistribution of 

the gallium with the different first stage substrate temperatures, it is uncalibrated and the exact 

notch energy cannot be deduced from the SIMS measurement.  

 

 

Figure 6.29: CL intensity map of the band-edge emissions of the first stage substrate temperature 

dependent absorbers SH1 (335 °C), SH2 (385 °C) and SH3 (485 °C). 

 

The optoelectronic quality of the absorbers are summarized in Table 6.12, and the QFLS and the 

𝑉𝑂𝐶
𝑆𝑄

deficit are plotted in Fig. 6.30a. The results show that there is an improvement of QFLS by 34 

meV as the first stage substrate temperature is increased from 335 °C (SH1) to 385 °C (SH2). 

However, ~ 40 meV is lost when the first stage substrate temperature is further increased to 435 

°C (SH3). This is supported by comparing the nonradiative losses in the absorbers in Fig. 6.30a, 

which shows that SH2 had the least 𝑉𝑂𝐶
𝑆𝑄

 deficit among the three absorbers. It can be concluded 

from these values that, although the QFLS is improved by increasing the first stage substrate 

temperature from 335 °C to 385 °C, the QFLS gained at 385 °C is lost at 485 °C. The influence of 

the first stage substrate temperature on the optoelectronic quality of the absorber is substantiated 

by the transient PL measurement shown in Fig. 6.30b. The decay curve of SH2 has a slightly longer 

decay time than SH1, whereas the decay time of SH3 significantly reduces in comparison to SH1 
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and SH2. The faster decay time in SH3 indicates a higher non-radiative recombination in 

comparison to SH1 and SH2. 

 

   

Figure 6.30: (a) QFLS and 𝑉𝑂𝐶
𝑆𝑄

deficit of the Cu(In,Ga)S2 absorbers deposited at different substrate 

temperatures at the first stage (SH1-SH3). (b) Photoluminescence decay of the absorbers SH1-

SH3. 

 

The low temperature PL spectra of the absorbers SH1-SH3 at 10 K are shown in Fig. 6.31. The 

spectrum is dominated by a near-band edge transition at approximately 1.48 eV [144], while a 

deeper broadband transition exists on the low energy end between 1.1-1.3 eV. The spectrum 

belonging to SH3 is slightly shifted to a lower energy in reference to both SH1 and SH2, since it 

has a lower bandgap in comparison to both absorbers, see Table 6.12 for details. In Fig. 6.31b are 

the PL spectra on the logarithmic scale, it is noticeable that the broad defect is more intense in 

SH3. For all the absorbers, the shape of the spectra are identical to the low temperature PL spectra 

of the Cu-poor Cu(In,Ga)S2 absorbers C3 and C4 with CGI ratio of 0.95 and 0.93 respectively, in 

Fig. 6.6. This is in fact due to the Cu deficiency of the three absorbers, as already discussed in 

Section 6.1 and Ref [110]. It was shown that deep Cu-related defects at 1.3 eV and 1.1 eV are 

effectively suppressed with low Cu content (Fig. 6.6). Hence, since the chemical composition of 

the absorbers SH1-SH3 are identical, the broad defects cannot be attributed to the compositions of 

the absorbers, but tentatively to the effect of the deposition temperature.  
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Figure 6.31: (a) Normalized PL spectra at low temperature (10 K) (b) and in logarithmic scale of 

the Cu(In,Ga)S2 absorbers grown on different first stage substrate temperatures (SH1-SH3).  

 

A clearer picture correlating the low temperature PL spectra and the optoelectronic quality of these 

Cu(In,Ga)S2 absorbers, SH1-SH3, is seen in the PL spectra at 100 K, presented in Fig. 6.32a-c. 

Before discussing the likely influence of the deposition temperature on the spectra, the peaks in 

view are described. The four notable peaks have been highlighted as follows; the highest energy 

peak Q0, at 1.55 eV for SH1 and SH2 and 1.54 eV for SH3, is related to the band-band 

luminescence in consideration of the optical bandgaps reported in Table 6.12. Q0 is the most 

intense in SH2 and is of lower intensity in SH1 and SH3, as seen in Fig. 6.32b. The peak Q1 which 

dominates the spectrum of SH1 and relatively less intense in SH2 and SH3 (Fig. 6.32a) at ~ 1.48 

eV is likely a near-band edge transition as reported in defect analyses of CuIn1-x,GaxS2 [65, 74, 

144, 145, 190]. The deep band on the low energy end of the spectra can be ascribed to two deep 

transitions, Q2 at ~ 1.3 eV and Q3 ~ 1.1 eV, due to its broadness and energy position. The defect 

band Q2 is the most intense for SH3, see Fig. 6.32c. The cathodoluminescence (CL) hyperspectral 

mapping of defect-related emission in SH1-SH3 are also presented in Fig. 6.32d-f. 

The two main transitions in the CL spectra are near-band-related emission (NBE) at 1.54-1.56 eV 

and defect-related emission (DDE) at 1.3 eV, thus, the CL hyperspectral maps presented in Fig. 

6.32d-f is the ratio of the normalized intensity of NBE to the normalized intensity of DDE. 
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Figure 6.32: Low temperature photoluminescence spectra at 100K of Cu(In,Ga)S2 absorbers 

processed at different first stage substrate temperatures of (a) 335 °C, SH1 (b) 385 °C, SH2 and 

(c) 435 °C, SH3. (d)-(f) Cathodoluminescence (CL) mapping of defect emission at 1.3 eV on the 

Cu(In,Ga)S2 absorbers (SH1-SH3) deposited at different first stage substrate temperatures. The 

CL hyperspectral image shown is the ratio of normalized defect density against normalized near-

band edge emission. 
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Correlating the first stage substrate temperature with PL spectra of SH1-SH3 at 100K, the 

increment of the temperature from 335 °C in SH1 to 385 °C in SH2, lowers the intensity of the 

broad deep band Q2, Fig. 6.32b. This is indicative of a reduced concentration of deep defects 

contributing to unwanted recombination paths in the absorber. The CL hyperspectral map also 

supports the observed phenomenon as seen in the comparison of the luminescence features of the 

microstructures in Fig. 6.32d and 6.32e. It is noticed that the spots of DDE are present in both SH1 

and SH2, Fig. 6.32d and 6.32e, as also seen in the PL spectrum of both absorbers, however, in Fig. 

6.32b for SH2 where the first stage substrate temperature is higher, the intensity of DDE reduces 

with the weakening intensity of Q2 in Fig. 6.32b. The low intensity of DDE corresponds with the 

reduced nonradiative loss, in other words, the reduction of 𝑉𝑂𝐶
𝑆𝑄

 deficit in SH2 to 299 meV, as 

presented in Table 6.12 and Fig. 6.32. Remarkably, the trends reverse in SH3 where the first stage 

substrate temperature is further increased to 435 °C as the broad band Q2 becomes the most intense 

peak in Fig. 6.32c and in the corresponding CL map showing the intensity of the DDE in Fig. 

6.32f. There is a simultaneous loss of QFLS as the 𝑉𝑂𝐶
𝑆𝑄

 deficit in SH3 increases to 339 meV. With 

these observations, since Q0 and Q1 are emissions related to the band-edges, it is clear that the 

broad band emission at Q2 influences the optoelectronic quality of the absorber. Although the 

likely origin of these defect peaks and how they influence the quality of the absorbers requires 

more studies, Q3 does not seem to be strongly affected by the first stage substrate temperature, 

since the spectra in Fig. 6.32 shows that the dominant defect impacting nonradiative loss is Q2. 

Additionally, the defect Q3 is likely related to the defect D1 in Section 6.1 and Ref [110], which 

is shown to be related to the Cu content in Cu(In,Ga)S2 absorber, and given the identical 

composition of SH1-SH3, it is assumed Q3 is not strongly influenced by the first stage substrate 

temperature.  

 

To examine if QFLS is translated to VOC, and to inspect how first stage substrate temperature 

affects the performance of the solar cell devices on the absorbers SH1-SH3, the devices are 

completed with CdS buffer layer deposited by chemical bath deposition and sputtered with i-ZnO 

and Al:ZnO window layer, then completed with Ni/Al contact grids. The I-V characteristics at AM 

1.5 illumination and EQE curves of the devices are reported in Fig. 6.33a and 6.33b respectively, 

and the overall performance of the absorbers and devices is graphically summarized in Fig. 6.34. 
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Figure. 6.33 (a) I-V curves of devices prepared on Cu(In,Ga)S2 absorbers SH1-SH3 at different 

first stage substrate temperatures (b) The corresponding EQE curves of the same devices. 

 

 

  

 

Figure 6.34: Graphical summary of the optoelectronic quality and device performance in 

dependence of first stage substrate temperature showing (a) the QFLS, open-circuit voltage and 

fill factor, (b) efficiency and short-circuit current of the devices completed on the absorbers. 

 

The VOC of 814 mV and 833 mV were recorded for devices on SH1 and SH2, respectively. Fig. 

6.34a shows that there is a good translation of QFLS to VOC, and the device performance is 
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comparable to the performance the lab’s previous champion Cu(In,Ga)S2 solar cell with CdS 

buffer layer [110]. Although both devices possess similar JSC, SH2 exhibits a higher overall 

performance with a PCE of 11.8 % compared to 11.3 % for SH1, due to a better VOC and FF as 

seen in Fig. 6.34a and Fig. 6.34b respectively. This indicates that the enhanced crystallinity and 

better gradient achieved with a first stage substrate temperature of 385 °C, also contributes to an 

improved performance of the device. In contrast to SH1 and SH2, a relatively lower QFLS is 

translated to VOC for SH3 (Fig. 6.34a), the device performance is rather dissatisfactory with 

exhibition of strong shunting features shown in the I-V curve in Fig. 6.33a. It is obvious from the 

SEM cross-section micrograph of SH3 in Fig. 6.27c, that the cause of the shunting behaviour 

involves the microstructure of the absorber, where the lower layer at the Mo back contact is full of 

voids and pinholes creating shunting paths in the device processed on the absorber deposited at 

435 °C (SH3).   

