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A B S T R A C T   

In this study, the Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) microcrystalline powders were synthesized from 
elemental precursors in the liquid phase of lithium iodide (LiI) flux material in evacuated quartz ampoules. The 
crystal structure and lattice parameters of the Cu2Ge(SexS1-x)3 (CGSSe) were determined by X-ray diffraction 
measurement. Results showed the crystal structure of CGSSe transfers from monoclinic to orthorhombic with 
increasing the Se content in the powders, which occurs between 0.2 < x < 0.4. Raman spectroscopy showed that 
all sulfide related peaks in the solid solutions tend to shift toward smaller wavenumbers and the relative intensity 
of these peaks was decreasing and selenide related peaks shifted toward higher wavenumbers and decreased. 
Radiative recombination processes in CGSSe microcrystalline powders were studied by using photoluminescence 
spectroscopy (PL). All spectra of CGSSe were composed of two asymmetric PL peaks. Peak positions of these 
bands (#1 and #2) 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 (Eg) determined from room temperature external 
quantum efficiency measurements. Therefore, the peak position shift with x is related to Eg shift for both PL 
peaks. Both peaks are related to donor-acceptor pair recombination. 

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%.   

1. Introduction 

Economic development and the general growth in energy con-
sumption have led to an increased demand for environmentally friendly 
energy production at lower cost. For these opportunities are sought in 
the renewable energy sector. New technologies for energy production 
should provide clean, low cost, environmentally friendly solutions with 
versatile applications, making solar energy the best solution today. The 
wide range of multinary compounds have been proposed as emerging 
inorganic absorber materials for thin film solar cell. Among them, re-
searchers’ interest in Cu2–IV–VI3 (IV = Ge, Sn; VI = S, Se) ternary 
compounds and their solid solutions are also growing. For example, 
Cu2SnS3 and Cu2(Sn,Ge)S3 based solar cells have shown efficiencies 
5.1% [1] and 6.73% [2], respectively. Additionally, there are ternary 
compounds like Cu2GeS3 (CGS) and Cu2GeSe3 (CGSe), which are not 
extensively investigated as absorber materials for solar cell application. 

Germanium is a scarce but not an extremely rare element in the crust of 
the Earth for example equaling in abundance to molybdenum and 
exceeding the elements cadmium and antimony. Previously mentioned 
elements are also widely used in semiconductor industry. CGS and CGSe 
have many promising properties for photoabsorber material, such as 
p-type conductivity, high absorption coefficient (104 cm− 1) and a direct 
band gap energy [3,4]. Unfortunately, pure sulfide compound has 
slightly higher bandgap (1.5–1.6 eV) [5,6] and selenide compound have 
slightly lower (0.78 eV) [7,8] bandgap values reported than it should be 
for single junction solar cells. Therefore, solid solutions Cu2Ge(SexS1-x)3 
need to be investigated in order to modify the bandgap energy and find 
the optimal S/Se ratio for absorber material. 

According to several studies, Cu2GeS3 exist in different crystal 
structures, such as orthorhombic, cubic and monoclinic structure, that 
varies with the synthesis temperature [6,9,10]. Single crystals of CGS 
grown by chemical vapor deposition method at 620 ◦C showed 
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monoclinic crystal structure [9]. Thin films produced by Cu layer 
annealing in GeS/S vapor at 480 ◦C showed cubic crystal structure and 
transition to monoclinic polymorph was observed between 480 and 
500 ◦C [6]. Colloidal nanocrystals (NCs) produced by a hot-injection 
method showed cubic structure for CGS and by adding Se into the 
compound, the orthorhombic structure was observed [11]. Although, 
some researchers have found that CGSe compound crystallize in the 
monoclinic structure [3,7], mostly it has been observed that pure CGSe 
crystallize in an orthorhombic structure [3,12,13]. 

There are only few papers about the defect structure of Cu2GeS3, 
Cu2GeSe3 and their solid solutions. Robert et al. [6] reported photo-
luminescence (PL) studies of the monoclinic Cu2GeS3. One PL band with 
a peak maximum at 1.57 eV was detected, they assigned it to the band to 
band transition. In the study [12], for Cu2GeSe3 compound was detected 
three PL bands with peaks positions at 0.637 and 0.753 eV which 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. Recently, our 
group published detailed PL study of Cu2Ge(S0.4Se0.6)3 microcrystals 
[14]. At LT (low temperature) = 20 K, the donor acceptor pair recom-
bination is dominating for both PL peaks, 1.16 eV and 1.12 eV 
respectively. 

