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Introduction 
The global energy outlook made by International Energy Agency in 2021 shows that a 
new energy economy is emerging- but not yet fast enough to reach the net zero by 2050 
[1]. In 2019, global final electricity consumption reached 22848 TWh [2], almost  
two-thirds (63.3%) of global electricity came from fossil fuels. Today's energy systems are 
still heavily dependent on fossil fuels. Therefore, a sustainable and environmentally 
friendly energy source that meets the growing demand for energy services, including 
reduction of greenhouse gas emissions is a huge task.  

Achieving carbon-neutral processes in the energy domain is the focus as well as the 
challenge for our generation. In the power markets, renewables have become the 
technology of the choice, making up almost two-thirds of the global capacity additions 
to 2040, thanks to the falling costs and supportive government policies [3]. Despite of 
the COVID-19 pandemic, the total photovoltaic (PV) cumulative installations amounted 
to 760.4 GWp at the end of year 2020 [4]. PV technology, as one of the renewable energy 
sources, is growing fast due to the most abundant energy source, reduced cost, high 
efficiency and environmentally friendly processes while comparing with the conventional 
energy technologies [5]. The global photovoltaic market is segmented based on the 
technology, which is mainly classified into mono-crystalline silicon and multi-crystalline 
silicon and thin films (cadmium telluride (CdTe), copper indium gallium diselenide 
(Cu(In,Ga)Se2). Nowadays, crystalline silicon (c-Si) is one of the most widely used 
semiconductor material in PV technology to manufacture the solar cells. Crystalline 
silicon occupies more than 95% of the total photovoltaic market revenue owing to its 
several benefits such as high efficiency (26.7% for mono-crystalline [6] and 24.4% for 
multi-crystalline silicon wafer-based technology [7]). 

The market share of the highest efficiency thin film technologies, mainly 23.4% for 
Cu(In,Ga)Se2 [8] and 22.1% for CdTe [7], accounts for only 5%. According to [9,10], 
Cu(In,Ga)Se2 and CdTe thin film technologies may have a big potential to be utilized on a 
much larger scale, however, there are the limitations considering the usage of the 
availability of large quantities of the rather rare metals, such as indium or tellurium. 

To avoid the above-mentioned limitations, the researchers started to look for new 
potential candidate absorber materials in quaternary I2-II-IV-VI4 (I = Cu, Ag; II = Zn, Cd;  
IV = Si, Ge, Sn; VI = S, Se) chalcogenides. The Cu2ZnSnS4 compounds (kesterite) as p-type 
semiconductor materials have many required properties, such as direct bandgap 
(~1.5 eV) and high absorption coefficient (~105 cm-1) [11], to replace CdTe or Cu(In,Ga)Se2 
as absorber materials in thin film photovoltaics. The bandgap (Eg) can be tuned from 
~1.0 eV for the pure selenide Cu2ZnSnSe4 to ~1.5 eV for the pure sulfide Cu2ZnSnS4 by 
adjusting the concentration ratio of chalcogenides (S/Se) in the Cu2ZnSn(SxSe1-x)4 [12].  
It covers the optimum band gap range for single junction solar cell according to  
Shockley-Queisser limit [13,14]. Currently, the record efficiency of thin film solar cells 
based on the Cu2ZnSnS4 and Cu2ZnSnSe4 are 11.2% [11] and 12.5% [15], respectively. 
The highest efficiency of 12.6% for Cu2ZnSn(S,Se)4 based thin-film solar cells has been 
presented by the IBM group in 2013 [16]. Recently, it was renewed over 13% by Zhou et 
al [12] and Gong et al [17]. Additionally, 14% of efficiency was reported by Professor Hao 
Xin from Nanjing University of Posts and Telecommunications in the 12th European 
Kesterite Workshop in 2022. 

The highest power conversion efficiency (PCE) of thin film solar cell based on the 
Cu2ZnSn(S,Se)4 absorber materials is still considerably lower compared to c-Si, 
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Cu(In,Ga)Se2 and CdTe devices. According to the reports [18–22], the main culprits of 
limitations are open circuit voltage deficit, deep defects related to divalent Sn, interface 
recombination, coexistence of the complex secondary phases, the band tailing issue, 
short minority lifetime, bulk defects, and undesirable band alignment at p-n interfaces. 
Thus, further research and knowledge is necessary to overcome the present limitations 
and improve the performance of the kesterite-based technologies. Also, further research 
on the other ternary and quaternary copper chalcogenide compounds with suitable 
properties for solar cell absorber is motivated.  

Based on literature data, Cu2CdGe(S,Se)4 compounds are less studied. According to 
the Web of Science, there are 21 publications for Cu2CdGeSe4, 25 papers for Cu2CdGeS4 
and one recently published work about Cu2CdGe(S,Se)4. In addition, the Cu2Ge(S,Se)3 
compounds, which are also not extensively investigated, could be suitable for 
photovoltaic applications. Cu2GeSe3 is mainly investigated as thermoelectric material 
[23], and only in few studies as for photovoltaic application [24]. Structural, electronic, 
and optical properties of Cu2GeS3 compound are presented in several studies [25–28], 
but only in few works it is studied as an absorber material for solar cell applications. 

In this thesis the monograin layer solar cell technology is used. The monograin layer 
solar cell technology, as one of the cheapest non-vacuum technologies, is applicable for 
large-scale photovoltaics, helping to reduce the costs of solar cell production. Therefore, 
the research in this thesis is focused on the synthesis and characterization of ternary 
Cu2Ge(S,Se)3 and quaternary Cu2CdGe(S,Se)4 monograin powders for photovoltaic 
applications.  

The thesis is divided into three main chapters, a brief overview of the literature and 
the aim of the study are presented in the Chapter 1. The Chapter 2 presents the 
experimental details, including sample preparation, describes the techniques used to 
characterize the properties of the powders and solar cells. The experimental results and 
discussions based on the Papers I-V are summarized in the Chapter 3.  

 
 



11 

Abbreviations  
Br2-MeOH Bromine in methanol 
CBD Chemical bath deposition 
CIGS Cu(InxGa1-x)Se2, copper (indium gallium) diselenide 
CIS CuInSe2, copper indium diselenide 
c-Si Crystalline silicon 
EDX Energy dispersive x-ray spectroscopy 
Eg Band gap energy 
Eg* Effective band gap energy 
EQE External quantum efficiency 
FF Fill factor 
HT High temperature 
I-V Current-Voltage 
Jsc Short circuit current density 
LT Low temperature 
MGL Monograin layer 
MGP Monograin powder 
o-Cu2CdGeSe4 Orthorhombic structure of Cu2CdGeSe4 
PCE Power conversion efficiency 
PL Photoluminescence 
PV Photovoltaic 
QE Quantum efficiency 
RT Room temperature 
SEM Scanning electron microscopy 
t-Cu2CdGeSe4 Tetragonal structure of Cu2CdGeSe4 
Voc Open circuit voltage 
Voc-def Open circuit voltage deficit 
XRD X-ray diffraction 
XPS X-ray photoelectron spectrometry 
η Efficiency 
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1 Literature overview and the aim of the study 

1.1 Solar cells based on Cu2-II-IV-VI4 and Cu2-IV-VI3 compounds  

The Cu2–II–IV–VI4 compounds have received considerable attention due to their suitable 
properties for thin film solar cell absorbers. The predecessor of quaternary copper 
chalcogenides was chalcopyrite copper indium diselenide (CIS) developed for the  
thin-film solar cells from the last century [29]. The photovoltaic effect in the 
heterojunction consisting of a transparent conductive film of cadmium-tin-oxide and a 
Cu2ZnSnS4 thin film was recorded for the first time by Ito et al. [30]. The same group of 
researchers established that Cu2ZnSnS4 materials have the p-type conductivity and a high 
absorption coefficient larger than 104 cm-1 in the visible range of the spectrum. Katagiri 
et al. reported the first fully functional Cu2ZnSnS4 absorber materials by sulfurization of 
evaporated precursors and demonstrated the power conversion efficiency of 0.66% [27]. 
After that, different methods were used for the growth of Cu2ZnSn(S,Se)4 absorber 
materials and remarkable progress has been made in solar cell efficiency. By 2003, 5.45% 
efficiency of Cu2ZnSnS4 based solar cell was achieved by using electron-beam 
evaporation technique for fabrication of Cu/Sn/ZnS layers followed by sulfurization in 
N2+H2S atmosphere [31]. In 2009, the same group reached up to the 6.77% power 
conversion efficiency by using a three sources radio frequency co-sputtering for the 
metal film deposition followed by annealing in sulfur containing atmosphere [32].  
Mitzi et al. reported the efficiency of 10% for spin-coated Cu2ZnSn(S,Se)4 thin film solar 
cells in 2010 [33]. Wang et al. reported long-standing world’s record efficiency of 12.6% 
for Cu2ZnSn(S,Se)4 based thin film solar cells fabricated by hydrazine pure-solution 
method in 2014 [16]. Cu2ZnSnS4 monograin layer solar cells made by same technology 
used in this thesis have achieved an efficiency of 11.7% [34]. Although the performance 
of solar cells based on the kesterite materials has been renewed in 2021 [12,17], the 
efficiency has no great improvement owing to the open circuit voltage deficit (VOC-def) 
(expressed as (Eg/q)-VOC, where Eg is the absorber’s bandgap value and q is the elemental 
charge).  

Cation substitution in kesterite materials has proven to be a successful strategy to 
overcome the limitation of the open circuit voltage deficit. Among the varieties, Sn 
substitution by Ge in the kesterite materials has been the emerging trend. By considering 
the most stable oxidation states of these two elements, Ge is more likely to be present 
in tetravalent state than Sn, thus avoiding the presence of potentially harmful +2 
oxidation states [17,20]. A significant increase in the open circuit voltage (VOC) values of 
solar cells based on Ge containing kesterite absorbers have been presented in several 
papers [35–37]. Among them, Leo et al. [36] improved the VOC by substituting Sn with Ge 
and achieved 8.5% efficiency for Cu2ZnGeSe4-based solar cells, which is a record for  
Sn-free kesterite devices. Schnabel et al. [37] reported efficiencies exceeding 5% for a 
sulfo-selenide Cu2ZnGe(S,Se)4 solar cell by using Mo/Cu2ZnGe(S,Se)4/Zn(O,S)/ZnO/Ni-Al 
grid structure. Cation substitution of Zn by Cd in kesterite system has also drawn 
considerable attention. Although Cd is toxic, it is firmly bound into the form of stable 
ternary and quaternary semiconductor compounds in the absorber layers used in solar 
cells and not harmful for people in normal atmospheric conditions [38]. As a positive 
effect, Cd incorporation into the kesterite structure could reduce or even avoid the 
formation of harmful antisite defects such as CuZn and ZnCu. Since the ionic radius of Cd2+ 
(0.92 Å) is larger than that of Cu+ and Zn2+ (both 0.74 Å), thereby suppressing the Cu-Zn 

https://www.sciencedirect.com/topics/materials-science/thin-films
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disorder and band tailing issues in kesterite system [20,39]. Therefore, novel 
Cu2CdGe(S,Se)4 compounds are synthesized and studied as the main materials in this 
thesis. 

Ternary compounds, Cu2GeS3 and Cu2GeSe3 have shown many promising 
photo-absorber material properties, such as p-type conductivity and a direct band gap 
energy of 1.5 eV and 0.8 eV, respectively [24,28]. However, there are only few studies 
presenting the results of solar cells based on Cu2GeS3 and Cu2GeSe3 or their solid 
solutions [40]. The best power conversion efficiency of 2.67% for Cu2GeS3 thin film solar 
cell was achieved by sulfurized powders prepared by combustion method [28]. 
Yang et al. [40] reported the efficiency of 0.2% for solar cells based on Cu2Ge(Se0.33S0.67)3 
colloidal nanocrystals (NCs).  

With regard to Cu2CdGeS4, different synthesis methods have been used to grow single 
crystals, such as vertical Bridgman method [41], chemical vapour transport and gradient 
freezing [42] and some more. As Cu2CdGeS4 compound has wide band gap (~2 eV) 
for single junction solar cells, it can be used in many different devices, such as a top 
cell absorber material in a tandem solar cell structure or as photoelectrode in 
photo-electrochemical water splitting devices [43]. The top cell has a larger band gap and 
thus expands the spectral sensitivity range of a multi-junction solar cell toward higher 
photon energies. As for Cu2CdGeSe4 compound, there have been published a number of 
reports on the synthesis of this compound by various methods like the horizontal 
gradient freezing method [44], directional solidification method [45], Bridgman method 
[46,47] and solid-state reaction method in sealed evacuated quartz ampoules [48]. 
Cu2CdGeSe4 has suitable absorber material properties for single junction solar cell such 
as high absorption coefficient (> 104 cm-1), p-type conductivity and direct band gap 
energy (~1.2 eV) [49], but no reports about solar cells based on this material could be 
found in the literature. 

The following sections focus on the phase diagrams, structural, optical and 
electronical properties of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4.  

1.2 Structural properties of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4 

1.2.1 Crystal structures of Cu2GeS3 and Cu2GeSe3 
Cu2GeS3 can exist in different crystal structures, such as cubic and monoclinic structure, 
depending on the synthesis temperature [25,26,28,50]. Monoclinic crystal structure 
(shown in the Figure 1.1a) has been found for Cu2GeS3 grown at 620 °C [50]. 

Figure 1.1. a) Unit cell of monoclinic Cu2GeS3, b) two unit cells of cubic Cu2GeS3 [50] and c) unit cell 
of orthorhombic Cu2GeSe3 [51]. 
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Thin films of Cu2GeS3 annealed at 480 °C showed cubic crystal structure (Figure 1.1b) 
and transition to monoclinic polymorph was observed between 480–500 °C [50]. Cu2GeS3 
colloidal NCs produced by a hot-injection method showed cubic structure [52] and by 
adding Se into the compound, the orthorhombic structure was observed [40]. Although 
some researchers have found that Cu2GeSe3 compound crystallizes in the monoclinic 
structure [24,53,54], mostly it has been observed that pure Cu2GeSe3 crystallizes in an 
orthorhombic structure (Figure 1.1c) and has the lattice parameters a = 1.1857(1), 
b = 0.39522(8), c = 0.54865(7) nm [51,55].  

1.2.2 Crystal structures of Cu2CdGeSe4 and Cu2CdGeS4 
Cu2CdGeSe4 has two crystal structure modifications such as the tetragonal structure with 
a I-42m space group and an orthorhombic structure with a Pmn21 space group 
(Figure 1.2) [56]. The orthorhombic crystal structure (o-Cu2CdGeSe4) is dominating at 
higher temperatures (T > 605 °C) while the tetragonal crystal structure (t-Cu2CdGeSe4) is 
obtained at lower temperatures [48].  

Figure 1.2 Tetragonal (left) and orthorhombic (right) crystal structure of Cu2CdGeSe4 (Drawn by 
author with VESTA). 

The crystal structure of t-Cu2CdGeSe4 and o-Cu2CdGeSe4 is usually presented as the 
packing of selenium tetrahedra centred on germanium atoms. Cu and Cd atoms are 
located in the voids between these tetrahedral [46]. In the t-Cu2CdGeSe4, the 
coordination polyhedral of all cations are tetrahedra formed by four Se atoms. Although 
all the metal (Me) - Se bond lengths are equal for each cation, the tetrahedra are slightly 
distorted since the Se-Me-Se valency angles differ from the regular tetrahedral angle 
109.5° [56]. In the o-Cu2CdGeSe4 structure all atoms also have a tetrahedral surrounding, 
but one crystallographic position is occupied by a statistical mixture (M = 0.5 Cu + 0.5 Cd). 
The coordination tetrahedra of cations and anions are distorted, which indicates some 
disordering of the o-Cu2CdGeSe4 structure [56]. In addition, the Ge-Se bond lengths in 
t-Cu2CdGeSe4 are in good agreement with the sum of the ionic radii [r(Ge4+) = 0.053 nm
and r(Se2-) = 0.184 nm] while the Cu-Se and Cd-Se bond lengths are slightly shorter than
the respective sum [r(Cu+) = 0.074 nm and r(Cd2+) = 0.092 nm]. The interatomic distances 
in o-Cu2CdGeSe4 are generally longer than those for the tetragonal modification,
which leads to a slight increase of the volume cell at the same number of formula units
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per unit cell [56]. According to [56], the tetragonal Cu2CdGeSe4 has lattice parameters  
a = b = 0.5748 nm and c = 1.1053 nm. The orthorhombic modification has lattice 
parameters a = 0.8088 nm, b = 0.6875 nm and c = 0.6564 nm. 

In addition, some peculiarities of the tetragonal ⇔ orthorhombic structure 
transformation has been discussed. It was supposed that there is a similarity with the 
sphalerite ⇔ wurtzite transformation while considering that the tetragonal and 
orthorhombic modifications derive from the zinc blende and wurtzite structures, 
respectively. As the structure reconstruction demands a break of bonds, the 
transformations proceed slowly and metastable modifications can be persist for a long 
time [56]. Quintero et al. [57] determined that the phase transition orthorhombic ⇔ 
tetragonal takes place at 605 °C. In the present thesis, the method of monograin powder 
(MGP) synthesis in molten salt has been used. The method allows to use different 
synthesis temperatures to obtain different crystal structure of Cu2CdGeSe4. Additionally, 
different cooling rates after heat-treatments can also result in different crystal structures 
[58]. 

In the Cu2CdGeS4 system, only orthorhombic structure has been reported.  
The orthorhombic structure (space group Pmn21, a = 0.7692 nm, b = 0.6555 nm,  
c = 0.6299 nm) of Cu2CdGeS4 were first established by Parthé et al. [59]. The Cu2CdGeS4 
structure can be considered as a wurtzite related superstructure [60]. The findings were 
confirmed later in studies [41,42]. The crystal structure of Cu2CdGeS4 is shown in Figure 
1.3, there are two formula units per cell and each sulfur atom is surrounded by two Cu 
atoms, one Cd atom and one Ge atom while every cation atom is tetrahedrally 
surrounded by sulfur atoms [59]. 

 
Figure 1.3. The orthorhombic crystal structure of Cu2CdGeS4 [59]. 

1.3 Phase diagrams of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4 

1.3.1 Phase diagrams of Cu2GeSe3 and Cu2GeS3 
Phase diagrams can be used to predict the phase changes that may occur during the 
synthesis process of multinary compound. This is important because the properties of a 
compound depend on the phases present in the material. Figure 1.4 shows the phase 
diagram of the Cu2Se–GeSe2 system [53], which has been investigated in the 
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concentration interval 15 – 60 mol% GeSe2. The existence of the two phases Cu2GeSe3 
and Cu8GeSe6 was confirmed. The ternary Cu2GeSe3 compound melts congruently at 
780 °C. The peritectic reaction L+Cu2Se⇔Cu8GeSe6, taking place at 810 °C, corresponds 
to the formation of Cu8GeSe6. Two polymorphous transformations at 710 and 60 °C were 
found for this phase. The same value of the phase transition temperature on both  
sides of the intermediate phase indicates that it has only a small homogeneity region.  
A further horizontal at 130 °C is interpreted as polymorphous transformation of Cu2Se.  
The interaction between Cu8GeSe6 and Cu2GeSe3 is of the eutectic type. The eutectic 
point is located at 38 mol% GeSe2 and at 760 °C [53].  

 
Figure 1.4. Phase diagram of the Cu2Se–GeSe2 system [53]. 

Phase diagram of the Cu2S–GeS2 system is presented in the Figure 1.5 [61], it is seen 
that two ternary compounds are formed in the system: Cu8GeS6 and Cu2GeS3. Cu8GeS6 
melts incongruently at 980 °C and has a phase transition at 55 oC while Cu2GeS3 melts 
congruently at 942 °C [61]. The peritectic point (p) has a composition of 25 mol%. There 
are two eutectics (e1 and e2) in the system that have compositions of 43 and 90 mol% 
and are crystallized at 932 and 819 °C, respectively [61].  

 
Figure 1.5. Phase diagram of the Cu2S–GeS2 system [61].  
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1.3.2 Phase diagram of Cu2GeSe3-Cu2GeS3 system 
Figure 1.6 presents the phase diagram of the Cu2GeS3–Cu2GeSе3 system [62]. In this system, 
it is characterized by continuous solubility in both, solid and liquid states. From this system, 
the melting point of Cu2GeS3 and Cu2GeSе3 compounds are 940 and 780 °C, respectively. 

 
Figure 1.6. Phase diagram of the Cu2GeSe3–Cu2GeS3 system [62]. 

1.3.3 Phase diagrams of Cu2CdGeSe4 and Cu2CdGeS4 
Cu2Se-CdSe-GeSe2 ternary phase diagram is presented in Figure 1.7. All dots present 
compositions of different alloys prepared to study this system [58]. The existence region 
of Cu2CdGeSe4 is indicated by a small red square in the centre. The binary and ternary 
compounds, which have revealed semiconductor properties are shown on the edges of 
triangle.  

 

 
Figure 1.7. Phase diagram of the quasi-ternary Cu2Se-CdSe-GeSe2 system [58]. 

Figure 1.8 presents the phase diagram of the quasi-binary section of the  
Cu2GeSe3-CdSe [58]. It shows that the quaternary compound Cu2CdGeSe4 exists  
in a narrow homogeneity region and melts incongruently at 830 °C in this system [58]. 
The regions for different phases are bordered with lines. The eutectic mixture of 
Cu2CdGeSe4 and Cu2GeSe3 melts at 770 °C. The sign ε between the areas 7 and 8 in the 
Figure 1.8 is another quaternary phase with composition Cu2Cd3GeSe6, which is formed 
by a peritectic process L+CdSe⇔Cu2Cd3GeSe6 at 900 °C and decomposes by the eutectoid 
reaction Cu2Cd3GeSe6⇔Cu2CdGeSe4+CdSe at 736 °C [58]. The three yellow horizontal 
lines represent the temperatures at 500 °C, 600 °C and 700 °C, which are used for 
Cu2CdGeSe4 monograin powder synthesis in this thesis.  
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Figure 1.8. Phase diagram of the quasi-binary section Cu2GeSe3-CdSe: (1) L, (2) L+CdSe, (3) L+ε,  
(4) L+Cu2CdGeSe4, (5) L+Cu2GeSe3, (6) Cu2GeSe3+Cu2CdGeSe4, (7) ε+Cu2CdGeSe4, (8) ε+CdSe,  
(9) Cu2CdGeSe4+CdSe. 

There are several studies about structural properties of pure Cu2CdGeSe4 
[48,56,57,63]. According to these studies, it might become a challenge to produce 
homogeneous single-phase Cu2CdGeSe4 absorber material due to the existence of number 
of elements and secondary phases.  

 
Figure 1.9. Phase diagram of the quasi-binary Cu2GeS3-CdS system: (1) L, (2) L+CdS, (3) 
L+Cu2Cd3GeS6, (4) CdS+Cu2Cd3GeS6, (5) L+Cu2GeS3, (6) L+Cu2Cd3GeS6, (7) Cu2CdGeS4+Cu2Cd3GeS6, 
(8) Cu2GeS3+Cu2CdGeS4, (9) Cu2CdGeS4+CdS.  

The phase diagram of the Cu2GeS3–CdS system (Figure 1.9) was investigated by Piskach 
et al. [53]. Cu2CdGeS4 melts incongruently at 1009 °C. The eutectic forms between 
Cu2GeS3 and Cu2CdGeS4 at 956 °C. There are two intermediate quaternary phases with 
peritectic type of melting in the system. The first one is formed at 1056 °C according to 
the reaction L+CdS⇔Cu2Cd3GeS6. It is unstable and decomposes at 861 °C. In the case of 
Cu2CdGeS4, the temperature of the peritectic process L+Cu2Cd3GeS6⇔Cu2CdGeS4 is  
1009 oC. It possesses narrow homogeneity range [53]. The temperature at 700 °C (yellow 
horizontal line in Figure 1.9) is used for the monograin powder synthesis in this thesis. 
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1.3.4 Phase diagram of Cu2CdGeSe4-Cu2CdGeS4 
In the Figure 1.10 is shown the phase diagram of the Cu2CdGeS4–Cu2CdGeSe4 section. 
The system is quasi-binary below solidus and contains a continuous γ-solid solution series 
[63]. The liquidus of the Cu2CdGeS4–Cu2CdGeSe4 section is the line of the primary 
crystallization of ζ-solid solutions of the quaternary phases Cu2Cd3GeS6 and Cu2Cd3GeSe6. 
These phases take part in the peritectic processes of the formation of the section 
components (L+Cu2Cd3GeX6⇔Cu2CdGeX4) [53]. Below the field of the primary 
crystallization of ζ-solid solutions, the field of the co-existence of three phases L, γ and ζ 
appears. This field is a part of the volume of the secondary crystallization of the binary 
peritectic L+ζ⇔γ [63]. 

As γ-phase is the continuous solid solution series of isostructural compounds 
Cu2CdGeS4 and o–Cu2CdGeSe4, this explains the absence of a two-phase field between 
the single-phase and the three-phase fields. Below 600 oC, γ-solid solutions undergo 
solid-state decomposition into δ-solid solution range of Cu2CdGeS4 and t–Cu2CdGeSe4.  
At 400 oC, the γ-solid solutions range from 0 to 89 mol% Cu2CdGeSe4, from 90 to 98 mol% 
Cu2CdGeSe4 exist both - the orthorhombic symmetry typical of γ-solid solutions and  
the tetragonal symmetry characteristic of δ-solid solution range of t–Cu2CdGeSe4.  
The extent of δ-solid solutions was observed in the limited alloy region x < 0.02 in 
Cu2CdGe(SxSe1−x)4 [63]. 

 

Figure 1.10. Phase diagram of the Cu2CdGeS4–Cu2CdGeSe4 section [63]. 

1.4 Optical and electronical properties of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4 

1.4.1 Photoluminescence properties of Cu2Ge(S,Se)3 
There are only few papers about the defect structure of Cu2GeS3, Cu2GeSe3 and their 
solid solutions. Robert et al. [50] reported photoluminescence (PL) studies, where only 
the monoclinic Cu2GeS3 showed PL emission with peak maximum at 1.57 eV. They assigned 
it to the band-to-band transition. In the same study, the bandgaps of the cubic phase and 
monoclinic phase of Cu2GeS3 were determined from absorption measurements to be 1.23 
and 1.55 eV, respectively. They attributed this difference between cubic and monoclinic 
to the higher quasi fermi level splitting of the monoclinic phase [50]. 
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According to the study [55], for Cu2GeSe3 compound, three PL bands were detected. 
The peak positions at 0.637 and 0.753 eV were assigned to free-to-bound recombination 
from the conduction band to acceptor states and peak position at 0.727 eV was assigned 
to recombination of an exciton bound to an ionized acceptor. 

1.4.2 Optical and electronical properties of Cu2CdGe(S,Se)4 
There are few studies reported about optical properties of the Cu2CdGeSe4 compound. 
Recently, Grossberg et al. [64] presented detailed PL analysis for orthorhombic and 
tetragonal Cu2CdGeSe4, which revealed different dominating radiative recombination 
mechanisms. The PL spectrum of t-Cu2CdGeSe4 included one PL band at 1.053 eV showing 
different behaviour at low (T < 50 K) and high (T > 50 K) temperatures. The low-temperature 
process was attributed to the thermal redistribution of electrons between the localized 
energy levels near the conduction band edge. At higher temperatures was proposed 
band-to-impurity recombination involving acceptor states. The PL spectrum of o-Cu2CdGeSe4 
included three PL bands at 1.027 eV, 1.146 eV and 1.218 eV. Strong dependence of the 
PL band at 1.218 eV was found to originate from tail-to-impurity recombination involving 
an acceptor defect and electrons localized in potential wells created by clusters of donor 
defects [64]. Krustok et al. [65] reported the excitation power and temperature 
dependences of the steady-state PL spectra in polycrystalline Cu2CdGeSe4 containing a 
mixture of orthorhombic and tetragonal phases. In that study, the low-temperature 
excitation power dependences of the PL peak shape with a peak position at about 1.17 eV 
indicated a state filling effect. Reflectivity measurements revealed the band gap energies 
1.257 eV and 1.223 eV at 10 K and 300 K, respectively. Additionally, the asymmetric PL 
band shape analysis indicated the presence of hot carriers having a temperature about 
75 K higher than the lattice temperature. It was shown that the low-temperature PL 
emission is due to recombination of localized electrons with holes captured by the deep 
acceptor defect CuCd with a depth EA = 80 meV [65].  

The electronic properties of the Cu2CdGeS4 compound were studied based on  
first-principles density functional theory (DFT) calculations as incorporated in the CASTEP 
(CAmbridge Serial Total Energy Package) module of the Materials Studio package [66]. 
The DFT-calculations have established that Cu2CdGeS4 is a direct gap semiconductor. 
Additionally, the valence band maximum (VBM) of Cu2CdGeS4 is formed by the relatively 
localized Cu 3d states while the unoccupied Ge 4p, 4s states are the dominant 
contributors to the conduction band maximum (CBM), therefore the d–p charge transfer 
plays the most important role in this compound [66]. The Ge–S and Cd–S bonds are 
mainly of covalent type while the Cu–S bonds are more ionic in Cu2CdGeS4 [66]. 
Furthermore, the DFT-calculations of dependencies of the lattice parameters upon 
pressure indicated that all three lattice parameters a, b and c decrease linearly with 
pressure and the largest compressibility of the Cu2CdGeS4 compound is realized along 
the b crystallographic axis (Figure 1.3) [66]. Davidyuk et al. [67] reported that the 
Cu2CdGeS4 are p-type, the band gap of Cu2CdGeS4 evaluated from the position of its 
fundamental absorption edge is Eg ≈ 2.05 eV at room temperature [67]. According to 
[43], a detailed analysis of radiative recombination in Cu2CdGeS4 microcrystals was 
studied by temperature and laser power dependent photoluminescence spectroscopy 
that revealed the origin for the detected low-temperature (T = 10 K) PL bands as  
donor-acceptor pair recombination. Three PL bands – 1.919 eV, 1.855 eV and 1.748 eV 
were detected, where the 1.919 eV and 1.855 eV bands included more distant  
donor-acceptor pairs with relatively shallow acceptor (probably VCu) and deep donor 
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defects. The 1.748 eV PL band resulted from the deep donor—deep acceptor 
recombination [43]. The manifestation of shallow acceptor defects showed that this 
material does not have deep potential or band gap fluctuations and could be used in 
photovoltaic applications.  

1.4.3 Band gap engineering 
The semiconductors can be suitable materials for photovoltaic applications by absorbing 
the incident photons to create electron-hole pairs. The choice of the absorber material 
with appropriate bandgap is very important while considering the absorption of the  
solar radiation. The maximum light to electric power conversion efficiency for AM 1.5G 
illumination, based on Shockley and Queisser’s detailed balance considerations is  
around 30% and requires a semiconductor band gap between 1.0 and 1.5 eV (Figure 1.11) 
[13]. 

 
Figure 1.11. The maximum light to electric power conversion efficiency (detailed balance limit) as 
a function of the band gap energy for a solar cell operated at RT and illuminated with the AM 1.5G 
spectral irradiance in accordance with standard solar test conditions [13]. 

There are several studies, where Cu2ZnSn(S,Se)4 solid solutions as solar cell absorber 
materials with optimum band gap value (~1.3 eV) were produced by modifying the S/Se 
concentration ratio and thereby increasing the value of VOC [12,16,21,68–70]. 
Additionally, cation substitution of Zn by Cd [71–73] in Cu2ZnSnS4 absorber materials 
enables to decrease the optical band gap from 1.55 to 1.35 eV [72] and Sn by Ge [44, 
74–76] enables to increase from 1.55 to 2.1 eV [44]. Therefore, it offers new 
opportunities in the development of highly efficient photovoltaic devices based on 
quaternary compounds. In addition to the change in the defects system, the replacement 
of Zn by Cd can also facilitate the grain growth and suppress the formation of secondary 
phase ZnS [71]. Su et al. [77] reported that the grain sizes of Cu2ZnSnS4 thin films are 
improved significantly due to the effect that Cd (due to the low melting point TM = 321 °C 
[78]) acts as a flux which assists in grain growth, and the ZnS secondary phase can be 
reduced with appropriate ratio of Zn/Cd in Cu2ZnSnS4 solar cells [77]. Therefore, Cd 
alloying in kesterite has drawn considerable attention. Su et al. reported a significant 
device performance improvement and achieved 12.6% by Cd-alloyed Cu2ZnSnS4 thin-film 
solar cell [71]. As for Sn substitution by Ge, Kim et al. [73] reported that over 12% device 
performance was achieved via an optimized thermal annealing at 500–550°C in GeSe2 
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atmosphere. This optimized thermal annealing led to lower VOC deficit by reducing band 
tailing, and reduced carrier recombination at the absorber/buffer interface and/or in the 
space-charge region. Therefore, band gap engineering is a promising method to get ideal 
band gap and thereby to obtain close to maximum theoretical efficiency of solar cell. 

As noted above, the pure Cu2CdGeSe4 have two different crystal structures – an 
orthorhombic and a tetragonal, which have the band gaps 1.29 eV [58] and 1.2 eV at 
room temperature, as reported by Marushko et al. [63]. The pure Cu2CdGeS4 compound 
is found to be p-type semiconductor with the band gap energy of 2.05 eV at room 
temperature [63]. This value is close to those (Eg = 1.9–2.0 eV) determined by measuring 
the spectra of the diffuse reflection of light in Cu2CdGeS4 single crystals [59].  

For Cu2GeS3, the band gap values between 1.5–1.6 eV have been reported 
[25,26,28,50]. It is reasonable to believe, that somewhat different reported Eg values are 
related to coexistence of different crystal structures, as Cu2GeS3 could exist in both cubic 
and monoclinic structure. In several papers, it has been observed that pure Cu2GeSe3 
crystallized in an orthorhombic structure with the band gap around 0.78 eV [51,55].  

To sum up, the band gaps of Cu2GeSe3 and Cu2CdGeSe4 can be modified by adjusting 
the concentration ratio of chalcogenides (S/Se) in the Cu2Ge(SxSe1-x)3 and Cu2CdGe(SxSe1-x)4 
solid solutions – the band gap changes in the range from 0.78 to 1.6 eV and 1.2 to 2 eV, 
respectively [50,55,59,63]. In this thesis, the band gap is varied by changing the ratio of 
chalcogens (S/Se) in Cu2Ge(SxSe1-x)3 and Cu2CdGe(SxSe1-x)4 solid solutions and the optimal 
ratios for absorber materials in monograin layer solar cells will be determined. 

1.5 Monograin powder technology 

1.5.1 Molten salt synthesis of monograin powder 
In order to reduce the energy consumption and to achieve cost reductions during the 
preparation of solar cell [79], one of alternative approaches is to synthesize absorber 
materials by using molten salt method [80].  

Many studies have been performed on the formation of the multinary chalcogenide 
compounds by using molten salt synthesis method [81–86]. This method has advantages 
of the simplicity in the process equipment, versatile and large-scale synthesis, and 
friendly environment, which provides an approach to synthesize high purity multinary 
compound powders with controllable compositions and morphologies. Zhang et al. [81] 
reported two phases for binary Ga2S3- cubic and monoclinic were synthesized with and 
without KI as flux material. This finding demonstrates apparently how a flux can divert 
the reaction pathway and lead to a different product. In another study, the morphology 
of CoS2 compound was adjusted from the irregular to polyhedral particle by using the 
flux (KCl) for the crystal growth [82]. The same reaction in the absence of the flux resulted 
in a product with the same composition, however in the form of smaller single crystals. 
In addition, Huber et al. [84] formed successfully single crystals of Li3AsS3 in LiI flux at  
450 °C, lower than the melting point of LiI (469 °C) [84]. Leinemann et al. [87] found a 
similar phenomenon of lowering the melting point of fluxes (KI, CdI2). It could be 
explained by different processes taking place in parallel in the molten salt synthesis 
process – some part of solid precursors (for example binaries CuS, CuSe, CdS, CdSe) being 
in contact with the used flux begin to dissolve in it and therefore the melting temperature 
of the flux decreases. In short, the particle size and optical properties of the compound 
crystals can be adjusted by using different fluxes and reaction temperatures. 
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In this thesis, the monograin powders were formed by isothermal heating of precursor 
materials in the presence of liquid phase of a suitable flux. The monograin powder 
production process has many advantages for the synthesis of ternary and quaternary 
compounds. The main one is that synthesis in flux has a great potential to obtain high 
crystallinity of grains and thus potentially good optoelectronic properties [88]. For the 
monograin powders growth, the melting point of the used flux should be lower than the 
melting point of desired semiconductor compound [89]. Herein, it is worth noting that in 
the monograin powder synthesis-growth process, the forming crystals can be doped with 
constituent elements of flux as impurities at the level of saturation at process 
temperature [90]. Furthermore, such factors as the synthesis temperature, the nature 
and amount of a flux are important for the characteristics of monograin powder crystals. 
The criterion for the growth of single grains is that the amount of flux should be sufficient 
to fill the whole free space between initial particles.  