 

To recapitulate the results and observations of this section, it is obvious that the first stage substrate 

temperature plays a substantial role in the quality of Cu(In,Ga)S2 absorbers. To discuss SH1 and 

SH2 first, the fact that the absorber deposited at 335 °C (SH1) had good optoelectronic qualities 

which resulted in device performance comparable to the lab’s previous champion solar cells 

deposited at 260 °C [90, 110], indicates that higher first stage substrate temperature is favourable 

for Cu(In,Ga)S2. However, even with low Ga content at 335 °C, phase segregation was still present 

in SH1 (Fig. 6.28). The first stage substrate temperature of 385 °C is clearly more advantageous 

in reducing the phase segregation than 335 °C, which improves the quality of the absorber and 

device. A reason for the improvements at higher temperatures requires revisiting the likely origin 

of the phase segregation from the Cu2S-In2S3-Ga2S3 pseudo-ternary phase diagram reported by 

Thomere et al. [31]. It was shown that there exist two immiscible Cu-deficient phases, namely 

trigonal and cubic phases. When growing Cu(In,Ga)S2 absorbers by the three-stage deposition 

method, during the second stage of deposition when Cu is introduced to the (In,Ga)2S3 precursor 

for the formation of the chalcopyrite phase, the growing absorber has to go through the immiscible 

Cu-poor phases. It is necessary to state that the aforementioned pseudo-ternary phase diagram was 

studied at room temperature, and the temperature dependence of the phases are not clear. It is likely 

that at higher temperature the trigonal and cubic phases do not form, or that high temperature is 

not favorable for the phases and their immiscibility at room temperature is not critical at high 
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temperature. As such, with higher first stage substrate temperature, as demonstrated by the results 

above, there is less phase segregation in Cu(In,Ga)S2. 

 

However, a lingering question is; why is the absorber deposited at 435 °C bad, although phase 

segregation was diminished and a good Ga-gradient was achieved in this absorber? An inkling of 

the problem can be found by revisiting the SIMS Ga profile of SH3, shown again in Fig. 6.35. The 

Ga-profile of SH3 shows that there is a trade-off between an improved Ga-gradient and the 

depletion of back-Ga, demonstrated by the negative Ga gradient towards the Mo back-contact. The 

Ga-depletion resulted in increased back recombination and poor performance of the absorber. 

 

 

Figure 6.35: SIMS profile showing the Ga profile in Cu(In,Ga)S2 absorbers (SH3) grown at first 

stage substrate temperature of 435 °C. 

 

The cause of the back-Ga depletion in SH3 was not investigated in this thesis; however, we 

speculate on the influence of Na diffusion from the SLG. Although the influence of Na is also not 

within the scope of this thesis, nevertheless, preliminary studies (in unpublished data) of in-situ 

sodium treatment on Cu(In,Ga)S2 absorbers deposited on SLG showed that, the deposition of NaF 

at high temperatures has a detrimental effect on the optoelectronic quality of the absorber. Hence, 

it is necessary to consider that, maybe the first stage substrate temperature of 435 °C is high enough 

to introduce too much Na into the absorber during growth, which depletes the back Ga. Also, there 
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is a possibility that, as more Ga moves into the bulk of the absorber with higher substrate 

temperature, the back-Ga, if low, is readily depleted. Nonetheless, the depleted back-Ga results in 

poor optoelectronic quality. Further analyses would be needed to understand the exact cause of the 

back-Ga depletion.  

 

To take advantage of the reduced phase segregation and improved Ga gradient in the absorber 

deposited at the first stage substrate temperature of 435 °C, the next section will try to counter the 

back Ga depletion by controlling Ga flux during the first stage deposition. This is encouraged by 

the fact that although the Ga distribution in an absorber cannot be perfectly controlled, however it 

is possible to manipulate Ga flux during deposition. In the next section, Ga flux will be 

manipulated to replenish Ga loss at the back of the absorber. 

 

 

6.4.3 Mitigation of the negative Ga-gradient (back-Ga depletion) in 

Cu(In,Ga)S2 absorbers  
 

Two Cu(In,Ga)S2 absorbers, GSH2 and GSH3, were processed using the same deposition steps for 

SH2 and SH3 respectively, specifically using the same first stage substrate temperature of 385 °C 

and 435 °C. However, during the first stage deposition, the Ga flux was increased in comparison 

to the first stage Ga flux for SH2 and SH3. This higher Ga flux is to supply enough Ga to replenish 

the depleted back Ga layer during the gallium migration into the bulk of the absorber. Essentially, 

the higher Ga flux during the first stage of deposition is to compensate for the negative Ga-gradient 

or Ga depletion observed in the SIMS Ga profile of SH3 in Fig. 6.35. 

 

Analyses of the chemical composition on the absorbers show that, due to the increased Ga flux at 

the first stage, the average GGI ratio increases from 0.11 (SH2) to 0.13 for GSH2, and increases 

from 0.12 (SH3) to 0.14 for GSH3, while the average CGI ratio remains 0.96 for both absorbers. 

Next, the microstructure of GSH2 and GSH3 are presented in Fig. 6.36 to inspect the effect of the 

higher Ga flux at the first stage of absorber growth. For a good comparison, the SEM cross-

sectional view of GSH2 and GSH3 are presented alongside SH2 and SH3. Starting with the 
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absorbers grown that 435 °C, GSH3 and SH3 in Fig. 6.36a, where the effect of back-Ga depletion 

is already seen for SH3. Note that SH3 has already been discussed in the previous section.  

 

 

Figure 6.36: (a)-(d) SEM cross-sectional images of Cu(In,Ga)S2 absorbers deposited at first stage 

substrate temperatures of 435 °C (SH3, GSH3) and 385 °C (SH2, GSH2). GSH2 and GSH3 have 

the same deposition steps as SH2 and SH3 respectively, however, GSH2 and GSH3 were deposited 

with higher Ga flux during the first stage of deposition.  

 

In Fig. 6.36b showing the microstructure of GSH3, it is noticeable that the concentration of voids 

and pinholes at the bottom half of the absorber has been significantly reduced in comparison with 

SH3 in Fig. 6.36a. It should be mentioned that the smaller grain size close to the Mo back-contact 

in GSH3 is not due to phase segregation, but because of the higher back gallium than in the front 

of the absorber. For the Cu(In,Ga)S2 absorber deposited at 385 °C, the slight increase of Ga flux 

in GSH2 (Fig. 6.36d) did not seem to change its microstructure substantially in comparison to SH2 

(Fig. 6.36c).  

The influence of the higher Ga flux in GSH2 and GSH3 on defect emission is also investigated by 

low-temperature photoluminescence measurement and cathodoluminescence imaging. The PL 

spectra of GSH3 and GSH2 at 100 K are presented in Fig. 6.37a and 6.37b respectively with SH3 

and SH2 for comparison.  
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Figure 6.37: Low temperature photoluminescence spectra at 100 K of Cu(In,Ga)S2 absorbers 

processed at first stage substrate temperatures of (a) 435 °C (SH3 and GSH3) and (b) 385 °C (SH2 

and GSH2). Cathodoluminescence hyperspectral map of defect emission at 1.3 eV for (c) SH3, (d) 

GSH3, (e) SH2 and (f) GSH2. GSH2 and GSH3 were deposited with higher Ga flux at the first 

stage of deposition. 

 

Remarkably, there is a significant influence of higher first stage gallium flux on the PL spectra of 

GSH3. In Fig. 6.37a showing the spectrum of GSH3 with the spectrum of SH3 for comparison, 

the intensity of the broad band peak labeled Q2 is considerably reduced for GSH3, to the extent 

that the main transitions dominating the spectra are the near-band-edge transitions Q0 and Q1. 

This indicates the suppression of the defect emission Q2 which dominates the PL spectrum of SH3. 

On the other hand, for GSH2 in Fig. 6.37b, there was no drastic change other than the Q2 peak 

which slightly changes with the energy position shifting from 1.3 eV to 1.35 eV. The transition at 

Q1 now marginally dominates the spectrum of GSH2 instead of Q0 which dominated the spectrum 

of SH2. The observation in the low temperature PL spectrum of GSH3 is well correlated with its 

CL hyperspectral map in Fig. 6.37d. In contrast to the CL defect map of SH3 in Fig. 6.37c, it is 
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evident that in GSH3, the intensity of the defect emission (DDE) has been suppressed and 

contained to fewer spots. The reduced intensity of DDE emission seems related to the suppression 

of the Q2 band in the 100 K PL spectrum of GSH3 in Fig. 6.37a. From the PL spectrum of GSH2 

in 6.37f, the defect emission seems more intense across the absorber than in SH2 as seen in Fig. 

6.37e, although this cannot be linked to only the suppression of the Q2 peak.  

 

Table 6.13: QFLS of the absorbers SH2, SH3, GSH2 and GSH3, and the device parameters of the 

corresponding solar cells completed the absorbers with CdS buffer layer. 

Sample QFLS 

(meV) 

𝑽𝑶𝑪
𝑺𝑸

 deficit 

(meV) 

VOC 

(mV) 

Voc loss 

(mV) 

FF 

(%) 

PCE 

(%) 

JSC 

(mA/cm2) 

435 °C 

(SH3) 

921 339 730 191 33.15 0.7 3.9 

435 °C + Ga 

(GSH3) 

984 288 837 147 50 8.7 19.7 

385 °C 

(SH2) 

970 299 833 137 68.07 11.8 20.8 

385 °C + Ga 

(GSH2) 

960 303 836 124 67.48 10.8 20.3 

 

Results of the analyses of the optoelectronic quality and device performance on the absorbers SH2, 

SH3, GSH2 and GSH3 are presented in Table 6.13. The QFLS and VOC of GSH3 have also been 

plotted with SH1, SH2 and SH3 in Fig. 6.38 for comparison. Relative to SH2, the QFLS of GSH2 

slightly reduces by 10 meV, whereas there was a significant gain of 60 meV for GSH3 from SH3. 

Since the absorbers have different bandgaps which can influence QFLS, the 𝑉𝑂𝐶
𝑆𝑄

 deficit is used as 

a figure of merit to ensure that the improved QFLS in GSH3 is not just due to the higher Ga content. 