1.5.2 Flux materials 
Molten salts have proven to be useful to enhance the rate of solid-state reactions and to 
allow fast diffusion of constituent elements through liquid phase. The synthesis of 
multicomponent compounds in the liquid phase of a flux provides uniform composition 
of produced materials [91]. In addition to exploratory crystal growth, the molten fluxes 
have been used to recrystallize polycrystalline powders, control crystal morphology and 
structure [80]. There are many different halide salts suitable as flux materials, but the 
following conditions should be fulfilled – lower melting point than main material, low 
vapour pressure at growth temperature and high solubility in water for easy separation 
of the powder particles from the fluxes after growth process [86]. Several flux materials 
have been used such as CsBr, NaI, LiI, KCl, KI, CdI2, and several mixed fluxes including 
KCl/KI, NaBr/KBr, NaBr/CsBr, KI/KNO3 [72,80,83,84,89,92,93].  

Before this thesis, the Taltech research group have investigated the synthesis of  
many different compounds in liquid phase of flux materials including CdTe, Cu2ZnSnS4, 
CuInSe2 and others. Among them, CdTe, CuInSe2 and Cu2ZnSnSe4 monograin powders 
were synthesized by using different fluxes – Se, CuSe and CdI2 [87,88]. Timmo et al. [83] 
presented the influence of CdI2, SnCl2 and KI fluxes on the synthesis of binary  
SnS monograin powders. Furthermore, ternary Cu(In,Ga)Se2 and quaternary 
(Cu,Ag)2(Cd,Zn)SnS4 were grown in KI flux [94,95]. In this thesis, LiI, KI and CdI2 as flux 
materials were used. 

Lithium iodide (LiI) is a white crystalline solid. The melting point of LiI is 469 °C [78]. LiI 
has high solubility in water (1670 g/L in H2O at 25 °C) [78]. LiI is hygroscopic and readily 
oxidized in air to discolour the crystals [78]. Therefore, the preparation of synthesis 
powders requires a dry and inert gas environment (such as glove box).  

Melting temperature of potassium iodide (KI) is TM = 681 °C. It is higher than TM of 
cadmium iodide (TM = 387 °C) and therefore, the doping of the synthesized material with 
potassium and iodine is highly probable [93]. Although KI is rather stable in dry air,  
the decomposition of it can be accelerated when exposed to light and moisture. The aged 
and impure KI will turn yellow due to the instability of KI in air, which is caused by the 
slow oxidation of the salt to potassium carbonate and elemental iodine [93]. Although 
the solubility will be higher with the increasing of the temperature, the solubility of CdI2 
in water at 25 °C is 847 g/L while the solubility of KI is 1400 g/L at the room temperature 
[78].  
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1.5.3 Monograin layer solar cells 
The monograin layer (MGL) solar cell technology has generated a rising interest in 
reducing the cost of producing the solar cell. The production of absorber materials and 
fabrication of solar cell by using this technology could be done separately, which 
indicates the possibility of lowering the producing cost of flexible solar cells [96]. Despite 
the advantages of MGL solar cells technology, there are some technological limitations 
for its rapid development. Such as the limitation of the working area of membrane due 
to the existence of epoxy between the powder crystals, the requirement of almost equal 
size powder grains and perfect mono-crystalline structure, surface modification of 
monograins and so on [96]. 

The structure of typical MGL solar cell (Au/absorber crystals/CdS/i-ZnO/ZnO:Al) is 
presented in Figure 1.12. All synthesized monograin powders require chemical etching 
and post-annealing at elevated temperatures before using them as absorber materials in 
monograin layer solar cells. The absorber surface modification processes are discussed 
in the section 1.6. Then, the formation of heterojunction is processed prior to embedding 
the crystals into a polymer. Standard process for buffer layer deposition is chemical bath 
deposition method. After that, the photoactive membranes are formed by using nearly 
unisize and compact shape crystals embedded in the thin layer of organic resin (epoxy).  

 

Figure 1.12. The device structure of MGL solar cell: gold back contact/absorber crystal/CdS 
buffer/i-ZnO/ZnO:Al window layer [69]. 

In this step, many issues could be rise, which affect later the performance of 
monograin layer solar cells. Most important is to ensure that the crystals reach out 
from polymer almost 50% of grain size and remain uncovered by epoxy (Figure 1.13b 
and c). Also, the packing density of crystals in polymer layer is important (Figure 
1.13a). Calculations have shown that average packing density (active area) is about 
75% [95]. Completely polymerized membranes are covered with transparent 
conductive oxide layer (i-ZnO and ZnO:Al) by radio-frequency magnetron sputtering. 
Finally, the structure is glued onto a durable substrate. 
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Figure 1.13. (a) Planar image of the packing density of crystals in the membrane, (b) Top view of 
membrane, where crystals are half embedded into the epoxy and (c) more than half inside the epoxy 
[96]. 

After removing the supporting plastic foil from the top of the structure, the powder 
crystals are released from epoxy by concentrated H2SO4 followed by polishing with 
ultrafine sandpaper. Back contact is formed by applying contact material (graphite or 
metal) on the back side of the crystals [97]. 

1.6 Absorber surface modification 

The homogeneous active interface of the p-type absorber plays a key role in solar cell 
performance. Commonly, Cu-poor and Zn-rich composition of absorber material is used 
in the kesterite-type solar cells. According to phase diagrams [98,99], the single phase 
area for CZTS is about 2 mol% and for CZTSe around 7 mol% at 400 °C, which leads often 
to the formation of undesired secondary or ternary phases in the synthesis process. 
Under these conditions, several binary or ternary phases could be present. For example, 
the high series resistance of device is attributed to the ZnS(Se) phase in kesterite 
absorber layer, which will decrease the fill factor and short circuit current of solar cell 
[100]. Low band gap phases Cu2SnS(Se)3 (Eg ≈ 0.8–1 eV) may limit the open circuit voltage 
of the solar cells, due to a lower band gap than that of the kesterites [100]. Additionally, 
CuxS(Se) is considered highly detrimental in kesterite materials, which will severely 
increase the hole concentration and cause short circuits of the p–n junction, clearly 
decreases the efficiency of solar cells [100]. Analogous to the kesterites, the challenges 
of this study were to synthesize uniform single phase ternary Cu2Ge(Se,S)3 and 
quaternary Cu2CdGe(Se,S)4 monograin powders with off-stoichiometric compositions.  
As discussed above in section 1.3 (Figure 1.7), in the system of the Cu2Se-CdSe-GeSe2 
ternary phase diagram [58] may form some undesired phases, such as GeSe phase in  
Ge-rich region, and in the Cu-rich region, the existence of Cu2Se phase could appear and 
in the Cd-rich side could form CdSe as secondary phase. 

In addition, in the monograin powder growth process, some part of the precursors 
(for example CuS, CuSe, CdS, CdSe and Ge) and the formed absorber materials may 
partially dissolve in the molten flux salt at growth temperature, and the dissolved part 
precipitates on the solid crystal surfaces during the cooling period [101]. The surface 
morphology and the composition of the absorber crystal surface will be changed due to 
the existence of these precipitations. Usually, these conditions result in the formation of 
the undesired secondary and ternary phases in addition to main compound. Therefore, 

https://www.sciencedirect.com/topics/chemistry/phase-diagrams
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the removal of secondary phases from the surface of the powder crystals synthesized in 
the present study is one of the main challenges to improve the performance of 
monograin layer solar cells. Various chemical etchants can be used to remove these 
undesired secondary phases. KCN chemical etching approach, originally developed for 
the removal of CuxSe phases in Cu(In,Ga)(S,Se)2 thin films [102], is now applied also in 
many kesterite studies [103,104]. HCl etching for the selective removal of Zn-rich 
secondary phases in kesterite is shown in [105–107] and the effectiveness of bromine in 
methanol (Br2−MeOH) etchant to remove Cu- and Sn-based secondary phases is 
presented in the several studies [106–108]. It is known that CdSe crystals dissolve in a 
HNO3 + HCl mixture [109], in the concentrated HCl and in the Br2−MeOH solutions [110]. 
In this study, CdSe secondary phases were removed by using 1% v/v Br2−MeOH solution 
or 10% v/v HCl solution, followed by KCN solution to remove Se, CuxSe and GeSe phases.  

After chemical etching, it is essential to anneal the powders at elevated temperatures 
before implementing the powder crystals as absorber materials in monograin layer solar 
cells. Several groups reported that an effective method to improve the quality of the  
thin-film absorber materials (Cu2ZnSnS4, Cu2ZnSnSe4 and Cu2ZnSn(S,Se)4) is to do  
post-annealing around 500–650 °C, thereby improve the solar cell performance [11,17, 
101,108,111]. Kauk-Kuusik et al. [101] emphasized that after the chemical etching, the 
annealing temperature is crucial to heal the surface of monograin powders for the final 
performance of Cu2ZnSnSe4 MGL solar cells. IREC group indicated that the improvement 
of device performance is partly attributed to the post-annealing treatment of the full 
solar cells, which resulted more Cu poor and Zn rich absorber surface [111]. 

In this thesis, the comparative investigations of the influence of different etchants 
such as Br2-MeOH, KCN and HCl followed by isothermal annealing at different 
temperatures on the performance of monograin layer solar cells were carried out. 

1.7 Summary of literature review and the aim of the study 

In the last few years, the interest and research on new inorganic materials for 
photovoltaic applications have largely increased. Among them, kesterite type 
semiconductors, including Cu2ZnSn(S,Se)4 is recognized as one of the most relevant and 
promising thin film photovoltaic technologies. Although the performance has been 
renewed up to 14% in 2022, the progress of efficiency is rather slow and several 
fundamental issues are still unsolved. Therefore, new alternative materials and related 
technologies should be considered in order to contribute to the predicted and necessary 
increase in electricity generation by photovoltaics. 

Cation replacement in kesterite type materials is one of the most promising methods 
to tune the optical band gap and offers new opportunities in the development of highly 
efficient photovoltaic devices. Among them, Sn by Ge and Zn by Cd replacements have 
been considered and shown a successful strategy to improve the efficiency for solar cell 
devices. Sn substitution by Ge is considered due to the most stable oxidation states of 
these two elements, Ge is more likely to present +4 than Sn, thus avoiding the presence 
of potentially harmful +2 oxidation states [17,20]. Cation substitution of Zn by Cd in 
kesterite system is expected to reduce the CuCd and CdCu antisite defects due to the ionic 
radius of Cd2+ (0.92 Å) is larger than that of Cu+ and Zn2+ (both 0.74 Å), thereby 
suppressing the cation disorder, secondary phase formation and band tailing issues in 
kesterite system [20,39]. In view of the above given, quaternary Cu2CdGe(S,Se)4 or  
Cd-free ternary Cu2Ge(S,Se)3 compounds are considered as alternatives, but have been 
less studied. Ternaries Cu2GeS3, Cu2GeSe3 and their solid solutions have many promising 
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properties for absorber materials, including p-type conductivity and a direct band gap 
energy (~0.8–1.5 eV depending on the S/Se ratio) [24,28]. The best power conversion 
efficiencies for Cu2GeS3 and Cu2Ge(Se0.33S0.67)3 thin film solar cells are 2.67% [28] and 
0.2% [40], respectively. Quaternary Cu2CdGeSe4 has also suitable properties for absorber 
material in the single junction solar cell such as high absorption coefficient (> 104 cm-1), 
p-type conductivity and direct band gap energy (~1.2 eV) [49]. Incorporation of S into the 
Cu2CdGeSe4 and the properties of solid solutions are also less discussed. With regard to 
Cu2CdGeS4, which has too wide band gap (~2 eV) for single junction solar cells, it can be 
used in many different devices, such as a top cell absorber material in a tandem solar cell 
structure or as a photoelectrode in photo-electrochemical water splitting devices [112]. 
However, no paper has reported the characteristics of solar cells based on these 
materials. 

In this thesis, monograin powders formed by molten salt synthesis-growth method 
and monograin layer solar cell technology has been used to evaluate the applicability of 
Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4 as absorber materials for photovoltaics. Monograin 
layer solar cell technology has generated a growing interest in reducing solar cell 
production costs. With this technology, the preparation of the absorber material and the 
fabrication of solar cells can be completed separately, which makes it possible to produce 
light-weight, flexible and less expensive solar cells [96].  

 
Based on the literature review and knowledge gap about Cu2Ge(S,Se)3 and 

Cu2CdGe(S,Se)4 as absorber materials for photovoltaics, the objectives of the present 
doctoral thesis were: 
 to synthesize Cu2CdGeSe4 monograin powders in the liquid phase of molten salts 

(KI and CdI2) with two different crystal structure and to study the compositional and 
structural properties of Cu2CdGeSe4 powders and monograin layer solar cells based 
on these absorber materials; 

 to study the effect of initial Cu and Cd content on the bulk composition of grown 
orthorhombic Cu2CdGeSe4 crystals and to modify the crystal surface properties by 
chemical etching and post-annealing with the aim to improve the performance of 
orthorhombic Cu2CdGeSe4 monograin layer solar cells; 

 to investigate the effect of S/Se ratio in Cu2CdGe(SxSe1-x)4 (x = 0 – 1) solid solutions 
of monograin powders synthesised in KI molten salt on the morphology, structural 
and compositional properties of Cu2CdGe(SxSe1-x)4 monograin powders and 
photovoltaic properties of monograin layer solar cells based on these powders; 

 to synthesize Cu2Ge(SexS1-x)3 (x = 0 – 1) solid solutions of monograin powders in LiI 
molten salt and to investigate the effect of S/Se ratio on the morphology, structural, 
compositional and optical properties of Cu2Ge(SexS1-x)3 monograin powders and 
photovoltaic properties of monograin layer solar cells based on these powders. 

https://www.sciencedirect.com/topics/materials-science/conductivity
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2 Experimental 
The main experimental features are summarized in this section. In addition, the 
experimental procedure is illustrated in Figure 2.1. More details of the experiments are 
published in Papers I–V.  

 
Figure 2.1 The schematic of experimental procedure. 

2.1 Preparation of Cu2CdGe(S,Se)4 monograin powders 

Cu2CdGe(Se,S)4 monograin powder materials studied in this thesis were synthesized from 
commercially available CdSe, self-synthesized CuSe, elemental Ge powder, Se shots 
[published in Paper I, II] and S powder [published in Paper III] in the molten salts. Two 
different salts – cadmium iodide (CdI2) and potassium iodide (KI) – were used as fluxes. 
All used materials and fluxes are purchased from the company of Alfa Aesar. The used flux 
salt was added with the mass ratio of mprecursors/mflux = 1 : 1. In the Paper I, the precursors 
for synthesis of Cu2CdGeSe4 were weighted in the molar ratio of elements 2 : 1 : 1 : 4.  
The preparation conditions of Cu2CdGeSe4 monograin powders are summarized in Table 2.1. 

Table 2.1 Preparation conditions for the synthesis of Cu2CdGeSe4 monograin powders. 

Sample 
name 

Used 
flux Tsynth, °C tsynth, h Cu, 

at% 
Cd, 
at% 

Ge, 
at% 

Se, 
at% 

[Cu]/ 
([Cd]+[Ge]) 

[Cd]/ 
[Ge] Ref. 

CCGSe-101 CdI2 500 120 

25.0 12.5 12.5 50.0 1.0 1.0 [I] 
CCGSe-102 CdI2 600 120 
CCGSe-103 CdI2 700 120 
CCGSe-104 KI 700 60 
CCGSe-105 KI 700 120 

In the Paper II, the chemical composition of Cu2CdGeSe4 quaternary compound was 
investigated by varying the Cu and Cd content in Cu2-xCdyGeSe4 (x = 0.1; 0.15; 0.2 and  
y = 1.0; 1.05; 1.1) powder materials. Initial compositions of Cu2-xCdyGeSe4 powders are 
summarised in Table 2.2. These powders were synthesized from similar precursors as 
mentioned above in the liquid phase of KI flux material at 700 °C.  

Table 2.2 Initial composition of Cu2-xCdyGeSe4 powders with different Cu and Cd content.  

Sample 
name 

x y Cu, 
at% 

Cd, 
at% 

Ge, 
at% 

Se, 
at% 

[Cu]/ 
([Cd]+[Ge]) [Cd]/[Ge] Ref. 

CCGSe-201 0.1 1.0 24.4 12.8 12.8 50.0 0.95 1.0 

[II] 

CCGSe-202 0.1 1.05 24.1 13.3 12.7 50.0 0.93 1.05 
CCGSe-203 0.15 1.02 23.9 13.2 12.9 50.0 0.92 1.02 
CCGSe-204 0.1 1.1 23.8 13.8 12.5 50.0 0.90 1.1 
CCGSe-205 0.15 1.1 23.4 13.9 12.7 50.0 0.88 1.1 
CCGSe-206 0.2 1.1 23.1 14.1 12.8 50.0 0.86 1.1 
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According to Cu2CdGeS4–Cu2CdGeSe4 phase diagram [66], there exist γ-solid solutions 
formed at 602 °C between Cu2CdGeS4 and Cu2CdGeSe4 with the orthorhombic structure, 
and a small range of δ-solid solution formed between Cu2CdGeS4 and Cu2CdGeSe4 with 
the tetragonal structure. In the Paper III, the γ-phase of Cu1.91Cd1.05Ge1.03(SxSe1−x)4 (x = 0; 
0.2; 0.4; 0.6; 0.8; 1) monograin powders were synthesized in KI flux at 700 °C. The initial 
composition of Cu2CdGe(SxSe1-x)4 powders with different S/Se ratio are summarized in 
Table 2.3.  

Table 2.3 Initial composition of Cu2CdGe(SxSe1−x)4 powders with different S/Se ratio synthesized in KI. 

Sample 
name 

Cu, 
at% 

Cd, 
at% 

Ge, 
at% 

Se, 
at% 

S, 
at% 

[Cu]/ 
([Cd]+[Ge]) [Cd]/[Ge] [S]/ 

([S]+[Se]) Ref. 

CCGSe-S0.0 

23.9 13.2 12.9 

50.0 0 

0.92 1.02 

0 

[III] 

CCGSe-S0.2 40.0 10.0 0.2 
CCGSe-S0.4 30.0 20.0 0.4 
CCGSe-S0.6 20.0 30.0 0.6 
CCGSe-S0.8 10.0 40.0 0.8 
CCGSe-S1.0 0 50.0 1.0 

Additionally, four Cu2CdGe(SxSe1−x)4 (x = 0; 0.05; 0.1; 0.15) powders without and with 
small amount of sulfur were synthesized in CdI2 molten salt at 500 °C to produce δ-solid 
solutions. Details about initial composition of these materials are presented in Table 2.4. 

Table 2.4 Initial composition of Cu2CdGe(SxSe1−x)4 powders with different S/Se ratio synthesized in CdI2. 

Sample name Cu, 
at% 

Cd, 
at% 

Ge, 
at% 

Se, 
at% 

S, 
at% 

[Cu]/ 
([Cd]+[Ge]) 

[Cd]/ 
[Ge] 

[S]/ 
([S]+[Se]) Ref. 

CCGSe-S0 

25.0 12.5 12.5 

50.0 - 

1.0 1.0 

0 

[III] CCGSe-S0.05 45.0 5.0 0.05 
CCGSe-S0.1 40.0 10.0 0.1 
CCGSe-S0.15 35.0 15.0 0.15 

The precursor’s mixtures with flux (KI or CdI2) were ground in desired amounts in an 
agate mortar. All the preparation were completed in glove box. Then the grinded 
precursor’s mixtures were placed in quartz ampoules, which were degassed under 
dynamic vacuum (continuous vacuum pumping) and sealed by using C3H8/O2 flame.  
For the synthesis of monograin powders, the temperature of the furnace was increased 
from room temperature (RT) to 500/600/700 °C (in case of using CdI2 flux) and 700 °C  
(in case of using KI flux) at a rate of 0.5 °C/min and kept at elevated temperature for  
120 h. The growth of monograin powder crystals was stopped by cooling the ampoules 
naturally in the air. The flux was removed by leaching with deionized water in ultrasonic 
bath and released monograin powders were dried in a Memmert drying oven at 50 °C  
for at least 10 hours. Dried powders were sieved into granulometric fractions between 
38 to 500 µm. The sieving was performed on a vibratory sieve shaker Retsch AS 200.  
For future technological processes, the grains with diameters of 45–112 µm were selected. 

Detailed procedure of monograin powders preparation and synthesis is described in 
experimental sections in Papers I-III, respectively. 

2.2 Preparation of Cu2Ge(Se,S)3 monograin powders 
In the Paper V, the ternary Cu2Ge(SexS1-x)3 (x = 0; 0.2; 0.4; 0.6; 0.8; 1) monograin powders 
were synthesized from commercially available elemental powders Cu, Ge, S, and Se in 
the alkali salt LiI, used as a molten salt medium. LiI was added with the mass ratio of 
mprecursors/mflux = 1 : 1. All the preparation were completed in glove box. Then the material 
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mixtures were degassed, sealed into quartz ampoules, and heated from room 
temperature to 700 °C at a rate of ∼0.5 °C/min and maintained at 700 °C for 120 h. 
Ampoules were cooled down to RT in air. Details about initial composition of 
Cu2Ge(SexS1-x)3 powders are presented in Table 2.5. 

Table 2.5 Initial composition of Cu2Ge(SexS1−x)3 powders with different S/Se ratio synthesized in LiI. 

Sample 
name 

Composition and element concentration ratios in precursor's mixture 
Cu, at% Ge, at% S, at% Se, at% [Cu]/[Ge] [Se]/([S]+[Se]) Ref. 

CGS-Se0.0 

33.3 16.7 

50.0 0 

2 

0 

[V] 

CGS-Se0.2 40.0 10.0 0.2 
CGS-Se0.4 30.0 20.0 0.4 
CGS-Se0.6 20.0 30.0 0.6 
CGS-Se0.8 10.0 40.0 0.8 
CGS-Se1.0 0 50.0 1.0 

2.3 Post-treatment of Cu2CdGe(Se,S)4 and Cu2Ge(Se,S)3 monograin 
powders 

In the molten salt growth process, some part of the used precursor’s and the formed 
crystals dissolve in the flux material at growth temperature, and precipitate out on the 
surface of crystals during the cooling process. These precipitates change the morphology 
and composition of the absorber crystals’ surfaces. Therefore, the removal of secondary 
phases from the surface of the powder crystals is one of the major challenges to improve 
the performance of monograin layer solar cells. Different chemical etchants, fresh-made 
1% v/v bromine in methanol (Br2−MeOH), 10% v/v hydrochloric acid (HCl) and 10% m/m 
potassium cyanide (KCN) solutions were used to remove selectively undesired phases. 
Detailed chemical etching conditions for monograin powders are described in experimental 
sections in Papers I-V, respectively. 

After chemical etching, it is essential to anneal the powder crystals before 
implementing as absorber materials in monograin layer solar cells. In the Paper I, the size 
of crystals synthesized at 500 °C was too small to use as absorber in monograin layer 
solar cells. Therefore, the powder crystals synthesized at 700 °C in KI flux was used for 
the different post-annealing procedures providing both possible structural modifications 
of Cu2CdGeSe4 as solar cell absorber materials. To produce o-Cu2CdGeSe4, the powder 
was post-annealed at 500 °C for 1 h and cooled by quenching into water. t-Cu2CdGeSe4 
modification was obtained by applying the same annealing condition at 500 °C for 1 h, 
but powder was cooled slowly to room temperature (~0.5 °C/min).  

The effect of post-annealing on the Cu2CdGeSe4 based solar cells performance was 
investigated by annealing chemically etched o-Cu2CdGeSe4 powders at different 
temperatures from 300 to 700 °C for 1 h in the closed quartz ampoules and then cooled 
by quenching in water [Paper II]. Whereas, the S containing powders need higher  
post-annealing temperature [95], the Cu2CdGe(SxSe1−x)4 solid solution series were 
isothermally annealed at 740 °C for 30 min in the sealed quartz ampoules [Paper III]. 
Cu2Ge(SexS1-x)3 powders were treated isothermally at 400 °C for 60 min [presented in 
Paper V]. Detailed post annealing conditions for different monograin powder materials 
are presented in Table 2.6. 
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Table 2.6 Experimental post annealing conditions for different monograin powder materials. 

Monograin 
powder material 

Cu2CdGeSe4  
(Paper I) 

Cu2-xCdyGeSe4 
(Paper II) 

Cu2CdGe (SxSe1−x)4 
(Paper III) 

Cu2Ge(SexS1−x)3 
(Paper IV, V) 

Combined etching 
conditions before 

annealing 

- 1% v/v Br2-MeOH 
+ 10% m/m KCN 

1% v/v Br2-MeOH 
+ 10% m/m KCN 

1% v/v Br2-MeOH 
+ 10% m/m KCN 

Annealing 
temperature, oC 

500 300, 350, 400, 
450, 500, 600, 700 

740 400 

Annealing time, 
min 

60 60 30 60 

Cooling  In water In oven In air In air In air 

2.4 Characterization of monograin powders  
This section presents the analytical techniques used to characterize the monograin 
powder materials. Detailed information about the instruments and measurements is 
given in the experimental sections in Papers I–V. 

2.4.1 Room temperature micro-Raman spectroscopy 
The phase composition of the powders [Papers I–V] was studied by room temperature 
micro-Raman spectroscopy using a Horiba LabRAM HR800 system equipped with a 
cooled multichannel CCD detection system in the backscattering configuration with a 
spectral resolution better than 1 cm−1. A YAG: Nd laser (wavelength λ = 532 nm) was used 
for excitation. The laser spot size was about 2 μm in diameter. The same equipment was 
used for room temperature photoluminescence measurements.  

2.4.2 X-ray photoelectron spectroscopy (XPS) 
XPS measurements were used to study the information about elemental composition of 
the crystals surface [Paper II]. Kratos Analytical Axis Ultra DLD spectrometer fitted with 
monochromatic Al Kα X-ray source. The achromatic Mg Kα/Al Kα dual anode X-ray source 
was used to collect secondary Survey spectra to distinguish the core level and Auger 
peaks in XPS spectra. The XPS measurements were carried out by Dr. Mati Danilson at 
Tallinn University of Technology.  

2.4.3 Scanning electron microscopy (SEM) 
The morphology of synthesized powder crystals was studied by high-resolution scanning 
electron microscope (HR-SEM) Zeiss ULTRA 55 and Zeiss Merlin [Papers I–V]. The SEM 
images were made by Dr. Valdek Mikli at Tallinn University of Technology. 

2.4.4 Energy dispersive X-ray spectroscopy (EDX) 
The bulk composition [Papers I-V] of the synthesized powder crystals were analyzed by 
energy dispersive X-ray spectroscopy (EDX) by using the Bruker EDX- XFlash6/30 detector 
with an accelerating voltage of 20 kV. Compositional analysis and elemental mapping of 
crystals` bulk were made from polished cross-section of individual crystals by selecting 
8–10 crystals and then average composition was calculated. The measurement error for 
elemental analysis is about 0.5 at%. The EDX measurements were carried out by  
Dr. Valdek Mikli at Tallinn University of Technology. 
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2.4.5 X-ray powder diffraction (XRD) 
The crystalline structure of monograin powders [Papers I-V] was characterized by X-ray 
diffraction using a Rigaku Ultima IV diffractometer with monochromatic Cu Kα radiation 
λ = 1.54056 Å at 40 kV and 40 mA, using a D/teX Ultra silicon strip detector. All samples 
were studied in the 2θ range of 20–60 deg. with the scan step of 0.02 deg. The phase 
analysis and lattice parameters calculations were made by using software on the Rigaku’s 
system PDXL2. The XRD measurements of monograin powders were carried out by 
Dr. Arvo Mere at Tallinn University of Technology. 

2.4.6 Photoluminescence spectroscopy (PL) 
For low temperature (20 K) and room temperature PL measurements [Papers IV–V],  
a 0.64 m focal length single grating (600 mm−1) monochromator and the 442 nm line of 
a He-Cd laser with different power were used. For PL signal detection a Hamamatsu 
InGaAs photomultiplier tube or the cooled CCD detector were used. A closed-cycle 
helium cryostat was employed to measure the PL spectra at temperature from  
20 K to 300 K. The laser spot size for these measurements was 200 μm in diameter.  
The measurement error in the values of the PL peak position is 0.005 eV. The PL 
measurements were carried out by Prof. Maarja Grossberg-Kuusk and Dr. Reelika 
Kaupmees. PL spectra fittings and analysis were done by Prof. Jüri Krustok at Tallinn 
University of Technology. 

2.5  Solar cell characteristics 
Completed solar cell structures were characterized by dark and light current-voltage  
(I–V) and quantum efficiency (QE) measurements [Paper I–III, V]. 

2.5.1 Current-Voltage measurements 
Several parameters were used to characterize the efficiency of the solar cells. I-V curves 
were measured to evaluate the open-circuit voltage (Voc), short-circuit current density 
(Jsc), fill factor (FF) and efficiency (ƞ) of the monograin layer solar cells. Measurements 
were performed using Keithley 2400 source meter in dark and under standard test 
conditions light with illumination intensity of 100 mW/cm2 (AM 1.5) with a Newport Oriel 
Class A 91195A solar simulator [Paper I–III, V]. 

2.5.2 Quantum efficiency measurements 
Quantum efficiency analysis is an alternative method that can be used to estimate the 
effective bandgap energy Eg* of the synthesized absorber materials [113]. From the 
linear segment of the low-energy side of the construction (E*QE)2 vs. E curves, 
the Eg* can be evaluated. Spectral response measurements [Paper I–III, V] were 
performed in the spectral region of 350–1235 nm using a computer controlled SPM-2 
prism monochromator. The generated photocurrent was detected at 0 V bias voltage at 
RT by using a 250 W halogen lamp. The QE measurements were carried out by Dr. Mati 
Danilson at Tallinn University of Technology. 

https://www.sciencedirect.com/topics/physics-and-astronomy/monochromators
https://www.sciencedirect.com/topics/physics-and-astronomy/photomultiplier-tubes
https://www.sciencedirect.com/topics/physics-and-astronomy/cryostats
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3 Results and discussion 

3.1  Cu2CdGeSe4 monograin powders  

3.1.1 Morphology of Cu2CdGeSe4 powder crystals 
At first, the effect of synthesis temperature on the morphology, structural and 
compositional properties was investigated [Paper I].  

In the molten salt synthesis, a large amount (typically almost equal to the precursor’s 
weight) of a flux salt is used to provide liquid medium between solid particles that 
conduces to recrystallization and avoids sintering of formed crystals. In addition, molten 
medium enhances the rate of solid-state reactions and controls the characteristics  
(size, shape, etc.) of the forming powder crystals. During the heating up of the mixture 
of CuSe-Ge-Se-CdSe-CdI2 to the synthesis-growth temperature, the firstly formed liquid 
phase is elemental Se (Tmelt = 221 °C [94]). It means that liquid Se can act as a flux at this 
temperature, but the volume of this flux is not enough to repel separate solid particles 
from each other, and they start to sinter together. This sintering process arises in the 
heating step of the material below the melting point of the main flux material CdI2 and 
continues until CdI2 melts at 387 °C. Then the volume of the liquid phase exceeds the 
volume of voids between precursor particles and repelling forces between solid particles 
arise [114]. In this case, the formed liquid phase is sufficient to repel both, the solid 
precursor particles and the formed Cu2CdGeSe4 particles from each other and to avoid 
sintering caused by the contracting capillary forces arising in the solid–liquid phase 
boundaries.  

Figure 3.1a and Figure 3.1b show the sintered particles with sharp edges synthesized 
at 500 °C and 600 °C in CdI2 flux. The shape of the particles indicates to the crystal 
formation mechanism by sintering process and to the insufficient recrystallization of 
crystals in conditions of low solubility of Cu2CdGeSe4 in CdI2. By increasing the 
temperature, the solubility of synthesized material in flux increases and results in 
spherical grains as seen in Figure 3.1c. Rounded grains are synthesized at 700 °C 
irrespective of the used flux material. 

     
Figure 3.1. SEM images of Cu2CdGeSe4 powder crystals (fraction size 63–75 μm) synthesized at  
a) 500 °C; b) 600 °C and c) 700 °C for 120 h in the CdI2 flux. 

The effect of initial composition on the morphology of Cu2CdGeSe4 crystals was also 
investigated [Paper II]. Figure 3.2 shows the SEM images of Cu2-xCdyGeSe4 powder 
crystals in the fraction size 100–112 µm with different compositions synthesised in KI 
flux. The compositional deviations in precursor mixture have no direct influence on the 
morphology of crystals. Formed crystals have round shape with some well-defined plains.  
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Figure 3.2. SEM images of Cu2-xCdyGeSe4 powder crystals with different compositions (x = 0.1; 0.15; 
0.2 and y = 1.0; 1.05; 1.1). 

3.1.2 Particle size distribution 
Figure 3.3 shows the lognormal plot of the accumulative weight percentage of the 
particles under a specific particle size versus the particle size for the powder samples 
synthesized at different temperatures in CdI2 flux and for the powders grown in KI flux 
for different times at 700 °C [Paper I]. The black solid horizontal line marking 50% shows 
the powder median grain size values (D50) calculated from weight percentage. The D50 is 
the size in micrometers that splits the distribution in half above and half below this 
diameter.  

The sieving analysis revealed that median particle size of produced powder crystals 
increased with increasing synthesis temperature and duration [Paper II]. By increasing 
the synthesis temperature from 500 to 700 °C the median size of particles grown in CdI2 
increases from 25 to 139 μm. Median size of particles for powders synthesized in KI flux 
at 700 °C increased from 112 to 132 μm by increasing the synthesis time from 60 to 120 h. 
Results show that the median size of particles grown at 700 °C does not depend much on 
the flux material. The most applicable fractions of crystals for monograin membrane 
preparation in lab conditions are between 45 and 112 μm, the highest yield in this range 
was gained by synthesizing the Cu2CdGeSe4 monograin powder in CdI2 flux at 600 °C for 
120 h, which resulted in the needle like crystals (see Figure 3.1b). Therefore, the 
synthesis temperature 700 °C was selected to synthesize monograin powders in this 
study. Besides, to get the more suitable fraction size of powder crystals for monograin 
membrane preparation, shorter synthesis time and the usage of smaller size of initial 
precursors should be considered. 
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Figure 3.3. Particle size distribution obtained from sieving analysis for all powders. 

The effect of Cu2CdGeSe4 composition on the particle size distribution was also 
examined [Paper II]. Table 3.1 presents the powder median grain size values calculated 
from weight percentage average size of the powder crystals. The sieving analysis showed 
that median size of the crystals increased with lower Cu-content and higher Cd-content 
in precursors (amount of crystals with diameter > 100 µm increased from 72 to 88% of 
total weight). 

Table 3.1 The initial composition of Cu2-xCdyGeSe4 and the powder median grain size values (D50) 
calculated from the weight percentage of average size of the powder crystals. 

Sample name  x in Cu2-xCdyGeSe4 y in Cu2-xCdyGeSe4 D50 (µm) 
CCGSe-201 0.1 1.0 115 
CCGSe-202 0.1 1.05 131 
CCGSe-203 0.15 1.02 146 
CCGSe-204 0.1 1.1 154 
CCGSe-205 0.15 1.1 164 
CCGSe-206 0.2 1.1 188 

3.1.3 Elemental bulk composition of Cu2CdGeSe4 powders 
Bulk composition of Cu2CdGeSe4 monograin powders were measured by EDX from polished 
crystals (example of cross-sectional SEM image is presented in Figure 3.4) [Paper I and II]. 
EDX analysis showed that the atomic concentrations of Cu and Se remained almost the 
same with increasing synthesis temperature of Cu2CdGeSe4 in CdI2 flux while the atomic 
concentrations of Cd increased and Ge decreased probably due to that CdI2 is not passive 
in the synthesis and Cd from CdI2 incorporates into the crystal lattice of Cu2CdGeSe4 [115]. 

 

 
Figure 3.4. SEM images of cross section of Cu2CdGeSe4 powder crystal. 
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By increasing the synthesis temperature from 500 °C to 700 °C, the ratio of [Cd]/[Ge] 
increased from 0.99 to 1.07. The ratio of [Cu]/([Cd]+[Ge]) was ~1.0 for Cu2CdGeSe4 
powders synthesized in CdI2 at 500 °C and 700 °C, but powders synthesized at 600 °C had 
Cu-poor (the ratio of [Cu]/([Cd]+[Ge]) = 0.93) composition.  

Bulk composition of the Cu2CdGeSe4 powders synthesized in KI flux for different 
synthesis times was also slightly Cd-rich (the ratio of [Cd]/[Ge] = 1.03) and did not depend 
on synthesis time. But the ratio of [Cu]/([Cd]+[Ge]) decreased from 1.0 to 0.96 by 
increasing the synthesis time. 

Change in initial composition of Cu2-xCdyGeSe4 monograin powders showed that  
Cu-poor (x = 0.15) and [Cd]/[Ge] = 1.0 input composition resulted in powder with nearly 
stoichiometric composition – Cu2Cd1.03Ge1.02Se4. If the precursors composition was  
Cu-poor (x > 0) and Cd-rich ([Cd]/[Ge] > 1.0), the average bulk composition of all powders 
was slightly Cu-poor (([Cu]/([Cd]+[Ge]) = 0.96)) and Cd-rich ([Cd]/[Ge] = 1.09) – 
Cu1.95Cd1.06Ge0.97Se4. In the Figure 3.4 is presented cross-sectional image of Cu-poor and 
Cd-rich powder crystals. It is seen that powder contains some lighter crystals (point 1), 
which are comparable size of the main material crystals. According to EDX analysis, the 
light crystal contained mainly Cd and Se (50.4 at% : 48.1 at%). The existence of CdSe 
secondary phase in the powder was also confirmed by XRD (Figure 3.5). CdSe is n-type 
semiconductor material with direct band gap ~1.74 eV [116]. This phenomenon is not a 
problem if the CdSe crystal is detached and has high resistance. In this case, it will be just 
as a filler of the polymer in the monograin membrane. More harmful is the case, when 
secondary phase is in connection with main material grain (point 2) or segregated on the 
surface of grains. In that case, it needs to be removed by selective chemical etchings.  

3.1.4 Phase composition and structure 
The Cu2CdGeSe4 powders synthesized in CdI2 flux at different temperatures were 
investigated by XRD as shown in Figure 3.5 [Paper I]. The XRD pattern of the powder 
synthesized at 500 °C showed peaks corresponding to the tetragonal crystal structure 
(ICCD PDF-2-2013, 01-070-9042) with the space group I-42m of the main phase and the 
presence of CdSe secondary phase. The main peak is attributed to (112) plane of 
Cu2CdGeSe4. The powders synthesized at 600 °C and 700 °C revealed the presence of the 
orthorhombic phase (ICCD PDF-2-2013, 01–074-3115). Calculated lattice parameters a, 
b and c of all the samples are presented in the Table 3.2. 

 

  
Figure 3.5. XRD patterns of Cu2CdGeSe4 powder synthesized at a) 500 °C; b) 600 °C and c) 700 °C in 
CdI2 flux. 
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Table 3.2 Lattice parameters of Cu2CdGeSe4 powders synthesized in CdI2 flux. 

Material Space group a, Å b, Å c, Å 
CCGSe-101 (500 oC) I-42m-tetragonal 5.7476 5.7476 11.0511 
CCGSe-102 (600 oC) Pmn21-orthorhombic 8.0726 6.8855 6.6118 
CCGSe-103 (700 oC) Pmn21-orthorhombic 8.0634 6.8793 6.6035 

   
Raman spectroscopy was used to analyse the phase composition of the Cu2CdGeSe4 

monograin powders synthesized at different temperatures [Paper I]. There was no 
Raman data published in the literature for this compound before this study. Figure 3.6a 
and 3.6b show Raman spectra of o-Cu2CdGeSe4 and t-Cu2CdGeSe4 powders, respectively. 
The most intensive peak in the spectra of Cu2CdGeSe4 is observed at 203 cm−1 and it is 
not dependent on the phase structure. The additional characteristic Raman modes for 
the o-Cu2CdGeSe4 phase were detected at 162, 187, 271 and 277 cm−1 (Figure 3.6a) and 
for t-Cu2CdGeSe4 phase at 175, 263 and 292 cm−1 (Figure 3.6b). All the as-grown powders 
had an additional peak in Raman spectra at 260 cm−1, which has been assigned to Cu2-xSe 
phase [117]. In order to remove selectively the Cu2-xSe phase from the surface of  
as-grown Cu2CdGeSe4 powders, the chemical etching with 10% m/m KCN + 1% m/m KOH 
solution for 30 min was performed. The Cu2-xSe Raman scattering peak at 260 cm−1 
disappeared completely after the KCN etching while no change was observed in the 
Cu2CdGeSe4 peaks. No CdSe phase was detected by Raman measurement because 
Raman analysis was performed on the different single grains. While XRD measurements 
require tenths of a gram of ground material, which means that amount of material used 
for these analyses was totally different and detection of secondary phases is different. 

 
Figure 3.6. RT-Raman spectra of a) o-Cu2CdGeSe4 and b) t-Cu2CdGeSe4 powders before and after 
KCN etching. 

3.1.5 Cu2CdGeSe4 surface modifications  
Detailed chemical etching investigations were performed on the Cd-rich Cu1.95Cd1.06Ge0.97Se4 
(CCGSe-202) powder [Paper II]. Two different combinational etching processes were 
applied – 1% v/v Br2−MeOH etching followed by 10% m/m KCN etching and a 10% v/v 
HCl etching followed by 10% m/m KCN etching to remove the secondary phases from the 
surface of the absorber layer. EDX and XPS were used to investigate the surface 
composition of etched crystals and Raman spectroscopy was used to analyze the change 
in phase composition on the surface of Cu1.95Cd1.06Ge0.97Se4 crystals. 

Figure 3.7a shows the SEM image of crystal surface after Br2−MeOH etching for 5 min 
at RT. According to EDX analysis, the surface of crystals was covered by amorphous 
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selenium. The surface became more Cu-rich and Cd-poor, as the ratio of [Cu]/([Cd]+[Ge]) 
increased from 0.96 to 1.02 and the ratio of [Cd]/[Ge] decreased from 1.1 to 1.0. KCN 
etching restored the Cu-poor and Cd-rich surface and removed selenium from the 
surface. Additional annealing at 400 °C did not change the surface composition within 
the detection limits.  

In Figure 3.7b is shown the SEM image of crystal surface after 10 v/v% HCl etching for 
10 min. After HCl etching, the surface of crystals was slightly Cu-rich ([Cu]/([Cd]+[Ge]) = 
1.03) and Cd-rich ([Cd]/[Ge] = 1.07). Subsequent etching with KCN removed Cu-rich 
surface and restored original composition – Cu1.97Cd1.06Ge0.98Se4.  

 

 
Figure 3.7. SEM images of Cu1.95Cd1.06Ge0.97Se4 crystals after a) 1% Br2−MeOH etching for 5 min and 
b) 10% HCl etching for 10 min. 

Raman spectroscopy has emerged as a promising and feasible technique for the 
advanced characterization of the secondary phases at the surface [Paper II]. The most 
intensive peak in the Raman spectra of orthorhombic Cu1.97Cd1.06Ge0.98Se4 is observed at 
203 cm−1 and it is not dependent on the applied chemical etchant. The additional 
characteristic Raman modes for the o-Cu2CdGeSe4 phase were detected at 163, 182, 187, 
271 and 278 cm−1 [Paper I and II] (see Figure 3.8a and 3.8b).  

 
Figure 3.8. RT Raman spectra of o-Cu1.95Cd1.06Ge0.97Se4 powders: a) without etching and after 
different combinations of bromine and KCN etchings and annealing at 400 °C, b) without etching 
and after different combinations of HCl and KCN etchings and annealing at 400 °C. 

After bromine etching additional peaks appeared at 143, 233, 237 cm−1 and 250 cm−1. 
Raman peaks at 143, 233 and 237 cm−1 correspond to the trigonal Se (t-Se); peak at  
233 cm−1 is attributed to bond-stretching E mode and at 237 cm−1 to symmetric  



39 

bond-stretching A1 mode [118]. Weak band at 250 cm−1 corresponds to the A1 mode of 
amorphous selenium [118]. After bromine and also after HCl etching wide band appeared 
around at 300–350 cm-1. The latter band was even stronger after annealing at 400 °C. 
This could be assigned to GeSe or GeSe2 phase. XPS analysis was used to confirm this 
assumption. Figure 3.9 shows the Ge 3d and Se 3d core-level spectra for Cu2CdGeSe4 
after annealing at 400 °C and after additional KCN etching. All measured XPS spectra were 
charge corrected based on the standard reference signal from C 1s (284.6 eV). The Ge 3d 
core-level spectrum exhibited two doublet peaks with main peak (3d5/2) centred at  
30.3 eV belonging to GeIV (possible in Cu2CdGeSe4 or GeSe2 phase) and at 30.8 eV belong 
to GeII (possible GeSe phase) both with duplet separation set to 0.58 eV [46,119,120]. 
The Se 3d core-level spectrum of the surface of annealed Cu2CdGeSe4 also exhibited two 
doublets with main peak (3d5/2) binding energies centred at 53.8 eV and 54.7 eV. The first 
one belongs to SeII in Cu2CdGeSe4 and the second belongs to GexSe1-x [121]. After KCN 
etching in the Ge 3d core-level spectrum only one doublet with main peak located at the 
same energy 30.3 eV remained. The second doublet at higher binding energy was 
considerably suppressed. The reduction of GeSe signal accompanied also in the Se 3d 
core-level spectrum, where the intense doublet with main peak located at 53.9 eV was 
remained. 

 
Figure 3.9. XPS spectra of a) Ge 3d and b) Se 3d for surface of Cu2CdGeSe4 after annealing at 400 °C 
and after additional KCN etching. 

3.1.6 Cu2CdGeSe4 monograin layer solar cell  
Sieving analysis showed that the yield of the applicable size of the crystals synthesized at 
500 °C for monograin layer solar cell preparation was very small. Therefore, to produce 
MGL solar cells, the powder synthesized at 700 °C in KI flux was used for the different 
post-annealing procedures providing both possible structural modifications of 
Cu2CdGeSe4 as solar cell absorber materials. To produce o-Cu2CdGeSe4, the powder was 
post-annealed at 500 °C for 1 h and cooled by quenching into water; t-Cu2CdGeSe4 
modification was obtained by annealing at 500 °C for 1 h and cooling slowly to room 
temperature (~0.5 °C/min). XRD patterns of these powders confirmed the formation of 
different respective modifications (not presented).  
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To investigate the effect of the crystalline structure of Cu2CdGeSe4 on device 
performance, J–V curves of the solar cell devices were measured under AM1.5 
illumination, as shown in Figure 3.10a [Paper I]. For the device based on t-Cu2CdGeSe4 
absorber, the highest obtained power conversion efficiency was 2.16% with Voc of  
315 mV, Jsc of 14.7 mA/ cm2, and FF of 35% while for the o-Cu2CdGeSe4 solar cell, PCE of 
4.21% was achieved with a Voc of 464 mV, Jsc of 17.5 mA/cm2 and FF of 39%. These initial 
results indicated that both – t-Cu2CdGeSe4 and o-Cu2CdGeSe4 materials are potential 
candidates for absorber material in photovoltaic devices.  

EQE analysis was used to estimate the effective bandgap energy (Eg*) of the 
synthesized absorber materials [113] since the evaluation of Eg from the optical 
absorption or reflectance spectra of the monograins is rather challenging. The Eg* values 
obtained (Figure 3.10b) from EQE measurements was found to be 1.14 eV for  
t-Cu2CdGeSe4 powders and 1.27 eV for o-Cu2CdGeSe4 powders.  

 
Figure 3.10. a) J-V characteristics and b) EQE spectra of MGL solar cell prepared from t-Cu2CdGeSe4 
and o-Cu2CdGeSe4 powders. 

The influence of the surface chemical etching and the annealing conditions on the 
optoelectronic properties of solar cells were investigated [Paper II]. In Figure 3.11,  
the output parameters of monograin layer solar cells fabricated from o-Cu1.95Cd1.06Ge0.97Se4 
powder that was etched with different chemical solutions followed by annealing at 
400 °C for 1 hour are displayed as box plots. Results showed that all used chemical 
etchants are beneficial to improve solar cell performance. All etchants improved the 
values of open circuit voltage about 150 mV. The largest improvement on the 
optoelectronic parameters was achieved by HCl etching followed by KCN-etching, giving 
conversion efficiency of 3.82%. The efficiency improvement was mainly due to increased 
values of current density from 11.5 to 21.3 mA/cm2. 
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Figure 3.11. Box plot of a) open circuit voltage; b) fill factor; c) current density and d) efficiency of 
monograin layer solar cells fabricated from Cu1.95Cd1.06Ge0.97Se4 powder that was etched with 
different chemical solutions followed by annealing at 400 °C for 1 h. 

For the investigation of the effect of post-annealing temperature, 1% v/v Br2−MeOH 
and 10% m/m KCN combinational etching was used for nearly stoichiometric                             
o-Cu2Cd1.03Ge1.02Se4 (CCGSe-203) powder and subsequently the powder was annealed at 
different temperatures for 1 h in closed ampoules.  

 
Figure 3.12. Box plot of a) open circuit voltage; b) fill factor; c) current density and d) efficiency of 
monograin layer solar cells fabricated from o-Cu2Cd1.03Ge1.02Se4 powder that was etched with 
bromine in methanol and KCN solutions followed by annealing at temperatures from 300 to 700 °C 
for 1 h. 

The output parameters of monograin layer solar cells based on differently annealed 
powders are presented as box plot in Figure 3.12. Note that these parameters were 
obtained with an additional short time (30 sec) chemical etching with KCN solution prior 
to CdS buffer layer deposition. It was applied due to the formation of GeSe phase on the 
crystals surface after annealing and as Raman and XPS analysis confirmed, this phase was 
removed by short time KCN etching. The values of VOC increased from 473 to 515 mV by 
increasing the annealing temperature from 300 to 450 °C. The value of FF reached its 
maximum (51%) at 400 °C and decreased again at higher annealing temperatures.  
The similar trend was observed for JSC, the values were increased up to 400 °C and then 



42 

started to decrease. After annealing the powder over 450 °C, the decrease in the output 
parameters could be caused by decomposition of absorber material surface. The largest 
improvement on the optoelectronic parameters was achieved by annealing                                
o-Cu2Cd1.03Ge1.02Se4 powder at 400 °C for 1 hour, giving conversion efficiency of 5.69% 
with the following parameters: VOC = 459 mV; JSC = 25.6 mA/cm2 and FF = 48%. 

Summary of the study of Cu2CdGeSe4 monograin powder properties and solar cells 

Cu2CdGeSe4 powders were synthesized by molten salt method in CdI2 and KI for 
photovoltaic applications. Phase analysis by Raman spectroscopy and X-ray diffraction 
showed that Cu2CdGeSe4 powder synthesized at 500 °C had tetragonal structure and 
powders synthesized at temperatures 600 °C and 700 °C had orthorhombic structure 
regardless of the used molten salt. The results of compositional analysis indicated that 
Cu-poor and Cd-rich powders were synthesized at 700 °C in KI flux and at 600 °C in CdI2 
flux. The band gap values determined from EQE measurements were found to be 1.27 eV 
for orthorhombic Cu2CdGeSe4 and 1.14 eV for tetragonal Cu2CdGeSe4 material. The best 
power conversion efficiency of 4.21% was achieved by using the orthorhombic 
structured Cu2CdGeSe4 powder as absorber material, which were annealed at 500 °C for 
1 hour. 

A comparative investigation of the influence of different etchants such as Br2−MeOH, 
KCN and HCl followed by isothermal annealing at different temperatures on the 
performance of o-Cu2CdGeSe4 monograin layer solar cells was carried out. Results 
showed that all used chemical etchants are beneficial to improve Cu2CdGeSe4 solar cell 
efficiencies. After chemical etching of crystal surfaces, the powder needed additional 
annealing at 400 °C to improve the performance of Cu2CdGeSe4 solar cells. It was found 
that after post-annealing the etching with KCN solution is necessary to remove GexSe1-x 
phase on the surface of Cu2CdGeSe4 powder crystal.  

The highest conversion efficiency of 5.69% was gained by using o-Cu2CdGeSe4 with 
nearly stoichiometric composition, which was etched with 1% v/v Br2−MeOH and 10% 
m/m KCN solutions for 5 minutes and post-annealed at 400 °C for 1 hour. 

3.2 Cu2CdGe(SxSe1-x)4 monograin powders  

3.2.1 Morphology and composition of Cu2CdGe(SxSe1-x)4 monograin powders 
In the Paper III, the γ-phase of Cu2CdGe(SxSe1−x)4 (x = 0; 0.2; 0.4; 0.6; 0.8; 1) monograin 
powders were synthesized at 700 °C for 120 hours by using KI as a molten salt medium. 
Additionally, four Cu2CdGe(SxSe1−x)4 (x = 0; 0.05; 0.1; 0.15) powders without and with 
small amount of sulfur were synthesized in CdI2 molten salt to produce δ-solid 
solutions. SEM images of Cu2CdGeSe4 and Cu2CdGeS4 powder crystals are shown in 
Figure 3.13a and 3.13b [Paper III]. With the increasing S content in the Cu2CdGe(SxSe1-x)4 
solid solutions, the formed crystals with round shape and smooth surface planes changed 
to more irregular and oblong shape. The median grain size of the powders decreased 
with the increasing S content in the Cu2CdGe(SxSe1-x)4 powder, being D50 = 143 µm for the 
Cu2CdGeSe4 powder and D50 = 85 µm for Cu2CdGeS4.  
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Figure 3.13. SEM images of monograin powders of Cu2CdGeSe4 (left) and Cu2CdGeS4 (right) (fraction 
size 45–56 μm). 

Therefore, it was found that selenide powder crystals grow almost two times larger 
than sulfide powder crystals under the same synthesis conditions [Paper III]. This could 
be attributed to the existence of elemental selenium in the precursor mixture at 
temperature below melting point of salt that could act as sintering agent. For example, 
at low temperatures (~221 °C) forms CuSe2, which decomposes into CuSe and Se at 
~330 °C. At 380 °C, CuSe decomposes into Cu2–xSe and liquid Se. In the sulfide system, all 
metals precursors react with sulfur at much lower temperature (~250 °C) and do not 
release free sulfur at higher temperatures. Similar phenomenon about crystal sizes is also 
observed for thin films with different ratio of S/Se [122].  

The elemental composition of the bulk of the Cu2CdGe(SxSe1-x)4 microcrystals was 
determined by EDX analysis and is presented in Table 3.3 [Paper III]. It was found that 
the increasing S content in the precursor’s mixture increased the Cu content in the 
powder from 24.6 at% (x = 0) to 25.6 at% (x = 1). The powders synthesized at 700 °C in 
KI, the ratio of [S]/([S]+[Se]) and [Cd]/[Ge] in precursor’s mixture was nearly the same in 
all powders. While the powders synthesized at 500 °C in CdI2 with x = 0 – 0.15 had  
Cd-rich composition ([Cd]/[Ge] > 1.1) and the ratio of [S]/([S] + [Se]) in the powders was 
slightly higher than in precursor’s mixture. 

 
Table 3.3 Bulk composition of Cu2CdGe(SxSe1−x)4 microcrystalline powders by EDX analysis 

x=[S]/([S]+[Se]) 
in precursor 

Tsynth, 
oC 

Bulk composition of powders by EDX 
[S]/ 

([S]+[Se]) 
Cu, 
at% 

Cd, 
at% 

Ge, 
at% 

Se, 
at% 

S, 
at% 

[Cu]/ 
[Ge] 

[Cd]/ 
[Ge] 

[Cu]/ 
([Cd]+[Ge]) 

0  
 

700 
 
 
 

0 24.6 13.5 11.7 50.0 - 2.10 1.15 0.98 
0.2 0.21 24.4 12.4 11.8 39.4 10.6 2.07 1.05 1.0 
0.4 0.39 24.8 12.7 12.0 30.3 19.7 2.07 1.06 1.0 
0.6 0.60 25.2 12.2 12.0 19.9 30.1 2.10 1.02 1.04 
0.8 0.80 25.2 12.6 12.1 10.0 40.0 2.08 1.04 1.02 
1 1 25.6 12.5 11.9 - 50.0 2.15 1.05 1.04 
0  

500 
 
 

0 24.9 13.0 12.6 50.0 - 1.98 1.03 0.97 
0.05 0.07 25.1 13.8 11.6 46.6 3.4 2.16 1.19 0.95 
0.1 0.12 25.5 13.2 11.7 44.0 6.0 2.18 1.13 1.02 

0.15 0.23 25.3 13.2 11.7 38.6 11.3 2.16 1.13 1.02 

3.2.2 Structural properties of Cu2CdGe(SxSe1-x)4 monograin powders 
The crystal structure and phase composition of the synthesized Cu2CdGe(SxSe1-x)4 
powders with different S/Se ratios was investigated by XRD [Paper III]. Figure 3.14a 
shows the XRD patterns of monograin powders of Cu2CdGe(SxSe1-x)4 solid solutions 
synthesized at 700 ◦C in KI flux. The major diffraction peaks are indexed as corresponding 
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to the (210), (020), (002), (211), (203), (213) and (040) planes of orthorhombic phase of 
Cu2CdGeS4 (ICDD PDF-2 Release 2019 RDB, 00-043-1387) and Cu2CdGeSe4 (ICDD PDF-2 
Release 2019 RDB, 01-074-3115). The position of most intensive diffraction peak (020) 
shifted from 25.88 deg (for Cu2CdGeSe4) to 27.19 deg (for Cu2CdGeS4) as shown in Figure 
3.14b. Minor amount of secondary phases like CdS, CdSe or Cd(S,Se) were detected in 
the all solid solutions. 
 

 
Figure 3.14. a) XRD patterns of monograin powders of Cu2CdGe(S,Se)4 solid solutions synthesized 
at 700 ◦C in KI; b) magnified view of (020) diffraction peak. 

Using the XRD patterns, the values of lattice parameters a, b and c for all the powders 
were calculated. A linear decrease of the lattice parameters values (a from 8.064 Å to 
7.705 Å; b from 6.882 Å to 6.556 Å and c from 6.604 Å to 6.301 Å) was observed upon 
replacement of selenium with sulfur due to the smaller atom radius of S compared to Se. 
The structural linearity is shown in Figure 3.15. This behaviour strictly follows Vegard’s 
empirical heuristic law, which states that at the same temperature the lattice parameter 
of a solid solution of two materials with the same crystal structure can be approximated 
by an equation of the two constituents’ lattice parameters [123]. 

 
Figure 3.15. Lattice parameters a, b and c as a function of S content in the orthorhombic 
Cu2CdGe(SxSe1−x)4 solid solutions synthesized at 700 °C. 
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In order to confirm the existent limits of a tetragonal structure in Cu2CdGe(SxSe1-x)4 
with low concentration of sulfur, as reported in [66], the monograin powders of 
Cu2CdGe(SxSe1-x)4 solid solutions (x = 0 to x = 0.15) synthesized at 500 °C were analysed 
by XRD (Figure 3.16). According to this study, Cu2CdGeSe4 (x = 0) and Cu2CdGe(SxSe1-x)4 
solid solutions (x = 0.05 – 0.1) had a tetragonal structure (I-42m) with lattice parameters 
presented in Table 3.4. Cu2CdGe(SxSe1-x)4 powder with x = 0.15 contains about 79% of 
crystal with an orthorhombic structure (Pmn21) with lattice parameters a = 7.994 Å,  
b = 6.809 Å, c = 6.534 Å, and about 18% of crystal with a tetragonal structure (I-42m) with 
lattice parameters a = b = 5.697 Å, c = 10.943 Å. Cu2CdGe(SxSe1-x)4 solid solutions with 
x = 0.2 crystallize in the orthorhombic structure regardless of the synthesis temperature. 

 

Figure 3.16. XRD patterns of the monograin powders of Cu2CdGe(SxSe1−x)4 solid solutions 
synthesized at 500 ◦C. 

The substitution of Se with the smaller S atoms leads to the contraction of the unit cell 
(see Table 3.4). Since not only the size but also the electronic structures of S and Se are 
different, therefore, it is expected that the lattice parameters and electronic structure 
will be changed. 

Table 3.4 The lattice parameters of the monograin powders of Cu2CdGe(SxSe1−x)4 solid solutions. 

x in Cu2CdGe(SxSe1-x)4 
Tsynth, 

oC a, Å b, Å c, Å V, Å3 Space 
group 

0 
 
 

700 
 
 

8.064 6.882 6.604 366.47 Pmn21 
0.2  7.994 6.810 6.534 355.77 Pmn21 
0.4  7.935 6.762 6.486 348.06 Pmn21 
0.6  7.839 6.680 6.410 335.67 Pmn21 
0.8  7.772 6.622 6.355 327.07 Pmn21 
1  7.705 6.556 6.301 318.33 Pmn21 
0 

 
500 

5.747 5.747 11.051 365.08 I-42m 
0.05  5.739 5.739 11.033 363.38 I-42m 
0.1 5.721 5.721 10.994 359.81 I-42m 

0.15 5.697 
7.994 

5.697 
6.809 

10.943 
6.534 

355.17 (18%) 
355.72 (79%) 

I-42m  
Pmn21 
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3.2.3 Raman analysis of Cu2CdGe(SxSe1-x)4 monograin powders 
The dependence of the Raman spectra on the anion composition of the orthorhombic 
structured Cu2CdGe(SxSe1-x)4 monograin powders is presented in Figure 3.17a [Paper III]. 
Figure 3.17b shows the Raman spectra of Cu2CdGe(SxSe1-x)4 monograin powders with 
tetragonal structure. The A1 Raman peak of pure Cu2CdGeSe4 is at 203 cm−1 and it is not 
depending on the crystal structure. The additional characteristic Raman modes for 
orthorhombic Cu2CdGeSe4 were detected at 162, 185, 270 and 277 cm−1. Cu2CdGeSe4 
with tetragonal structure has additional characteristic Raman modes at 175 and 
261 cm−1.  
 

 
Figure 3.17. Raman spectra of Cu2CdGe(SxSe1−x)4 monograin powders synthesized a) at 700 ◦C and 
b) at 500 ◦C. 

The main Raman mode A1 for pure Cu2CdGeS4 is at 356 cm−1 [59]. Other Raman peaks 
of Cu2CdGeS4 were detected at 154, 263, 280, 293, 337, 384 and 388 cm−1, which are in 
good correlation with previously reported vibrational modes in Cu2CdGeS4 [59,112].  
The spectra of Cu2CdGe(SxSe1-x)4 monograin powders with S content values (x = 0.2, 0.4, 
0.6 and 0.8) showed the peaks of two A1 mode because of the co-existence of S and Se 
atoms in powders.  

The spectra of Cu2CdGe(SxSe1-x)4 monograin powders (synthesized at 500 °C) with low 
S content values (x = 0.05, 0.1 and 0.15) showed clear shift of A1 mode toward the higher 
frequency region (from 203 to 208 cm−1) proportionally to the increase in S content 
(Figure 3.17b). Additional peaks at 223 and 361 cm−1 were detected already for 
Cu2CdGe(SxSe1-x)4 monograin powders with x = 0.05. The Raman mode at 223 cm−1 shifted 
to the high frequency at 228 cm−1. The same peak exists in orthorhombic structured 
Cu2CdGe(SxSe1-x)4 monograin powders (synthesized at 700 °C). 

3.2.4 Cu2CdGe(SxSe1-x)4 monograin layer solar cells 
All orthorhombic structured Cu2CdGe(SxSe1-x)4 powders with different S/Se ratio were 
also used as absorber materials in the monograin layer solar cells [Paper III]. Photovoltaic 
properties of the monograin layer solar cells were characterized by J–V measurements 
(Figure 3.19a).  



47 

 
Figure 3.19. a) J-V curves and b) EQE curves of Cu2CdGe(SxSe1−x)4 device with different S/Se ratios. 

The open circuit voltage of Cu2CdGe(SxSe1-x)4 monograin layer solar cells increased with 
increasing the sulfur content in the Cu2CdGe(SxSe1-x)4 powders. An increase in the open 
circuit voltage values indicated to the widening of the band gap of Cu2CdGe(SxSe1-x)4.  
The external quantum efficiency spectrum was used to study the spectral response of 
the Cu2CdGe(SxSe1-x)4 monograin layer solar cells. Figure 3.19b shows the EQE spectra of 
Cu2CdGe(SxSe1-x)4 monograin layer solar cells. The absorption edge shifted to shorter 
wavelengths and the change of spectral response in the short wavelengths was visible 
with increase in S content in the absorber material. Inset graph in Figure 3.19 shows the 
Eg* values of Cu2CdGe(SxSe1-x)4 solid solutions depending on the ratios of S/Se.  
An increase of Eg* from 1.27 eV to 2.04 eV by increasing S content in Cu2CdGe(SxSe1-x)4 
monograin powder materials was observed (Table 3.5). However, the values of VOC were 
not increasing at the level as expected due to increased band gap values. There are 
several reasons why real values were not achieved: either the recombination in the bulk 
increases with a higher S/Se ratio or the band alignment with the CdS buffer becomes 
worse, increasing detrimental interface recombination. The short circuit current density 
of Cu2CdGe(SxSe1-x)4 MGL solar cells decreased from 24.9 mA/cm2 (x = 0) to 5.7 mA/cm2 
(x = 1), going from low to high S-content. As confirmed by EQE measurements, the 
increased S-content resulted in an increase of the band gap, thus the JSC decrease was 
the result of less absorption. The Cu2CdGe(SxSe1-x)4 monograin powders with x = 0.2 gave 
the best solar cell with parameters: VOC = 724 mV, JSC = 18.8 mA/cm2, FF = 46.9%, η = 6.4% 
(active area) (Table. 3.5). 

Table 3.5 Summary of device parameters for the best performing Cu2CdGe(SxSe1−x)4 MGL solar cells 
depending on Se replacement with S in absorber materials. 

x=[S]/([Se]+[S]) 
in precursors VOC (mV) FF (%) JSC (mA/cm2) Eff. (%)  

(active area) Eg* (eV) 

0 429 48.2 24.9 5.2 1.27 
0.2 724 46.9 18.8 6.4 1.45 
0.4 564 42.9 16.8 4.0 1.61 
0.6 542 46.3 6.7 1.7 1.75 
0.8 823 34.4 8.5 2.4 1.88 
1 712 34.8 5.7 1.5 2.04 
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The preparation of monograin layer solar cells contain many steps, which need to be 
optimized for each composition of Cu2CdGe(SxSe1-x)4 absorber material: chemical etching 
and post-annealing of absorber material, selection of buffer layer etc. Therefore, all these 
steps need further study to improve the performance of Cu2CdGe(SxSe1-x)4 solar cells with 
different S/Se ratio.  

Summary of the effect of the S/Se concentration ratio on the properties of 
Cu2CdGe(SxSe1-x)4 monograin powders for photovoltaic application. 

A continuous series of Cu2CdGe(SxSe1-x)4 monograin powders were synthesized by molten 
salt method for photovoltaic applications. Structural study by Raman and X-ray 
diffraction showed that all Cu2CdGe(SxSe1-x)4 monograin powders synthesized at 700 °C 
crystallize in orthorhombic structure and solid solutions synthesized at 500 °C have only 
tetragonal structure in the range x = 0 to x = 0.1. Cu2CdGe(SxSe1-x)4 monograin powders 
with x = 0.15 synthesized at 500 °C contain mixture of orthorhombic and tetragonal 
phases. Lattice parameters decreased linearly by increasing the S content in the 
Cu2CdGe(SxSe1-x)4 monograin powders. The median crystal size decreased almost two 
times with the increasing S content in the Cu2CdGe(SxSe1-x)4 powders.  

The increasing sulfur content in the orthorhombic Cu2CdGe(SxSe1-x)4 monograin 
powders led to an increase in the effective band gap energy from 1.27 eV to 2.04 eV. 
Therefore Cu2CdGe(SxSe1-x)4 monograin powders with x = 0 – 0.2 could be used as 
absorber materials for single junction solar cells and compounds with x > 0.2 could be 
used as top cell absorber materials in a tandem solar cell structure due to suitable wide 
band gap (Eg > 1.6 eV). 

The highest power conversion efficiency of 6.4% for monograin layer solar cells have 
been achieved by Cu2CdGe(SxSe1-x)4 monograin powders with x = 0.2 showing the 
parameters: VOC = 724 mV, JSC = 18.8 mA/cm2 and FF = 46.9%. 

3.3 Cu2Ge(SexS1-x)3 monograin powders 

3.3.1 Morphology and composition of Cu2Ge(SexS1-x)3 monograin powders 
Cu2GeSe3 and Cu2GeS3 have many promising properties for absorber material, such as  
p-type conductivity, high absorption coefficient (104 cm-1) and a direct band gap energy 
(0.8 – 1.5 eV) [24,28], there are only few studies presenting the results about Cu2GeSe3, 
Cu2GeS3 or their solid solution based solar cells [40]. Therefore, solid solutions 
Cu2Ge(SexS1-x)3 needed investigation in order to modify the bandgap energy and find the 
optimal S/Se ratio for absorber material. Figure 3.20 shows the SEM images of 
Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) powder crystals (with fraction size 63–75 µm) 
synthesized in LiI flux. All formed powders consist of non-aggregated, well-formed single 
crystals with round edges independent of the S/Se ratio [Paper V]. The median grain size 
of the powders increased with increasing the selenium content in the Cu2Ge(SexS1-x)3 
powders. This is also common in quaternary systems, where S/Se ratio is varied 
[Paper III]. 
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Figure 3.20. SEM images of Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) monograin powders. 

EDX analyses were carried out to confirm the bulk composition of monograin powders 
[Paper V]. Table 3.6 shows the average bulk composition of the Cu2Ge(SexS1-x)3 
monograin powders. It was found that bulk composition of all powders was slightly          
Cu-rich and Ge-poor ([Cu]/[Ge] > 2), the ratio of [Se]/([S]+[Se]) in synthesized 
Cu2Ge(SexS1-x)3 solid solutions followed the input composition. The ratio of 
([S]+[Se])/([Cu]+[Ge]) was approximately 1.0 regardless of the S/Se ratio in material.  

 
Table 3.6 Bulk composition of Cu2Ge(SexS1-x)3 (x=0, 0.2, 0.4, 0.6, 0.8, 1) monograin powders by EDX. 

x=[Se]/([S]+[Se]) 
in precursors  

Bulk composition of powder 
crystals 

by EDX (at%) 
Compositional ratios 

Cu  Ge S Se [Se]/ 
([S]+[Se]) [Cu]/[Ge] ([S]+[Se])/ 

([Cu]+[Ge]) 
0.0 33.62 16.28 50.10 - 0.00 2.06 1.00 
0.2 33.75 16.51 40.21 9.53 0.19 2.04 0.99 
0.4 33.48 16.49 30.01 20.02 0.40 2.03 1.00 
0.6 33.48 16.57 19.99 29.96 0.60 2.01 1.00 
0.8 33.55 16.24 10.08 40.13 0.80 2.06 1.01 
1.0 33.73 16.25 - 50.02 1.00 2.07 1.00 

3.3.2 Structural analysis of Cu2Ge(SexS1-x)3 monograin powders 
Figure 3.21a shows the XRD patterns and Figure 3.21c shows corresponding lattice 
parameters of Cu2Ge(SexS1-x)3 monograin powders [Paper V]. The major diffraction  
peaks for pure Cu2GeS3 correspond to monoclinic phase (space group Cc) (ICDD PDF-2, 
01–088–0827) and for pure Cu2GeSe3, the characteristic peaks correspond to 
orthorhombic phase (space group Imm2) (ICDD PDF-2, 01–076–7578). The crystal 
structure of Cu2Ge(SexS1-x)3 transformation from monoclinic to orthorhombic was found 
to range from x = 0.2 to x = 0.4 because the Cu2Ge(SexS1-x)3  (x = 0.2) showed monoclinic 
structure, but further addition of Se in the Cu2Ge(SexS1-x)3  (x = 0.4) showed already 
orthorhombic structure. The position of most intensive diffraction peak shifted from 
27.8 deg (for Cu2GeSe3) to 29.2 deg (for Cu2GeS3) as shown in enlarged view in Figure 
3.21b. 

https://www.sciencedirect.com/topics/materials-science/energy-dispersive-x-ray-spectroscopy
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Figure 3.21. (a) XRD patterns of Cu2Ge(SexS1-x)3 monograin powders (x = 0, 0.2, 0.4, 0.6, 0.8, 1), b) 
enlarged view of XRD patterns to show the shift of main peak position and c) lattice parameters a, 
b and c as a function of Se content. 