From Table 6.13, the 𝑉𝑂𝐶
𝑆𝑄

 deficit between GSH2 and SH2 remains the same, indicating that there 

is no change in non-radiative loss with higher Ga flux for the absorber deposited at 385 °C. 

Alternatively, from Table 6.13 and Fig. 6.38, it can be observed that, there is a reduced non-
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radiative loss by ~ 50 meV for GSH3, since the 𝑉𝑂𝐶
𝑆𝑄

 deficit reduced from 339 meV in SH3 to 288 

meV in GSH3.  

 

 

Figure 6.38: Comparison of QFLS, VOC and 𝑉𝑂𝐶
𝑆𝑄

 deficit of SH1, SH2, SH3 and GSH3.  

Cu(In,Ga)S2 absorbers prepared at different first stage substrate temperatures of 335 °C, 385 °C 

and 435 °C. GSH3 was processed with higher Ga flux at the first stage of deposition.  

 

The improved QFLS and lower 𝑉𝑂𝐶
𝑆𝑄

 deficit in GSH3 can be associated with the subdued Q2 defect 

in its low temperature PL spectrum as seen in Fig. 6.37a, similar to the suppressed DDE in the CL 

emission shown in 6.37d. This is because such bulk defect acts as unwanted recombination channel 

which captures photogenerated carriers, thereby reducing the QFLS. The photoluminescence 

decay measured on SH2, SH3, GSH2 and GSH3 are presented in Fig. 6.39. Evidently from Fig. 

6.39a, GSH3 has a longer decay time in comparison with SH3, demonstrating a longer minority 

carrier lifetime for GSH3. This can be attributed to a reduced non-radiative recombination by the 

suppression of the bulk defect (Q2) in parallel with the higher QFLS. Overall, the 𝑉𝑂𝐶
𝑆𝑄

 deficit and 
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PL decay are indications of improved quality of absorber the GSH3. On the other hand, an 

evaluation of the transient PL measured on GSH2 and SH2 show that both absorbers possess 

similar PL decay times. This means that the increased first stage Ga flux for GSH2 did not improve 

the quality of the absorber.  

 

  

 

 Figure 6.39: Photoluminescence decay curves of the Cu(In,Ga)S2 absorbers grown at (a) 435 °C 

and (b) 385 °C in the first stage of deposition. GSH3 and GSH2 are distinguished by a slightly 

higher gallium content than SH3 and SH2. 

 

Finally, the I-V characteristics and EQE curves showing the performance of the devices on SH2, 

SH3, GSH2 and GSH3 are presented in Fig. 6.40, and the details of device output performance are 

summarized in Table 6.13. An overall enhanced performance is recorded for GSH3 in comparison 

to SH3, in consistency with the better quality of the absorber as attested by the QFLS value. The 

device on GSH3 produces a higher VOC with a better translation of QFLS to VOC as indicated by 

the reduced VOC loss from 191 mV in SH3 to 147 mV in GSH3. A better JSC of 19.7 mA/cm2 is 

also recorded for GSH2 as opposed to 3.9 mA/cm2 in SH3, see Fig 6.40a. This superior device 

performance of GSH3 in comparison to SH3 is also corroborated by the EQE curve which 

demonstrates an increased and uniform response as shown in Fig. 6.40c. Although, the I-V curve 

of GSH3 still has some signature of series resistance which leads to a FF of 50 %, the higher JSC 

and VOC of GSH3 contribute to a PCE of 8.7 %, which is a substantial increase from 0.7 % in SH3. 
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The device performance for GSH2 in comparison with SH2 is quite similar as the devices possess 

the same VOC and similar EQE response as seen in Fig. 6.40b and Fig. 6.40d respectively.  

 

 

  

 

Figure 6.40: (a)-(b) EQE curves and (c)-(d) I-V curves of solar cell devices fabricated on 

Cu(In,Ga)S2 absorbers process at first stage substrate temperatures of 385 °C (SH2, GSH2) and 

435 °C (SH3, GSH3). GSH2 and GSH3 were processed with higher first stage Ga flux. 

 

The previous Section 6.4.2 and this Section 6.4.3 have established how the first stage substrate 

temperature influences phase segregation and gallium gradient in Cu(In,Ga)S2 absorbers. In 

Section 6.4.2, it was seen that phase segregation is mitigated by utilizing higher first stage substrate 

temperatures. For the three different temperatures that were investigated, the absorber grown at 
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the first stage substrate temperature of 385 °C had the best performance. Also, the suppression of 

a defect peak was observed at this temperature, which seems to have contributed to the improved 

QFLS. At 435 °C, it was evident from XRD that a more homogenous phase is achieved in the 

absorber, and SIMS analysis showed that a better gallium gradient is achieved. However, there 

was a trade-off between an improved Ga gradient and a depleted back-Ga which increases back 

recombination in the absorber. Eventually, the absorber and device have poor performance. This 

Section 6.4.3 showed that, it is possible to replenish depleted back-Ga in the absorber grown at the 

first stage substrate temperature of 435 °C, which recovers and even enhances the optoelectronic 

quality of the absorber and VOC of the device. SIMS profile in Section 6.3.5 will show that 

increasing the Ga flux when absorbers are deposited at first stage substrate temperatures of 435 °C 

passivates the depletion of back gallium layer. Still, the device on absorber grown at the first stage 

substrate temperature of 435 °C and higher Ga flux has a low FF in comparison to those grown at 

385 °C; this is likely due to high series resistance. For the absorber deposited at the first stage 

temperature of 385 °C, increasing the Ga flux at the first stage did not improve the quality of the 

absorber. So, while higher first stage substrate temperature mitigates phase segregation and 

improves Ga gradient, a higher Ga flux is equally necessary when the first stage substrate 

temperature is very high to mitigate back-Ga depletion.  

 

 

6.4.4 Effect of heat ramping of the substrate temperature on Cu(In,Ga)S2 

thin films 
 

Considering the trade-off between back-Ga depletion and improved Ga-gradient in absorbers 

deposited at first stage temperature of 435 °C, this section will explore the possibility of improving 

the gallium gradient of the Cu(In,Ga)S2 absorbers at the first stage substrate temperature of 385 

°C, by varying the heat ramping rate of the substrate heater. This is to avert the back-Ga depletion 

at 435 °C and to take advantage of the uniform homogeneity of the absorbers even with higher 

gallium content (see Fig. 6.36b). Essentially, the influence of heating ramp rate of the substrate 

heater from the first to the second stage deposition temperature on Cu(In,Ga)S2 absorbers will be 

investigated in this section. 
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The deposition of the Cu-poor Cu(In,Ga)S2 absorbers studied in this section follows the familiar 

three-stage deposition process used in the previous sections. The first stage substrate temperature 

was 385 °C while the second and third stage substrate temperature was 595 °C. For all the 

absorbers, the first stage Ga flux has been increased to achieve a GGI ratio higher than 0.2. 

Nevertheless, the main discriminator in preparing these absorbers is the heat ramping rate of the 

substrate heater from the first stage to the second stage of deposition, that is, a variation of the time 

taken to increase the substrate temperature from 385 °C to 595 °C. This is illustrated in Fig. 6.41. 

The ramping rates of 20 °C/minute, 30 °C/minute and 40 °C/minute were considered, changing 

the duration between the first stage and second stage substrate temperatures from ~ 7 minutes (at 

20 °C/minute) to ~ 4 minutes (at 40 °C/minute). It should be added that, the evaporation of copper 

at the second stage of deposition was from the outset of the ramping phase, i.e., copper was 

simultaneously evaporated during the ramping phase.   

 

 

Figure 6.41: The substrate temperature profile for the Cu(In,Ga)S2 absorbers deposited with 

different heat ramping rates of 20-40 °C/minute. The blue box highlights the period of the heat 

ramping, and its influence on the duration between the first stage and the second stage substrate 

temperatures.  
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Three different absorbers, RT20, RT30 and RT40 were processed at the heat ramping rates of 20 

°C/minute, 30 °C/minute and 40 °C/minute, respectively. The chemical composition of average 

CGI ratio and GGI ratio of the absorbers is between 0.96-0.97 and 0.25-0.29 respectively, and the 

front surface gallium corresponded to GGI ratio ~ 0.26 for all the absorbers. The SEM cross-

section of the absorbers RT20 and RT40 are presented in Fig. 6.42. The thickness of RT40 

decreased by ~ 0.5 um in comparison to RT20, and the different heat ramping rate had no 

substantial different on the microstructure of the absorbers, as seen in Fig. 6.42.  

 

Figure 6.42: SEM cross-section of Cu(In,Ga)S2 absorbers processed at heat ramping rate of (a) 20 

°C/mins (RT20) and (b) 40 °C/mins (RT40). Heat ramping of the substrate heater leads to a 

reduced thickness of the absorber RT40 by ~ 0.5 um in comparison to RT20. 

 

Fig. 6.43a shows the SIMS depth profile for Ga distribution in RT20 and RT40. The Ga profile of 

both absorbers show quite identical gradients, indicating that the ramp rate has a negligible 

influence on the diffusion of the back gallium into the bulk of the absorber. However, the heat 

ramping rate has three main influences on the gallium profile of the absorbers. First, the influence 

of the different ramping rates is observed in the depth of the absorbers, as the thickness of RT40 

is lesser than that of RT20. This difference is corroborated by the thickness of the absorbers as 

seen in the cross-section images of the absorbers shown in Fig. 6.42, where RT20 is 0.5 µm thicker 

than RT40. From the SIMS analysis, the second distinct influence of the ramping rate is the notch 

width of the absorbers. The notch of both absorbers is narrower than the wide and flat shape seen 

previously in the phase segregated absorbers, as seen in Fig. 6.23 for example. Nevertheless, RT40 

has a narrower notch width than RT20. The third observation is in comparing the notch energy 

between RT20 and RT40 in Fig. 6.43a, the notch is shifted to a higher energy by increasing the 

heat ramping rate. Since the notch in RT40 is narrower and higher than in RT20, it can be implied 
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that, as the ramping rate is increased and the substrate heater reaches a higher temperature quicker, 

this shortens the deposition process. By reaching a high substrate temperature faster, the diffusion 

of Cu is enhanced and the duration for the crystallization of the CuxS phases is shortened, hence 

leading to a thinner absorber, as observed for RT40. Fig. 6.43b shows the XRD diffractogram 

(between 2.75° and 29.4°) from which the influence of the different ramping rate on the 

contributing phases in the absorbers are examined. The absorbers crystalize into a chalcopyrite 

structure as indicated by the (112) peaks. The intensity of the peaks has been normalized to the 

(112) peak at a higher angle. The proximity of the (112) peaks suggests that there is a more 

homogenous composition in the absorbers and that the different Ga sub-layers are similar. This 

agrees with the less steep Ga gradient in Fig. 6.43a. The broadness of the high angle peak is due 

to the thickness of the back Ga layer in both absorbers, as readily verified by the SIMS profile. 