Using the X-ray diffraction patterns, the values of lattice parameters (a, b and c) for all 
powders were calculated by Rietveld refinement and presented in Table 3.7 and Figure 
3.21c. Monoclinic Cu2GeS3 had lattice parameters a = 6.439 Å, b = 11.316 Å and 
c = 6.416 Å. Small amount of Se in the Cu2Ge(SexS1-x)3  (x = 0.2) increased all the lattice 
parameters values. Additional S replacement by Se in Cu2Ge(SexS1-x)3 (x = 0.4 - 1) changed 
the crystal structure from monoclinic to orthorhombic together with enlargement in the 
lattice parameter values (a from 11.541 Å to 11.863 Å; b from 3.839 Å to 3.954 Å and 
c from 5.326 Å to 5.485 Å). This phenomenon is observed upon replacement of sulfur 
with selenium due to the smaller atom radius of S compared to Se. 

Table 3.7 Lattice parameters of Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) monograin powders. 

x=[Se]/([S]+[Se]) 
in precursors 

a, Å b, Å c, Å V, Å3 Space group 

0.0 6.439 11.316 6.416 443.97 Cc [No. 9]-monoclinic 
0.2 6.497 11.402 6.486 456.31 Cc [No. 9]-monoclinic 
0.4 11.541 3.839 5.326 236.32 Imm2 [No. 44]-orthorhombic 
0.6 11.626 3.883 5.376 242.70 Imm2 [No. 44]-orthorhombic 
0.8 11.729 3.925 5.428 249.90 Imm2 [No. 44]-orthorhombic 
1.0 11.863 3.954 5.485 257.28 Imm2 [No. 44]-orthorhombic 

 
Figure 3.22 shows the Raman spectra obtained for Cu2Ge(SexS1-x)3 monograin powders 

with different x value [Paper V]. The pure Cu2GeS3 crystals show main Raman mode 
frequencies at 337 and 390 cm−1 and minor peaks at 241, 268, 313 and 418 cm−1. All 
these peaks are assigned to monoclinic Cu2GeS3 phase and are in good correlation to 
single crystal study [25]. Pure Cu2GeSe3 powder crystals showed main Raman peak at 
191 cm−1 and the additional Raman modes were detected at 184, 220, 268 and 296 cm−1. 
All these peaks are assigned to orthorhombic Cu2GeSe3 phase [54]. In the powders, 
all sulfide related peaks tend to shift toward smaller wavenumbers and the relative 
intensity of these peaks decreased. At the same time selenide related peaks shifted 
toward higher wavenumbers. As the x value in the Cu2Ge(SexS1-x)3 monograin powders 
increased, the Raman spectra of Cu2Ge(SexS1-x)3 exhibited the two-mode characteristic 
due to the coexistence of S and Se atoms in powders. This trend is correlated with the 

https://www.sciencedirect.com/topics/physics-and-astronomy/diffraction-patterns
https://www.sciencedirect.com/topics/physics-and-astronomy/lattice-parameters
https://www.sciencedirect.com/topics/physics-and-astronomy/sulfides
https://www.sciencedirect.com/topics/physics-and-astronomy/selenides
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increasing structural disorder due to the random distribution of S and Se atoms in the 
lattice that leads to fluctuations in the masses and force constants in the neighbourhood 
[68]. All peaks belong to the Cu2Ge(SexS1-x)3 monograin powders, no other phases were 
detected. 

Figure 3.22. RT-Raman spectra of Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) monograin powders. 

3.3.3 PL analysis of Cu2Ge(SexS1-x)3 monograin powders 
Figure 3.23a shows the normalized PL spectra of the Cu2Ge(SexS1-x)3 monograin powders 
with different Se/S concentration ratios measured at T = 20 K [Paper V]. All spectra are 
composed of 2 asymmetric PL peaks. Spectral fitting results with a split-Pearson VII 
function are shown as coloured bands. Peak positions of these bands (#1 and #2) as a 
function of Se/S concentration ratio showed nearly linear dependence with a slope about 
−0.8 eV. Almost the same slope can be detected for Eg values determined from room
temperature EQE measurements, see Figure 3.23b black dashed line. Therefore, the peak 
position shifted with x was related to Eg shift for both PL peaks. A detailed study of these
peaks for x = 0.6 was published in Paper IV. It was shown that both peaks are related to
donor-acceptor pair recombination and therefore it is quite likely that the same model
holds for the whole range of x values.

Figure 3.23. (a) Normalized low temperature photoluminescence spectra of Cu2Ge(SexS1-x)3 monograin 
powders with different Se/S ratios with fitting using an asymmetric double sigmoidal function,  
(b) Peak positions of two PL bands as a function of x. Results of linear fitting are shown as dashed
lines. Room temperature bandgap energy Eg determined from EQE measurements is given as a
dotted line. 

https://www.sciencedirect.com/science/article/pii/S0040609021005368?dgcid=author#bib0014
https://www.sciencedirect.com/topics/physics-and-astronomy/photoluminescence
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3.3.4 Cu2Ge(SexS1-x)3 monograin layer solar cells 
The applicability of the Cu2Ge(SexS1-x)3 powders as absorber materials were tested in 
monograin layer solar cell structure. Figure 3.24a shows illuminated J–V characteristics 
and Figure 3.24b shows corresponding EQE curves for all studied Cu2Ge(SexS1-x)3 
monograin powder based devices [Paper V]. The basic characteristics of solar cells and 
band gap energy values are presented in Table 3.8. Cu2GeSe3 based solar cell 
characteristics were excluded because devices did not show any photoresponse. 

Figure 3.24. (a) Light J–V characteristics and b) EQE of Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) 
monograin layer solar cells. Inset graph shows bandgap extraction by plotting [(EQE*E)2] vs. E. 

Open circuit voltage of monograin layer solar cells increased from 372 mV to 537 mV 
by increasing the selenium content in the Cu2Ge(SexS1-x)3  from x = 0 to x = 0.6. Also, 
current density values increased from 5.9 mA/cm2 to 16.5 mA/cm2. In this study, the 
highest conversion efficiency of monograin layer solar cell were fabricated from 
Cu2Ge(SexS1-x)3 (x = 0.6), and demonstrated Voc = 537 mV, Jsc = 15.8 mA/cm2, FF = 37.2%, 
and η = 3.16%. According to EQE spectra in Figure 3.24b, by increasing the selenium 
content in monograin powders, the absorption edge shifted to longer wavelengths and 
the change of spectral response in the long wavelengths was seen. The effective band 
gap (Eg*) of Cu2Ge(SexS1-x)3 monograin powders was showed in Figure 3.24b (inset 
graph). A decrease in Eg* values from 1.65 eV to 1.07 eV by increasing Se content in 
Cu2Ge(SexS1-x)3  (x = 0 – 0.8) powder materials was (Table 3.8). 

Table 3.8 Summary of the main characteristics of Cu2Ge(SexS1-x)3 monograin layer solar cells 
depending on S replacement with Se in absorber materials. 

x=[Se]/([S]+[Se]) 
in precursors 

VOC (mV) FF (%) JSC (mA/cm2) Eff. (%)  Eg* (eV) 

0 372 39.9 5.9 1.16 1.65 
0.2 270 38.1 5.3 0.72 1.57 
0.4 415 42.2 16.5 2.90 1.43 
0.6 537 37.2 15.8 3.16 1.26 
0.8 239 30.6 7.3 0.54 1.07 
1 91 25.4 0.7 0.02 -

https://www.sciencedirect.com/topics/physics-and-astronomy/absorbers-materials
https://www.sciencedirect.com/science/article/pii/S0040609021005368?dgcid=author#tbl0003
https://www.sciencedirect.com/topics/physics-and-astronomy/absorbers-materials
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Results showed that Cu2Ge(SexS1-x)3 (x = 0.4 − 0.6) materials have potential as absorber 
materials in solar cells. Monograin layer solar cells preparation process contain many 
technological steps, which need to be optimized for example the optimization of 
absorber materials composition, selection of the buffer layer etc. Therefore, further 
research is needed to improve the performance of Cu2Ge(SexS1-x)3 solar cells. 

Summary of the study of Cu2Ge(SexS1-x)3  monograin powder properties and solar cells 

Cu2Ge(SexS1-x)3 (0 ≤ x ≤ 1) monograin powders were successfully synthesized in LiI flux by 
molten salt synthesis–growth method. According to EDX analysis, complete series of 
solid solutions was formed by changing the S/Se ratio in Cu2Ge(SexS1-x)3. All synthesized 
Cu2Ge(SexS1-x)3 powders were slightly Cu-rich and Ge-poor and consisted of well-formed 
crystals independent of the S/Se ratio. Structural studies by X-ray diffraction showed that 
Cu2GeS3 crystallize in monoclinic and Cu2GeSe3 crystallize in orthorhombic structure.  
The crystal structure of Cu2Ge(SexS1-x)3 transformation from monoclinic to orthorhombic 
was detected between x = 0.2 and x = 0.4. Raman and PL studies also confirmed the 
formation of the whole series of Cu2Ge(SexS1-x)3. Raman modes of solid solutions 
followed the bimodal behaviour. PL spectra of CGSSe were composed of two asymmetric 
PL peaks. Peak positions of these bands as a function of Se/S concentration show nearly 
linear dependence with a slope about −0.8 eV. Almost the same slope was detected for 
band gap values determined from room temperature EQE measurements. Therefore, the 
peak position shift with increasing selenium content in powders is related to Eg shift for 
both PL peaks. Both peaks are related to donor-acceptor pair recombination. 

Most promising compounds for solar cell application are Cu2Ge(SexS1-x)3 monograin 
powders with x = 0.4 – 0.6. A best performing solar cell was fabricated by using 
Cu2Ge(SexS1-x)3 x = 0.6 powder crystals as absorber material, exhibiting an open-circuit 
voltage of 537 mV, current density of 15.8 mA/cm2, fill factor of 37.2% and a conversion 
efficiency of 3.16%. 
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Conclusions 
This thesis focuses on the synthesis of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4 monograin 
powders by using molten salt method and characterization of different properties of the 
synthesized monograin powders. All investigated monograin powders were implemented 
as absorber materials in monograin layer solar cells. On the base of information gathered 
via different analytical methods, the following findings can be listed, and conclusions can 
be made. 
 

Cu2CdGeSe4  
 According to XRD analysis, the Cu2CdGeSe4 monograin powders of both possible 

crystal structures were successfully synthesized by using different synthesis 
temperatures: at 500 °C tetragonal structure and at temperatures 600 °C and 700 °C 
orthorhombic structure had gained regardless of the used flux.  

 Raman analysis was found to be very effective method to distinguish both crystal 
modifications of Cu2CdGeSe4. The most intensive peak in the spectra of Cu2CdGeSe4 
was observed at 203 cm−1 regardless on the crystal structure. The additional 
characteristic Raman modes for the orthorhombic Cu2CdGeSe4 phase were detected 
at 162, 187, 271 and 277 cm−1 and for tetragonal Cu2CdGeSe4 phase, the characteristic 
peaks were at 175, 263 and 292 cm−1.  

 Two different band gap values were confirmed by EQE measurements – for 
orthorhombic Cu2CdGeSe4 1.27 eV and for tetragonal Cu2CdGeSe4 1.14 eV.  

 For the first time, the effect of the crystalline structure of Cu2CdGeSe4 on device 
performance was studied by J–V measurements under standard conditions. The highest 
power conversion efficiency of 2.16% was obtained with tetragonal Cu2CdGeSe4 
based devices with following parameters: VOC = 315 mV, JSC = 14.7 mA/cm2, and  
FF = 35%. Devices based on orthorhombic Cu2CdGeSe4 absorbers showed efficiency 
of 4.21% with a VOC = 464 mV, JSC = 17.5 mA/cm2 and FF = 39%. Devices based on 
orthorhombic Cu2CdGeSe4 powders were improved by surface post-treatments by 
combined chemical etching followed by annealing at elevated temperature. The highest 
conversion efficiency of 5.69% was gained with nearly stoichiometric composition of 
Cu2CdGeSe4, which was etched with Br2−MeOH/KCN solutions and post-annealed at 
400 °C, with the following parameters: VOC = 459 mV; JSC = 25.6 mA/cm2 and FF = 48%. 

 
Cu2CdGe(SxSe1-x)4 solid solutions 
 According to XRD analysis, full range of Cu2CdGe(SxSe1-x)4 solid solutions synthesized 

at 700 °C crystallized in orthorhombic structure and solid solutions synthesized at 
500 °C had tetragonal structure in the range x = 0 to x = 0.1. Cu2CdGe(SxSe1-x)4 solid 
solutions with x = 0.15 synthesized at 500 °C contain already mixture of orthorhombic 
and tetragonal phases. Lattice parameters decreased linearly by increasing the S 
content in the Cu2CdGe(SxSe1-x)4 solid solutions.  

 According to EQE measurements, the effective band gap energy increased from 
1.27 eV to 2.04 eV by increasing the sulfur content in the orthorhombic 
Cu2CdGe(SxSe1-x)4 solid solutions. Therefore, the orthorhombic Cu2CdGe(SxSe1-x)4 solid 
solutions with x = 0 – 0.2 could be used as absorber materials for single junction solar 
cells and compounds with x > 0.2 could be used as top cell absorber materials in a 
tandem solar cell structure due to the wide band gap (Eg > 1.6 eV). 
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 The highest power conversion efficiency of 6.4% for Cu2CdGe(SxSe1-x)4 monograin 
layer solar cells was achieved with x = 0.2 showing the parameters: VOC = 724 mV, 
JSC = 18.8 mA/cm2 and FF = 46.9%.  
 

Cu2Ge(SexS1-x)3 solid solutions 

 Structural studies by XRD showed that Cu2GeS3 crystallized in monoclinic and 
Cu2GeSe3 crystallized in orthorhombic structure. Transformation from monoclinic to 
orthorhombic crystal structure in Cu2Ge(SexS1-x)3 solid solutions was detected 
between x = 0.2 to x = 0.4. 

 The effective band gap values of Cu2Ge(SexS1-x)3 determined from EQE measurements 
were found to shift nearly linearly to lower energy values from 1.65 eV to 1.07 eV by 
decreasing the S content from x = 0 to x = 0.8 in Cu2Ge(SexS1-x)3. 

 Radiative recombination processes in Cu2Ge(SexS1-x)3 monograin powders were 
studied by using photoluminescence spectroscopy. All PL spectra of Cu2Ge(SexS1-x)3 
consisted of two asymmetric PL peaks. Both PL peaks were related to donor-acceptor 
pair recombination. Peak positions of the PL bands shifted nearly linearly to lower 
energy values by decreasing the S content in Cu2Ge(SexS1-x)3. 

 The highest efficiency of 3.16% was demonstrated by using Cu2Ge(Se0.6S0.4)3 powder 
crystals as absorber material in monograin layer solar cells with following 
parameters: VOC = 537 mV, JSC = 15.8 mA/cm2 and FF = 37.2%. 

In conclusions, it is possible to synthesize Cu2CdGe(SxSe1-x)4 and Cu2Ge(SexS1-x)3 absorber 
materials via the monograin powder synthesis-growth method in molten salt medium. 
As preliminary results indicate, both type of materials are applicable as absorber 
materials in monograin layer solar cells. The novelty of this thesis is the first time to 
present solar cell parameters based on these materials and the record efficiency of 6.4% 
and 3.16% were gained by using Cu2CdGe(S0.2Se0.8)4 and Cu2Ge(Se0.6S0.4)3 as absorbers. 
However, the defect composition of powders, crystal surface modifications and band 
alignments need to be further optimized. 

https://www.sciencedirect.com/topics/physics-and-astronomy/absorbers-materials
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Abstract 

Study of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4 Monograin Powders 
for Photovoltaic Applications  
Photovoltaic technology as one of the renewable energy sources is an effective way to 
achieve carbon-neutral processes in the energy domain. Among the emerging materials 
for photovoltaics, so-called kesterites as absorber materials have gained a lot of 
attention due to their promising properties. Although the highest efficiency of ~13% for 
Cu2ZnSn(S,Se)4 based thin-film solar cells has been presented for several years, there is 
no significant improvement. The main culprits of limitations are open circuit voltage 
deficit, deep defects related to multivalent Sn, interface recombination, coexistence of 
complex secondary phases, the band tailing issue, short minority lifetime, bulk defects, 
and undesirable band alignment at p-n interfaces. Thus, further research and knowledge 
is necessary to overcome the present limitations and improve the performance of the 
kesterite-based technologies. It has also motivated research on the other ternary and 
quaternary copper chalcogenide compounds with suitable properties for solar cell 
absorber. 

One successful strategy is cation substitution (Zn and Sn substitution by Cd and Ge) in 
Cu2ZnSn(S,Se)4, which has shown promising results and improved performance of solar 
cells. Additionally, ternary compounds, Cu2GeS3 and Cu2GeSe3 have shown many 
promising photo-absorber material properties, such as p-type conductivity and a direct 
band gap energy of 1.5 eV and 0.8 eV, respectively. However, there are only few studies 
presenting the results about solar cells based on Cu2GeS3, Cu2GeSe3 or their solid 
solutions. Therefore, this study was focused on the formation of ternary Cu2Ge(S,Se)3 

and quaternary Cu2CdGe(S,Se)4 monograin powders in liquid phase of flux materials (CdI2, 
KI and LiI) as well as characterization of monograin layer solar cells based on the 
synthesized monograin powders.  

Cu2CdGeSe4 has two crystal structure modifications. The monograin powder synthesis 
by molten salt method allows to use different synthesis temperatures to obtain both 
crystal structures. Structural studies by XRD showed that powder synthesized at 500 °C 
had tetragonal structure and powders synthesized at temperatures 600 °C and 700 °C 
had orthorhombic structure regardless of the used molten salt. According to Raman 
analysis, the most intensive peak in the spectra of Cu2CdGeSe4 was observed at 
203 cm−1 regardless on the crystal structure. The results showed that Raman analysis is 
very good additional method to distinguish both crystal structure. The characteristic 
Raman modes for the o-Cu2CdGeSe4 phase were detected at 162, 187, 271 and 
277 cm−1 and for t-Cu2CdGeSe4 phase, the characteristic peaks were at 175, 263 and 
292 cm−1. According to EQE measurements, the orthorhombic Cu2CdGeSe4 had band gap 
of 1.27 eV and tetragonal Cu2CdGeSe4 had 1.14 eV. Monograin powders with both crystal 
structures were implemented as absorber layers in monograin layer solar cells.  
Preliminary results of this work showed that devices based on o-Cu2CdGeSe4 had  
higher performance than t-Cu2CdGeSe4 based solar cells. The further optimisation of  
o-Cu2CdGeSe4 crystal surfaces by the chemical etching with Br2−MeOH/KCN solutions 
and post-annealed at 400 °C for 1 hour resulted in monograin layer solar cell efficiency 
of 5.69% with the following parameters: VOC = 459 mV; JSC = 25.6 mA/cm2 and FF = 48%. 
It was first time reported that Cu2CdGeSe4 could be successfully used as absorber 
material in photovoltaics. 
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Theoretical calculations show that the efficiency for single junction solar cells has a 
direct bandgap of ~1.4 eV. In this thesis, the solar cell efficiency improvement and band 
gap optimization was achieved by adjusting the ratio of chalcogens (S/Se) in the 
Cu2CdGe(SxSe1-x)4 (0 ≤ x ≤ 1) solid solutions. Structural study by XRD and Raman showed 
that all Cu2CdGe(SxSe1-x)4 solid solutions synthesized at 700 ◦C crystallize in orthorhombic 
structure and solid solutions synthesized at 500 ◦C had tetragonal structure in the range 
x = 0 to x = 0.1. Cu2CdGe(SxSe1-x)4 solid solution with x = 0.15 synthesized at 500 ◦C contain 
mixture of orthorhombic and tetragonal phases. According to EQE measurements,  
the band gap energy increased from 1.27 eV to 2.04 eV by increasing the S content in the 
Cu2CdGe(SxSe1-x)4 solid solutions. The highest power conversion efficiency of 6.4% for 
monograin layer solar cells was achieved by Cu2CdGe(SxSe1-x)4 solid solution with x = 0.2 
showing the parameters: VOC = 724 mV, JSC = 18.8 mA/cm2 and FF = 46.9%. 

Regarding the toxicity issue with Cd, which may rise in the future, ternary      
Cu2Ge(SexS1-x)3 (0 ≤ x ≤ 1) solid solutions, which are not extensively investigated as 
absorber materials for solar cell application, were studied. The complete series of 
Cu2Ge(SexS1-x)3 (0 ≤ x ≤ 1) monograin powders were synthesized in LiI flux. Structural 
studies by XRD and Raman showed that Cu2GeS3 crystallize in monoclinic and 
Cu2GeSe3 crystallize in orthorhombic structure. Transformation from monoclinic to 
orthorhombic crystal structure in Cu2Ge(SexS1-x)3 solid solutions was detected 
between x = 0.2 to x = 0.4. Radiative recombination processes in Cu2Ge(SexS1-x)3 
monograin powders were studied by using photoluminescence spectroscopy. All spectra 
of Cu2Ge(SexS1-x)3 consisted of two asymmetric PL peaks. Peak positions of these bands 
shifted nearly linearly to lower energy values by decreasing the S content in     
Cu2Ge(SexS1-x)3. Almost the same trend was detected for band gap values determined 
from room temperature EQE measurements. Both PL peaks were related to donor-
acceptor pair recombination. The highest efficiency of 3.16% was demonstrated by using 
Cu2Ge(SexS1-x)3 with x = 0.6 powder crystals as absorber material in monograin layer 
solar cells.  

Preliminary results indicate that both Cu2CdGe(SxSe1-x)4 and Cu2Ge(SexS1-x)3 monograin 
powders are applicable as absorber materials in monograin layer solar cells. However, 
the defect composition of powders, crystal surface modifications and band alignments 
need to be further optimized. 
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Lühikokkuvõte 

Cu2Ge(S,Se)3 ja Cu2CdGe(S,Se)4 monoterapulbrite uurimine 
ning kasutamine päikesepatareides  
Majanduse areng ja üldine tarbimiskasv suurendab nõudlust ka keskkonnasäästliku ning 
samas odavama energiatootmise järele. Selleks otsitakse kogu maailmas võimalusi 
eelkõige taastuvenergeetikast. Päikeseenergiast elektrienergia tootmine on üks 
tõhusamaid viise süsinikuneutraalse energiamajanduse saavutamiseks. Selleks on vaja 
järjepidevalt arendada uusi keskkonnasõbralikke ja ressursisäästlikke tehnoloogiaid ja 
materjale, mis koosneksid maapõues laialt levinud koostiselementidest. Nendele 
kriteeriumitele vastavad näiteks laialdast tähelepanu pälvinud Cu2ZnSn(S,Se)4-tüüpi 
mitmikühendid, nn kesteriidid. Selliste absorbermaterjalide baasil valmistatud 
õhukesekilelised päikesepatareid on näidanud kasutegurit ~13%, mis on püsinud juba 
mitmeid aastaid. Nende nn. kesteriitsete päikesepatareide peamiseks probleemiks on 
avatud ahela pinge (VOC) puudujääk võrreldes VOC väärtustega, mida nende materjalide 
keelutsoonid võimaldaksid saada. VOC puudujääk võib olla tingitud erinevatest 
põhjustest, milleks peetakse mitmevalentse tinaga seotud sügavaid defekte, 
pinnarekombinatsiooni, kergesti tekkida võivaid võõrfaase, lühikest laengukandjate 
eluiga ja ebasobivat energiatasemete paiknemist p-n siirde alas. Seega on sellist tüüpi 
materjalide fundamentaalsete probleemide lahendamiseks vaja täiendavaid uuringuid ja 
teadmisi, mis on ajendanud ka käesoleva töö autorit otsima uusi alternatiivseid, 
varieeruvate omadustega vaskkalkogeniid-mitmikühendeid, mis sobivad omaduste 
poolest päikesepartarei absorbermaterjalideks. 

Üheks võimalikuks ja lootustandvaid tulemusi näidanud strateegiaks on kesteriitsetes 
ühendites katioonasendamine (näiteks Zn ja Sn asendamine vastavalt Cd-i ja Ge-ga). 
Samuti sobivad absorbermaterjalideks paljulubavate omadustega kolmikühendid – 
Cu2GeS3 and Cu2GeSe3, mis on p-tüüpi juhtivusega ja otsese keelutsooniga, mille 
väärtused on vastavalt 1.5 eV ja 0.8 eV. Senini on olnud vähe uuringuid Cu2GeS3, 
Cu2GeSe3 või nende tahkete lahuste kohta raskendustest päikeseenergeetikas. 

Käesoleva doktoritöö eesmärgiks oli sünteesida Cu2Ge(S,Se)3 ja Cu2CdGe(S,Se)4 
monoterapulbrid sulade soolade (CdI2, KI ja LiI) keskkonnas, iseloomustada nende 
matrjalide koostist, struktuurseid ja optilisi omadusi ning valmistada neist materjalidest 
monoterakiht-päikesepatareid ja hinnata nende materjalide rakendatavust 
päikesepatareides. 

Kirjandusest on teada, et Cu2CdGeSe4 võib omada kahte kristallstruktuuri 
modifikatsiooni. Käesolevas töös kasutati erineva kristallstruktuuri saamiseks erinevaid 
sünteesitemperatuure. Struktuuriuuringud XRD-ga näitasid, et 500 °C juures sünteesitud 
Cu2CdGeSe4 pulber omas tetragonaalset struktuuri ning temperatuuridel 600 °C ja 700 °C 
sünteesitud pulbrid omasid ortorombilist struktuuri sõltumata kasutatud sula soola 
keskkonnast. Esmakordselt näidati, et Raman spektroskoopiline analüüs on väga hea 
lisameetod mõlema kristallstruktuuri eristamiseks. Raman spektrite kõige intensiivsem 
piik asus 203 cm-1 juures, sõltumata Cu2CdGeSe4 skristallstruktuurist, kuid teised Ramani 
piigid asusid sõltuvalt kristallstruktuurist erinevatel asukohtadel. Ortorombilisele 
Cu2CdGeSe4 faasile iseloomulikud Ramani piigid asusid 162, 187, 271 ja 277 cm-1 ning 
tetragonaalsele Cu2CdGeSe4 faasile iseloomulikud piigid 175, 263 ja 292 cm-1 juures. 
Spektraalanalüüsi abil määrati mõlema kristallstruktuuriga Cu2CdGeSe4-le keelutsoonid 
– 1,27 eV ortorombilisele ja 1,14 eV tetragonaalsele. Mõlema kristallstruktuuriga kristallide 
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pulbreid kasutati absorbermaterjalidena monoterakiht-päikesepatareides. Töö saadud 
esialgsed tulemused näitasid, et ortorombilise struktuuriga Cu2CdGeSe4 baasil 
valmistatud päikesepatareid olid suurema efektiivusega kui tetragonaalse struktuuriga 
Cu2CdGeSe4-i baasil valmistatud päikesepatareid. Seetõttu kasutati keemiliste ja 
termiliste pinnatöötluste optimeerimiseks ortorombilise struktuuriga Cu2CdGeSe4 
monoterapulbreid. Parim päikesepatarei kasuteguri väärtus 5,69% saavutati 
absorbermaterjaliga, mille pinda oli söövitatud järjestikku broom-metanooli  
lahuse ja KCN vesilahusega ning seejärel lõõmutatud 400 °C juures. Päikesepatarei 
väljundparameetrid olid järgnevad: VOC = 459 mV ; JSC = 25,6 mA/cm2 ja FF = 48%. Selle 
töö tulemused näitasid esmakordselt, et Cu2CdGeSe4 saab edukalt kasutada 
absorbermaterjalina päikesepatareides. 

Teoreetiliste arvutustega on näidatud, et ühesiirdelise päiksepatarei teoreetiline 
maksimaalne kasutegur on võimalik saavutada absorbermaterjaliga, mille keelutsoon on 
~1.4 eV. Käesolevas doktoritöös saavutati päikesepatareide efektiivsuse tõus ja 
keelutsooni optimeerimine kalkogeenide (S/Se) kontsentratsiooni suhte varieerimisega 
Cu2CdGe(SxSe1-x)4 (0 ≤ x ≤ 1). Struktuuriuuringud kinnitasid, et 700 oC juures sünteesitud 
Cu2CdGe(SxSe1-x)4 tahked lahused kristalliseerusid ortorombilises struktuuris sõltumata 
S/Se suhtest. Cu2CdGe(SxSe1-x)4 tahked lahused, mis sünteesiti 500 °C juures, olid 
omandanud tetragonaalse kristallstruktuuri koostiste vahemikus x = 0 kuni x = 0,1. 
Cu2CdGe(SxSe1-x)4 koostisega x=0,15 sisaldas juba mõlemat, nii ortorombilist kui ka 
tetragonaalset kristallmodifikatsiooni. Suurendades väävli sisaldust x = 0 kuni x = 1 
Cu2CdGe(SxSe1-x)4-s materjalide keelutsoon laienes 1,27 eV kuni 2,04 eV. Kõrgeim 
päikesepatarei kasutegur 6,4% saadi Cu2CdGe(SxSe1-x)4 tahke lahusega, kus x = 0,2 ning 
keelutsooni väärtus oli 1,45 eV. Sellise seadise väljundparameetrid olid järgmised:  
VOC = 724 mV, JSC = 18,8 mA/cm2 ja FF = 46,9%. 

Kaadmiumi kui elemendi toksilisuse aspekti silmas pidades ja ka kolmikühendite kohta 
teada oleva informatsiooni vähesuse tõttu uuriti doktoritöös lisaks Cd sisaldavatele 
ühenditele ka Cu2Ge(SexS1-x)3 (0 ≤ x ≤ 1) tahkete lahuste kasutusvõimalust 
absorbermaterjalina päikesepatareides. Struktuuriuuringud näitasid, et Cu2GeS3 
kristalliseerub monokliinses ja Cu2GeSe3 ortorombilises struktuuris. Üleminek 
monokliinilisest ortorombiliseks kristallstruktuuriks Cu2Ge(SexS1-x)3 tahketes lahustes 
toimus vahemikus x = 0,2 kuni x = 0,4. Kiirguslike rekombinatsiooni-protsesside 
uurimiseks Cu2Ge(SexS1-x)3 tahketes lahustes kasutati fotoluminestsentsanalüüsi. Leiti, et 
kõikide materjalide PL spektrid koosnesid kahest asümmeetrilisest ribast, mis nihkusid 
lineaarselt väiksemate energiaväärtuste poole S sisalduse vähenemisega Cu2Ge(SexS1-x)3 
tahketes lahustes. Mõlemad PL ribad leiti olevat seotud doonor-aktseptor-paari 
rekombinatsiooniga. Samasugust lineaarset trendi näitas ka keelutsooni väärtuste 
muutus spektraalmõõtmiste alusel, keelutsoon vähenes 1,65 eV kuni 1,07 eV seleeni 
sisalduse suurenemisega (x = 0 kuni x = 0,8). Kõrgeim kasuteguri väärtus 3,16%, saadi 
Cu2Ge(Se0,4S0,6)3 monoterapulbri baasil valmistatud päikesepatareiga.  