Ultimately, as the heat ramping rate is increased from 20 °C/minute to 40 °C/minute, it is observed 

that the intensity of the low angle peak weakens and this can be interpreted as the reduction of the 

front low-gallium specie which aligns with the narrowing of the notch as observed in the SIMS 

profile of RT40. Interestingly, the optical bandgap of the absorbers did not reflect the difference 

in notch energies of the absorbers; RT20 and RT40 had bandgap of 1.58 eV while RT30 had a 

bandgap of 1.57 eV. 

 

  

Figure 6. 43: (a) The gallium profile from SIMS analysis on the Cu(In,Ga)S2 absorbers grown with 

different heat ramping rates between the first and second stage substrate temperature. (b) 

Normalized intensity of the XRD diffractogram around the (112) main chalcopyrite peaks of the 

absorbers processed by the different heat ramping rates. 
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Table 6.14: Optoelectronic quality of the Cu(In,Ga)S2 absorbers RT20, RT30 and RT40 and the 

device parameters of the corresponding solar cells completed with CdS buffer layer. 

Sample QFLS 

(meV) 

𝑽𝑶𝑪
𝑺𝑸

 deficit 

(meV) 

VOC 

(mV) 

Voc loss 

(mV) 

FF 

(%) 

PCE 

(%) 

JSC 

(mA/cm2) 

20 °C/min 

(RT20) 

1009 296 778 231 62.7 8.6 18 

30 °C/min 

(RT30) 

1042 256 803 239 56.4 7.7 17 

40 °C/min 

(RT40) 

1042 262 791 251 51.5 6.5 16 

 

The details of the optoelectronic quality evaluated at 1 sun equivalent illumination and the device 

parameters on RT20, RT30 and RT40 are presented in Table 6.14, and summarized in Fig 6.44. 

The QFLS analysis on the absorbers show a gain of 33 meV for both RT30 and RT40 in 

comparison to RT20, which corresponds to a reduced 𝑉𝑂𝐶
𝑆𝑄

 deficit of ~ 40 meV. The better quality 

of the absorber RT30 and RT40 over RT20 is also reflected in the PL decay measurements on the 

absorbers presented in Fig. 6.44b. Although there is no drastic improvement in the minority 

lifetime, the PL decay tail of RT30 and RT40 is slightly improved relative to RT20.  

 

  
 

Figure 6.44: (a) A bar chart representation of the optoelectronic property of the absorbers and 

device performances on RT20, RT30 and RT40. (b) PL decay curves measured on the absorbers. 
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The cause of the improvement in QFLS cannot be completely explained by the CL mapping of the 

defect emission on the absorbers RT20, RT30 and RT40 shown in Fig. 6.45. First, to discuss the 

overall observation, the spots of defect luminescence in RT30 (Fig. 6.45a) is more intense than 

RT20 and RT40. Although this could suggest a higher defect concentration in RT40, however, this 

absorber has higher band-edge emission in CL and PL in comparison with RT20 and RT30, as 

such, a conclusion on the defect emission cannot be drawn. To compare the defect mapping of 

RT20 and RT40 in Fig. 6.45a and Fig. 6.45c respectively, the intensity of the defect luminescence 

in RT40 is reduced compared with RT20, which might be the origin of the improved QFLS in 

RT40. 

 

 
 

Figure 6.45: CL hyperspectral mapping of defect emission at 1.3 eV of the Cu(In,Ga)S2 absorbers 

(RT20, RT30 and RT40) processed at different heat ramp rates of 20 °C/minute, 30 °C/minute and 

40 °C/minute between the first and second stages of deposition. The signal is the ratio of 

normalized defect density against normalized near-band edge emission. 

 

For the device performance on the RT20, RT30 and RT40 absorbers, they have been completed 

with CdS buffer layers. The VOC on the devices has been plotted along with the QFLS to in Fig. 

6.44a, and the detail of the device parameters is presented in Table 6.14. Although it might seem 

that a higher VOC is achieved on the devices on the RT30, and that there a better translation of 

QFLS to VOC in the RT20 device, as seen in Fig. 6.44a, actually, the VOC is limited by the CdS 

buffer layer. The limitation is evidenced by the similarity in VOC. This is a result of the poor 
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conduction band alignment at the absorber-buffer interface [191]. The higher VOC in RT30 and 

RT40 is possibly due to their corresponding higher QFLS. 

 

  
Figure 6.46: (a) I-V curves of the Cu(In,Ga)S2 devices fabricated on absorbers processed at various 

substrate heat ramping rates (RT20, RT30 and RT40). (b) The corresponding EQE curves of the 

devices on RT20, RT30 and RT40.  

 

For the other device parameters, as the heat ramping rate increases from RT20 to RT40, JSC and 

FF reduces as seen in Fig. 6.46a and Table 6.14. The lower JSC and FF contribute to a reduction of 

overall device performance as the PCE reduces from 8.6 % to 6.5 % as the ramp rate is increased 

from 20 °C/minute to 40 °C/minute. This lower JSC and FF can be explained by the EQE curve 

presented in Fig. 6.46b. The results show that, as the heat ramping rate is increased from 20 

°C/minute to 40 °C/minute, that is, from RT20 to RT40, there is a poor response to a long 

wavelength. As a phenomenon is likely to occur due to low absorption of longer wavelengths or 

higher back surface recombination. However, given that the SIMS analysis of RT20 and RT40 

shown in Fig.6.43a indicate, increasing the substrate heater ramp rate narrows the notch width, 

and a narrower notch width will reduce the absorption rate of the device [103, 229].  

To summarize the outcome of this section, the effect of manipulating the heat ramp rate of the 

substrate heater between the first and the second stage of deposition, is a strong influence on the 

notch width. It was observed that the higher the ramp rate, the narrower the notch width gets. Also, 

at a higher ramp rate of 30 °C/minute and 40 °C/minute, improved QFLS was realized on the 
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absorbers. However, the narrowing of the notch width reduced photon absorption rate in the 

absorbers, which results in overall poor device performance. 

 

6.4.5 Effect of Cu-excess deposition after the first stoichiometric point 
 

In Section 6.4.2 and 6.4.3, it was demonstrated that increasing the first stage substrate temperature 

is optimum for improving Ga-gradient. At a first stage substrate temperature of 435 °C, a better 

Ga-gradient was achieved, although it was necessary to compensate for a depleted back-Ga layer 

which deteriorates the quality of the absorber. Even with such back-Ga compensation, the fill-

factor and overall device performance is still limited. In this section, the influence of CuxS 

recrystallization time after the first stoichiometric point on Cu(In,Ga)S2 absorbers and devices will 

be investigated. To take advantage of a better gallium gradient, the deposition at the first stage will 

be at a substrate temperature of 435 °C, and the back-Ga will be increased not only to mitigate 

back-Ga depletion, but also to increase the overall GGI ratio to ~ 0.20. 

 

To reiterate, the subject of investigation in this section is the influence of excess copper after the 

first stoichiometric point, during the second stage of Cu(In,Ga)S2 absorber deposition. As 

explained in Section 3.6, the stoichiometric point is dictated by assessing the pyrometer readout 

and the output power of the substrate heater. This is because both parameters are dependent on the 

emissivity of the absorber, and with higher emissivity of the absorber caused by the formation of 

additional CuxS phases after stoichiometry, the temperature readout of the pyrometer will increase, 

while the output power of the substrate heater also increases to maintain a constant substrate 

temperature. In this report, the excess Cu is categorized by the time Cu is deposited after the first 

stoichiometric point (Tas), to the total time that Cu is deposited during the second stage before the 

first stoichiometric point (Tbs). In Fig. 6.47, the points, and the durations which the different times 

are referencing are indicated in the deposition profile illustrating the progress of substrate 

temperature, pyrometer readout and output power of the substrate heater during absorber 

deposition. The third stage deposition times between the absorbers are different since the excess 

Cu influences the recrystallization time. For instance, the more Cu excess there is, the longer the 

recrystallization time required. As such, to have a consistent CGI ratio on the final absorber 

composition, it is ensured that regardless of the 𝑇𝑎𝑠, a constant time is maintained for the final 
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deposition of In and Ga after the second stoichiometric point. As a reminder, the second 

stoichiometric point occurs after the recrystallization of Cu during the third stage of deposition. 

The 𝑇𝑎𝑠 for excess Cu was varied between 4-13 minutes corresponding to a (
𝑇𝑎𝑠

𝑇𝑏𝑠
) percentage 

between 6 % and 20 % in five absorbers, CR1-CR5. 
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Figure 6.47: The typical three-stage deposition profile of a Cu(In,Ga)S2 absorber showing the 

evolution of the substrate temperature, pyrometer readout and output power of the substrate heater 

at different steps during absorber growth. 

 

The full detail of the Cu excess for each Cu(In,Ga)S2 absorber, the average composition acquired 

by EDX, and the bandgap extracted from PL maximum are presented in Table 6.15. Generally, the 

average CGI ratio for all the absorber layers is between 0.96-0.97, which is consistent with the 

deposition time of In and Ga after the second stoichiometric point at the third stage. The most 

remarkable change is in the average GGI ratio between the absorbers, where there is an unintended 

increase in average GGI ratio from 0.20 in CR1, to 0.28 in CR5. The bandgap also increases from 

1.58 eV (CR1) to 1.60 eV (CR5) in correlation with the increase in the average GGI ratio. To 



174 
 

deliberate the grounds for the changes in GGI ratio and optical bandgap, we look at the gallium 

distribution within the absorber from the SIMS depth profile, particularly considering CR1 and 

CR4 presented in Fig. 6.48a. Note that the SIMS measurements are uncalibrated and the exact GGI 

ratio and the bandgap from the gallium profile cannot be estimated from Fig. 6.48a. 

 

Table 6.15: Cu-excess deposition time and chemical composition extracted from EDX analysis for 

the Cu(In,Ga)S2 absorbers deposited with varied Cu-excess  

Sample Tas  

(minute) 
 (

𝑻𝒂𝒔

𝑻𝒃𝒔
) (%) Average 

CGI ratio 
Average 

GGI ratio 
𝑬𝐠

𝑷𝑳 

(eV) 

CR1 13:00 20% 0.97 0.20 1.57 

CR2 09:30 15 % 0.96 0.23 1.58 

CR3 06:00 11 % 0.96 0.24 1.59 

CR4 04:30 7 % 0.96 0.25 1.59 

CR5 04:00 6 % 0.97 0.28 1.60 

 

 

  

Figure 6.48: (a) Gallium depth profile acquired from SIMS measurement for CR1 and CR4. (b) 

Normalized X-ray diffraction pattern around the (112) chalcopyrite peak for the Cu(In,Ga)S2 

absorbers CR1-CR5, grown with different Cu-excess deposition times after the first stoichiometric 

point.  
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However, it is still possible to compare the shape of the gallium profile across the depth of the 

absorbers. The consequence of the different Tas is more apparent in the gallium minimum. CR1 

features a broad and flat notch which is positioned at a depth which is approximately 10 % into 

the total depth of the absorber from the surface. Conversely, for CR4, the shape of the notch is 

narrower and steeper, and the notch is rather close to the surface of the absorber layer lying 

approximately within 4% of the total length of the absorber. The alteration to the width of the 

notch is attributed to the different times at which Cu-excess was deposited [239], while the 

difference in the notch position is ascribed to the length of the In and Ga deposition in the third 

stage. The influence of Tas on the optical bandgap of the absorbers can also be explained by the 

notch position, since the optical bandgap originates from the notch [210]. The notch occurs at a 

higher position as the duration of the Cu-excess phase is shortened, since the gallium gradient is 

also terminated at a higher position, if the Cu-excess is lower at the end of the second stage. X-ray 

diffraction is used to investigate the influence of the Cu excess on the crystal phase formed after 

the absorber growth, this is presented in Fig. 6.48b, with the range of interest around the (112) 

phases. For all the absorbers, it can still be seen that there are two closely separated peaks 

corresponding to high and low gallium regions at higher and lower angles, respectively. The high 

gallium peak is the most intense for all the absorbers and the two phases are more separated in 

CR1. From CR1 to CR3, it is observed that, the shorter the time excess Cu is deposited, the lower 

the intensity of the low gallium peak. In particular, for CR4 and CR5, the two peaks are rather 

overlapping suggesting a better intermixing and homogenization of the two phases. 

 

The aftermath of the different Tas can also be seen in the SEM micrograph of the absorbers in Fig. 

6.49a and 6.49b, where the cross-sectional view of both CR1 and CR4 are presented. The thickness 

of the absorbers differs by approximately 0.2 µm, with CR1 being ~ 3.2 µm and CR4 ~ 3 µm. This 

seems due to the longer duration of Cu deposition or overall longer deposition time in CR1 

compared with CR4. Some differences can also be seen in the microstructure of the absorbers, 

notably by a dense upper layer with larger well-connected grains which is ~ 1.6 µm in CR1 and ~ 

1.3 µm in CR4. The lower layer, which extends to the Mo-back, composed of much smaller grains 

rather features more in CR4 (Fig. 6.49b) than in CR1 (Fig. 6.49a). This is explained by the CuxS 

secondary phases formed on the surface of absorbers after stoichiometry, which has been shown 

to enhance the growth of large grains in Cu(In,Ga)(S,Se)2 absorbers [27, 98], with the formation 
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of larger grains showing smoother microstructure. As such, for absorbers with prolonged 

deposition of Cu after the first stoichiometry, the thicker the layer of CuxS secondary phases 

formed on the surface of such absorbers, the larger the grains formed during Cu recrystallization 

in the third stage. The smaller grains at the lower half of the absorbers is due to the gallium rich 

back layer. 

 

 

Figure 6.49: SEM micrograph showing the cross-sectional image of absorbers deposited with 

different Cu-excess at (a) 13:00 minutes (20 %) and (b) 04:30 minutes (6 %) after the first 

stoichiometric point. 

 

The QFLS evaluated on the absorbers by the ERE method is shown in Fig. 6.50a and presented in 

Table 6.16. The strongest improvement is the gain of 113 meV, corresponding to the reduction of 

𝑉𝑂𝐶
𝑆𝑄

 deficit by 104 meV, when the Cu-excess is reduced from 20 % (CR1) to 15 % (CR2). From 

CR2 to CR4, there is only a gain of 23 meV (or reduced 𝑉𝑂𝐶
𝑆𝑄

 deficit by 11 meV) as the Cu-excess 

reduces from 15 % to 7 % (Fig. 6.50a and Table 6.16). However, with a lower Cu-excess of 6 % 

(CR5), the QFLS is slightly reduced again. These QFLS values suggest that long Cu excess, 

especially over 15 %, is detrimental to the optoelectronic quality of the absorber. A reason could 

be the formation of the dense Cu-rich layer during the recrystallization phase which becomes even 

more prominent as the Cu excess increases with longer Tas. Still the loss of QFLS in CR5 as the 

Cu excess is reduced suggests that there is an optimum level for the Cu excess after which the 

QFLS diminishes again. PL decay is measured on CR1 (with 20 % Cu-excess) and CR4 (with 7 

% Cu-excess), shown in Fig. 6.50, both are chosen since they respectively possess the worst and 

best optoelectronic quality among these series. The PL decay curve for CR1 features a fast single 

exponential decay, while the decay curve for CR4 features a significantly longer and bi-
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exponential.  The shorter decay time in CR1 is an indication of a fast recombination occurring in 

the absorber, which supports the high 𝑉𝑂𝐶
𝑆𝑄

 deficit in CR1. The origin of this fast recombination is 

passivated in CR4, resulting in a longer decay time and improved QFLS.  

 

To analyze the influence of the Cu excess on device performance, all the absorbers are processed 

into solar cells with CdS as the buffer layer. The device parameters are presented in Table 6.16, 

and the I-V characteristics and EQE curves on the devices are presented in Fig. 6.51a and 6.51b 

respectively. From the I-V characteristics and Table 6.16, except for CR1, the results show that, 

JSC decreases as the Cu-excess decreases from 15 % (CR2) to 6 % (CR5). This is due to the 

narrowing of the notch which reduces the absorption length, and the elevation of the notch energy 

as seen in the SIMS analysis in Fig. 6.48a and the 𝐸g
𝑃𝐿 (Table 6.15), which shifts the absorption 

edge to higher wavelength as seen in the EQE curve (Fig. 6.51b). However, as detailed in Table 

6.16, a remarkable effect of reducing the Cu-exccess on the devices, is an increased FF as the Cu-

excess is decreased from 15 % (CR2) to 6 % (CR5). These two factors will decrease the cumulative 

photon flux and absorption edge of the absorbers [13, 14]. Although, these reasons do not justify 

the lower JSC in CR1. An explanation for the poor JSC in CR1 can be found in the EQE curve in 

Fig. 6.51b, demonstrating signs of front surface recombination, which agrees with the optical 

analyses on the absorbers. 

 

  

Figure 6.50 (a): QFLS and 𝑉𝑂𝐶
𝑆𝑄

 deficit evaluated on absorber grown with different Cu-excess. (b) 

PL decay curves on the absorber grown with 20 % (CR1) and 7 % Cu-excess (CR4).  
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Table 6.16: Optoelectronic quality and device parameters for Cu(In,Ga)S2 absorbers (CR1-CR5) 

prepared with different Cu-excesses. The devices were completed with CdS buffer layer. 

Sample QFLS 

(meV) 

𝑽𝑶𝑪
𝑺𝑸

 deficit 

(meV) 

VOC 

(mV) 

FF 

(%) 

PCE 

(%) 

JSC 

(mA/cm2) 

CR1 897 386 803 55 7.1 16.5 

CR2 1014 282 837 64 9.8 19.0 

CR3 1031 274 825 65 9.3 17.6 

CR4 1037 271 827 70 9.2 17.0 

CR5 1029 287 816 66 8.9 16.9 

 

A comparison of the VOC on the devices presented in Table 6.16 and Fig. 6.51c, shows a lower 

VOC for CR1 than CR2 to CR5. Actually, the VOC on the devices on CR2 - CR5 are limited by the 

CdS buffer layer used in completing the devices [191], due to conduction band misalignment at 

the absorber-buffer interface. As such, the exact influence of the Cu-excess on the VOC of the 

devices on CR1-CR5 cannot be stated. 

 

The different analyses on the samples in this section has shown the many effects of varying the 

Cu-excess during the growth of Cu(In,Ga)S2 absorbers. It was observed that decreasing the Cu-

excess increased the notch energy and the optical bandgap of the absorbers. This is interesting 

because, it shows that it is possible to increase the bandgap of the absorbers without incorporating 

excess Ga during the deposition of the absorbers. The overall quality of the absorber also 

improved, as not only did the QFLS increase with high bandgap but also there was a lower 𝑉𝑂𝐶
𝑆𝑄

 

deficit or non-radiative loss as the Cu-excess decreased. For the device performance, the 

remarkable effect of the reduced Cu-excess is an improvement in FF. Although the maximum 

achievable VOC was not realized due to the CdS buffer layer used, in the next section, it will be 

shown that when a buffer which has a better conduction band alignment with Cu(In,Ga)S2 absorber 

is used, a high VOC is achievable. 
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Figure 6.51: (a) I-V curves of the devices with different Cu-excess CR1-CR5, (b) the equivalent 

EQE curves on the devices, (c) the bar chart comparing the QFLS to VOC translation on the devices 

and (d) a plot of the device parameters, i.e., FF, JSC and efficiency of the devices. 