Antud doktoritöö tulemused näitasid, et nii Cu2CdGe(SxSe1-x)4 kui ka Cu2Ge(SexS1-x)3 
monoterapulbrid sobivad absorbermaterjalideks monoterakiht-päikesepatareides, kuid 
pulbrite defektkoostis, kristallide pinna modifitseerimine ja siirdeala optimeerimine 
vajavad edasist arendamist. 
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 ������ ����������������������� !"#$%&'()*+,)-./0/.1/.23)4+)5'%67&*%6/*8%+&*79+*7:;%;%'<(=:'5%+>?:-07)87<8%'+;6/&:;)%@A%;*,(/5%+>?:-07)'%,+*%6*:6%%5%'6%=%&*)-?%B*/*8%*%C5%'+*A'%6%5%;6%;&%:=*8%=A,,D476*8+*8+,=DC+B7CAC4+)E**%6A)7;<*8%'%,+*7:;5':5:)%6F(GA67;+;6G%7;%&>%.H<79%;+)IJKLMNOPJQRSNRJ.TU%B5MV58T>NOW.X/ YZ[48%'%\Q7)*8%476*8+*]PQ̂ +,):7;&,A67;<7;8:C:<%;%:A)F':+6%;7;</_7)+&:%=E&7%;*=:'*8%7;*%'+&*7:;:=%B&7*:;)47*8+&:A)*7&58:;:;)/*8%,+)**%'C'%5'%)%;*)*8%7;*%'+&*7:;47*8:5*7D&+,58:;:;)/+;6 àb7)*8%58:;:;%;%'<(-N8%7;*%'+&*7:;47*8+&:A)*7&58:;:;)4+);%<,%&*%6F%&+A)%7*7)A)A+,,(9%'()C+,,-N8%E**7;<'%)A,*7)5'%)%;*%67;I7<-ZY+[=:'F:*8F+;6)-cF*+7;%658:;:;C:6%).d+;60ZC%e&:''%)5:;6*:G+C+;C:6%)'%,+*%6*:"#$%Y.0H+;6.HZ&Cf./'%)5%&*79%,([-g(7;&'%+)7;<*8%,+)%'5:4%'/*8%)8+5%:=*8%hi)5%&*'+676;:*)8:4+;(6'+C+*7&&8+;<%)/7-%-/*8%7;*%<'+*%67;*%;)7*(j:=+,,5%+>)7;&'%+)%)+,C:)*,7;%+',(47*8,+)%'5:4%'k)%%I7<-ZYF[l+;6*8%%B5%'7C%;*+,6+*+&+;F%E**%6F(*8%)7C5,%5:4%',+4:=*8%=:'CjmnC/48%'%j7)*8%hi7;*%<'+*%67;*%;)7*(/n7)*8%%B&7*+*7:;,+)%'5:4%'/+;6C7)+67C%;)7:;,%))%B5:;%;*-o*7)4%,,

p�q�r�stuvwxyxz{x|ty}|x~x{x�~x��x��������|��yw�t�~�t�~�yy���|x�}�ys���x�ut�~�yy���{t|tzxyx|���yt��x~}�������s�u�s�u�t�x|{��x|~x{x�~x��x����yx�|t���yx���y���|��yw�t�~��ywx���xy�w���ywx{xt�{���y����w��y��yw�t�x|{��x|�

>;:4;*8+*=:'+;%B&7*+*7:;,+)%'58:*:;47*8+;%;%'<(%B&%%67;<*8%F+;6<+5%;%'<(/*8%&:%=E&7%;*�7)<%;%'+,,(.���0=:'*8%='%%D+;6F:A;6D%B&7*:;%C7))7:;+;6��.=:'='%%D*:DF:A;6+;66:;:'�+&&%5*:'5+7''%&:CF7;+*7:;)-0QN8A)/*8%:F*+7;%69+,A%:=��.=:'F:*8F+;6)7)+)7<;*8+*+,,C%+)A'%6hiF+;6)+'%'%,+*%6*:6%=%&*)+;66:;:*8+9%+;%B&7*:;7&;+*A'%-3**8%)+C%*7C%/F:*8hiF+;6))8:4+&%'*+7;F,A%)87=*47*8,+)%'5:4%'�)%%*8%7;)%*7;I7<-ZYF[-N8%F,A%)87=*7)*(57&+,=:'6:;:'�+&&%5*:'Y�3[5+7')47*867==%'%;*67)*+;&%)F%*4%%;6:;:'+;6+&&%5*:'6%=%&*)7;*8%&'()*+,,+**7&%-0.�0�N8%'+*%:=*87)F,A%)87=*7)A)A+,,(87<8%'=:'�35+7')47*8)8:'*%'67)*+;&%)-3&&:'67;<,(/hiF+;6?:)-.+;6047*8+F,A%)87=*:=0C%e�6%&+6%:=,+)%'5:4%'CA)*F%'%,+*%6*:@A7*%)8+,,:46%=%&*)-J%+))AC%*8+*+,,*8%6:;:'+;6�:'+&&%5*:',%9%,):F)%'9%6+'%;+*79%+;66A%*:6%97+*7:;)7;&:C5:)7*7:;=':C*8%76%+,)*:7&87:C%*'(-N8%)8+,,:4%)*+&&%5*:',%9%,47*8̀ �P 1C%e7)9%'(&,:)%*:*8%e"A,%9%,:F)%'9%67;"#$%&'()*+,)F(hi+;6%,%&*'7&+,C%+)A'%C%;*)Y+F:A* Q�d C%e[-0/0ZG%C+'>+F,(,:4%'+&*79+*7:;%;%'<7%)4%'%C%+)A'%67;"#$&'()*+,)/.+;67*)%%C)*8+*)A,=A'8+)+;%==%&*:='%6A&7;<*8%+&*79+*7:;%;%'<(:=+&&%5*:'6%=%&*)-3**8%)+C%*7C%/*8%6%%5%'+&&%5*:',%9%,7;"#$%&'()D*+,)7)F%,7%9%6*:F%'%,+*%6*:*8%)%,%;7AC7;*%')*7*7+,6%=%&*47*8+;+&*79+*7:;%;%'<(:=̀�P.0QC%e-0ZcA'C%+)A'%C%;*))8:4

p�q�¡���x|���t�~~�t�|tz��ywx¢£¤¤x����~���}y���¥���}�y|ty���ywx|x��z��¦�ty���{|��x��x�ty§̈ ©ªt�~ty§̈ «ªª¬���y|��}y�����®{t�|x�x|���x̄x�����w���t���}xt�~|x~��°x��®±²®~̄t��x�³³¥ª́µ¶ªµs©ª©¶u�~��·¶ª�¶ª̧«¹µ�ªªµ«º©́ ³³¥ª́µ¶ªµ¦�»®}yw�|s�u©ª©¶



���������	
 ������ �����������������������̂"%*((3%)3I)*"%?*)&8":(?%]5AAP)4J"#;%7&8'"9?)&8')*,$9(8)%(%7):"#;+"I)#)*+,(->?DK#J@"H<)A":8(*:)*8&#*)$(*;:*)"U&#+%7&#V_938(9"*$)9985AP67&8C(*UC"88?II(*%);:,%7) ?̀*(I)"#a)+&(#"9R)')9V(I3)#%O?#;DS*(b)$%\(56Z]L]H"#;:,%7)̀ 8%(#&"#a)8)"*$7>(?#$&9DS*(b)$%\(5Sa@]GAMH5c5@5"$U#(C9);+)8%7)Tde*f"9g"9%&$O(*B(3)#&#<$&)#$)S*(+*"35R*545c&U9&&8%7"#U);-(*7&87)9IC&%7̀ Rh3)"8?*)3)#%85ijkjjljmnjomnmkp67);"%"%7"%8?II(*%%7)_#;&#+8(-%7&88%?;,"*)"'"&9":9)-*(3%7)$(**)8I(#;&#+"?%7(*?I(#*)"8(#":9)*)q?)8%5rstsrsuvswx\5Q&7"*"Jy5c"%8?3(%(J"#;Z56"#"U"JS7,85<%"%?8<(9&;&z{|J]1GG]]}DAG]1H5~@5c"*$"#(J@5<5Sf*)�J"#;>5a&#$�#JS7,85<%"%?8<(9&;&gz{|J]1GGMMADAG]1H5

��5Q*"U&JZ5>7&#(JZ5Z&3?*"J\5Q&7"*"JZ5�&3:(J"#;�5Z"%"+&*&J�I#5�5QII95S7,85JS"*%]{�JGPOB]GDAG]LH5�c5�3)7"*"J<56"b&3"Jy5Q(U&Jy56"U);"J"#;65c(%(7&*(JQII95S7,85�̀I*)88�JG1AMG]DAG]2H5�>5y"#+Jg5�7(?J<5c&"(J>5y"#+Jg5>"&JB5V�5�7"#+J"#;h5h?J�5Q35>7)35<($5��{JPYP}DAG]MH5�@5c"*$"#(J>5a&#$�#J@5c"*�#J@5̀5R)9+";(JQ5�5c(*"J�5T5�)**)*"VSf*)�J�5@5c)#;(�"VQ9'"*)�J"#;S5a(;*�+?)�J<(9&;<%"%)>(33?#5�|�J2PDAGG}H5�y5c"%8?3(%(J\5Q&7"*"J\5<"&%(J"#;Z56"#"U"Jc"%)*5T)%%5��|J]2DAG]1H5�y5Z&3"#;K5V�5>7(&J�5Q99(,8>(3I;5���JYPYDAG]YH5�c5@*(88:)*+J�5Z*?8%(UJ�5a"?;(b"JZ56&33(Jc5Q9%(8""*J"#;65a"";&UJ67&#<(9&;O&938{��J1LGMDAG]]H5x�a5g"$)C&$�JB5@):&$U&J"#;�5O&9&I(C&$�J�5S7,85�>(#;)#85c"%%)*�JT111D]YYLH5xxT5g"&J\5>5@&9)8JS5@5<$7?#)3"##J65c5S(99"UJZ5\"+"87&(J"#;a5<5O)&+)98(#J�5QII95S7,85�{JL}LGDAGGLH5x~c545y"U?87)'JK5O(*:)8JQ545c?;*,&Jc5@*(88:)*+J�5Z*?8%(UJ\5<5g)"%%&)Jc5c(,#&7"#JQ5a($U)%%J"#;a5B5c"*%&#J67&#<(9&;O&938{�zJ]PLDAG]PH5x��5Z*?8%(UJ65a"";&UJa5Z"?I3))8JO5@7&8"#&JZ56&33(Jc5Q9%(8""*J45c&U9&J"#;c5@*(88:)*+J�5S7,85R5�QII95S7,85{|J]GP]GADAGA]H5x�Z5S5edR(##)99"#;h5>7)#JQII95S7,85T)%%5{�JAYALD]YY]H5x�R5@567(3"8Jc5@)*87)#�(#J"#;O5Q56*?3:(*)JS7,85a)'5���JQA2YD]Y2LH5x��5Z*?8%(UJ�5>(99"#J"#;Z5�b)9%J�5QII95S7,85��J]LLAD]YY1H5x�g5Z5<"*U"*JQ5<54)*3"J"#;S5<5R)'&I*"8";JS7,8&$"g|��JA}L1DAG]]H5x�@5c"*$"#("#;T5\&)')8J�5QII95S7,85��J]A}LDAGGGH5x�<5a?;&#"#;65T5a)&#)$U)JS7,85a)'5g|�JMG]1D]YYGH5~�65<$73&;%JZ5T&8$7U"J"#;B5�?9)7#)*JS7,85a)'5g|{J}Y}YD]YYAH5~x\5Q&7"*"JZ56"#"U"J�5�$7&U&JQ5Z"#"&J"#;�5Q*"U&JQII95S7,85T)%%5���JGMA]G]DAG]PH5~~>5<I&#;9)*JR5a)+)8$7J"#;<5<&):)#%*&%%JQII95S7,85T)%%5���JGMA]GPDAG]2H5~�\5<7*)8%7"J>5a5@*&$)J̀5g"8%(9"J@5Z5T&,"#"+)JQ5g5S7&99&I8Jc5�5�):)#Jy5y"#J"#;a5�5̀99&#+8(#Jca<Q;'5�JMAYMDAG]}H5~�@5c"*$"#(JR5g5g*"$7(J>5a&#$�#J@5<5Sf*)�J"#;T5\&)')8J�5QII95S7,85��J}AADAGGGH5~�T5c5c"#8_)9;Ja5T5@"**&8JZ5R5>(?#%8J�5a5<&%)8J>5S567(3I8(#JB5\5<7"-"*3"#J"#;Z5a"3"#"%7"#JK̀`̀ �5S7(%('(9%"&$8�JA}2DAG]1H5

���������� ¡¡¢£¤¥¦£¥§̈£̈¦©ª�«¬¦£®¦£̄°±¥®££¥°²̈¤ ¡¡¢£¤¥¦£¥³¥�́µ¶·«̧§ ©̈£̈¦





 

107 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication V 
X. Li, K. Timmo, M. Grossberg, M. Pilvet, R. Kaupmees, J. Krustok, K. Muska, V. Mikli,  
M. Kauk-Kuusik. “Study of the structure and optoelectronic properties of Cu2Ge(SexS1-x)3 
microcrystalline powders”, Thin Solid Films 742, 139053, 2022. 
https://doi.org/10.1016/j.tsf.2021.139053 

 
 

https://doi.org/10.1016/j.tsf.2021.139053




���������	��
���������������

���������������������
��������������� !����"�������#$%$�����&�'���������$
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The global energy outlook made by International Energy Agency in 2021 shows that a new energy economy is emerging- but not yet fast enough to reach the net zero by 2050 [1]. In 2019, global final electricity consumption reached 22848 TWh [2], almost 
two-thirds (63.3%) of global electricity came from fossil fuels. Today's energy systems are still heavily dependent on fossil fuels. Therefore, a sustainable and environmentally friendly energy source that meets the growing demand for energy services, including reduction of greenhouse gas emissions is a huge task. 

Achieving carbon-neutral processes in the energy domain is the focus as well as the challenge for our generation. In the power markets, renewables have become the technology of the choice, making up almost two-thirds of the global capacity additions to 2040, thanks to the falling costs and supportive government policies [3]. Despite of the COVID-19 pandemic, the total photovoltaic (PV) cumulative installations amounted to 760.4 GWp at the end of year 2020 [4]. PV technology, as one of the renewable energy sources, is growing fast due to the most abundant energy source, reduced cost, high efficiency and environmentally friendly processes while comparing with the conventional energy technologies [5]. The global photovoltaic market is segmented based on the technology, which is mainly classified into mono-crystalline silicon and multi-crystalline silicon and thin films (cadmium telluride (CdTe), copper indium gallium diselenide (Cu(In,Ga)Se2). Nowadays, crystalline silicon (c-Si) is one of the most widely used semiconductor material in PV technology to manufacture the solar cells. Crystalline silicon occupies more than 95% of the total photovoltaic market revenue owing to its several benefits such as high efficiency (26.7% for mono-crystalline [6] and 24.4% for multi-crystalline silicon wafer-based technology [7]).

The market share of the highest efficiency thin film technologies, mainly 23.4% for Cu(In,Ga)Se2 [8] and 22.1% for CdTe [7], accounts for only 5%. According to [9,10], Cu(In,Ga)Se2 and CdTe thin film technologies may have a big potential to be utilized on a much larger scale, however, there are the limitations considering the usage of the availability of large quantities of the rather rare metals, such as indium or tellurium.

To avoid the above-mentioned limitations, the researchers started to look for new potential candidate absorber materials in quaternary I2-II-IV-VI4 (I = Cu, Ag; II = Zn, Cd; 
IV = Si, Ge, Sn; VI = S, Se) chalcogenides. The Cu2ZnSnS4 compounds (kesterite) as p-type semiconductor materials have many required properties, such as direct bandgap (~1.5 eV) and high absorption coefficient (~105 cm-1) [11], to replace CdTe or Cu(In,Ga)Se2 as absorber materials in thin film photovoltaics. The bandgap (Eg) can be tuned from ~1.0 eV for the pure selenide Cu2ZnSnSe4 to ~1.5 eV for the pure sulfide Cu2ZnSnS4 by adjusting the concentration ratio of chalcogenides (S/Se) in the Cu2ZnSn(SxSe1-x)4 [12]. 
It covers the optimum band gap range for single junction solar cell according to 
Shockley-Queisser limit [13,14]. Currently, the record efficiency of thin film solar cells based on the Cu2ZnSnS4 and Cu2ZnSnSe4 are 11.2% [11] and 12.5% [15], respectively.
The highest efficiency of 12.6% for Cu2ZnSn(S,Se)4 based thin-film solar cells has been presented by the IBM group in 2013 [16]. Recently, it was renewed over 13% by Zhou et al [12] and Gong et al [17]. Additionally, 14% of efficiency was reported by Professor Hao Xin from Nanjing University of Posts and Telecommunications in the 12th European Kesterite Workshop in 2022.

The highest power conversion efficiency (PCE) of thin film solar cell based on the Cu2ZnSn(S,Se)4 absorber materials is still considerably lower compared to c-Si, Cu(In,Ga)Se2 and CdTe devices. According to the reports [18–22], the main culprits of limitations are open circuit voltage deficit, deep defects related to divalent Sn, interface recombination, coexistence of the complex secondary phases, the band tailing issue, short minority lifetime, bulk defects, and undesirable band alignment at p-n interfaces. Thus, further research and knowledge is necessary to overcome the present limitations and improve the performance of the kesterite-based technologies. Also, further research on the other ternary and quaternary copper chalcogenide compounds with suitable properties for solar cell absorber is motivated. 

Based on literature data, Cu2CdGe(S,Se)4 compounds are less studied. According to the Web of Science, there are 21 publications for Cu2CdGeSe4, 25 papers for Cu2CdGeS4 and one recently published work about Cu2CdGe(S,Se)4. In addition, the Cu2Ge(S,Se)3 compounds, which are also not extensively investigated, could be suitable for photovoltaic applications. Cu2GeSe3 is mainly investigated as thermoelectric material [23], and only in few studies as for photovoltaic application [24]. Structural, electronic, and optical properties of Cu2GeS3 compound are presented in several studies [25–28], but only in few works it is studied as an absorber material for solar cell applications.

In this thesis the monograin layer solar cell technology is used. The monograin layer solar cell technology, as one of the cheapest non-vacuum technologies, is applicable for large-scale photovoltaics, helping to reduce the costs of solar cell production. Therefore, the research in this thesis is focused on the synthesis and characterization of ternary Cu2Ge(S,Se)3 and quaternary Cu2CdGe(S,Se)4 monograin powders for photovoltaic applications. 

The thesis is divided into three main chapters, a brief overview of the literature and the aim of the study are presented in the Chapter 1. The Chapter 2 presents the experimental details, including sample preparation, describes the techniques used to characterize the properties of the powders and solar cells. The experimental results and discussions based on the Papers I-V are summarized in the Chapter 3. 
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		Br2-MeOH

		Bromine in methanol



		CBD

		Chemical bath deposition



		CIGS

		Cu(InxGa1-x)Se2, copper (indium gallium) diselenide



		CIS

		CuInSe2, copper indium diselenide



		c-Si

		Crystalline silicon



		EDX

		Energy dispersive x-ray spectroscopy



		Eg

		Band gap energy



		Eg*

		Effective band gap energy



		EQE

		External quantum efficiency



		FF

		Fill factor



		HT

		High temperature



		I-V

		Current-Voltage



		Jsc

		Short circuit current density



		LT

		Low temperature



		MGL

		Monograin layer



		MGP

		Monograin powder



		o-Cu2CdGeSe4

		Orthorhombic structure of Cu2CdGeSe4



		PCE

		Power conversion efficiency



		PL

		Photoluminescence



		PV

		Photovoltaic



		QE

		Quantum efficiency



		RT

		Room temperature



		SEM

		Scanning electron microscopy



		t-Cu2CdGeSe4

		Tetragonal structure of Cu2CdGeSe4



		Voc

		Open circuit voltage



		Voc-def

		Open circuit voltage deficit



		XRD

		X-ray diffraction



		XPS

		X-ray photoelectron spectrometry



		η

		Efficiency
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[bookmark: _Hlk98177243]The Cu2–II–IV–VI4 compounds have received considerable attention due to their suitable properties for thin film solar cell absorbers. The predecessor of quaternary copper chalcogenides was chalcopyrite copper indium diselenide (CIS) developed for the 
thin-film solar cells from the last century [29]. The photovoltaic effect in the heterojunction consisting of a transparent conductive film of cadmium-tin-oxide and a Cu2ZnSnS4 thin film was recorded for the first time by Ito et al. [30]. The same group of researchers established that Cu2ZnSnS4 materials have the p-type conductivity and a high absorption coefficient larger than 104 cm-1 in the visible range of the spectrum. Katagiri et al. reported the first fully functional Cu2ZnSnS4 absorber materials by sulfurization of evaporated precursors and demonstrated the power conversion efficiency of 0.66% [27]. After that, different methods were used for the growth of Cu2ZnSn(S,Se)4 absorber materials and remarkable progress has been made in solar cell efficiency. By 2003, 5.45% efficiency of Cu2ZnSnS4 based solar cell was achieved by using electron-beam evaporation technique for fabrication of Cu/Sn/ZnS layers followed by sulfurization in N2+H2S atmosphere [31]. In 2009, the same group reached up to the 6.77% power conversion efficiency by using a three sources radio frequency co-sputtering for the metal film deposition followed by annealing in sulfur containing atmosphere [32]. 
Mitzi et al. reported the efficiency of 10% for spin-coated Cu2ZnSn(S,Se)4 thin film solar cells in 2010 [33]. Wang et al. reported long-standing world’s record efficiency of 12.6% for Cu2ZnSn(S,Se)4 based thin film solar cells fabricated by hydrazine pure-solution method in 2014 [16]. Cu2ZnSnS4 monograin layer solar cells made by same technology used in this thesis have achieved an efficiency of 11.7% [34]. Although the performance of solar cells based on the kesterite materials has been renewed in 2021 [12,17], the efficiency has no great improvement owing to the open circuit voltage deficit (VOC-def) (expressed as (Eg/q)-VOC, where Eg is the absorber’s bandgap value and q is the elemental charge). 

Cation substitution in kesterite materials has proven to be a successful strategy to overcome the limitation of the open circuit voltage deficit. Among the varieties, Sn substitution by Ge in the kesterite materials has been the emerging trend. By considering the most stable oxidation states of these two elements, Ge is more likely to be present in tetravalent state than Sn, thus avoiding the presence of potentially harmful +2 oxidation states [17,20]. A significant increase in the open circuit voltage (VOC) values of solar cells based on Ge containing kesterite absorbers have been presented in several papers [35–37]. Among them, Leo et al. [36] improved the VOC by substituting Sn with Ge and achieved 8.5% efficiency for Cu2ZnGeSe4-based solar cells, which is a record for 
Sn-free kesterite devices. Schnabel et al. [37] reported efficiencies exceeding 5% for a sulfo-selenide Cu2ZnGe(S,Se)4 solar cell by using Mo/Cu2ZnGe(S,Se)4/Zn(O,S)/ZnO/Ni-Al grid structure. Cation substitution of Zn by Cd in kesterite system has also drawn considerable attention. Although Cd is toxic, it is firmly bound into the form of stable ternary and quaternary semiconductor compounds in the absorber layers used in solar cells and not harmful for people in normal atmospheric conditions [38]. As a positive effect, Cd incorporation into the kesterite structure could reduce or even avoid the formation of harmful antisite defects such as CuZn and ZnCu. Since the ionic radius of Cd2+ (0.92 Å) is larger than that of Cu+ and Zn2+ (both 0.74 Å), thereby suppressing the Cu-Zn disorder and band tailing issues in kesterite system [20,39]. Therefore, novel Cu2CdGe(S,Se)4 compounds are synthesized and studied as the main materials in this thesis.

Ternary compounds, Cu2GeS3 and Cu2GeSe3 have shown many promising 
photo-absorber material properties, such as p-type conductivity and a direct band gap energy of 1.5 eV and 0.8 eV, respectively [24,28]. However, there are only few studies presenting the results of solar cells based on Cu2GeS3 and Cu2GeSe3 or their solid solutions [40]. The best power conversion efficiency of 2.67% for Cu2GeS3 thin film solar cell was achieved by sulfurized powders prepared by combustion method [28]. 
Yang et al. [40] reported the efficiency of 0.2% for solar cells based on Cu2Ge(Se0.33S0.67)3 colloidal nanocrystals (NCs). 

With regard to Cu2CdGeS4, different synthesis methods have been used to grow single crystals, such as vertical Bridgman method [41], chemical vapour transport and gradient freezing [42] and some more. As Cu2CdGeS4 compound has wide band gap (~2 eV) 
for single junction solar cells, it can be used in many different devices, such as a top 
cell absorber material in a tandem solar cell structure or as photoelectrode in 
photo-electrochemical water splitting devices [43]. The top cell has a larger band gap and thus expands the spectral sensitivity range of a multi-junction solar cell toward higher photon energies. As for Cu2CdGeSe4 compound, there have been published a number of reports on the synthesis of this compound by various methods like the horizontal gradient freezing method [44], directional solidification method [45], Bridgman method [46,47] and solid-state reaction method in sealed evacuated quartz ampoules [48]. Cu2CdGeSe4 has suitable absorber material properties for single junction solar cell such as high absorption coefficient (> 104 cm-1), p-type conductivity and direct band gap energy (~1.2 eV) [49], but no reports about solar cells based on this material could be found in the literature.

The following sections focus on the phase diagrams, structural, optical and electronical properties of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4. 

[bookmark: _Toc100151609]Structural properties of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4

[bookmark: _Toc100151610]Crystal structures of Cu2GeS3 and Cu2GeSe3

Cu2GeS3 can exist in different crystal structures, such as cubic and monoclinic structure, depending on the synthesis temperature [25,26,28,50]. Monoclinic crystal structure (shown in the Figure 1.1a) has been found for Cu2GeS3 grown at 620 °C [50].

[image: ]

[image: ]Figure 1.1. a) Unit cell of monoclinic Cu2GeS3, b) two unit cells of cubic Cu2GeS3 [50] and c) unit cell of orthorhombic Cu2GeSe3 [51].

[bookmark: bbib0003]Thin films of Cu2GeS3 annealed at 480 °C showed cubic crystal structure (Figure 1.1b) and transition to monoclinic polymorph was observed between 480–500 °C [50]. Cu2GeS3 colloidal NCs produced by a hot-injection method showed cubic structure [52] and by adding Se into the compound, the orthorhombic structure was observed [40]. Although some researchers have found that Cu2GeSe3 compound crystallizes in the monoclinic structure [24,53,54], mostly it has been observed that pure Cu2GeSe3 crystallizes in an orthorhombic structure (Figure 1.1c) and has the lattice parameters a = 1.1857(1), 
b = 0.39522(8), c = 0.54865(7) nm [51,55]. 

[bookmark: _Toc100151611]Crystal structures of Cu2CdGeSe4 and Cu2CdGeS4

Cu2CdGeSe4 has two crystal structure modifications such as the tetragonal structure with a I-42m space group and an orthorhombic structure with a Pmn21 space group (Figure 1.2) [56]. The orthorhombic crystal structure (o-Cu2CdGeSe4) is dominating at higher temperatures (T > 605 °C) while the tetragonal crystal structure (t-Cu2CdGeSe4) is obtained at lower temperatures [48]. 

[image: ]     [image: ]

[image: ]Figure 1.2 Tetragonal (left) and orthorhombic (right) crystal structure of Cu2CdGeSe4 (Drawn by author with VESTA).

The crystal structure of t-Cu2CdGeSe4 and o-Cu2CdGeSe4 is usually presented as the packing of selenium tetrahedra centred on germanium atoms. Cu and Cd atoms are located in the voids between these tetrahedral [46]. In the t-Cu2CdGeSe4, the coordination polyhedral of all cations are tetrahedra formed by four Se atoms. Although all the metal (Me) - Se bond lengths are equal for each cation, the tetrahedra are slightly distorted since the Se-Me-Se valency angles differ from the regular tetrahedral angle 109.5° [56]. In the o-Cu2CdGeSe4 structure all atoms also have a tetrahedral surrounding, but one crystallographic position is occupied by a statistical mixture (M = 0.5 Cu + 0.5 Cd). The coordination tetrahedra of cations and anions are distorted, which indicates some disordering of the o-Cu2CdGeSe4 structure [56]. In addition, the Ge-Se bond lengths in 
t-Cu2CdGeSe4 are in good agreement with the sum of the ionic radii [r(Ge4+) = 0.053 nm and r(Se2-) = 0.184 nm] while the Cu-Se and Cd-Se bond lengths are slightly shorter than the respective sum [r(Cu+) = 0.074 nm and r(Cd2+) = 0.092 nm]. The interatomic distances in o-Cu2CdGeSe4 are generally longer than those for the tetragonal modification, 
which leads to a slight increase of the volume cell at the same number of formula units per unit cell [56]. According to [56], the tetragonal Cu2CdGeSe4 has lattice parameters 
a = b = 0.5748 nm and c = 1.1053 nm. The orthorhombic modification has lattice parameters a = 0.8088 nm, b = 0.6875 nm and c = 0.6564 nm.

In addition, some peculiarities of the tetragonal  orthorhombic structure transformation has been discussed. It was supposed that there is a similarity with the sphalerite ⇔ wurtzite transformation while considering that the tetragonal and orthorhombic modifications derive from the zinc blende and wurtzite structures, respectively. As the structure reconstruction demands a break of bonds, the transformations proceed slowly and metastable modifications can be persist for a long time [56]. Quintero et al. [57] determined that the phase transition orthorhombic ⇔ tetragonal takes place at 605 °C. In the present thesis, the method of monograin powder (MGP) synthesis in molten salt has been used. The method allows to use different synthesis temperatures to obtain different crystal structure of Cu2CdGeSe4. Additionally, different cooling rates after heat-treatments can also result in different crystal structures [58].

In the Cu2CdGeS4 system, only orthorhombic structure has been reported. 
The orthorhombic structure (space group Pmn21, a = 0.7692 nm, b = 0.6555 nm, 
c = 0.6299 nm) of Cu2CdGeS4 were first established by Parthé et al. [59]. The Cu2CdGeS4 structure can be considered as a wurtzite related superstructure [60]. The findings were confirmed later in studies [41,42]. The crystal structure of Cu2CdGeS4 is shown in Figure 1.3, there are two formula units per cell and each sulfur atom is surrounded by two Cu atoms, one Cd atom and one Ge atom while every cation atom is tetrahedrally surrounded by sulfur atoms [59].

[image: https://ars.els-cdn.com/content/image/1-s2.0-S0925346715003778-gr1_lrg.jpg]

[image: ]Figure 1.3. The orthorhombic crystal structure of Cu2CdGeS4 [59].

[bookmark: _Toc100151612]Phase diagrams of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4
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Phase diagrams can be used to predict the phase changes that may occur during the synthesis process of multinary compound. This is important because the properties of a compound depend on the phases present in the material. Figure 1.4 shows the phase diagram of the Cu2Se–GeSe2 system [53], which has been investigated in the concentration interval 15 – 60 mol% GeSe2. The existence of the two phases Cu2GeSe3 and Cu8GeSe6 was confirmed. The ternary Cu2GeSe3 compound melts congruently at 780 °C. The peritectic reaction L+Cu2Se⇔Cu8GeSe6, taking place at 810 °C, corresponds to the formation of Cu8GeSe6. Two polymorphous transformations at 710 and 60 °C were found for this phase. The same value of the phase transition temperature on both 
sides of the intermediate phase indicates that it has only a small homogeneity region. 
A further horizontal at 130 °C is interpreted as polymorphous transformation of Cu2Se. 
The interaction between Cu8GeSe6 and Cu2GeSe3 is of the eutectic type. The eutectic point is located at 38 mol% GeSe2 and at 760 °C [53]. 
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[image: ]Figure 1.4. Phase diagram of the Cu2Se–GeSe2 system [53].

Phase diagram of the Cu2S–GeS2 system is presented in the Figure 1.5 [61], it is seen that two ternary compounds are formed in the system: Cu8GeS6 and Cu2GeS3. Cu8GeS6 melts incongruently at 980 °C and has a phase transition at 55 oC while Cu2GeS3 melts congruently at 942 °C [61]. The peritectic point (p) has a composition of 25 mol%. There are two eutectics (e1 and e2) in the system that have compositions of 43 and 90 mol% and are crystallized at 932 and 819 °C, respectively [61]. 
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[image: ]Figure 1.5. Phase diagram of the Cu2S–GeS2 system [61]. 

[bookmark: _Toc100151614]Phase diagram of Cu2GeSe3-Cu2GeS3 system

Figure 1.6 presents the phase diagram of the Cu2GeS3–Cu2GeSе3 system [62]. In this system, it is characterized by continuous solubility in both, solid and liquid states. From this system, the melting point of Cu2GeS3 and Cu2GeSе3 compounds are 940 and 780 °C, respectively.

[image: https://ars.els-cdn.com/content/image/1-s2.0-S0925838814027662-gr1.jpg]

[image: ]Figure 1.6. Phase diagram of the Cu2GeSe3–Cu2GeS3 system [62].[image: ]

[bookmark: _Toc100151615]Phase diagrams of Cu2CdGeSe4 and Cu2CdGeS4

Cu2Se-CdSe-GeSe2 ternary phase diagram is presented in Figure 1.7. All dots present compositions of different alloys prepared to study this system [58]. The existence region of Cu2CdGeSe4 is indicated by a small red square in the centre. The binary and ternary compounds, which have revealed semiconductor properties are shown on the edges of triangle. 
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[image: ]Figure 1.7. Phase diagram of the quasi-ternary Cu2Se-CdSe-GeSe2 system [58].

Figure 1.8 presents the phase diagram of the quasi-binary section of the 
Cu2GeSe3-CdSe [58]. It shows that the quaternary compound Cu2CdGeSe4 exists 
in a narrow homogeneity region and melts incongruently at 830 °C in this system [58]. The regions for different phases are bordered with lines. The eutectic mixture of Cu2CdGeSe4 and Cu2GeSe3 melts at 770 °C. The sign ε between the areas 7 and 8 in the Figure 1.8 is another quaternary phase with composition Cu2Cd3GeSe6, which is formed by a peritectic process L+CdSeCu2Cd3GeSe6 at 900 °C and decomposes by the eutectoid reaction Cu2Cd3GeSe6Cu2CdGeSe4+CdSe at 736 °C [58]. The three yellow horizontal lines represent the temperatures at 500 °C, 600 °C and 700 °C, which are used for Cu2CdGeSe4 monograin powder synthesis in this thesis. 
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[image: ]Figure 1.8. Phase diagram of the quasi-binary section Cu2GeSe3-CdSe: (1) L, (2) L+CdSe, (3) L+ε, 
(4) L+Cu2CdGeSe4, (5) L+Cu2GeSe3, (6) Cu2GeSe3+Cu2CdGeSe4, (7) ε+Cu2CdGeSe4, (8) ε+CdSe, 
(9) Cu2CdGeSe4+CdSe.

There are several studies about structural properties of pure Cu2CdGeSe4 [48,56,57,63]. According to these studies, it might become a challenge to produce homogeneous single-phase Cu2CdGeSe4 absorber material due to the existence of number of elements and secondary phases. 
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[image: ]Figure 1.9. Phase diagram of the quasi-binary Cu2GeS3-CdS system: (1) L, (2) L+CdS, (3) L+Cu2Cd3GeS6, (4) CdS+Cu2Cd3GeS6, (5) L+Cu2GeS3, (6) L+Cu2Cd3GeS6, (7) Cu2CdGeS4+Cu2Cd3GeS6, (8) Cu2GeS3+Cu2CdGeS4, (9) Cu2CdGeS4+CdS. 

The phase diagram of the Cu2GeS3–CdS system (Figure 1.9) was investigated by Piskach et al. [53]. Cu2CdGeS4 melts incongruently at 1009 °C. The eutectic forms between Cu2GeS3 and Cu2CdGeS4 at 956 °C. There are two intermediate quaternary phases with peritectic type of melting in the system. The first one is formed at 1056 °C according to the reaction L+CdS⇔Cu2Cd3GeS6. It is unstable and decomposes at 861 °C. In the case of Cu2CdGeS4, the temperature of the peritectic process L+Cu2Cd3GeS6⇔Cu2CdGeS4 is 
1009 oC. It possesses narrow homogeneity range [53]. The temperature at 700 °C (yellow horizontal line in Figure 1.9) is used for the monograin powder synthesis in this thesis.

[bookmark: _Toc100151616]Phase diagram of Cu2CdGeSe4-Cu2CdGeS4

In the Figure 1.10 is shown the phase diagram of the Cu2CdGeS4–Cu2CdGeSe4 section. The system is quasi-binary below solidus and contains a continuous γ-solid solution series [63]. The liquidus of the Cu2CdGeS4–Cu2CdGeSe4 section is the line of the primary crystallization of ζ-solid solutions of the quaternary phases Cu2Cd3GeS6 and Cu2Cd3GeSe6. These phases take part in the peritectic processes of the formation of the section components (L+Cu2Cd3GeX6⇔Cu2CdGeX4) [53]. Below the field of the primary crystallization of ζ-solid solutions, the field of the co-existence of three phases L, γ and ζ appears. This field is a part of the volume of the secondary crystallization of the binary peritectic L+ζ⇔γ [63].

As γ-phase is the continuous solid solution series of isostructural compounds Cu2CdGeS4 and o–Cu2CdGeSe4, this explains the absence of a two-phase field between the single-phase and the three-phase fields. Below 600 °C, γ-solid solutions undergo solid-state decomposition into δ-solid solution range of Cu2CdGeS4 and t–Cu2CdGeSe4. 
At 400 °C, the γ-solid solutions range from 0 to 89 mol% Cu2CdGeSe4, from 90 to 98 mol% Cu2CdGeSe4 exist both – the orthorhombic symmetry typical of γ-solid solutions and 
the tetragonal symmetry characteristic of δ-solid solution range of t–Cu2CdGeSe4. 
The extent of δ-solid solutions was observed in the limited alloy region x < 0.02 in Cu2CdGe(SxSe1−x)4 [63].
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[image: ]Figure 1.10. Phase diagram of the Cu2CdGeS4–Cu2CdGeSe4 section [63].
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[bookmark: _Toc100151618]Photoluminescence properties of Cu2Ge(S,Se)3

There are only few papers about the defect structure of Cu2GeS3, Cu2GeSe3 and their solid solutions. Robert et al. [50] reported photoluminescence (PL) studies, where only the monoclinic Cu2GeS3 showed PL emission with peak maximum at 1.57 eV. They assigned it to the band-to-band transition. In the same study, the bandgaps of the cubic phase and monoclinic phase of Cu2GeS3 were determined from absorption measurements to be 1.23 and 1.55 eV, respectively. They attributed this difference between cubic and monoclinic to the higher quasi fermi level splitting of the monoclinic phase [50].

According to the study [55], for Cu2GeSe3 compound, three PL bands were detected. The peak positions at 0.637 and 0.753 eV were assigned to free-to-bound recombination from the conduction band to acceptor states and peak position at 0.727 eV was assigned to recombination of an exciton bound to an ionized acceptor.

[bookmark: _Toc100151619]Optical and electronical properties of Cu2CdGe(S,Se)4

There are few studies reported about optical properties of the Cu2CdGeSe4 compound. Recently, Grossberg et al. [64] presented detailed PL analysis for orthorhombic and tetragonal Cu2CdGeSe4, which revealed different dominating radiative recombination mechanisms. The PL spectrum of t-Cu2CdGeSe4 included one PL band at 1.053 eV showing different behaviour at low (T < 50 K) and high (T > 50 K) temperatures. The low-temperature process was attributed to the thermal redistribution of electrons between the localized energy levels near the conduction band edge. At higher temperatures was proposed band-to-impurity recombination involving acceptor states. The PL spectrum of o-Cu2CdGeSe4 included three PL bands at 1.027 eV, 1.146 eV and 1.218 eV. Strong dependence of the PL band at 1.218 eV was found to originate from tail-to-impurity recombination involving an acceptor defect and electrons localized in potential wells created by clusters of donor defects [64]. Krustok et al. [65] reported the excitation power and temperature dependences of the steady-state PL spectra in polycrystalline Cu2CdGeSe4 containing a mixture of orthorhombic and tetragonal phases. In that study, the low-temperature excitation power dependences of the PL peak shape with a peak position at about 1.17 eV indicated a state filling effect. Reflectivity measurements revealed the band gap energies 1.257 eV and 1.223 eV at 10 K and 300 K, respectively. Additionally, the asymmetric PL band shape analysis indicated the presence of hot carriers having a temperature about 75 K higher than the lattice temperature. It was shown that the low-temperature PL emission is due to recombination of localized electrons with holes captured by the deep acceptor defect CuCd with a depth EA = 80 meV [65]. 