 

At the beginning of Section 6.4, before investigating the influence of the different growth 

parameters on Cu(In,Ga)S2, the expected outcomes of the various procedures were presented in 

Table 6.9. After these studies, there is a greater understanding of how to control different profiles 

of the Cu(In,Ga)S2 absorber and how to mitigate prevailing challenges when preparing the 

absorber. To conclude this section, Table 6.9 is revisited to review the expected outcomes, and 

importantly to highlight and summarize the observations of all the different growth parameters 

investigated during the deposition of Cu(In,Ga)S2 absorbers.  
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Table 6.17: Outcome of investigations on various deposition parameters during the growth of 

Cu(In,Ga)S2 absorbers. 

Deposition 

parameter 

Observed outcome Relevant chapter Samples 

Thermally cracking 

Sulfur 

Higher cracker temperature → 

lower back-Ga  

Section 6.4.1 SC300, SC500, 

SC650, SC800 

1st stage substrate 

temperature 

- Higher substrate temperature 

→ Reduced phase segregation 

→ Improved Ga gradient 

- Depleted back Ga mitigated by 

higher first stage Ga flux 

Section 6.4.2 SH1, SH2, SH3 

 

 

GSH3, GSH2 

Ramping of 

substrate heater  

Higher ramp rate → narrower 

notch  

Section 6.4.4 RT20, RT30, 

RT40 

Cu excess 

recrystallization  

Lower Cu-excess → higher 

notch energy, higher optical 

bandgap  

Section 6.4.5 CR1, CR2, CR3, 

CR4, CR5 

 

 

6.5 What are the effects of all the optimization procedures with 

(ZnSn)O buffer layer? 
 

A part of the objectives of these investigations is to improve the optoelectronic quality of high-

bandgap Cu(In,Ga)S2 absorbers, which is then translated to excellent device performance. This is 

particularly important for the use of Cu(In,Ga,)S2 devices for a top cell in tandem applications. 

The high-bandgap has been achieved by increasing the Ga-content in Cu(In,Ga)S2 absorbers. 

However, Section 6.3 highlighted the challenges of phase segregation which becomes more 

exacerbated with higher Ga-content. The challenge motivated the different investigations in 

Section 6.4. Even when phase segregation was mitigated, a high device performance was limited 

by CdS buffer layer which has been shown to be inappropriate for Cu(In,Ga)S2 devices [90, 110]. 

Therefore, this last section will summarize and justify the optimization steps, and by completing a 
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device with a more appropriate (Zn,Sn)O buffer layer [240], it will be shown that a highly efficient 

high-bandgap Cu(In,Ga)S2 device is achievable.  

 

6.5.1 Comparison of absorbers before and after optimization 
 

First, the influence of the growth parameters on the dominant crystallographic phases in the 

absorbers before and after the optimization processes are compared. For this, the absorber CR4 in 

Subsection 6.4.5 is compared with a phase-segregated absorber BL3 in Section 6.3. The different 

growth parameters for both absorbers are presented in Table 6.18, and the properties of the 

absorbers presented in Table 6.19.  

Table 6.18: Growth parameters used in processing Cu(In,Ga)S2 before and after optimization. 

Parameter Before optimization 

(BL3) 

After optimization 

(CR4) 

After optimization 

(ST) 

Cracker temperature 300 250 250 °C 

First stage substrate 

temperature (actual) 

335 °C 435 °C 385 °C 

Substrate temperature 

ramp rate 

20 °C/minutes 20 °C/minutes 40 °C/minutes 

Cu excess 25 % 7 % 7 % 

 

To highlight the mitigated phase segregation, the XRD diffractograms showing the contributing 

phases existing in the absorbers BL3 and CR4 are presented in Fig. 6.52. For BL3 with GGI ratio 

of 0.30 and BL1 with lower GGI ratio, the phase segregation is indicated by the two separate 

chalcopyrite (112) peaks around 28 ° and 29 ° for BL3. On the other hand, CR4 shows a more 

homogenous phase centered around 28.5 °.   

To compare the optoelectronic performance of the absorbers before and after optimization, BL3 

will be compared with a different absorber (ST) that was prepared on account of the different 

optimization steps as presented in Table 6.18. Readers should note that the significance of ST is 
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that, at the end of the optimization procedures, this absorber had the best optoelectronic quality. 

CR4 will be reverted to in the next section when the device is completed with (Zn,Sn)O.  

 

  

Figure 6.52: XRD diffractogram around the main chalcopyrite phase of Cu(In,Ga)S2 absorbers 

with phase segregation before optimization and a more homogenous absorber after optimization.  

 

The absorber properties of both BL3 and ST are detailed in Table 6.19. While the average GGI 

ratio and CGI ratio of both absorbers are identical, the surface GGI ratio is very different, with 

BL3 having a much higher value of 0.49 and ST a value of 0.24. As Section 6.2 and Section 6.3 

shows, such a high surface GGI ratio in BL3 is not desired. As detailed in Table 6.17, there is also 

a large discrepancy between the bandgaps extracted from PL maximum (Eg) and the inflection 

points from EQE (Eg
EQE). Overall, BL3 has higher bandgaps, with Eg

PL higher by 0.06 eV, and 

with two inflection points because of the segregated phases, while ST has a single broad Eg
EQE

 at 

1.61 eV. The improved quality of the absorbers is summed up in the reduction of VOC
SQ

 deficit to 

242 meV (ST) from 334 meV (BL3). The VOC
SQ

 deficit of 242 meV is much closer to the average 

VOC
SQ

 deficit of ~ 200 meV recorded on Cu(In,Ga)Se2 absorbers made at LPV. This is a promising 

development since an improved optoelectronic quality of the absorber is a big step towards 

achieving excellent performance and high efficiency on Cu(In,Ga)S2 devices. 
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Table 6.19: Optoelectronic quality of Cu(In,Ga)S2 absorbers before and after optimization 

 Before optimization 

(BL3) 

After optimization 

(CR4) 

After optimization 

(ST) 

Average GGI 

ratio 

0.30 0.25 0.31 

Surface GGI ratio 0.49 0.26 0.24 

Average CGI 

ratio 

0.98 0.96 0.98 

Eg
PL (Eg

EQE) 1.64 eV (1.65 eV & 

2.32 eV) 

1.59 eV (1.63 eV) 1.58 eV (1.61 eV) 

QFLS (eV) 1.037 eV 1.037 eV 1.056 eV 

VOC
SQ

 deficit 334 meV 271 meV 242 meV 

 

Lastly, SEM-CL imaging of the in situ bandgap profile for ST is presented in Fig. 6.53. The image 

shows a bandgap-gradient from ~ 2.45 eV at the back to around 1.7 eV at the front.  

 

Figure 6.53: In situ imaging of the bandgap gradient by SEM-CL on a lamella of ST. 
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While Fig. 6.53 shows that it is possible to achieve a Ga or bandgap gradient in Cu(In,Ga)S2 

absorbers deposited by the three-stage process, it also raises a question on why there is a 

discrepancy on the optical bandgap between the bandgap minimum as seen in the imaging. From 

the in situ image, the minimum bandgap is ~ 1.7 eV while the optical bandgap (Eg
PL) taken from 

PL peak maximum is 1.58 eV. This makes for interesting investigation in future works.  

 

6.5.2 Towards 16 % efficiency in high bandgap Cu(In,Ga)S2 devices with 

(Zn,Sn)O buffer layer 
 

So far in this thesis, and particularly in Chapter 6 where Cu(In,Ga)S2 absorbers have been 

investigated, CdS buffer layer has been used to complete the solar cells. The highest efficiency 

achieved on these optimized absorbers is still below 12 %. The use of CdS buffer layer contradicts 

an earlier statement and our previous report that CdS is not the most optimum buffer layer for 

Cu(In,Ga)S2 solar cells, rather Zn(O,S) buffer layer is more optimal [90, 110]. We have used CdS 

because it is a fast approach for completing solar cells, which also expedites the evaluation of the 

electrical performance of devices completed on the absorbers. We are now considering, and in fact 

have already shown that, ALD (Zn,Sn)O is an alternate buffer which promises even better device 

performance than Zn(O,S). This is because the high temperature annealing step in Zn(O,S) which 

is detrimental to the Cu(In,Ga)S2 device is not needed with (Zn,Sn)O [240]. Hence, we examine 

the performance capability of the optimized Cu(In,Ga)S2 absorber with atomic layer deposited 

(ALD) (Zn,Sn)O buffer layer and an anti-reflection coating. Note that these are preliminary results 

and the research on ALD (Zn,Sn)O buffer is not within the scope of this work.  

A solar cell device is completed on the absorber CR4 discussed in the previous Section 6.5.1 and 

Section 6.4.5. The I-V characteristics of the solar cell device is shown in Fig. 6.54a. As a reminder 

the optical bandgap (Eg
PL) from PL maximum and solar cell bandgap (Eg

EQE) taken from EQE 

inflection point are 1.59 eV and 1.63 eV respectively. A PCE of 15.6 % is achieved on the device 

on CR4 with (Zn,Sn)O buffer layer. This is a higher efficiency than our previous lab record on 

Cu(In,Ga)S2 devices with a lower bandgap. Fig. 6.54b shows the efficiency of various CuInS2 and 
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Cu(In,Ga)S2 solar cells from literature plotted against their respective bandgaps determined from 

EQE. In comparison, this device also becomes the highest efficiency recorded on a high bandgap 

of 1.63 eV for a Cu(In,Ga)S2 device. This result is particularly significant because it demonstrates 

that high efficiency can be obtained on high bandgap single-junction Cu(In,Ga)S2 devices and this 

brings us closer to potentially using this device for a top cell in tandem applications.  