The electronic properties of the Cu2CdGeS4 compound were studied based on 
first-principles density functional theory (DFT) calculations as incorporated in the CASTEP (CAmbridge Serial Total Energy Package) module of the Materials Studio package [66]. The DFT-calculations have established that Cu2CdGeS4 is a direct gap semiconductor. Additionally, the valence band maximum (VBM) of Cu2CdGeS4 is formed by the relatively localized Cu 3d states while the unoccupied Ge 4p, 4s states are the dominant contributors to the conduction band maximum (CBM), therefore the d–p charge transfer plays the most important role in this compound [66]. The Ge–S and Cd–S bonds are mainly of covalent type while the Cu–S bonds are more ionic in Cu2CdGeS4 [66]. Furthermore, the DFT-calculations of dependencies of the lattice parameters upon pressure indicated that all three lattice parameters a, b and c decrease linearly with pressure and the largest compressibility of the Cu2CdGeS4 compound is realized along the b crystallographic axis (Figure 1.3) [66]. Davidyuk et al. [67] reported that the Cu2CdGeS4 are p-type, the band gap of Cu2CdGeS4 evaluated from the position of its fundamental absorption edge is Eg ≈ 2.05 eV at room temperature [67]. According to [43], a detailed analysis of radiative recombination in Cu2CdGeS4 microcrystals was studied by temperature and laser power dependent photoluminescence spectroscopy that revealed the origin for the detected low-temperature (T = 10 K) PL bands as 
donor-acceptor pair recombination. Three PL bands – 1.919 eV, 1.855 eV and 1.748 eV were detected, where the 1.919 eV and 1.855 eV bands included more distant 
donor-acceptor pairs with relatively shallow acceptor (probably VCu) and deep donor defects. The 1.748 eV PL band resulted from the deep donor—deep acceptor recombination [43]. The manifestation of shallow acceptor defects showed that this material does not have deep potential or band gap fluctuations and could be used in photovoltaic applications. 

[bookmark: _Toc100151620]Band gap engineering

The semiconductors can be suitable materials for photovoltaic applications by absorbing the incident photons to create electron-hole pairs. The choice of the absorber material with appropriate bandgap is very important while considering the absorption of the 
solar radiation. The maximum light to electric power conversion efficiency for AM 1.5G illumination, based on Shockley and Queisser’s detailed balance considerations is 
around 30% and requires a semiconductor band gap between 1.0 and 1.5 eV (Figure 1.11) [13].

[image: https://ars.els-cdn.com/content/image/1-s2.0-S0038092X16001110-fx1.jpg]

[image: ]Figure 1.11. The maximum light to electric power conversion efficiency (detailed balance limit) as a function of the band gap energy for a solar cell operated at RT and illuminated with the AM 1.5G spectral irradiance in accordance with standard solar test conditions [13].

There are several studies, where Cu2ZnSn(S,Se)4 solid solutions as solar cell absorber materials with optimum band gap value (~1.3 eV) were produced by modifying the S/Se concentration ratio and thereby increasing the value of VOC [12,16,21,68–70]. Additionally, cation substitution of Zn by Cd [71–73] in Cu2ZnSnS4 absorber materials enables to decrease the optical band gap from 1.55 to 1.35 eV [72] and Sn by Ge [44,
74–76] enables to increase from 1.55 to 2.1 eV [44]. Therefore, it offers new opportunities in the development of highly efficient photovoltaic devices based on quaternary compounds. In addition to the change in the defects system, the replacement of Zn by Cd can also facilitate the grain growth and suppress the formation of secondary phase ZnS [71]. Su et al. [77] reported that the grain sizes of Cu2ZnSnS4 thin films are improved significantly due to the effect that Cd (due to the low melting point TM = 321 °C [78]) acts as a flux which assists in grain growth, and the ZnS secondary phase can be reduced with appropriate ratio of Zn/Cd in Cu2ZnSnS4 solar cells [77]. Therefore, Cd alloying in kesterite has drawn considerable attention. Su et al. reported a significant device performance improvement and achieved 12.6% by Cd-alloyed Cu2ZnSnS4 thin-film solar cell [71]. As for Sn substitution by Ge, Kim et al. [73] reported that over 12% device performance was achieved via an optimized thermal annealing at 500–550°C in GeSe2 atmosphere. This optimized thermal annealing led to lower VOC deficit by reducing band tailing, and reduced carrier recombination at the absorber/buffer interface and/or in the space-charge region. Therefore, band gap engineering is a promising method to get ideal band gap and thereby to obtain close to maximum theoretical efficiency of solar cell.

As noted above, the pure Cu2CdGeSe4 have two different crystal structures – an orthorhombic and a tetragonal, which have the band gaps 1.29 eV [58] and 1.2 eV at room temperature, as reported by Marushko et al. [63]. The pure Cu2CdGeS4 compound is found to be p-type semiconductor with the band gap energy of 2.05 eV at room temperature [63]. This value is close to those (Eg = 1.9–2.0 eV) determined by measuring the spectra of the diffuse reflection of light in Cu2CdGeS4 single crystals [59]. 

For Cu2GeS3, the band gap values between 1.5–1.6 eV have been reported [25,26,28,50]. It is reasonable to believe, that somewhat different reported Eg values are related to coexistence of different crystal structures, as Cu2GeS3 could exist in both cubic and monoclinic structure. In several papers, it has been observed that pure Cu2GeSe3 crystallized in an orthorhombic structure with the band gap around 0.78 eV [51,55]. 

To sum up, the band gaps of Cu2GeSe3 and Cu2CdGeSe4 can be modified by adjusting the concentration ratio of chalcogenides (S/Se) in the Cu2Ge(SxSe1-x)3 and Cu2CdGe(SxSe1x)4 solid solutions – the band gap changes in the range from 0.78 to 1.6 eV and 1.2 to 2 eV, respectively [50,55,59,63]. In this thesis, the band gap is varied by changing the ratio of chalcogens (S/Se) in Cu2Ge(SxSe1-x)3 and Cu2CdGe(SxSe1-x)4 solid solutions and the optimal ratios for absorber materials in monograin layer solar cells will be determined.

[bookmark: _Toc100151621]Monograin powder technology
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In order to reduce the energy consumption and to achieve cost reductions during the preparation of solar cell [79], one of alternative approaches is to synthesize absorber materials by using molten salt method [80]. 

Many studies have been performed on the formation of the multinary chalcogenide compounds by using molten salt synthesis method [81–86]. This method has advantages of the simplicity in the process equipment, versatile and large-scale synthesis, and friendly environment, which provides an approach to synthesize high purity multinary compound powders with controllable compositions and morphologies. Zhang et al. [81] reported two phases for binary Ga2S3- cubic and monoclinic were synthesized with and without KI as flux material. This finding demonstrates apparently how a flux can divert the reaction pathway and lead to a different product. In another study, the morphology of CoS2 compound was adjusted from the irregular to polyhedral particle by using the flux (KCl) for the crystal growth [82]. The same reaction in the absence of the flux resulted in a product with the same composition, however in the form of smaller single crystals. In addition, Huber et al. [84] formed successfully single crystals of Li3AsS3 in LiI flux at 
450 °C, lower than the melting point of LiI (469 °C) [84]. Leinemann et al. [87] found a similar phenomenon of lowering the melting point of fluxes (KI, CdI2). It could be explained by different processes taking place in parallel in the molten salt synthesis process – some part of solid precursors (for example binaries CuS, CuSe, CdS, CdSe) being in contact with the used flux begin to dissolve in it and therefore the melting temperature of the flux decreases. In short, the particle size and optical properties of the compound crystals can be adjusted by using different fluxes and reaction temperatures.

In this thesis, the monograin powders were formed by isothermal heating of precursor materials in the presence of liquid phase of a suitable flux. The monograin powder production process has many advantages for the synthesis of ternary and quaternary compounds. The main one is that synthesis in flux has a great potential to obtain high crystallinity of grains and thus potentially good optoelectronic properties [88]. For the monograin powders growth, the melting point of the used flux should be lower than the melting point of desired semiconductor compound [89]. Herein, it is worth noting that in the monograin powder synthesis-growth process, the forming crystals can be doped with constituent elements of flux as impurities at the level of saturation at process temperature [90]. Furthermore, such factors as the synthesis temperature, the nature and amount of a flux are important for the characteristics of monograin powder crystals. The criterion for the growth of single grains is that the amount of flux should be sufficient to fill the whole free space between initial particles. 

[bookmark: _Toc100151623]Flux materials

Molten salts have proven to be useful to enhance the rate of solid-state reactions and to allow fast diffusion of constituent elements through liquid phase. The synthesis of multicomponent compounds in the liquid phase of a flux provides uniform composition of produced materials [91]. In addition to exploratory crystal growth, the molten fluxes have been used to recrystallize polycrystalline powders, control crystal morphology and structure [80]. There are many different halide salts suitable as flux materials, but the following conditions should be fulfilled – lower melting point than main material, low vapour pressure at growth temperature and high solubility in water for easy separation of the powder particles from the fluxes after growth process [86]. Several flux materials have been used such as CsBr, NaI, LiI, KCl, KI, CdI2, and several mixed fluxes including KCl/KI, NaBr/KBr, NaBr/CsBr, KI/KNO3 [72,80,83,84,89,92,93]. 

Before this thesis, the Taltech research group have investigated the synthesis of 
many different compounds in liquid phase of flux materials including CdTe, Cu2ZnSnS4, CuInSe2 and others. Among them, CdTe, CuInSe2 and Cu2ZnSnSe4 monograin powders were synthesized by using different fluxes – Se, CuSe and CdI2 [87,88]. Timmo et al. [83] presented the influence of CdI2, SnCl2 and KI fluxes on the synthesis of binary 
SnS monograin powders. Furthermore, ternary Cu(In,Ga)Se2 and quaternary (Cu,Ag)2(Cd,Zn)SnS4 were grown in KI flux [94,95]. In this thesis, LiI, KI and CdI2 as flux materials were used.

Lithium iodide (LiI) is a white crystalline solid. The melting point of LiI is 469 °C [78]. LiI has high solubility in water (1670 g/L in H2O at 25 °C) [78]. LiI is hygroscopic and readily oxidized in air to discolour the crystals [78]. Therefore, the preparation of synthesis powders requires a dry and inert gas environment (such as glove box). 

[bookmark: _Hlk98189258]Melting temperature of potassium iodide (KI) is TM = 681 °C. It is higher than TM of cadmium iodide (TM = 387 °C) and therefore, the doping of the synthesized material with potassium and iodine is highly probable [93]. Although KI is rather stable in dry air, 
the decomposition of it can be accelerated when exposed to light and moisture. The aged and impure KI will turn yellow due to the instability of KI in air, which is caused by the slow oxidation of the salt to potassium carbonate and elemental iodine [93]. Although the solubility will be higher with the increasing of the temperature, the solubility of CdI2 in water at 25 °C is 847 g/L while the solubility of KI is 1400 g/L at the room temperature [78]. 



[bookmark: _Toc100151624]Monograin layer solar cells

The monograin layer (MGL) solar cell technology has generated a rising interest in reducing the cost of producing the solar cell. The production of absorber materials and fabrication of solar cell by using this technology could be done separately, which indicates the possibility of lowering the producing cost of flexible solar cells [96]. Despite the advantages of MGL solar cells technology, there are some technological limitations for its rapid development. Such as the limitation of the working area of membrane due to the existence of epoxy between the powder crystals, the requirement of almost equal size powder grains and perfect mono-crystalline structure, surface modification of monograins and so on [96].

The structure of typical MGL solar cell (Au/absorber crystals/CdS/i-ZnO/ZnO:Al) is presented in Figure 1.12. All synthesized monograin powders require chemical etching and post-annealing at elevated temperatures before using them as absorber materials in monograin layer solar cells. The absorber surface modification processes are discussed in the section 1.6. Then, the formation of heterojunction is processed prior to embedding the crystals into a polymer. Standard process for buffer layer deposition is chemical bath deposition method. After that, the photoactive membranes are formed by using nearly unisize and compact shape crystals embedded in the thin layer of organic resin (epoxy). 

[image: https://pubs.acs.org/na101/home/literatum/publisher/achs/journals/content/aaemcq/2021/aaemcq.2021.4.issue-11/acsaem.1c02186/20211115/images/large/ae1c02186_0002.jpeg]

Figure 1.12. The device structure of MGL solar cell: gold back contact/absorber crystal/CdS buffer/i-ZnO/ZnO:Al window layer [69].

In this step, many issues could be rise, which affect later the performance of monograin layer solar cells. Most important is to ensure that the crystals reach out from polymer almost 50% of grain size and remain uncovered by epoxy (Figure 1.13b and c). Also, the packing density of crystals in polymer layer is important (Figure 1.13a). Calculations have shown that average packing density (active area) is about 75% [95]. Completely polymerized membranes are covered with transparent conductive oxide layer (i-ZnO and ZnO:Al) by radio-frequency magnetron sputtering. Finally, the structure is glued onto a durable substrate.

[image: ]

Figure 1.13. (a) Planar image of the packing density of crystals in the membrane, (b) Top view of membrane, where crystals are half embedded into the epoxy and (c) more than half inside the epoxy [96].

After removing the supporting plastic foil from the top of the structure, the powder crystals are released from epoxy by concentrated H2SO4 followed by polishing with ultrafine sandpaper. Back contact is formed by applying contact material (graphite or metal) on the back side of the crystals [97].

[bookmark: _Toc100151625]Absorber surface modification

[bookmark: bbib9]The homogeneous active interface of the p-type absorber plays a key role in solar cell performance. Commonly, Cu-poor and Zn-rich composition of absorber material is used in the kesterite-type solar cells. According to phase diagrams [98,99], the single phase area for CZTS is about 2 mol% and for CZTSe around 7 mol% at 400 °C, which leads often to the formation of undesired secondary or ternary phases in the synthesis process. Under these conditions, several binary or ternary phases could be present. For example, the high series resistance of device is attributed to the ZnS(Se) phase in kesterite absorber layer, which will decrease the fill factor and short circuit current of solar cell [100]. Low band gap phases Cu2SnS(Se)3 (Eg ≈ 0.8–1 eV) may limit the open circuit voltage of the solar cells, due to a lower band gap than that of the kesterites [100]. Additionally, CuxS(Se) is considered highly detrimental in kesterite materials, which will severely increase the hole concentration and cause short circuits of the p–n junction, clearly decreases the efficiency of solar cells [100]. Analogous to the kesterites, the challenges of this study were to synthesize uniform single phase ternary Cu2Ge(Se,S)3 and quaternary Cu2CdGe(Se,S)4 monograin powders with off-stoichiometric compositions. 
As discussed above in section 1.3 (Figure 1.7), in the system of the Cu2Se-CdSe-GeSe2 ternary phase diagram [58] may form some undesired phases, such as GeSe phase in 
Ge-rich region, and in the Cu-rich region, the existence of Cu2Se phase could appear and in the Cd-rich side could form CdSe as secondary phase.

In addition, in the monograin powder growth process, some part of the precursors (for example CuS, CuSe, CdS, CdSe and Ge) and the formed absorber materials may partially dissolve in the molten flux salt at growth temperature, and the dissolved part precipitates on the solid crystal surfaces during the cooling period [101]. The surface morphology and the composition of the absorber crystal surface will be changed due to the existence of these precipitations. Usually, these conditions result in the formation of the undesired secondary and ternary phases in addition to main compound. Therefore, the removal of secondary phases from the surface of the powder crystals synthesized in the present study is one of the main challenges to improve the performance of monograin layer solar cells. Various chemical etchants can be used to remove these undesired secondary phases. KCN chemical etching approach, originally developed for the removal of CuxSe phases in Cu(In,Ga)(S,Se)2 thin films [102], is now applied also in many kesterite studies [103,104]. HCl etching for the selective removal of Zn-rich secondary phases in kesterite is shown in [105–107] and the effectiveness of bromine in methanol (Br2−MeOH) etchant to remove Cu- and Sn-based secondary phases is presented in the several studies [106–108]. It is known that CdSe crystals dissolve in a HNO3 + HCl mixture [109], in the concentrated HCl and in the Br2−MeOH solutions [110]. In this study, CdSe secondary phases were removed by using 1% v/v Br2−MeOH solution or 10% v/v HCl solution, followed by KCN solution to remove Se, CuxSe and GeSe phases. 

After chemical etching, it is essential to anneal the powders at elevated temperatures before implementing the powder crystals as absorber materials in monograin layer solar cells. Several groups reported that an effective method to improve the quality of the 
thin-film absorber materials (Cu2ZnSnS4, Cu2ZnSnSe4 and Cu2ZnSn(S,Se)4) is to do 
post-annealing around 500–650 °C, thereby improve the solar cell performance [11,17, 101,108,111]. Kauk-Kuusik et al. [101] emphasized that after the chemical etching, the annealing temperature is crucial to heal the surface of monograin powders for the final performance of Cu2ZnSnSe4 MGL solar cells. IREC group indicated that the improvement of device performance is partly attributed to the post-annealing treatment of the full solar cells, which resulted more Cu poor and Zn rich absorber surface [111].

In this thesis, the comparative investigations of the influence of different etchants such as Br2-MeOH, KCN and HCl followed by isothermal annealing at different temperatures on the performance of monograin layer solar cells were carried out.

[bookmark: _Toc100151626]Summary of literature review and the aim of the study

In the last few years, the interest and research on new inorganic materials for photovoltaic applications have largely increased. Among them, kesterite type semiconductors, including Cu2ZnSn(S,Se)4 is recognized as one of the most relevant and promising thin film photovoltaic technologies. Although the performance has been renewed up to 14% in 2022, the progress of efficiency is rather slow and several fundamental issues are still unsolved. Therefore, new alternative materials and related technologies should be considered in order to contribute to the predicted and necessary increase in electricity generation by photovoltaics.

Cation replacement in kesterite type materials is one of the most promising methods to tune the optical band gap and offers new opportunities in the development of highly efficient photovoltaic devices. Among them, Sn by Ge and Zn by Cd replacements have been considered and shown a successful strategy to improve the efficiency for solar cell devices. Sn substitution by Ge is considered due to the most stable oxidation states of these two elements, Ge is more likely to present +4 than Sn, thus avoiding the presence of potentially harmful +2 oxidation states [17,20]. Cation substitution of Zn by Cd in kesterite system is expected to reduce the CuCd and CdCu antisite defects due to the ionic radius of Cd2+ (0.92 Å) is larger than that of Cu+ and Zn2+ (both 0.74 Å), thereby suppressing the cation disorder, secondary phase formation and band tailing issues in kesterite system [20,39]. In view of the above given, quaternary Cu2CdGe(S,Se)4 or 
Cd-free ternary Cu2Ge(S,Se)3 compounds are considered as alternatives, but have been less studied. Ternaries Cu2GeS3, Cu2GeSe3 and their solid solutions have many promising properties for absorber materials, including p-type conductivity and a direct band gap energy (~0.8–1.5 eV depending on the S/Se ratio) [24,28]. The best power conversion efficiencies for Cu2GeS3 and Cu2Ge(Se0.33S0.67)3 thin film solar cells are 2.67% [28] and 0.2% [40], respectively. Quaternary Cu2CdGeSe4 has also suitable properties for absorber material in the single junction solar cell such as high absorption coefficient (> 104 cm-1), p-type conductivity and direct band gap energy (~1.2 eV) [49]. Incorporation of S into the Cu2CdGeSe4 and the properties of solid solutions are also less discussed. With regard to Cu2CdGeS4, which has too wide band gap (~2 eV) for single junction solar cells, it can be used in many different devices, such as a top cell absorber material in a tandem solar cell structure or as a photoelectrode in photo-electrochemical water splitting devices [112]. However, no paper has reported the characteristics of solar cells based on these materials.

In this thesis, monograin powders formed by molten salt synthesis-growth method and monograin layer solar cell technology has been used to evaluate the applicability of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4 as absorber materials for photovoltaics. Monograin layer solar cell technology has generated a growing interest in reducing solar cell production costs. With this technology, the preparation of the absorber material and the fabrication of solar cells can be completed separately, which makes it possible to produce light-weight, flexible and less expensive solar cells [96]. 



Based on the literature review and knowledge gap about Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4 as absorber materials for photovoltaics, the objectives of the present doctoral thesis were:

· to synthesize Cu2CdGeSe4 monograin powders in the liquid phase of molten salts (KI and CdI2) with two different crystal structure and to study the compositional and structural properties of Cu2CdGeSe4 powders and monograin layer solar cells based on these absorber materials;

· to study the effect of initial Cu and Cd content on the bulk composition of grown orthorhombic Cu2CdGeSe4 crystals and to modify the crystal surface properties by chemical etching and post-annealing with the aim to improve the performance of orthorhombic Cu2CdGeSe4 monograin layer solar cells;

· to investigate the effect of S/Se ratio in Cu2CdGe(SxSe1-x)4 (x = 0 – 1) solid solutions of monograin powders synthesised in KI molten salt on the morphology, structural and compositional properties of Cu2CdGe(SxSe1-x)4 monograin powders and photovoltaic properties of monograin layer solar cells based on these powders;

· to synthesize Cu2Ge(SexS1-x)3 (x = 0 – 1) solid solutions of monograin powders in LiI molten salt and to investigate the effect of S/Se ratio on the morphology, structural, compositional and optical properties of Cu2Ge(SexS1-x)3 monograin powders and photovoltaic properties of monograin layer solar cells based on these powders.

[bookmark: _Toc100151627]Experimental

The main experimental features are summarized in this section. In addition, the experimental procedure is illustrated in Figure 2.1. More details of the experiments are published in Papers I–V. 

[image: ]

Figure 2.1 The schematic of experimental procedure.

[bookmark: _Toc100151628]Preparation of Cu2CdGe(S,Se)4 monograin powders

Cu2CdGe(Se,S)4 monograin powder materials studied in this thesis were synthesized from commercially available CdSe, self-synthesized CuSe, elemental Ge powder, Se shots [published in Paper I, II] and S powder [published in Paper III] in the molten salts. Two different salts – cadmium iodide (CdI2) and potassium iodide (KI) – were used as fluxes. All used materials and fluxes are purchased from the company of Alfa Aesar. The used flux salt was added with the mass ratio of mprecursors/mflux = 1 : 1. In the Paper I, the precursors for synthesis of Cu2CdGeSe4 were weighted in the molar ratio of elements 2 : 1 : 1 : 4. 
The preparation conditions of Cu2CdGeSe4 monograin powders are summarized in Table 2.1.

Table 2.1 Preparation conditions for the synthesis of Cu2CdGeSe4 monograin powders.

		Sample name

		Used flux

		Tsynth, °C

		tsynth, h

		Cu, at%

		Cd,

at%

		Ge,

at%

		Se, at%

		[Cu]/

([Cd]+[Ge])

		[Cd]/

[Ge]

		Ref.



		CCGSe-101

		CdI2

		500

		120

		25.0

		12.5

		12.5

		50.0

		1.0

		1.0

		[I]



		CCGSe-102

		CdI2

		600

		120

		

		

		

		

		

		

		



		CCGSe-103

		CdI2

		700

		120

		

		

		

		

		

		

		



		CCGSe-104

		KI

		700

		60

		

		

		

		

		

		

		



		CCGSe-105

		KI

		700

		120

		

		

		

		

		

		

		





In the Paper II, the chemical composition of Cu2CdGeSe4 quaternary compound was investigated by varying the Cu and Cd content in Cu2-xCdyGeSe4 (x = 0.1; 0.15; 0.2 and 
y = 1.0; 1.05; 1.1) powder materials. Initial compositions of Cu2-xCdyGeSe4 powders are summarised in Table 2.2. These powders were synthesized from similar precursors as mentioned above in the liquid phase of KI flux material at 700 °C. 

Table 2.2 Initial composition of Cu2-xCdyGeSe4 powders with different Cu and Cd content. 

		Sample name

		x

		y

		Cu, at%

		Cd, at%

		Ge, at%

		Se, at%

		[Cu]/

([Cd]+[Ge])

		[Cd]/[Ge]

		Ref.



		CCGSe-201

		0.1

		1.0

		24.4

		12.8

		12.8

		50.0

		0.95

		1.0

		[II]



		CCGSe-202

		0.1

		1.05

		24.1

		13.3

		12.7

		50.0

		0.93

		1.05

		



		CCGSe-203

		0.15

		1.02

		23.9

		13.2

		12.9

		50.0

		0.92

		1.02

		



		CCGSe-204

		0.1

		1.1

		23.8

		13.8

		12.5

		50.0

		0.90

		1.1

		



		CCGSe-205

		0.15

		1.1

		23.4

		13.9

		12.7

		50.0

		0.88

		1.1

		



		CCGSe-206

		0.2

		1.1

		23.1

		14.1

		12.8

		50.0

		0.86

		1.1

		





According to Cu2CdGeS4–Cu2CdGeSe4 phase diagram [66], there exist γ-solid solutions formed at 602 °C between Cu2CdGeS4 and Cu2CdGeSe4 with the orthorhombic structure, and a small range of δ-solid solution formed between Cu2CdGeS4 and Cu2CdGeSe4 with the tetragonal structure. In the Paper III, the γ-phase of Cu1.91Cd1.05Ge1.03(SxSe1−x)4 (x = 0; 0.2; 0.4; 0.6; 0.8; 1) monograin powders were synthesized in KI flux at 700 °C. The initial composition of Cu2CdGe(SxSe1-x)4 powders with different S/Se ratio are summarized in Table 2.3. 

Table 2.3 Initial composition of Cu2CdGe(SxSe1−x)4 powders with different S/Se ratio synthesized in KI.

		Sample name

		Cu, at%

		Cd, at%

		Ge, at%

		Se, at%

		S, at%

		[Cu]/

([Cd]+[Ge])

		[Cd]/[Ge]

		[S]/

([S]+[Se])

		Ref.



		CCGSe-S0.0

		23.9

		13.2

		12.9

		50.0

		0

		0.92

		1.02

		0

		[III]



		CCGSe-S0.2

		

		

		

		40.0

		10.0

		

		

		0.2

		



		CCGSe-S0.4

		

		

		

		30.0

		20.0

		

		

		0.4

		



		CCGSe-S0.6

		

		

		

		20.0

		30.0

		

		

		0.6

		



		CCGSe-S0.8

		

		

		

		10.0

		40.0

		

		

		0.8

		



		CCGSe-S1.0

		

		

		

		0

		50.0

		

		

		1.0

		





Additionally, four Cu2CdGe(SxSe1−x)4 (x = 0; 0.05; 0.1; 0.15) powders without and with small amount of sulfur were synthesized in CdI2 molten salt at 500 °C to produce δ-solid solutions. Details about initial composition of these materials are presented in Table 2.4.

Table 2.4 Initial composition of Cu2CdGe(SxSe1−x)4 powders with different S/Se ratio synthesized in CdI2.

		Sample name

		Cu, at%

		Cd, at%

		Ge, at%

		Se, at%

		S, at%

		[Cu]/

([Cd]+[Ge])

		[Cd]/

[Ge]

		[S]/

([S]+[Se])

		Ref.



		CCGSe-S0

		25.0

		12.5

		12.5

		50.0

		-

		1.0

		1.0

		0

		[III]



		CCGSe-S0.05

		

		

		

		45.0

		5.0

		

		

		0.05

		



		CCGSe-S0.1

		

		

		

		40.0

		10.0

		

		

		0.1

		



		CCGSe-S0.15

		

		

		

		35.0

		15.0

		

		

		0.15

		





The precursor’s mixtures with flux (KI or CdI2) were ground in desired amounts in an agate mortar. All the preparation were completed in glove box. Then the grinded precursor’s mixtures were placed in quartz ampoules, which were degassed under dynamic vacuum (continuous vacuum pumping) and sealed by using C3H8/O2 flame. 
For the synthesis of monograin powders, the temperature of the furnace was increased from room temperature (RT) to 500/600/700 °C (in case of using CdI2 flux) and 700 °C 
(in case of using KI flux) at a rate of 0.5 °C/min and kept at elevated temperature for 
120 h. The growth of monograin powder crystals was stopped by cooling the ampoules naturally in the air. The flux was removed by leaching with deionized water in ultrasonic bath and released monograin powders were dried in a Memmert drying oven at 50 °C 
for at least 10 hours. Dried powders were sieved into granulometric fractions between 38 to 500 µm. The sieving was performed on a vibratory sieve shaker Retsch AS 200. 
For future technological processes, the grains with diameters of 45–112 µm were selected.

Detailed procedure of monograin powders preparation and synthesis is described in experimental sections in Papers I-III, respectively.

[bookmark: _Toc100151629]Preparation of Cu2Ge(Se,S)3 monograin powders

In the Paper V, the ternary Cu2Ge(SexS1-x)3 (x = 0; 0.2; 0.4; 0.6; 0.8; 1) monograin powders were synthesized from commercially available elemental powders Cu, Ge, S, and Se in the alkali salt LiI, used as a molten salt medium. LiI was added with the mass ratio of mprecursors/mflux = 1 : 1. All the preparation were completed in glove box. Then the material mixtures were degassed, sealed into quartz ampoules, and heated from room temperature to 700 °C at a rate of ∼0.5 °C/min and maintained at 700 °C for 120 h. Ampoules were cooled down to RT in air. Details about initial composition of Cu2Ge(SexS1x)3 powders are presented in Table 2.5.

Table 2.5 Initial composition of Cu2Ge(SexS1−x)3 powders with different S/Se ratio synthesized in LiI.

		Sample name

		Composition and element concentration ratios in precursor's mixture



		

		Cu, at%

		Ge, at%

		S, at%

		Se, at%

		[Cu]/[Ge]

		[Se]/([S]+[Se])

		Ref.



		CGS-Se0.0

		33.3

		16.7

		50.0

		0

		2

		0

		[V]



		CGS-Se0.2

		

		

		40.0

		10.0

		

		0.2

		



		CGS-Se0.4

		

		

		30.0

		20.0

		

		0.4

		



		CGS-Se0.6

		

		

		20.0

		30.0

		

		0.6

		



		CGS-Se0.8

		

		

		10.0

		40.0

		

		0.8

		



		CGS-Se1.0

		

		

		0

		50.0

		

		1.0

		





[bookmark: _Toc100151630]Post-treatment of Cu2CdGe(Se,S)4 and Cu2Ge(Se,S)3 monograin powders

In the molten salt growth process, some part of the used precursor’s and the formed crystals dissolve in the flux material at growth temperature, and precipitate out on the surface of crystals during the cooling process. These precipitates change the morphology and composition of the absorber crystals’ surfaces. Therefore, the removal of secondary phases from the surface of the powder crystals is one of the major challenges to improve the performance of monograin layer solar cells. Different chemical etchants, fresh-made 1% v/v bromine in methanol (Br2−MeOH), 10% v/v hydrochloric acid (HCl) and 10% m/m potassium cyanide (KCN) solutions were used to remove selectively undesired phases. Detailed chemical etching conditions for monograin powders are described in experimental sections in Papers I-V, respectively.

After chemical etching, it is essential to anneal the powder crystals before implementing as absorber materials in monograin layer solar cells. In the Paper I, the size of crystals synthesized at 500 °C was too small to use as absorber in monograin layer solar cells. Therefore, the powder crystals synthesized at 700 °C in KI flux was used for the different post-annealing procedures providing both possible structural modifications of Cu2CdGeSe4 as solar cell absorber materials. To produce o-Cu2CdGeSe4, the powder was post-annealed at 500 °C for 1 h and cooled by quenching into water. t-Cu2CdGeSe4 modification was obtained by applying the same annealing condition at 500 °C for 1 h, but powder was cooled slowly to room temperature (~0.5 °C/min). 

The effect of post-annealing on the Cu2CdGeSe4 based solar cells performance was investigated by annealing chemically etched o-Cu2CdGeSe4 powders at different temperatures from 300 to 700 °C for 1 h in the closed quartz ampoules and then cooled by quenching in water [Paper II]. Whereas, the S containing powders need higher 
post-annealing temperature [95], the Cu2CdGe(SxSe1−x)4 solid solution series were isothermally annealed at 740 °C for 30 min in the sealed quartz ampoules [Paper III]. Cu2Ge(SexS1x)3 powders were treated isothermally at 400 °C for 60 min [presented in Paper V]. Detailed post annealing conditions for different monograin powder materials are presented in Table 2.6.









Table 2.6 Experimental post annealing conditions for different monograin powder materials.

		Monograin powder material

		Cu2CdGeSe4 

(Paper I)

		Cu2-xCdyGeSe4 (Paper II)

		Cu2CdGe (SxSe1−x)4 (Paper III)

		Cu2Ge(SexS1−x)3 (Paper IV, V)



		Combined etching conditions before annealing

		-

		1% v/v Br2-MeOH + 10% m/m KCN

		1% v/v Br2-MeOH + 10% m/m KCN

		1% v/v Br2-MeOH + 10% m/m KCN



		Annealing temperature, oC

		500

		300, 350, 400, 450, 500, 600, 700

		740

		400



		Annealing time, min

		60

		60

		30

		60



		Cooling 

		In water

		In oven

		In air

		In air

		In air





[bookmark: _Toc100151631]Characterization of monograin powders 

This section presents the analytical techniques used to characterize the monograin powder materials. Detailed information about the instruments and measurements is given in the experimental sections in Papers I–V.

[bookmark: _Toc100151632]Room temperature micro-Raman spectroscopy

The phase composition of the powders [Papers I–V] was studied by room temperature micro-Raman spectroscopy using a Horiba LabRAM HR800 system equipped with a cooled multichannel CCD detection system in the backscattering configuration with a spectral resolution better than 1 cm−1. A YAG: Nd laser (wavelength λ = 532 nm) was used for excitation. The laser spot size was about 2 μm in diameter. The same equipment was used for room temperature photoluminescence measurements. 

[bookmark: _Toc100151633]X-ray photoelectron spectroscopy (XPS)

XPS measurements were used to study the information about elemental composition of the crystals surface [Paper II]. Kratos Analytical Axis Ultra DLD spectrometer fitted with monochromatic Al Kα X-ray source. The achromatic Mg Kα/Al Kα dual anode X-ray source was used to collect secondary Survey spectra to distinguish the core level and Auger peaks in XPS spectra. The XPS measurements were carried out by Dr. Mati Danilson at Tallinn University of Technology. 

[bookmark: _Toc100151634]Scanning electron microscopy (SEM)

The morphology of synthesized powder crystals was studied by high-resolution scanning electron microscope (HR-SEM) Zeiss ULTRA 55 and Zeiss Merlin [Papers I–V]. The SEM images were made by Dr. Valdek Mikli at Tallinn University of Technology.

[bookmark: _Toc100151635]Energy dispersive X-ray spectroscopy (EDX)

The bulk composition [Papers I-V] of the synthesized powder crystals were analyzed by energy dispersive X-ray spectroscopy (EDX) by using the Bruker EDX- XFlash6/30 detector with an accelerating voltage of 20 kV. Compositional analysis and elemental mapping of crystals` bulk were made from polished cross-section of individual crystals by selecting 8–10 crystals and then average composition was calculated. The measurement error for elemental analysis is about 0.5 at%. The EDX measurements were carried out by 
Dr. Valdek Mikli at Tallinn University of Technology.

[bookmark: _Toc100151636]X-ray powder diffraction (XRD)

The crystalline structure of monograin powders [Papers I-V] was characterized by X-ray diffraction using a Rigaku Ultima IV diffractometer with monochromatic Cu Kα radiation λ = 1.54056 Å at 40 kV and 40 mA, using a D/teX Ultra silicon strip detector. All samples were studied in the 2θ range of 20–60 deg. with the scan step of 0.02 deg. The phase analysis and lattice parameters calculations were made by using software on the Rigaku’s system PDXL2. The XRD measurements of monograin powders were carried out by Dr. Arvo Mere at Tallinn University of Technology.

[bookmark: _Toc100151637]Photoluminescence spectroscopy (PL)

For low temperature (20 K) and room temperature PL measurements [Papers IV–V], 
a 0.64 m focal length single grating (600 mm−1) monochromator and the 442 nm line of a He-Cd laser with different power were used. For PL signal detection a Hamamatsu InGaAs photomultiplier tube or the cooled CCD detector were used. A closed-cycle helium cryostat was employed to measure the PL spectra at temperature from 
20 K to 300 K. The laser spot size for these measurements was 200 μm in diameter. 
The measurement error in the values of the PL peak position is 0.005 eV. The PL measurements were carried out by Prof. Maarja Grossberg-Kuusk and Dr. Reelika Kaupmees. PL spectra fittings and analysis were done by Prof. Jüri Krustok at Tallinn University of Technology.

[bookmark: _Toc100151638] Solar cell characteristics

Completed solar cell structures were characterized by dark and light current-voltage 
(I–V) and quantum efficiency (QE) measurements [Paper I–III, V].