 

   

Figure 6.54: (a) I-V characteristics of an optimized Cu(In,Ga)S2 absorber completed with ALD 

(Zn,Sn)O. (b) Efficiency of CuInS2 and Cu(In,Ga)S2 solar cells plotted against the respective 

bandgaps determined from external quantum efficiency (EQE) curves of the solar cells [24, 27, 

28, 98, 110, 192-205]. The previous best lab efficiency by Shukla and Sood et al. [110] is indicated 

by the unfilled star. The efficiency of CR4 is indicated by the filled star.  
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Chapter 7 

Summary 

In this thesis, various investigations were performed on three different compounds; the ternary 

compounds of CuInS2 and CuGaS2, and later their quaternary Cu(In,Ga)S2 alloy. The research was 

in threefold: (i) Time-resolved measurements were performed on CuInS2 to understand the origin 

of improvements earlier reported. (ii) Defect spectroscopy by photoluminescence analyses were 

carried out on CuGaS2, further contributing more information on the electronic structure of I-III-

VI chalcopyrite family. (iii) Significant measures were taken to solve problems limiting the 

achievement of high efficiency in high bandgap Cu(In,Ga)S2 absorbers. 

Foremost, lifetime measurements were performed on Cu-rich CuInS2 absorbers, and we have used 

the understanding of the relationship between lifetime and the quasi-equilibrium state to 

understand the improved optoelectronic quality which accompany (a) higher deposition 

temperature and (b) higher [Cu]/[In] ratio. We show that the improved QFLS under these 

deposition conditions is not due to the mitigation of non-radiative recombination from a reduced 

density of deep defects, rather the improvement is due to an increased doping level.  

Clear insights were provided on the electronic structure of CuGaS2. It was observed that the main 

transition dominating Cu-rich CuGaS2 samples is DA3 occurring at ~ 2.29 eV. Its origin was 

shown to involve a somewhat deep acceptor level at 205 meV above the valence band and a 

shallow donor level at ~ 35 meV from the conduction band. As Cu-content reduces, DA1 and DA2 

with peaks around 2.4 eV become more intense, however, the peak occuring at 2.4 eV is rather 

broad in Cu-poor absorbers. Both transitions were shown to involve a common donor at 35 meV 

and two shallow acceptors at 75 meV (DA1) and 90 meV (DA2). Two broad defect peaks at 2.15 

eV and 1.85 eV are seen on all the absorbers. However, for Cu-poor absorbers, the peak at ~ 2.15 

eV and an exciton-related transition at 2.48 eV dominated. These peaks are assumed to involve a 

deep defect with broad density of state. Ultimately, the two broad peaks at 2.15 eV and 1.85 eV 

dominate the PL spectrum of CuGaS2 at room temperature. 
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To understand the broad defects in CuGaS2 which might influence the electrical properties of a 

single junction solar cell, a novel solar cell device was completed on a high-quality Cu-rich 

CuGaS2 absorber with QFLS of 1.68 eV. The device achieved a VOC of 821 mV with a power 

conversion efficiency of 1.8%. Factors limiting the performance of such high-bandgap device 

include defects in the absorber which serve as unwanted recombination channels, near-interface 

defects and negative conduction band offset. 

The last part of this thesis is dedicated to several investigations on Cu(In,Ga)S2. We addressed: (1) 

Origin of bulk recombination in Cu(In,Ga)S2. (2) Front surface Ga-grading of Cu(In,Ga)S2. (3) 

Back surface gradient and mitigation of phase segregation in high Ga Cu(In,Ga)S2. 

(1) It was observed that, although absorbers processed under high Cu-excess conditions possess 

high crystal quality, they generally exhibited low QFLS, lifetime and radiative efficiency in 

comparison to Cu-deficient absorbers. By low-temperature photoluminescence measurements on 

a series of Cu(In,Ga)S2 absorbers spanning different CGI ratios, we observed that Cu-related 

defects are responsible for bulk recombination path in the Cu-excess absorbers. By using Cu-

deficient absorbers, the non-radiative recombination channels are suppressed resulting in an 

increased QFLS and high VOC on the device.  

(2) Next, the influence of front surface Ga on the optoelectronic quality of Cu(In,Ga)S2 absorbers 

and devices was investigated. We showed that, while a high surface Ga leads to improved radiative 

efficiency and QFLS in Cu(In,Ga)S2, it is detrimental to device performance since this creates a 

barrier at the absorber-buffer interface which hinders photogenerated carriers. We also observed 

that Ga deposited at the third stage does not strongly influence the notch energy or optical bandgap, 

rather, it merely aggregates on the surface of the absorber and contributes to an exceptionally high 

surface GGI ratio. It is necessary to reduce Ga flux at the third stage of a three-stage deposition of 

Cu(In,Ga)S2 absorber.  

(3) Different growth parameters have been used to solve the problem of phase segregation in 

Cu(In,Ga)S2 absorbers. The problem becomes particularly prominent when increasing the bandgap 

through increased Ga content by the three-stage deposition method. (i) The thermal cracking of S8 

molecule into smaller more reactive species was rather detrimental to the QFLS of the absorber 

and the device performance. This is likely due to the preference of the smaller species to react with 

indium rather than gallium, which is not beneficial for the bandgap gradient. In this work, 
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ultimately, the preferred cracker temperature is 250 °C. (ii) The first stage substrate temperature 

was used to manipulate the bandgap-gradient profile of Cu(In,Ga)S2 absorbers. The results 

demonstrate that higher first stage substrate temperature mitigates phase segregation leading to 

enhanced Ga-gradient, since there is an improved intermixing of indium and gallium. However, 

the quality of the absorber deteriorates when the first stage substrate temperature is too high 

because of back-Ga depletion. The back-Ga depletion can be compensated with a higher first stage 

Ga-flux. (iii) The influence of ramping the temperature of the substrate heater was also 

investigated, and it was observed that, the shorter the ramping time, the narrower the width of the 

notch becomes. (iv) Finally, the effect of different Cu excesses on Cu(In,Ga)S2 absorbers were 

investigated. The outcome demonstrates that high Cu excess up to 20 % is detrimental to the 

optoelectronic quality of the absorber, and a Cu-excess of 7 % was optimum. Additionally, it was 

observed that Cu-excess could be used to vary the notch position and the bandgap of the absorber, 

as decreasing Cu-excess increased the bandgap of the absorber.  

In the last part, It was shown that through the manipulation of different growth parameters; it is 

possible to grow high bandgap Cu(In,Ga)S2 absorbers without phase segregation. More so, the 

device completed on the absorbers with (Zn,Sn)O buffer layer produced solar cells with high 

performance. Nevertheless, with the challenge of phase segregation mitigated, the plateauing of 

the bandgap, where the optical bandgap does not increase even as the Ga content is increased was 

observed. 
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Outlook 

As the outcomes of the different works presented in this thesis improved our knowledge of the 

compounds studied and solved major challenges limiting the quality of the absorbers, the results 

raised many more questions and future works which need to be addressed. 

The influence of increased surface Ga in improving the quasi-Fermi level splitting of Cu(In,Ga)S2 

absorbers was seen in this thesis. This was attributed to a reduction in front surface recombination. 

Ideally, the increase of surface Ga should also increase the open-circuit voltage achievable on the 

completed device. However, the contrary was observed as open-circuit voltage decreased and there 

was an indication of a barrier blocking photogenerated carriers. Investigations on buffer layers 

were concurrent with the research on Cu(In,Ga)S2 absorbers in this thesis, and good buffer layers 

forming better conduction band alignment at the absorber-buffer interface for Cu(In,Ga)S2 devices, 

have demonstrated improved performance. To get higher open-circuit voltage, it is worth exploring 

– through simulations and further investigations – how to harness the possibility of high voltage 

with surface Ga. 

The role of substrate temperature in achieving high optoelectronic quality in all the compounds 

studied cannot be understated. In fact, the Cu(In,Ga)S2 absorbers were grown close to the softening 

temperature of the soda-lime glass substrate. This temperature-dependence would be a challenge 

for when growing absorbers on substrates that cannot tolerate high temperatures such as ITOs. 

Nowadays in chalcopyrite photovoltaics research, silver has become the metaphorical “silver 

bullet” in for improving the quality of Cu(In,Ga)Se2 [241, 242], it has been shown to reduce the 

melting temperature of Cu(In,Ga)Se2 during growth which circumvents the need for very high 

deposition temperatures [243], improve elemental interdiffusion [244], and enhance formation of 

larger grains [245]. Silver has also been shown to improve carrier transport in Cu(In,Ga)Se2 solar 

cells [246]. Therefore, the incorporation of silver in Cu(In,Ga)S2 makes for a compelling study. 

The thermal cracking of sulfur did not really improve Ga-gradient or the phase segregation, 

however, it was shown to reduce Ga content at the back of the absorber. In low-temperature 

deposition processes, where Ga is likely to agglomerate at the back of the absorber, an alternative 

means of reducing the back-Ga could be by the thermal cracking of sulfur. 
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Cu(In,Ga)Se2 solar cells have achieved remarkable milestones with alkali-treatment. In 

Cu(In,Ga)Se2, alkali treatments have been suggested to improve the quality of p-n junctions by 

widening the surface bandgap of the absorber, improve hole concentration and increase minority 

carrier lifetime [25, 247]. Although the role of alkali-treatment was not investigated in this work, 

preliminary findings on Cu(In,Ga)S2 at LPV have already shown that in-situ alkali treatment result 

in high quasi-Fermi level splitting. As such, similar impressive records achieved in Cu(In,Ga)Se2 

solar cells could be possible in Cu(In,Ga)S2 solar cells with alkali-treatment.  

In exploring ways to overcome the phase segregation and plateauing bandgap limiting the quality 

of Cu(In,Ga)S2 absorbers, an alternative deposition method which overlapped the first and the 

second stages of deposition was used to process the absorbers. This method was to exploit the 

chalcopyrite phase near stoichiometric compositions as seen in the Cu(In,Ga)S2 phase diagram by 

Thomere et al [31]. This deposition method is similar to the CuPRO method which has been 

utilized in Cu(In,Ga)Se2 [248], and has been employed in Cu(In,Ga)S2 to achieve high efficiency 

[28]. A short description of the deposition process and the properties of the absorbers can be found 

below in Appendix 1. The absorbers had good optoelectronic quality, however, the deposition 

approach did not solve the underlying challenges. Nevertheless, the devices completed on the 

absorbers with (Zn,Sn)O buffer layers produced high open-circuit voltage above 1 V, but the other 

device parameters were poor. Having found means of mitigating phase segregation in Cu(In,Ga)S2 

absorbers, this deposition method should be revisited, understood and explored for its potential to 

produce high-quality absorbers and devices. 