[bookmark: _Toc100151639]Current-Voltage measurements

Several parameters were used to characterize the efficiency of the solar cells. I-V curves were measured to evaluate the open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF) and efficiency (ƞ) of the monograin layer solar cells. Measurements were performed using Keithley 2400 source meter in dark and under standard test conditions light with illumination intensity of 100 mW/cm2 (AM 1.5) with a Newport Oriel Class A 91195A solar simulator [Paper I–III, V].

[bookmark: _Toc100151640]Quantum efficiency measurements

Quantum efficiency analysis is an alternative method that can be used to estimate the effective bandgap energy Eg* of the synthesized absorber materials [113]. From the linear segment of the low-energy side of the construction (E*QE)2 vs. E curves, the Eg* can be evaluated. Spectral response measurements [Paper I–III, V] were performed in the spectral region of 350–1235 nm using a computer controlled SPM-2 prism monochromator. The generated photocurrent was detected at 0 V bias voltage at RT by using a 250 W halogen lamp. The QE measurements were carried out by Dr. Mati Danilson at Tallinn University of Technology.

[bookmark: _Toc100151641]Results and discussion

[bookmark: _Toc100151642] Cu2CdGeSe4 monograin powders 

[bookmark: _Toc100151643]Morphology of Cu2CdGeSe4 powder crystals

At first, the effect of synthesis temperature on the morphology, structural and compositional properties was investigated [Paper I]. 

In the molten salt synthesis, a large amount (typically almost equal to the precursor’s weight) of a flux salt is used to provide liquid medium between solid particles that conduces to recrystallization and avoids sintering of formed crystals. In addition, molten medium enhances the rate of solid-state reactions and controls the characteristics 
(size, shape, etc.) of the forming powder crystals. During the heating up of the mixture of CuSe-Ge-Se-CdSe-CdI2 to the synthesis-growth temperature, the firstly formed liquid phase is elemental Se (Tmelt = 221 °C [94]). It means that liquid Se can act as a flux at this temperature, but the volume of this flux is not enough to repel separate solid particles from each other, and they start to sinter together. This sintering process arises in the heating step of the material below the melting point of the main flux material CdI2 and continues until CdI2 melts at 387 °C. Then the volume of the liquid phase exceeds the volume of voids between precursor particles and repelling forces between solid particles arise [114]. In this case, the formed liquid phase is sufficient to repel both, the solid precursor particles and the formed Cu2CdGeSe4 particles from each other and to avoid sintering caused by the contracting capillary forces arising in the solid–liquid phase boundaries. 

Figure 3.1a and Figure 3.1b show the sintered particles with sharp edges synthesized at 500 °C and 600 °C in CdI2 flux. The shape of the particles indicates to the crystal formation mechanism by sintering process and to the insufficient recrystallization of crystals in conditions of low solubility of Cu2CdGeSe4 in CdI2. By increasing the temperature, the solubility of synthesized material in flux increases and results in spherical grains as seen in Figure 3.1c. Rounded grains are synthesized at 700 °C irrespective of the used flux material.
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Figure 3.1. SEM images of Cu2CdGeSe4 powder crystals (fraction size 63–75 μm) synthesized at 
a) 500 °C; b) 600 °C and c) 700 °C for 120 h in the CdI2 flux.

The effect of initial composition on the morphology of Cu2CdGeSe4 crystals was also investigated [Paper II]. Figure 3.2 shows the SEM images of Cu2-xCdyGeSe4 powder crystals in the fraction size 100–112 µm with different compositions synthesised in KI flux. The compositional deviations in precursor mixture have no direct influence on the morphology of crystals. Formed crystals have round shape with some well-defined plains. 



[image: ]

Figure 3.2. SEM images of Cu2-xCdyGeSe4 powder crystals with different compositions (x = 0.1; 0.15; 0.2 and y = 1.0; 1.05; 1.1).

[bookmark: _Toc100151644]Particle size distribution

Figure 3.3 shows the lognormal plot of the accumulative weight percentage of the particles under a specific particle size versus the particle size for the powder samples synthesized at different temperatures in CdI2 flux and for the powders grown in KI flux for different times at 700 °C [Paper I]. The black solid horizontal line marking 50% shows the powder median grain size values (D50) calculated from weight percentage. The D50 is the size in micrometers that splits the distribution in half above and half below this diameter. 

The sieving analysis revealed that median particle size of produced powder crystals increased with increasing synthesis temperature and duration [Paper II]. By increasing the synthesis temperature from 500 to 700 °C the median size of particles grown in CdI2 increases from 25 to 139 μm. Median size of particles for powders synthesized in KI flux at 700 °C increased from 112 to 132 μm by increasing the synthesis time from 60 to 120 h. Results show that the median size of particles grown at 700 °C does not depend much on the flux material. The most applicable fractions of crystals for monograin membrane preparation in lab conditions are between 45 and 112 μm, the highest yield in this range was gained by synthesizing the Cu2CdGeSe4 monograin powder in CdI2 flux at 600 °C for 120 h, which resulted in the needle like crystals (see Figure 3.1b). Therefore, the synthesis temperature 700 °C was selected to synthesize monograin powders in this study. Besides, to get the more suitable fraction size of powder crystals for monograin membrane preparation, shorter synthesis time and the usage of smaller size of initial precursors should be considered.





Figure 3.3. Particle size distribution obtained from sieving analysis for all powders.

The effect of Cu2CdGeSe4 composition on the particle size distribution was also examined [Paper II]. Table 3.1 presents the powder median grain size values calculated from weight percentage average size of the powder crystals. The sieving analysis showed that median size of the crystals increased with lower Cu-content and higher Cd-content in precursors (amount of crystals with diameter > 100 µm increased from 72 to 88% of total weight).

Table 3.1 The initial composition of Cu2-xCdyGeSe4 and the powder median grain size values (D50) calculated from the weight percentage of average size of the powder crystals.

		Sample name 

		x in Cu2-xCdyGeSe4

		y in Cu2-xCdyGeSe4

		D50 (µm)



		CCGSe-201

		0.1

		1.0

		115



		CCGSe-202

		0.1

		1.05

		131



		CCGSe-203

		0.15

		1.02

		146



		CCGSe-204

		0.1

		1.1

		154



		CCGSe-205

		0.15

		1.1

		164



		CCGSe-206

		0.2

		1.1

		188





[bookmark: _Toc100151645]Elemental bulk composition of Cu2CdGeSe4 powders

Bulk composition of Cu2CdGeSe4 monograin powders were measured by EDX from polished crystals (example of cross-sectional SEM image is presented in Figure 3.4) [Paper I and II]. EDX analysis showed that the atomic concentrations of Cu and Se remained almost the same with increasing synthesis temperature of Cu2CdGeSe4 in CdI2 flux while the atomic concentrations of Cd increased and Ge decreased probably due to that CdI2 is not passive in the synthesis and Cd from CdI2 incorporates into the crystal lattice of Cu2CdGeSe4 [115].
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Figure 3.4. SEM images of cross section of Cu2CdGeSe4 powder crystal.

By increasing the synthesis temperature from 500 °C to 700 °C, the ratio of [Cd]/[Ge] increased from 0.99 to 1.07. The ratio of [Cu]/([Cd]+[Ge]) was ~1.0 for Cu2CdGeSe4 powders synthesized in CdI2 at 500 °C and 700 °C, but powders synthesized at 600 °C had Cu-poor (the ratio of [Cu]/([Cd]+[Ge]) = 0.93) composition. 

Bulk composition of the Cu2CdGeSe4 powders synthesized in KI flux for different synthesis times was also slightly Cd-rich (the ratio of [Cd]/[Ge] = 1.03) and did not depend on synthesis time. But the ratio of [Cu]/([Cd]+[Ge]) decreased from 1.0 to 0.96 by increasing the synthesis time.

Change in initial composition of Cu2-xCdyGeSe4 monograin powders showed that 
Cu-poor (x = 0.15) and [Cd]/[Ge] = 1.0 input composition resulted in powder with nearly stoichiometric composition – Cu2Cd1.03Ge1.02Se4. If the precursors composition was 
Cu-poor (x > 0) and Cd-rich ([Cd]/[Ge] > 1.0), the average bulk composition of all powders was slightly Cu-poor (([Cu]/([Cd]+[Ge]) = 0.96)) and Cd-rich ([Cd]/[Ge] = 1.09) – Cu1.95Cd1.06Ge0.97Se4. In the Figure 3.4 is presented cross-sectional image of Cu-poor and Cd-rich powder crystals. It is seen that powder contains some lighter crystals (point 1), which are comparable size of the main material crystals. According to EDX analysis, the light crystal contained mainly Cd and Se (50.4 at% : 48.1 at%). The existence of CdSe secondary phase in the powder was also confirmed by XRD (Figure 3.5). CdSe is n-type semiconductor material with direct band gap ~1.74 eV [116]. This phenomenon is not a problem if the CdSe crystal is detached and has high resistance. In this case, it will be just as a filler of the polymer in the monograin membrane. More harmful is the case, when secondary phase is in connection with main material grain (point 2) or segregated on the surface of grains. In that case, it needs to be removed by selective chemical etchings. 

[bookmark: _Toc100151646]Phase composition and structure

The Cu2CdGeSe4 powders synthesized in CdI2 flux at different temperatures were investigated by XRD as shown in Figure 3.5 [Paper I]. The XRD pattern of the powder synthesized at 500 °C showed peaks corresponding to the tetragonal crystal structure (ICCD PDF-2-2013, 01-070-9042) with the space group I-42m of the main phase and the presence of CdSe secondary phase. The main peak is attributed to (112) plane of Cu2CdGeSe4. The powders synthesized at 600 °C and 700 °C revealed the presence of the orthorhombic phase (ICCD PDF-2-2013, 01–074-3115). Calculated lattice parameters a, b and c of all the samples are presented in the Table 3.2.
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Figure 3.5. XRD patterns of Cu2CdGeSe4 powder synthesized at a) 500 °C; b) 600 °C and c) 700 °C in CdI2 flux.

Table 3.2 Lattice parameters of Cu2CdGeSe4 powders synthesized in CdI2 flux.

		Material

		Space group

		a, Å

		b, Å

		c, Å



		CCGSe-101 (500 oC)

		I-42m-tetragonal

		5.7476

		5.7476

		11.0511



		CCGSe-102 (600 oC)

		Pmn21-orthorhombic

		8.0726

		6.8855

		6.6118



		CCGSe-103 (700 oC)

		Pmn21-orthorhombic

		8.0634

		6.8793

		6.6035





  

Raman spectroscopy was used to analyse the phase composition of the Cu2CdGeSe4 monograin powders synthesized at different temperatures [Paper I]. There was no Raman data published in the literature for this compound before this study. Figure 3.6a and 3.6b show Raman spectra of o-Cu2CdGeSe4 and t-Cu2CdGeSe4 powders, respectively. The most intensive peak in the spectra of Cu2CdGeSe4 is observed at 203 cm−1 and it is not dependent on the phase structure. The additional characteristic Raman modes for the o-Cu2CdGeSe4 phase were detected at 162, 187, 271 and 277 cm−1 (Figure 3.6a) and for t-Cu2CdGeSe4 phase at 175, 263 and 292 cm−1 (Figure 3.6b). All the as-grown powders had an additional peak in Raman spectra at 260 cm−1, which has been assigned to Cu2-xSe phase [117]. In order to remove selectively the Cu2-xSe phase from the surface of 
as-grown Cu2CdGeSe4 powders, the chemical etching with 10% m/m KCN + 1% m/m KOH solution for 30 min was performed. The Cu2-xSe Raman scattering peak at 260 cm−1 disappeared completely after the KCN etching while no change was observed in the Cu2CdGeSe4 peaks. No CdSe phase was detected by Raman measurement because Raman analysis was performed on the different single grains. While XRD measurements require tenths of a gram of ground material, which means that amount of material used for these analyses was totally different and detection of secondary phases is different.
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[bookmark: _Toc91488609][bookmark: _Toc91488631]Figure 3.6. RT-Raman spectra of a) o-Cu2CdGeSe4 and b) t-Cu2CdGeSe4 powders before and after KCN etching.

[bookmark: _Toc100151647]Cu2CdGeSe4 surface modifications 

Detailed chemical etching investigations were performed on the Cd-rich Cu1.95Cd1.06Ge0.97Se4 (CCGSe-202) powder [Paper II]. Two different combinational etching processes were applied – 1% v/v Br2−MeOH etching followed by 10% m/m KCN etching and a 10% v/v HCl etching followed by 10% m/m KCN etching to remove the secondary phases from the surface of the absorber layer. EDX and XPS were used to investigate the surface composition of etched crystals and Raman spectroscopy was used to analyze the change in phase composition on the surface of Cu1.95Cd1.06Ge0.97Se4 crystals.

Figure 3.7a shows the SEM image of crystal surface after Br2−MeOH etching for 5 min at RT. According to EDX analysis, the surface of crystals was covered by amorphous selenium. The surface became more Cu-rich and Cd-poor, as the ratio of [Cu]/([Cd]+[Ge]) increased from 0.96 to 1.02 and the ratio of [Cd]/[Ge] decreased from 1.1 to 1.0. KCN etching restored the Cu-poor and Cd-rich surface and removed selenium from the surface. Additional annealing at 400 °C did not change the surface composition within the detection limits. 

In Figure 3.7b is shown the SEM image of crystal surface after 10 v/v% HCl etching for 10 min. After HCl etching, the surface of crystals was slightly Cu-rich ([Cu]/([Cd]+[Ge]) = 1.03) and Cd-rich ([Cd]/[Ge] = 1.07). Subsequent etching with KCN removed Cu-rich surface and restored original composition – Cu1.97Cd1.06Ge0.98Se4. 
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Figure 3.7. SEM images of Cu1.95Cd1.06Ge0.97Se4 crystals after a) 1% Br2−MeOH etching for 5 min and b) 10% HCl etching for 10 min.

Raman spectroscopy has emerged as a promising and feasible technique for the advanced characterization of the secondary phases at the surface [Paper II]. The most intensive peak in the Raman spectra of orthorhombic Cu1.97Cd1.06Ge0.98Se4 is observed at 203 cm−1 and it is not dependent on the applied chemical etchant. The additional characteristic Raman modes for the o-Cu2CdGeSe4 phase were detected at 163, 182, 187, 271 and 278 cm−1 [Paper I and II] (see Figure 3.8a and 3.8b). 
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Figure 3.8. RT Raman spectra of o-Cu1.95Cd1.06Ge0.97Se4 powders: a) without etching and after different combinations of bromine and KCN etchings and annealing at 400 °C, b) without etching and after different combinations of HCl and KCN etchings and annealing at 400 °C.

After bromine etching additional peaks appeared at 143, 233, 237 cm−1 and 250 cm−1. Raman peaks at 143, 233 and 237 cm−1 correspond to the trigonal Se (t-Se); peak at 
233 cm−1 is attributed to bond-stretching E mode and at 237 cm−1 to symmetric 
bond-stretching A1 mode [118]. Weak band at 250 cm−1 corresponds to the A1 mode of amorphous selenium [118]. After bromine and also after HCl etching wide band appeared around at 300–350 cm-1. The latter band was even stronger after annealing at 400 °C. This could be assigned to GeSe or GeSe2 phase. XPS analysis was used to confirm this assumption. Figure 3.9 shows the Ge 3d and Se 3d core-level spectra for Cu2CdGeSe4 after annealing at 400 °C and after additional KCN etching. All measured XPS spectra were charge corrected based on the standard reference signal from C 1s (284.6 eV). The Ge 3d core-level spectrum exhibited two doublet peaks with main peak (3d5/2) centred at 
30.3 eV belonging to GeIV (possible in Cu2CdGeSe4 or GeSe2 phase) and at 30.8 eV belong to GeII (possible GeSe phase) both with duplet separation set to 0.58 eV [46,119,120]. The Se 3d core-level spectrum of the surface of annealed Cu2CdGeSe4 also exhibited two doublets with main peak (3d5/2) binding energies centred at 53.8 eV and 54.7 eV. The first one belongs to SeII in Cu2CdGeSe4 and the second belongs to GexSe1-x [121]. After KCN etching in the Ge 3d core-level spectrum only one doublet with main peak located at the same energy 30.3 eV remained. The second doublet at higher binding energy was considerably suppressed. The reduction of GeSe signal accompanied also in the Se 3d core-level spectrum, where the intense doublet with main peak located at 53.9 eV was remained.
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Figure 3.9. XPS spectra of a) Ge 3d and b) Se 3d for surface of Cu2CdGeSe4 after annealing at 400 °C and after additional KCN etching.

[bookmark: _Toc100151648]Cu2CdGeSe4 monograin layer solar cell 

Sieving analysis showed that the yield of the applicable size of the crystals synthesized at 500 °C for monograin layer solar cell preparation was very small. Therefore, to produce MGL solar cells, the powder synthesized at 700 °C in KI flux was used for the different post-annealing procedures providing both possible structural modifications of Cu2CdGeSe4 as solar cell absorber materials. To produce o-Cu2CdGeSe4, the powder was post-annealed at 500 °C for 1 h and cooled by quenching into water; t-Cu2CdGeSe4 modification was obtained by annealing at 500 °C for 1 h and cooling slowly to room temperature (~0.5 °C/min). XRD patterns of these powders confirmed the formation of different respective modifications (not presented). 

To investigate the effect of the crystalline structure of Cu2CdGeSe4 on device performance, J–V curves of the solar cell devices were measured under AM1.5 illumination, as shown in Figure 3.10a [Paper I]. For the device based on t-Cu2CdGeSe4 absorber, the highest obtained power conversion efficiency was 2.16% with Voc of 
315 mV, Jsc of 14.7 mA/ cm2, and FF of 35% while for the o-Cu2CdGeSe4 solar cell, PCE of 4.21% was achieved with a Voc of 464 mV, Jsc of 17.5 mA/cm2 and FF of 39%. These initial results indicated that both – t-Cu2CdGeSe4 and o-Cu2CdGeSe4 materials are potential candidates for absorber material in photovoltaic devices. 

EQE analysis was used to estimate the effective bandgap energy (Eg*) of the synthesized absorber materials [113] since the evaluation of Eg from the optical absorption or reflectance spectra of the monograins is rather challenging. The Eg* values obtained (Figure 3.10b) from EQE measurements was found to be 1.14 eV for 
t-Cu2CdGeSe4 powders and 1.27 eV for o-Cu2CdGeSe4 powders. 
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Figure 3.10. a) J-V characteristics and b) EQE spectra of MGL solar cell prepared from t-Cu2CdGeSe4 and o-Cu2CdGeSe4 powders.

The influence of the surface chemical etching and the annealing conditions on the optoelectronic properties of solar cells were investigated [Paper II]. In Figure 3.11, 
the output parameters of monograin layer solar cells fabricated from o-Cu1.95Cd1.06Ge0.97Se4 powder that was etched with different chemical solutions followed by annealing at 400 °C for 1 hour are displayed as box plots. Results showed that all used chemical etchants are beneficial to improve solar cell performance. All etchants improved the values of open circuit voltage about 150 mV. The largest improvement on the optoelectronic parameters was achieved by HCl etching followed by KCN-etching, giving conversion efficiency of 3.82%. The efficiency improvement was mainly due to increased values of current density from 11.5 to 21.3 mA/cm2.
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Figure 3.11. Box plot of a) open circuit voltage; b) fill factor; c) current density and d) efficiency of monograin layer solar cells fabricated from Cu1.95Cd1.06Ge0.97Se4 powder that was etched with different chemical solutions followed by annealing at 400 °C for 1 h.

For the investigation of the effect of post-annealing temperature, 1% v/v Br2−MeOH and 10% m/m KCN combinational etching was used for nearly stoichiometric                             o-Cu2Cd1.03Ge1.02Se4 (CCGSe-203) powder and subsequently the powder was annealed at different temperatures for 1 h in closed ampoules. 
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Figure 3.12. Box plot of a) open circuit voltage; b) fill factor; c) current density and d) efficiency of monograin layer solar cells fabricated from o-Cu2Cd1.03Ge1.02Se4 powder that was etched with bromine in methanol and KCN solutions followed by annealing at temperatures from 300 to 700 °C for 1 h.

The output parameters of monograin layer solar cells based on differently annealed powders are presented as box plot in Figure 3.12. Note that these parameters were obtained with an additional short time (30 sec) chemical etching with KCN solution prior to CdS buffer layer deposition. It was applied due to the formation of GeSe phase on the crystals surface after annealing and as Raman and XPS analysis confirmed, this phase was removed by short time KCN etching. The values of VOC increased from 473 to 515 mV by increasing the annealing temperature from 300 to 450 °C. The value of FF reached its maximum (51%) at 400 °C and decreased again at higher annealing temperatures. 
The similar trend was observed for JSC, the values were increased up to 400 °C and then started to decrease. After annealing the powder over 450 °C, the decrease in the output parameters could be caused by decomposition of absorber material surface. The largest improvement on the optoelectronic parameters was achieved by annealing                                o-Cu2Cd1.03Ge1.02Se4 powder at 400 °C for 1 hour, giving conversion efficiency of 5.69% with the following parameters: VOC = 459 mV; JSC = 25.6 mA/cm2 and FF = 48%.

Summary of the study of Cu2CdGeSe4 monograin powder properties and solar cells

Cu2CdGeSe4 powders were synthesized by molten salt method in CdI2 and KI for photovoltaic applications. Phase analysis by Raman spectroscopy and X-ray diffraction showed that Cu2CdGeSe4 powder synthesized at 500 °C had tetragonal structure and powders synthesized at temperatures 600 °C and 700 °C had orthorhombic structure regardless of the used molten salt. The results of compositional analysis indicated that Cu-poor and Cd-rich powders were synthesized at 700 °C in KI flux and at 600 °C in CdI2 flux. The band gap values determined from EQE measurements were found to be 1.27 eV for orthorhombic Cu2CdGeSe4 and 1.14 eV for tetragonal Cu2CdGeSe4 material. The best power conversion efficiency of 4.21% was achieved by using the orthorhombic structured Cu2CdGeSe4 powder as absorber material, which were annealed at 500 °C for 1 hour.

A comparative investigation of the influence of different etchants such as Br2−MeOH, KCN and HCl followed by isothermal annealing at different temperatures on the performance of o-Cu2CdGeSe4 monograin layer solar cells was carried out. Results showed that all used chemical etchants are beneficial to improve Cu2CdGeSe4 solar cell efficiencies. After chemical etching of crystal surfaces, the powder needed additional annealing at 400 °C to improve the performance of Cu2CdGeSe4 solar cells. It was found that after post-annealing the etching with KCN solution is necessary to remove GexSe1-x phase on the surface of Cu2CdGeSe4 powder crystal. 

The highest conversion efficiency of 5.69% was gained by using o-Cu2CdGeSe4 with nearly stoichiometric composition, which was etched with 1% v/v Br2−MeOH and 10% m/m KCN solutions for 5 minutes and post-annealed at 400 °C for 1 hour.

[bookmark: _Toc100151649]Cu2CdGe(SxSe1-x)4 monograin powders 

[bookmark: _Toc100151650]Morphology and composition of Cu2CdGe(SxSe1-x)4 monograin powders

In the Paper III, the γ-phase of Cu2CdGe(SxSe1−x)4 (x = 0; 0.2; 0.4; 0.6; 0.8; 1) monograin powders were synthesized at 700 °C for 120 hours by using KI as a molten salt medium. Additionally, four Cu2CdGe(SxSe1−x)4 (x = 0; 0.05; 0.1; 0.15) powders without and with small amount of sulfur were synthesized in CdI2 molten salt to produce δ-solid solutions. SEM images of Cu2CdGeSe4 and Cu2CdGeS4 powder crystals are shown in Figure 3.13a and 3.13b [Paper III]. With the increasing S content in the Cu2CdGe(SxSe1-x)4 solid solutions, the formed crystals with round shape and smooth surface planes changed to more irregular and oblong shape. The median grain size of the powders decreased with the increasing S content in the Cu2CdGe(SxSe1-x)4 powder, being D50 = 143 µm for the Cu2CdGeSe4 powder and D50 = 85 µm for Cu2CdGeS4. 
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Figure 3.13. SEM images of monograin powders of Cu2CdGeSe4 (left) and Cu2CdGeS4 (right) (fraction size 45–56 μm).

Therefore, it was found that selenide powder crystals grow almost two times larger than sulfide powder crystals under the same synthesis conditions [Paper III]. This could be attributed to the existence of elemental selenium in the precursor mixture at temperature below melting point of salt that could act as sintering agent. For example, at low temperatures (~221 °C) forms CuSe2, which decomposes into CuSe and Se at ~330 °C. At 380 °C, CuSe decomposes into Cu2–xSe and liquid Se. In the sulfide system, all metals precursors react with sulfur at much lower temperature (~250 °C) and do not release free sulfur at higher temperatures. Similar phenomenon about crystal sizes is also observed for thin films with different ratio of S/Se [122]. 

The elemental composition of the bulk of the Cu2CdGe(SxSe1-x)4 microcrystals was determined by EDX analysis and is presented in Table 3.3 [Paper III]. It was found that the increasing S content in the precursor’s mixture increased the Cu content in the powder from 24.6 at% (x = 0) to 25.6 at% (x = 1). The powders synthesized at 700 °C in KI, the ratio of [S]/([S]+[Se]) and [Cd]/[Ge] in precursor’s mixture was nearly the same in all powders. While the powders synthesized at 500 °C in CdI2 with x = 0 – 0.15 had 
Cd-rich composition ([Cd]/[Ge] > 1.1) and the ratio of [S]/([S] + [Se]) in the powders was slightly higher than in precursor’s mixture.



Table 3.3 Bulk composition of Cu2CdGe(SxSe1−x)4 microcrystalline powders by EDX analysis

		x=[S]/([S]+[Se])

in precursor

		Tsynth, oC

		Bulk composition of powders by EDX



		

		

		[S]/

([S]+[Se])

		Cu, at%

		Cd, at%

		Ge, at%

		Se, at%

		S, at%

		[Cu]/

[Ge]

		[Cd]/

[Ge]

		[Cu]/

([Cd]+[Ge])



		0

		



700







		0

		24.6

		13.5

		11.7

		50.0

		-

		2.10

		1.15

		0.98



		0.2

		

		0.21

		24.4

		12.4

		11.8

		39.4

		10.6

		2.07

		1.05

		1.0



		0.4

		

		0.39

		24.8

		12.7

		12.0

		30.3

		19.7

		2.07

		1.06

		1.0



		0.6

		

		0.60

		25.2

		12.2

		12.0

		19.9

		30.1

		2.10

		1.02

		1.04



		0.8

		

		0.80

		25.2

		12.6

		12.1

		10.0

		40.0

		2.08

		1.04

		1.02



		1

		

		1

		25.6

		12.5

		11.9

		-

		50.0

		2.15

		1.05

		1.04



		0

		

500





		0

		24.9

		13.0

		12.6

		50.0

		-

		1.98

		1.03

		0.97



		0.05

		

		0.07

		25.1

		13.8

		11.6

		46.6

		3.4

		2.16

		1.19

		0.95



		0.1

		

		0.12

		25.5

		13.2

		11.7

		44.0

		6.0

		2.18

		1.13

		1.02



		0.15

		

		0.23

		25.3

		13.2

		11.7

		38.6

		11.3

		2.16

		1.13

		1.02





[bookmark: _Toc100151651]Structural properties of Cu2CdGe(SxSe1-x)4 monograin powders

The crystal structure and phase composition of the synthesized Cu2CdGe(SxSe1-x)4 powders with different S/Se ratios was investigated by XRD [Paper III]. Figure 3.14a shows the XRD patterns of monograin powders of Cu2CdGe(SxSe1-x)4 solid solutions synthesized at 700 ◦C in KI flux. The major diffraction peaks are indexed as corresponding to the (210), (020), (002), (211), (203), (213) and (040) planes of orthorhombic phase of Cu2CdGeS4 (ICDD PDF-2 Release 2019 RDB, 00-043-1387) and Cu2CdGeSe4 (ICDD PDF-2 Release 2019 RDB, 01-074-3115). The position of most intensive diffraction peak (020) shifted from 25.88 deg (for Cu2CdGeSe4) to 27.19 deg (for Cu2CdGeS4) as shown in Figure 3.14b. Minor amount of secondary phases like CdS, CdSe or Cd(S,Se) were detected in the all solid solutions.
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Figure 3.14. a) XRD patterns of monograin powders of Cu2CdGe(S,Se)4 solid solutions synthesized at 700 ◦C in KI; b) magnified view of (020) diffraction peak.

Using the XRD patterns, the values of lattice parameters a, b and c for all the powders were calculated. A linear decrease of the lattice parameters values (a from 8.064 Å to 7.705 Å; b from 6.882 Å to 6.556 Å and c from 6.604 Å to 6.301 Å) was observed upon replacement of selenium with sulfur due to the smaller atom radius of S compared to Se. The structural linearity is shown in Figure 3.15. This behaviour strictly follows Vegard’s empirical heuristic law, which states that at the same temperature the lattice parameter of a solid solution of two materials with the same crystal structure can be approximated by an equation of the two constituents’ lattice parameters [123].
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Figure 3.15. Lattice parameters a, b and c as a function of S content in the orthorhombic Cu2CdGe(SxSe1−x)4 solid solutions synthesized at 700 °C.

In order to confirm the existent limits of a tetragonal structure in Cu2CdGe(SxSe1-x)4 with low concentration of sulfur, as reported in [66], the monograin powders of Cu2CdGe(SxSe1-x)4 solid solutions (x = 0 to x = 0.15) synthesized at 500 °C were analysed by XRD (Figure 3.16). According to this study, Cu2CdGeSe4 (x = 0) and Cu2CdGe(SxSe1-x)4 solid solutions (x = 0.05 – 0.1) had a tetragonal structure (I-42m) with lattice parameters presented in Table 3.4. Cu2CdGe(SxSe1-x)4 powder with x = 0.15 contains about 79% of crystal with an orthorhombic structure (Pmn21) with lattice parameters a = 7.994 Å, 
b = 6.809 Å, c = 6.534 Å, and about 18% of crystal with a tetragonal structure (I-42m) with lattice parameters a = b = 5.697 Å, c = 10.943 Å. Cu2CdGe(SxSe1-x)4 solid solutions with x = 0.2 crystallize in the orthorhombic structure regardless of the synthesis temperature.
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Figure 3.16. XRD patterns of the monograin powders of Cu2CdGe(SxSe1−x)4 solid solutions synthesized at 500 ◦C.

The substitution of Se with the smaller S atoms leads to the contraction of the unit cell (see Table 3.4). Since not only the size but also the electronic structures of S and Se are different, therefore, it is expected that the lattice parameters and electronic structure will be changed.

Table 3.4 The lattice parameters of the monograin powders of Cu2CdGe(SxSe1−x)4 solid solutions.

		x in Cu2CdGe(SxSe1-x)4

		Tsynth, oC

		a, Å

		b, Å

		c, Å

		V, Å3

		Space group



		

		

		

		

		

		

		



		0

		



700





		8.064

		6.882

		6.604

		366.47

		Pmn21



		0.2 

		

		7.994

		6.810

		6.534

		355.77

		Pmn21



		0.4 

		

		7.935

		6.762

		6.486

		348.06

		Pmn21



		0.6 

		

		7.839

		6.680

		6.410

		335.67

		Pmn21



		0.8 

		

		7.772

		6.622

		6.355

		327.07

		Pmn21



		1 

		

		7.705

		6.556

		6.301

		318.33

		Pmn21



		0

		

500

		5.747

		5.747

		11.051

		365.08

		I-42m



		0.05 

		

		5.739

		5.739

		11.033

		363.38

		I-42m



		0.1

		

		5.721

		5.721

		10.994

		359.81

		I-42m



		0.15

		

		5.697

7.994

		5.697

6.809

		10.943

6.534

		355.17 (18%)

355.72 (79%)

		I-42m 

Pmn21





[bookmark: _Toc100151652]Raman analysis of Cu2CdGe(SxSe1-x)4 monograin powders

The dependence of the Raman spectra on the anion composition of the orthorhombic structured Cu2CdGe(SxSe1-x)4 monograin powders is presented in Figure 3.17a [Paper III]. Figure 3.17b shows the Raman spectra of Cu2CdGe(SxSe1-x)4 monograin powders with tetragonal structure. The A1 Raman peak of pure Cu2CdGeSe4 is at 203 cm−1 and it is not depending on the crystal structure. The additional characteristic Raman modes for orthorhombic Cu2CdGeSe4 were detected at 162, 185, 270 and 277 cm−1. Cu2CdGeSe4 with tetragonal structure has additional characteristic Raman modes at 175 and 261 cm−1. 
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Figure 3.17. Raman spectra of Cu2CdGe(SxSe1−x)4 monograin powders synthesized a) at 700 ◦C and b) at 500 ◦C.

The main Raman mode A1 for pure Cu2CdGeS4 is at 356 cm−1 [59]. Other Raman peaks of Cu2CdGeS4 were detected at 154, 263, 280, 293, 337, 384 and 388 cm−1, which are in good correlation with previously reported vibrational modes in Cu2CdGeS4 [59,112]. 
The spectra of Cu2CdGe(SxSe1-x)4 monograin powders with S content values (x = 0.2, 0.4, 0.6 and 0.8) showed the peaks of two A1 mode because of the co-existence of S and Se atoms in powders. 

The spectra of Cu2CdGe(SxSe1-x)4 monograin powders (synthesized at 500 °C) with low S content values (x = 0.05, 0.1 and 0.15) showed clear shift of A1 mode toward the higher frequency region (from 203 to 208 cm−1) proportionally to the increase in S content (Figure 3.17b). Additional peaks at 223 and 361 cm−1 were detected already for Cu2CdGe(SxSe1-x)4 monograin powders with x = 0.05. The Raman mode at 223 cm−1 shifted to the high frequency at 228 cm−1. The same peak exists in orthorhombic structured Cu2CdGe(SxSe1-x)4 monograin powders (synthesized at 700 °C).

[bookmark: _Toc100151653]Cu2CdGe(SxSe1-x)4 monograin layer solar cells

All orthorhombic structured Cu2CdGe(SxSe1-x)4 powders with different S/Se ratio were also used as absorber materials in the monograin layer solar cells [Paper III]. Photovoltaic properties of the monograin layer solar cells were characterized by J–V measurements (Figure 3.19a). 
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Figure 3.19. a) J-V curves and b) EQE curves of Cu2CdGe(SxSe1−x)4 device with different S/Se ratios.

The open circuit voltage of Cu2CdGe(SxSe1-x)4 monograin layer solar cells increased with increasing the sulfur content in the Cu2CdGe(SxSe1-x)4 powders. An increase in the open circuit voltage values indicated to the widening of the band gap of Cu2CdGe(SxSe1-x)4. 
The external quantum efficiency spectrum was used to study the spectral response of the Cu2CdGe(SxSe1-x)4 monograin layer solar cells. Figure 3.19b shows the EQE spectra of Cu2CdGe(SxSe1-x)4 monograin layer solar cells. The absorption edge shifted to shorter wavelengths and the change of spectral response in the short wavelengths was visible with increase in S content in the absorber material. Inset graph in Figure 3.19 shows the Eg* values of Cu2CdGe(SxSe1-x)4 solid solutions depending on the ratios of S/Se. 
An increase of Eg* from 1.27 eV to 2.04 eV by increasing S content in Cu2CdGe(SxSe1-x)4 monograin powder materials was observed (Table 3.5). However, the values of VOC were not increasing at the level as expected due to increased band gap values. There are several reasons why real values were not achieved: either the recombination in the bulk increases with a higher S/Se ratio or the band alignment with the CdS buffer becomes worse, increasing detrimental interface recombination. The short circuit current density of Cu2CdGe(SxSe1-x)4 MGL solar cells decreased from 24.9 mA/cm2 (x = 0) to 5.7 mA/cm2 (x = 1), going from low to high S-content. As confirmed by EQE measurements, the increased S-content resulted in an increase of the band gap, thus the JSC decrease was the result of less absorption. The Cu2CdGe(SxSe1-x)4 monograin powders with x = 0.2 gave the best solar cell with parameters: VOC = 724 mV, JSC = 18.8 mA/cm2, FF = 46.9%, η = 6.4% (active area) (Table. 3.5).

Table 3.5 Summary of device parameters for the best performing Cu2CdGe(SxSe1−x)4 MGL solar cells depending on Se replacement with S in absorber materials.

		x=[S]/([Se]+[S])

in precursors

		VOC (mV)

		FF (%)

		JSC (mA/cm2)

		Eff. (%) 

(active area)

		Eg* (eV)



		0

		429

		48.2

		24.9

		5.2

		1.27



		0.2

		724

		46.9

		18.8

		6.4

		1.45



		0.4

		564

		42.9

		16.8

		4.0

		1.61



		0.6

		542

		46.3

		6.7

		1.7

		1.75



		0.8

		823

		34.4

		8.5

		2.4

		1.88



		1

		712

		34.8

		5.7

		1.5

		2.04









The preparation of monograin layer solar cells contain many steps, which need to be optimized for each composition of Cu2CdGe(SxSe1-x)4 absorber material: chemical etching and post-annealing of absorber material, selection of buffer layer etc. Therefore, all these steps need further study to improve the performance of Cu2CdGe(SxSe1-x)4 solar cells with different S/Se ratio. 

Summary of the effect of the S/Se concentration ratio on the properties of Cu2CdGe(SxSe1-x)4 monograin powders for photovoltaic application.

A continuous series of Cu2CdGe(SxSe1-x)4 monograin powders were synthesized by molten salt method for photovoltaic applications. Structural study by Raman and X-ray diffraction showed that all Cu2CdGe(SxSe1-x)4 monograin powders synthesized at 700 °C crystallize in orthorhombic structure and solid solutions synthesized at 500 °C have only tetragonal structure in the range x = 0 to x = 0.1. Cu2CdGe(SxSe1-x)4 monograin powders with x = 0.15 synthesized at 500 °C contain mixture of orthorhombic and tetragonal phases. Lattice parameters decreased linearly by increasing the S content in the Cu2CdGe(SxSe1-x)4 monograin powders. The median crystal size decreased almost two times with the increasing S content in the Cu2CdGe(SxSe1-x)4 powders. 

The increasing sulfur content in the orthorhombic Cu2CdGe(SxSe1-x)4 monograin powders led to an increase in the effective band gap energy from 1.27 eV to 2.04 eV. Therefore Cu2CdGe(SxSe1-x)4 monograin powders with x = 0 – 0.2 could be used as absorber materials for single junction solar cells and compounds with x > 0.2 could be used as top cell absorber materials in a tandem solar cell structure due to suitable wide band gap (Eg > 1.6 eV).

The highest power conversion efficiency of 6.4% for monograin layer solar cells have been achieved by Cu2CdGe(SxSe1-x)4 monograin powders with x = 0.2 showing the parameters: VOC = 724 mV, JSC = 18.8 mA/cm2 and FF = 46.9%.

[bookmark: _Toc100151654]Cu2Ge(SexS1-x)3 monograin powders

[bookmark: _Toc100151655]Morphology and composition of Cu2Ge(SexS1-x)3 monograin powders

Cu2GeSe3 and Cu2GeS3 have many promising properties for absorber material, such as 
p-type conductivity, high absorption coefficient (104 cm-1) and a direct band gap energy (0.8 – 1.5 eV) [24,28], there are only few studies presenting the results about Cu2GeSe3, Cu2GeS3 or their solid solution based solar cells [40]. Therefore, solid solutions Cu2Ge(SexS1-x)3 needed investigation in order to modify the bandgap energy and find the optimal S/Se ratio for absorber material. Figure 3.20 shows the SEM images of Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) powder crystals (with fraction size 63–75 µm) synthesized in LiI flux. All formed powders consist of non-aggregated, well-formed single crystals with round edges independent of the S/Se ratio [Paper V]. The median grain size of the powders increased with increasing the selenium content in the Cu2Ge(SexS1-x)3 powders. This is also common in quaternary systems, where S/Se ratio is varied [Paper III].
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Figure 3.20. SEM images of Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) monograin powders.

EDX analyses were carried out to confirm the bulk composition of monograin powders [Paper V]. Table 3.6 shows the average bulk composition of the Cu2Ge(SexS1-x)3 monograin powders. It was found that bulk composition of all powders was slightly          Cu-rich and Ge-poor ([Cu]/[Ge] > 2), the ratio of [Se]/([S]+[Se]) in synthesized Cu2Ge(SexS1-x)3 solid solutions followed the input composition. The ratio of ([S]+[Se])/([Cu]+[Ge]) was approximately 1.0 regardless of the S/Se ratio in material. 



Table 3.6 Bulk composition of Cu2Ge(SexS1-x)3 (x=0, 0.2, 0.4, 0.6, 0.8, 1) monograin powders by EDX.

		x=[Se]/([S]+[Se])

in precursors 

		Bulk composition of powder crystals

by EDX (at%)

		Compositional ratios



		

		Cu 

		Ge

		S

		Se

		[Se]/

([S]+[Se])

		[Cu]/[Ge]

		([S]+[Se])/

([Cu]+[Ge])



		0.0

		33.62

		16.28

		50.10

		-

		0.00

		2.06

		1.00



		0.2

		33.75

		16.51

		40.21

		9.53

		0.19

		2.04

		0.99



		0.4

		33.48

		16.49

		30.01

		20.02

		0.40

		2.03

		1.00



		0.6

		33.48

		16.57

		19.99

		29.96

		0.60

		2.01

		1.00



		0.8

		33.55

		16.24

		10.08

		40.13

		0.80

		2.06

		1.01



		1.0

		33.73

		16.25

		-

		50.02

		1.00

		2.07

		1.00





[bookmark: _Toc100151656]Structural analysis of Cu2Ge(SexS1-x)3 monograin powders

[bookmark: bfig0002]Figure 3.21a shows the XRD patterns and Figure 3.21c shows corresponding lattice parameters of Cu2Ge(SexS1-x)3 monograin powders [Paper V]. The major diffraction 
peaks for pure Cu2GeS3 correspond to monoclinic phase (space group Cc) (ICDD PDF-2, 01–088–0827) and for pure Cu2GeSe3, the characteristic peaks correspond to orthorhombic phase (space group Imm2) (ICDD PDF-2, 01–076–7578). The crystal structure of Cu2Ge(SexS1-x)3 transformation from monoclinic to orthorhombic was found to range from x = 0.2 to x = 0.4 because the Cu2Ge(SexS1-x)3  (x = 0.2) showed monoclinic structure, but further addition of Se in the Cu2Ge(SexS1-x)3  (x = 0.4) showed already orthorhombic structure. The position of most intensive diffraction peak shifted from 27.8 deg (for Cu2GeSe3) to 29.2 deg (for Cu2GeS3) as shown in enlarged view in Figure 3.21b.

 [image: https://ars.els-cdn.com/content/image/1-s2.0-S0040609021005368-gr2_lrg.jpg]

Figure 3.21. (a) XRD patterns of Cu2Ge(SexS1-x)3 monograin powders (x = 0, 0.2, 0.4, 0.6, 0.8, 1), b) enlarged view of XRD patterns to show the shift of main peak position and c) lattice parameters a, b and c as a function of Se content.

Using the X-ray diffraction patterns, the values of lattice parameters (a, b and c) for all powders were calculated by Rietveld refinement and presented in Table 3.7 and Figure 3.21c. Monoclinic Cu2GeS3 had lattice parameters a = 6.439 Å, b = 11.316 Å and c = 6.416 Å. Small amount of Se in the Cu2Ge(SexS1-x)3  (x = 0.2) increased all the lattice parameters values. Additional S replacement by Se in Cu2Ge(SexS1-x)3 (x = 0.4 - 1) changed the crystal structure from monoclinic to orthorhombic together with enlargement in the lattice parameter values (a from 11.541 Å to 11.863 Å; b from 3.839 Å to 3.954 Å and c from 5.326 Å to 5.485 Å). This phenomenon is observed upon replacement of sulfur with selenium due to the smaller atom radius of S compared to Se.

Table 3.7 Lattice parameters of Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) monograin powders.

		x=[Se]/([S]+[Se])

in precursors

		a, Å

		b, Å

		c, Å

		V, Å3

		Space group



		0.0

		6.439

		11.316

		6.416

		443.97

		Cc [No. 9]-monoclinic



		0.2

		6.497

		11.402

		6.486

		456.31

		Cc [No. 9]-monoclinic



		0.4

		11.541

		3.839

		5.326

		236.32

		Imm2 [No. 44]-orthorhombic



		0.6

		11.626

		3.883

		5.376

		242.70

		Imm2 [No. 44]-orthorhombic



		0.8

		11.729

		3.925

		5.428

		249.90

		Imm2 [No. 44]-orthorhombic



		1.0

		11.863

		3.954

		5.485

		257.28

		Imm2 [No. 44]-orthorhombic







Figure 3.22 shows the Raman spectra obtained for Cu2Ge(SexS1-x)3 monograin powders with different x value [Paper V]. The pure Cu2GeS3 crystals show main Raman mode frequencies at 337 and 390 cm−1 and minor peaks at 241, 268, 313 and 418 cm−1. All these peaks are assigned to monoclinic Cu2GeS3 phase and are in good correlation to single crystal study [25]. Pure Cu2GeSe3 powder crystals showed main Raman peak at 191 cm−1 and the additional Raman modes were detected at 184, 220, 268 and 296 cm−1. All these peaks are assigned to orthorhombic Cu2GeSe3 phase [54]. In the powders, all sulfide related peaks tend to shift toward smaller wavenumbers and the relative intensity of these peaks decreased. At the same time selenide related peaks shifted toward higher wavenumbers. As the x value in the Cu2Ge(SexS1-x)3 monograin powders increased, the Raman spectra of Cu2Ge(SexS1-x)3 exhibited the two-mode characteristic due to the coexistence of S and Se atoms in powders. This trend is correlated with the increasing structural disorder due to the random distribution of S and Se atoms in the lattice that leads to fluctuations in the masses and force constants in the neighbourhood [68]. All peaks belong to the Cu2Ge(SexS1-x)3 monograin powders, no other phases were detected.
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Figure 3.22. RT-Raman spectra of Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) monograin powders.

[bookmark: _Toc100151657][bookmark: bfig0004]PL analysis of Cu2Ge(SexS1-x)3 monograin powders

Figure 3.23a shows the normalized PL spectra of the Cu2Ge(SexS1-x)3 monograin powders with different Se/S concentration ratios measured at T = 20 K [Paper V]. All spectra are composed of 2 asymmetric PL peaks. Spectral fitting results with a split-Pearson VII function are shown as coloured bands. Peak positions of these bands (#1 and #2) as a function of Se/S concentration ratio showed nearly linear dependence with a slope about −0.8 eV. Almost the same slope can be detected for Eg values determined from room temperature EQE measurements, see Figure 3.23b black dashed line. Therefore, the peak position shifted with x was related to Eg shift for both PL peaks. A detailed study of these peaks for x = 0.6 was published in Paper IV. It was shown that both peaks are related to donor-acceptor pair recombination and therefore it is quite likely that the same model holds for the whole range of x values.
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Figure 3.23. (a) Normalized low temperature photoluminescence spectra of Cu2Ge(SexS1-x)3 monograin powders with different Se/S ratios with fitting using an asymmetric double sigmoidal function, 
(b) Peak positions of two PL bands as a function of x. Results of linear fitting are shown as dashed lines. Room temperature bandgap energy Eg determined from EQE measurements is given as a dotted line.

[bookmark: _Toc100151658]Cu2Ge(SexS1-x)3 monograin layer solar cells

[bookmark: bfig0005]The applicability of the Cu2Ge(SexS1-x)3 powders as absorber materials were tested in monograin layer solar cell structure. Figure 3.24a shows illuminated J–V characteristics and Figure 3.24b shows corresponding EQE curves for all studied Cu2Ge(SexS1x)3 monograin powder based devices [Paper V]. The basic characteristics of solar cells and band gap energy values are presented in Table 3.8. Cu2GeSe3 based solar cell characteristics were excluded because devices did not show any photoresponse.
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Figure 3.24. (a) Light J–V characteristics and b) EQE of Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) monograin layer solar cells. Inset graph shows bandgap extraction by plotting [(EQE*E)2] vs. E.

Open circuit voltage of monograin layer solar cells increased from 372 mV to 537 mV by increasing the selenium content in the Cu2Ge(SexS1-x)3  from x = 0 to x = 0.6. Also, current density values increased from 5.9 mA/cm2 to 16.5 mA/cm2. In this study, the highest conversion efficiency of monograin layer solar cell were fabricated from Cu2Ge(SexS1-x)3 (x = 0.6), and demonstrated Voc = 537 mV, Jsc = 15.8 mA/cm2, FF = 37.2%, and η = 3.16%. According to EQE spectra in Figure 3.24b, by increasing the selenium content in monograin powders, the absorption edge shifted to longer wavelengths and the change of spectral response in the long wavelengths was seen. The effective band gap (Eg*) of Cu2Ge(SexS1-x)3 monograin powders was showed in Figure 3.24b (inset graph). A decrease in Eg* values from 1.65 eV to 1.07 eV by increasing Se content in Cu2Ge(SexS1-x)3  (x = 0 – 0.8) powder materials was (Table 3.8).

Table 3.8 Summary of the main characteristics of Cu2Ge(SexS1-x)3 monograin layer solar cells depending on S replacement with Se in absorber materials.

		x=[Se]/([S]+[Se])

in precursors

		VOC (mV)

		FF (%)

		JSC (mA/cm2)

		Eff. (%) 

		Eg* (eV)



		0

		372

		39.9

		5.9

		1.16

		1.65



		0.2

		270

		38.1

		5.3

		0.72

		1.57



		0.4

		415

		42.2

		16.5

		2.90

		1.43



		0.6

		537

		37.2

		15.8

		3.16

		1.26



		0.8

		239

		30.6

		7.3

		0.54

		1.07



		1

		91

		25.4

		0.7

		0.02

		-









Results showed that Cu2Ge(SexS1-x)3 (x = 0.4 − 0.6) materials have potential as absorber materials in solar cells. Monograin layer solar cells preparation process contain many technological steps, which need to be optimized for example the optimization of absorber materials composition, selection of the buffer layer etc. Therefore, further research is needed to improve the performance of Cu2Ge(SexS1-x)3 solar cells.

Summary of the study of Cu2Ge(SexS1x)3  monograin powder properties and solar cells

Cu2Ge(SexS1-x)3 (0 ≤ x ≤ 1) monograin powders were successfully synthesized in LiI flux by molten salt synthesis–growth method. According to EDX analysis, complete series of solid solutions was formed by changing the S/Se ratio in Cu2Ge(SexS1-x)3. All synthesized Cu2Ge(SexS1-x)3 powders were slightly Cu-rich and Ge-poor and consisted of well-formed crystals independent of the S/Se ratio. Structural studies by X-ray diffraction showed that Cu2GeS3 crystallize in monoclinic and Cu2GeSe3 crystallize in orthorhombic structure. 
The crystal structure of Cu2Ge(SexS1-x)3 transformation from monoclinic to orthorhombic was detected between x = 0.2 and x = 0.4. Raman and PL studies also confirmed the formation of the whole series of Cu2Ge(SexS1-x)3. Raman modes of solid solutions followed the bimodal behaviour. PL spectra of CGSSe were composed of two asymmetric PL peaks. Peak positions of these bands as a function of Se/S concentration show nearly linear dependence with a slope about −0.8 eV. Almost the same slope was detected for band gap values determined from room temperature EQE measurements. Therefore, the peak position shift with increasing selenium content in powders is related to Eg shift for both PL peaks. Both peaks are related to donor-acceptor pair recombination.

Most promising compounds for solar cell application are Cu2Ge(SexS1-x)3 monograin powders with x = 0.4 – 0.6. A best performing solar cell was fabricated by using Cu2Ge(SexS1-x)3 x = 0.6 powder crystals as absorber material, exhibiting an open-circuit voltage of 537 mV, current density of 15.8 mA/cm2, fill factor of 37.2% and a conversion efficiency of 3.16%.



[bookmark: _Toc100151659]Conclusions

[bookmark: _Hlk98924791]This thesis focuses on the synthesis of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4 monograin powders by using molten salt method and characterization of different properties of the synthesized monograin powders. All investigated monograin powders were implemented as absorber materials in monograin layer solar cells. On the base of information gathered via different analytical methods, the following findings can be listed, and conclusions can be made.



Cu2CdGeSe4 

· According to XRD analysis, the Cu2CdGeSe4 monograin powders of both possible crystal structures were successfully synthesized by using different synthesis temperatures: at 500 °C tetragonal structure and at temperatures 600 °C and 700 °C orthorhombic structure had gained regardless of the used flux. 

· Raman analysis was found to be very effective method to distinguish both crystal modifications of Cu2CdGeSe4. The most intensive peak in the spectra of Cu2CdGeSe4 was observed at 203 cm−1 regardless on the crystal structure. The additional characteristic Raman modes for the orthorhombic Cu2CdGeSe4 phase were detected at 162, 187, 271 and 277 cm−1 and for tetragonal Cu2CdGeSe4 phase, the characteristic peaks were at 175, 263 and 292 cm−1. 

· Two different band gap values were confirmed by EQE measurements – for orthorhombic Cu2CdGeSe4 1.27 eV and for tetragonal Cu2CdGeSe4 1.14 eV. 

· For the first time, the effect of the crystalline structure of Cu2CdGeSe4 on device performance was studied by J–V measurements under standard conditions. The highest power conversion efficiency of 2.16% was obtained with tetragonal Cu2CdGeSe4 based devices with following parameters: VOC = 315 mV, JSC = 14.7 mA/cm2, and 
FF = 35%. Devices based on orthorhombic Cu2CdGeSe4 absorbers showed efficiency of 4.21% with a VOC = 464 mV, JSC = 17.5 mA/cm2 and FF = 39%. Devices based on orthorhombic Cu2CdGeSe4 powders were improved by surface post-treatments by combined chemical etching followed by annealing at elevated temperature. The highest conversion efficiency of 5.69% was gained with nearly stoichiometric composition of Cu2CdGeSe4, which was etched with Br2−MeOH/KCN solutions and post-annealed at 400 °C, with the following parameters: VOC = 459 mV; JSC = 25.6 mA/cm2 and FF = 48%.



Cu2CdGe(SxSe1-x)4 solid solutions

· According to XRD analysis, full range of Cu2CdGe(SxSe1-x)4 solid solutions synthesized at 700 °C crystallized in orthorhombic structure and solid solutions synthesized at 500 °C had tetragonal structure in the range x = 0 to x = 0.1. Cu2CdGe(SxSe1-x)4 solid solutions with x = 0.15 synthesized at 500 °C contain already mixture of orthorhombic and tetragonal phases. Lattice parameters decreased linearly by increasing the S content in the Cu2CdGe(SxSe1-x)4 solid solutions. 

· According to EQE measurements, the effective band gap energy increased from 1.27 eV to 2.04 eV by increasing the sulfur content in the orthorhombic Cu2CdGe(SxSe1-x)4 solid solutions. Therefore, the orthorhombic Cu2CdGe(SxSe1-x)4 solid solutions with x = 0 – 0.2 could be used as absorber materials for single junction solar cells and compounds with x > 0.2 could be used as top cell absorber materials in a tandem solar cell structure due to the wide band gap (Eg > 1.6 eV).

· The highest power conversion efficiency of 6.4% for Cu2CdGe(SxSe1-x)4 monograin layer solar cells was achieved with x = 0.2 showing the parameters: VOC = 724 mV, JSC = 18.8 mA/cm2 and FF = 46.9%. 



Cu2Ge(SexS1-x)3 solid solutions

· [bookmark: _Hlk98934138]Structural studies by XRD showed that Cu2GeS3 crystallized in monoclinic and Cu2GeSe3 crystallized in orthorhombic structure. Transformation from monoclinic to orthorhombic crystal structure in Cu2Ge(SexS1-x)3 solid solutions was detected between x = 0.2 to x = 0.4.

· The effective band gap values of Cu2Ge(SexS1-x)3 determined from EQE measurements were found to shift nearly linearly to lower energy values from 1.65 eV to 1.07 eV by decreasing the S content from x = 0 to x = 0.8 in Cu2Ge(SexS1-x)3.

· Radiative recombination processes in Cu2Ge(SexS1-x)3 monograin powders were studied by using photoluminescence spectroscopy. All PL spectra of Cu2Ge(SexS1-x)3 consisted of two asymmetric PL peaks. Both PL peaks were related to donor-acceptor pair recombination. Peak positions of the PL bands shifted nearly linearly to lower energy values by decreasing the S content in Cu2Ge(SexS1-x)3.

· The highest efficiency of 3.16% was demonstrated by using Cu2Ge(Se0.6S0.4)3 powder crystals as absorber material in monograin layer solar cells with following parameters: VOC = 537 mV, JSC = 15.8 mA/cm2 and FF = 37.2%.

In conclusions, it is possible to synthesize Cu2CdGe(SxSe1-x)4 and Cu2Ge(SexS1-x)3 absorber materials via the monograin powder synthesis-growth method in molten salt medium. As preliminary results indicate, both type of materials are applicable as absorber materials in monograin layer solar cells. The novelty of this thesis is the first time to present solar cell parameters based on these materials and the record efficiency of 6.4% and 3.16% were gained by using Cu2CdGe(S0.2Se0.8)4 and Cu2Ge(Se0.6S0.4)3 as absorbers. However, the defect composition of powders, crystal surface modifications and band alignments need to be further optimized.
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[bookmark: _Toc517344504][bookmark: _Toc100151661]Abstract

Study of Cu2Ge(S,Se)3 and Cu2CdGe(S,Se)4 Monograin Powders for Photovoltaic Applications 

Photovoltaic technology as one of the renewable energy sources is an effective way to achieve carbon-neutral processes in the energy domain. Among the emerging materials for photovoltaics, so-called kesterites as absorber materials have gained a lot of attention due to their promising properties. Although the highest efficiency of ~13% for Cu2ZnSn(S,Se)4 based thin-film solar cells has been presented for several years, there is no significant improvement. The main culprits of limitations are open circuit voltage deficit, deep defects related to multivalent Sn, interface recombination, coexistence of complex secondary phases, the band tailing issue, short minority lifetime, bulk defects, and undesirable band alignment at p-n interfaces. Thus, further research and knowledge is necessary to overcome the present limitations and improve the performance of the kesterite-based technologies. It has also motivated research on the other ternary and quaternary copper chalcogenide compounds with suitable properties for solar cell absorber.

One successful strategy is cation substitution (Zn and Sn substitution by Cd and Ge) in Cu2ZnSn(S,Se)4, which has shown promising results and improved performance of solar cells. Additionally, ternary compounds, Cu2GeS3 and Cu2GeSe3 have shown many promising photo-absorber material properties, such as p-type conductivity and a direct band gap energy of 1.5 eV and 0.8 eV, respectively. However, there are only few studies presenting the results about solar cells based on Cu2GeS3, Cu2GeSe3 or their solid solutions. Therefore, this study was focused on the formation of ternary Cu2Ge(S,Se)3 and quaternary Cu2CdGe(S,Se)4 monograin powders in liquid phase of flux materials (CdI2, KI and LiI) as well as characterization of monograin layer solar cells based on the synthesized monograin powders. 

[bookmark: bf0025]Cu2CdGeSe4 has two crystal structure modifications. The monograin powder synthesis by molten salt method allows to use different synthesis temperatures to obtain both crystal structures. Structural studies by XRD showed that powder synthesized at 500 °C had tetragonal structure and powders synthesized at temperatures 600 °C and 700 °C had orthorhombic structure regardless of the used molten salt. According to Raman analysis, the most intensive peak in the spectra of Cu2CdGeSe4 was observed at 203 cm−1 regardless on the crystal structure. The results showed that Raman analysis is very good additional method to distinguish both crystal structure. The characteristic Raman modes for the o-Cu2CdGeSe4 phase were detected at 162, 187, 271 and 277 cm−1 and for t-Cu2CdGeSe4 phase, the characteristic peaks were at 175, 263 and 292 cm−1. According to EQE measurements, the orthorhombic Cu2CdGeSe4 had band gap of 1.27 eV and tetragonal Cu2CdGeSe4 had 1.14 eV. Monograin powders with both crystal structures were implemented as absorber layers in monograin layer solar cells.  Preliminary results of this work showed that devices based on o-Cu2CdGeSe4 had 
higher performance than t-Cu2CdGeSe4 based solar cells. The further optimisation of 
o-Cu2CdGeSe4 crystal surfaces by the chemical etching with Br2−MeOH/KCN solutions and post-annealed at 400 °C for 1 hour resulted in monograin layer solar cell efficiency of 5.69% with the following parameters: VOC = 459 mV; JSC = 25.6 mA/cm2 and FF = 48%. It was first time reported that Cu2CdGeSe4 could be successfully used as absorber material in photovoltaics.

Theoretical calculations show that the efficiency for single junction solar cells has a direct bandgap of ~1.4 eV. In this thesis, the solar cell efficiency improvement and band gap optimization was achieved by adjusting the ratio of chalcogens (S/Se) in the Cu2CdGe(SxSe1-x)4 (0 ≤ x ≤ 1) solid solutions. Structural study by XRD and Raman showed that all Cu2CdGe(SxSe1-x)4 solid solutions synthesized at 700 ◦C crystallize in orthorhombic structure and solid solutions synthesized at 500 ◦C had tetragonal structure in the range x = 0 to x = 0.1. Cu2CdGe(SxSe1-x)4 solid solution with x = 0.15 synthesized at 500 ◦C contain mixture of orthorhombic and tetragonal phases. According to EQE measurements, 
the band gap energy increased from 1.27 eV to 2.04 eV by increasing the S content in the Cu2CdGe(SxSe1-x)4 solid solutions. The highest power conversion efficiency of 6.4% for monograin layer solar cells was achieved by Cu2CdGe(SxSe1-x)4 solid solution with x = 0.2 showing the parameters: VOC = 724 mV, JSC = 18.8 mA/cm2 and FF = 46.9%.

Regarding the toxicity issue with Cd, which may rise in the future, ternary      Cu2Ge(SexS1-x)3 (0 ≤ x ≤ 1) solid solutions, which are not extensively investigated as absorber materials for solar cell application, were studied. The complete series of Cu2Ge(SexS1-x)3 (0 ≤ x ≤ 1) monograin powders were synthesized in LiI flux. Structural studies by XRD and Raman showed that Cu2GeS3 crystallize in monoclinic and Cu2GeSe3 crystallize in orthorhombic structure. Transformation from monoclinic to orthorhombic crystal structure in Cu2Ge(SexS1-x)3 solid solutions was detected between x = 0.2 to x = 0.4. Radiative recombination processes in Cu2Ge(SexS1-x)3 monograin powders were studied by using photoluminescence spectroscopy. All spectra of Cu2Ge(SexS1-x)3 consisted of two asymmetric PL peaks. Peak positions of these bands shifted nearly linearly to lower energy values by decreasing the S content in     Cu2Ge(SexS1-x)3. Almost the same trend was detected for band gap values determined from room temperature EQE measurements. Both PL peaks were related to donor-acceptor pair recombination. The highest efficiency of 3.16% was demonstrated by using Cu2Ge(SexS1-x)3 with x = 0.6 powder crystals as absorber material in monograin layer solar cells. 

Preliminary results indicate that both Cu2CdGe(SxSe1-x)4 and Cu2Ge(SexS1-x)3 monograin powders are applicable as absorber materials in monograin layer solar cells. However, the defect composition of powders, crystal surface modifications and band alignments need to be further optimized.

































[bookmark: _Toc100151662]Lühikokkuvõte

Cu2Ge(S,Se)3 ja Cu2CdGe(S,Se)4 monoterapulbrite uurimine ning kasutamine päikesepatareides 

[bookmark: _Hlk98946939]Majanduse areng ja üldine tarbimiskasv suurendab nõudlust ka keskkonnasäästliku ning samas odavama energiatootmise järele. Selleks otsitakse kogu maailmas võimalusi eelkõige taastuvenergeetikast. Päikeseenergiast elektrienergia tootmine on üks tõhusamaid viise süsinikuneutraalse energiamajanduse saavutamiseks. Selleks on vaja järjepidevalt arendada uusi keskkonnasõbralikke ja ressursisäästlikke tehnoloogiaid ja materjale, mis koosneksid maapõues laialt levinud koostiselementidest. Nendele kriteeriumitele vastavad näiteks laialdast tähelepanu pälvinud Cu2ZnSn(S,Se)4-tüüpi mitmikühendid, nn kesteriidid. Selliste absorbermaterjalide baasil valmistatud õhukesekilelised päikesepatareid on näidanud kasutegurit ~13%, mis on püsinud juba mitmeid aastaid. Nende nn. kesteriitsete päikesepatareide peamiseks probleemiks on avatud ahela pinge (VOC) puudujääk võrreldes VOC väärtustega, mida nende materjalide keelutsoonid võimaldaksid saada. VOC puudujääk võib olla tingitud erinevatest põhjustest, milleks peetakse mitmevalentse tinaga seotud sügavaid defekte, pinnarekombinatsiooni, kergesti tekkida võivaid võõrfaase, lühikest laengukandjate eluiga ja ebasobivat energiatasemete paiknemist p-n siirde alas. Seega on sellist tüüpi materjalide fundamentaalsete probleemide lahendamiseks vaja täiendavaid uuringuid ja teadmisi, mis on ajendanud ka käesoleva töö autorit otsima uusi alternatiivseid, varieeruvate omadustega vaskkalkogeniid-mitmikühendeid, mis sobivad omaduste poolest päikesepartarei absorbermaterjalideks.

Üheks võimalikuks ja lootustandvaid tulemusi näidanud strateegiaks on kesteriitsetes ühendites katioonasendamine (näiteks Zn ja Sn asendamine vastavalt Cd-i ja Ge-ga). Samuti sobivad absorbermaterjalideks paljulubavate omadustega kolmikühendid – Cu2GeS3 and Cu2GeSe3, mis on p-tüüpi juhtivusega ja otsese keelutsooniga, mille väärtused on vastavalt 1.5 eV ja 0.8 eV. Senini on olnud vähe uuringuid Cu2GeS3, Cu2GeSe3 või nende tahkete lahuste kohta raskendustest päikeseenergeetikas.

Käesoleva doktoritöö eesmärgiks oli sünteesida Cu2Ge(S,Se)3 ja Cu2CdGe(S,Se)4 monoterapulbrid sulade soolade (CdI2, KI ja LiI) keskkonnas, iseloomustada nende matrjalide koostist, struktuurseid ja optilisi omadusi ning valmistada neist materjalidest monoterakiht-päikesepatareid ja hinnata nende materjalide rakendatavust päikesepatareides.

Kirjandusest on teada, et Cu2CdGeSe4 võib omada kahte kristallstruktuuri modifikatsiooni. Käesolevas töös kasutati erineva kristallstruktuuri saamiseks erinevaid sünteesitemperatuure. Struktuuriuuringud XRD-ga näitasid, et 500 °C juures sünteesitud Cu2CdGeSe4 pulber omas tetragonaalset struktuuri ning temperatuuridel 600 °C ja 700 °C sünteesitud pulbrid omasid ortorombilist struktuuri sõltumata kasutatud sula soola keskkonnast. Esmakordselt näidati, et Raman spektroskoopiline analüüs on väga hea lisameetod mõlema kristallstruktuuri eristamiseks. Raman spektrite kõige intensiivsem piik asus 203 cm-1 juures, sõltumata Cu2CdGeSe4 skristallstruktuurist, kuid teised Ramani piigid asusid sõltuvalt kristallstruktuurist erinevatel asukohtadel. Ortorombilisele Cu2CdGeSe4 faasile iseloomulikud Ramani piigid asusid 162, 187, 271 ja 277 cm-1 ning tetragonaalsele Cu2CdGeSe4 faasile iseloomulikud piigid 175, 263 ja 292 cm-1 juures. Spektraalanalüüsi abil määrati mõlema kristallstruktuuriga Cu2CdGeSe4-le keelutsoonid – 1,27 eV ortorombilisele ja 1,14 eV tetragonaalsele. Mõlema kristallstruktuuriga kristallide pulbreid kasutati absorbermaterjalidena monoterakiht-päikesepatareides. Töö saadud esialgsed tulemused näitasid, et ortorombilise struktuuriga Cu2CdGeSe4 baasil valmistatud päikesepatareid olid suurema efektiivusega kui tetragonaalse struktuuriga Cu2CdGeSe4-i baasil valmistatud päikesepatareid. Seetõttu kasutati keemiliste ja termiliste pinnatöötluste optimeerimiseks ortorombilise struktuuriga Cu2CdGeSe4 monoterapulbreid. Parim päikesepatarei kasuteguri väärtus 5,69% saavutati absorbermaterjaliga, mille pinda oli söövitatud järjestikku broom-metanooli 
lahuse ja KCN vesilahusega ning seejärel lõõmutatud 400 °C juures. Päikesepatarei väljundparameetrid olid järgnevad: VOC = 459 mV ; JSC = 25,6 mA/cm2 ja FF = 48%. Selle töö tulemused näitasid esmakordselt, et Cu2CdGeSe4 saab edukalt kasutada absorbermaterjalina päikesepatareides.

Teoreetiliste arvutustega on näidatud, et ühesiirdelise päiksepatarei teoreetiline maksimaalne kasutegur on võimalik saavutada absorbermaterjaliga, mille keelutsoon on ~1.4 eV. Käesolevas doktoritöös saavutati päikesepatareide efektiivsuse tõus ja keelutsooni optimeerimine kalkogeenide (S/Se) kontsentratsiooni suhte varieerimisega Cu2CdGe(SxSe1-x)4 (0 ≤ x ≤ 1). Struktuuriuuringud kinnitasid, et 700 oC juures sünteesitud Cu2CdGe(SxSe1-x)4 tahked lahused kristalliseerusid ortorombilises struktuuris sõltumata S/Se suhtest. Cu2CdGe(SxSe1-x)4 tahked lahused, mis sünteesiti 500 °C juures, olid omandanud tetragonaalse kristallstruktuuri koostiste vahemikus x = 0 kuni x = 0,1. Cu2CdGe(SxSe1-x)4 koostisega x=0,15 sisaldas juba mõlemat, nii ortorombilist kui ka tetragonaalset kristallmodifikatsiooni. Suurendades väävli sisaldust x = 0 kuni x = 1 Cu2CdGe(SxSe1-x)4-s materjalide keelutsoon laienes 1,27 eV kuni 2,04 eV. Kõrgeim päikesepatarei kasutegur 6,4% saadi Cu2CdGe(SxSe1-x)4 tahke lahusega, kus x = 0,2 ning keelutsooni väärtus oli 1,45 eV. Sellise seadise väljundparameetrid olid järgmised: 
VOC = 724 mV, JSC = 18,8 mA/cm2 ja FF = 46,9%.

Kaadmiumi kui elemendi toksilisuse aspekti silmas pidades ja ka kolmikühendite kohta teada oleva informatsiooni vähesuse tõttu uuriti doktoritöös lisaks Cd sisaldavatele ühenditele ka Cu2Ge(SexS1-x)3 (0 ≤ x ≤ 1) tahkete lahuste kasutusvõimalust absorbermaterjalina päikesepatareides. Struktuuriuuringud näitasid, et Cu2GeS3 kristalliseerub monokliinses ja Cu2GeSe3 ortorombilises struktuuris. Üleminek monokliinilisest ortorombiliseks kristallstruktuuriks Cu2Ge(SexS1-x)3 tahketes lahustes toimus vahemikus x = 0,2 kuni x = 0,4. Kiirguslike rekombinatsiooni-protsesside uurimiseks Cu2Ge(SexS1-x)3 tahketes lahustes kasutati fotoluminestsentsanalüüsi. Leiti, et kõikide materjalide PL spektrid koosnesid kahest asümmeetrilisest ribast, mis nihkusid lineaarselt väiksemate energiaväärtuste poole S sisalduse vähenemisega Cu2Ge(SexS1-x)3 tahketes lahustes. Mõlemad PL ribad leiti olevat seotud doonor-aktseptor-paari rekombinatsiooniga. Samasugust lineaarset trendi näitas ka keelutsooni väärtuste muutus spektraalmõõtmiste alusel, keelutsoon vähenes 1,65 eV kuni 1,07 eV seleeni sisalduse suurenemisega (x = 0 kuni x = 0,8). Kõrgeim kasuteguri väärtus 3,16%, saadi Cu2Ge(Se0,4S0,6)3 monoterapulbri baasil valmistatud päikesepatareiga. 

Antud doktoritöö tulemused näitasid, et nii Cu2CdGe(SxSe1-x)4 kui ka Cu2Ge(SexS1-x)3 monoterapulbrid sobivad absorbermaterjalideks monoterakiht-päikesepatareides, kuid pulbrite defektkoostis, kristallide pinna modifitseerimine ja siirdeala optimeerimine vajavad edasist arendamist.
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