Many of the high-quality Cu(In,Ga)S2 absorbers presented in these studies have bandgaps below 

1.7 eV. The other main challenge that persists in Cu(In,Ga)S2, is the plateauing of bandgap, that 

is, the bandgap does not increase beyond ~1.67 eV even when overall GGI ratio is increased. This 

is obviously a major obstacle that needs to be solved to achieve target bandgap of 1.6-1.7 eV for 

the top cell in tandem application.  
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Appendix 
Appendix 1: Overlapping the first stage and second stage of 

deposition 
 

To overcome the phase segregation which occurs in high back Ga Cu(In,Ga)S2, an alternate 

deposition process similar to the CuPRO technique introduced by Kessler et al. was explored 

[248]. This is motivated by an attempt to circumvent the two immiscible trigonal and cubic Cu-

poor phases present in Cu(In,Ga)S2 as shown in the phase diagram studied by Thomere et al. [31]. 

This method also aims to explore the narrow chalcopyrite phase close to stoichiometric or Cu-rich 

composition without first going directly through the trigonal and cubic phases. 

 

 

Figure A1: Schematic of the deposition profile of the overlapped first and second stage process. 
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The deposition process overlaps the first and the second stages of deposition, as illustrated in Fig. 

A1. In the depiction, midway through the deposition of Ga and In (first-half) at a temperature of 

300 °C in the first stage, the evaporation of Cu begins as the substrate temperature is increased to 

500 °C. The evaporation of Ga and In are halted after the second-half deposition and the 

evaporation of Cu continues until the stoichiometric point is reached. As shown in Fig. A1, the 

evaporation of Cu continues to achieve a Cu-rich phase, while Ga and In are evaporated again in 

the third stage to a achieve the final Cu-poor composition.  

The SEM cross-sectional micrograph of the best absorber is shown in Fig. A2. By visual 

inspection, the appears more homogenous than the phase-segregated absorbers in Fig. 6.21 from 

Section 6.3. However, the following analyses and results suggest otherwise. 

 

  

Figure A2: SEM cross-sectional images of a sample deposited by overlapping the first stage and 

second stage deposition steps. 

 

The properties of two of the absorbers that were completed into solar cells are presented below. 

The chemical composition of the two absorbers LS1 and LS2 are presented in Table A1 along with 

their optical bandgaps. It is obvious from the average GGI ratios of both absorbers that they contain 

a high amount of Ga. This seems to be because of the Ga fluxes used during the deposition process. 

Nevertheless, the optical bandgaps (1.57 eV and 1.66 eV) measured on both absorbers are much 

lower in comparison to the predicted bandgap corresponding to such GGI ratio (0.53 and 0.69) 

from the bowing diagram in Fig. 2.3. The PL spectrum of LS2 is shown in Fig. A3.  

From the chemical composition in Table A1, it is obvious that both absorbers have surprisingly 

lower front surface GGI ratio of 0.44 in comparison to the average GGI ratio. The origin of this 
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phenomenon is likely compositional plateauing, from the similar front surface GGI ratio of both 

absorbers stagnated at 0.44, and the bandgap plateau demonstrated by the mismatch of average 

GGI ratio with the optical bandgap. The compositional plateau occurring with phase segregation 

has been discussed in Section 6.3 and described in the works of Barreau et al. [29, 30]. 

 

Figure A3: Photoluminescence spectrum of LS2, a sample deposited by the overlapping of the first 

and second stage of the deposition process. 

 

Table A1: Chemical composition from EDX of Cu(In,Ga)S2 absorbers processed by overlapping 

the first stage and second stage of deposition. The optical bandgap 𝑬𝐠
𝑷𝑳 is taken from the maximum 

of the PL peak. 

Absorber Average 

GGI ratio 

Surface 

GGI ratio 

Average 

CGI ratio 

𝑬𝐠
𝑷𝑳 

(eV) 

Sample LS1 0.53 0.44 0.97 1.57 

Sample LS2 0.69 0.44 0.98 1.66 
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High QFLS above 1 eV were evaluated on both absorbers with the average of 1.018 eV and 1.056 

eV for LS1 and LS2, respectively. The similarity of the V𝐎𝐂
𝐒𝐐

 deficit of both absorbers presented in 

Fig. A4, indicates that both absorbers possess similar optoelectronic quality.  

The absorbers were completed into devices with (Zn,Sn)O buffer layer. The reason for the choice 

of (Zn,Sn)O buffer layer have been stated in Fig. 6.5.2, and the results of the device performance 

on these solar cells have been presented and published in Faraday discussions [240]. VOC above 1 

V was achieved on the solar cells completed on the absorbers, although other device parameters 

presented in Table A2 were poor. The I-V characteristics of the devices and their actual values 

have been plotted in Fig. A4 and Fig. A5. There was an excellent translation of QFLS to VOC due 

to good absorber-buffer band alignment. 

 

 

Figure A4: QFLS, V𝐎𝐂
𝐒𝐐

 deficit and VOC of Cu(In,Ga)S2 devices on absorbers processed by the 

overlapping the first and second stages of deposition. The devices were completed with (Zn,Sn)O 

buffer layer.  
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The origin of the poor device performance can be explained by the I-V characteristics and the 

inflection point from EQE curve on the devices. Firstly, from the I-V curves, it can be deduced 

that there is a barrier blocking the extraction of photogenerated carriers. Secondly, there are two 

inflection points in the derivative of the EQE curve, which is an indication of two bandgaps/phases 

occurring in the absorber.  

 

Table A2: Device parameters of Cu(In,Ga)S2 devices processed by the overlapping method. 

(Zn,Sn)O buffer was used to complete the devices. 

Sample PCE (%) Voc (mV) Jsc (mA/cm2) FF (%) 

LS1 5.2 1000 14.3 36 

LS2 4.7 1037 12.5 36 

 

 

  

Figure A5: Current-voltage characteristics and the derivation of the EQE curve of devices made 

from the overlapping method. The buffer layer is (Zn,Sn)O. 

 

These results show that the overlapping procedure is capable of producing a high quality 
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poses a challenge. As the works in this thesis has shown, it is possible to circumvent the origin of 

the phase segregation, it would be necessary to adapt/optimize this overlapping growth method to 

meet the full potential of producing high-quality absorbers. 
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Appendix 2: Substrate heater temperature calibration 
 

There is a discrepancy between the set temperature of the substrate heater and the actual 

temperature measured on the substrate. The temperature measured on the substrate was calibrated 

with the knowledge of the softening temperature of the soda-lime glass (SLG) substrate used in 

this work, and the set temperature of the substrate heater at which the softening occurs. The 

temperature of the substrate was measured by a pyrometer. 

 

Figure A6: The actual temperature measured on the SLG substrate in dependence of the substrate 

heater set temperature. 
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Appendix 3: Lateral inhomogeneity of absorbers. 
 

There is a lateral inhomogeneity in the composition of the absorber after deposition. In extreme 

cases there could be visible inhomogeneity too. This could be due to nonuniform heating of the 

substrates by the heater – and this is worsened when the surface of the heater is dirty – or 

misalignment of elemental sources. Another source of the inhomogeneity is the Mo-substrate 

holder which dissipates heat in homogeneously. A substrate holder made of pyrolytic graphite is 

used to mitigate the effect of the inhomogeneous heat dissipation. An example of the varying 

composition from EDX and SEM micrograph showing the top view at different spots on an 

absorber is illustrated in Fig. A7. Fig. A8, A9 and A10 shows the difference in PL flux, bandgap 

from PL maximum and QFLS, and VOC that is measured from such an absorber. 

 

 

Figure A7: The different chemical compositions and SEM top view of an inhomogenous absorber 

which is shown on the left.  
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Figure A8: PL fluxes measured at different spots on an inhomogeneous absorber at different 

spots. 

 

Figure A9: Bandgaps obtained from PL maximum and QFLS values (evaluated by Planck’s 

generalized law) on an inhomogeneous absorber at different spots. 
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Figure A10: VOC measured on the devices completed on the inhomogeneous absorber in Fig. A7 

at different spots. 
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Appendix 4: Simulation of electron beam interaction with 

Cu(In,Ga)S2 absorber 
 

 

 

Figure A11: CASINO ("monte CArlo SImulation of electroN trajectory in sOlids") simulation of 

secondary and backscattered electron beam in a Cu(In,Ga)S2 absorber at 5kV [209]. 
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Figure A12: CASINO ("monte CArlo SImulation of electroN trajectory in sOlids") simulation of 

secondary and backscattered electron beam in a Cu(In,Ga)S2 absorber at 20kV [209]. 
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Appendix 5: SIMS measurement on phase-segregated Cu(In,Ga)S2 

absorbers 
 

 

 

 

Figure A13: Ga profile from SIMS depth analysis in linear (top) and logarithm (bottom) scale of 

Cu(In,Ga)S2 absorbers with phase segregation.  
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Appendix 6: Quantitative EDX mappings of the cross sections of 

BL1 and BL3 
 

   

Figure A14: Quantitative EDX mapping of the cross-section of absorbers with phase segregation. 
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Appendix 7: Temperature dependence of Cu-rich CuGaS2 spectra 
 

 

Figure A15: Temperature dependent PL spectra of CuGaS2 between 2.10-2.40 eV showing the 

temperature-dependent evolution of DA3 and FB3 
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Appendix 8: SAMPLE LIST 
 

BL1 CIGS312 

BL2 CIGS313 

BL3 CIGS316 

BL4 CIGS317 

SC300 CIGS414 

SC500 CIGS415 

SC650 CIGS417 

SC800 CIGS418 

SH1 CIGS421 

SH2 CIGS422 

SH3 CIGS423 

GSH2 CIGS424 

GSH3 CIGS426 

CR1 CIGS432 

CR2 CIGS435 

CR3 CIGS433, 

CR4 CIGS437 

CR5 CIGS436 

ST CIGS443 

LS1 CIGS370 

LS2 CIGS365 
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