There are only few studies presenting the results about Cu2GeS3, 
Cu2GeSe3 or their solid solution based solar cell [6]. The best power 
conversion efficiency of 2.67% for Cu2GeS3 thin film solar cell was 
achieved by combustion method [4]. In the study [11], the efficiency of 
0.2% was presented for solar cells based on Cu2Ge(Se0.33S0.67)3 colloidal 
NCs. 

In the present study, Cu2Ge(SexS1-x)3 (x = 0 - 1) high quality 
microcrystalline powders were synthesized by the molten salt synthesis- 
growth method with the aim to study structural, compositional and 
optical properties. The photovoltaic applicability of all Cu2Ge(SexS1-x)3 
(x = 0 − 1) was evaluated by fabricating the monograin layer solar cells. 

2. Experimental details 

The ternary Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) microcrys-
talline powders were synthesized from commercially available elements 
Cu powder (99.999%, Alfa Aesar), Ge powder (99.999%, Alfa Aesar), S 
powder (99.999%, Alfa Aesar) and Se powder (99.999%, Alfa Aesar) by 
molten salt method. The alkali salt LiI (99.8%, Alfa Aesar) was used as a 
molten salt medium (flux material). The used flux salt was added with 
the mass ratio of mprecursors/mflux=1:1. The material mixtures were 
degassed, sealed into quartz ampoules, and then heated from room 
temperature (RT) to 700 ◦C at a rate ~0.5 ◦C/min and maintained at 
700 ◦C for 120 h. Ampoules were cooled down to RT in air, the salt was 
removed from solid powder particles by leaching with distilled H2O. 
Then, the powder was dried in drying oven at 50 ◦C and sieved into 
narrow size fractions (38–112 µm) by sieving system Retsch AS 200. 

The morphology of synthesized powder crystals was studied by high- 
resolution scanning electron microscope (HR-SEM Zeiss Merlin). The 
bulk composition of the synthesized powder crystals was analyzed by 
energy dispersive X-ray spectroscopy (EDX) by using the Bruker EDX- 
XFlash 6/30 detector with an accelerating voltage of 20 kV (the mea-
surement error is about 0.5 at%). The crystal structure of studied Cu2Ge 
(SexS1-x)3 microcrystalline powders was characterized by X-ray powder 
diffraction (XRD) by using a Rigaku Ultima IV diffractometer with 
monochromatic Cu Kα1 radiation (λ = 1.5406 Å) at 40 kV and 40 mA 
operating with the silicon strip detector D/teX Ultra. The phase analysis 
and lattice parameters calculations were made by using software on the 
Rigaku’s system PDXL2. Phase composition of powders was analyzed by 
room temperature micro-Raman spectroscopy by using a Horiba Lab-
RAM HR800 micro-Raman 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. 

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 the 
low temperature PL measurements. For PL signal detection a Hama-
matsu InGaAs photomultiplier tube (PMT) or the cooled CCD detector 
were used. A closed-cycle helium cryostat was employed to measure the 
PL spectra at temperature T = 20 K. The laser spot size for these mea-
surements was 200 μm in diameter. 

The monograin layer solar cells were prepared from chemically and 
thermally treated powders. Chemical etching and post-annealing were 
done following the previously developed process in our laboratory [15, 
16]. For chemical etching, bromine in methanol and KCN solutions were 
used, and annealing was done in closed quartz ampoules at 400 ◦C for 
60 min. CdS buffer layer was deposited on the post-treated powder 
crystals by chemical bath deposition method by using vertical rotator in 
hot-air oven at 60 ◦C for 30 min. The 360 ◦ multi-functional vertical 
rotator provides compact and uniform CdS coverage on CGSSe crystals. 
An alkali deposition solution contained 0.01 M cadmium iodide (CdI2) 
and 1 M thiourea (SC(NH2)2), 2 M ammonia aqueous solution (NH4OH) 
was added to adjust the bath solution pH to 11.6 at room temperature. 
Monograin membranes were prepared by embedding the CdS covered 
crystals partway into low shrinkage epoxy resin layer on supporting foil. 
After curing of epoxy, the membranes were covered with transparent 
conductive oxide layer (i-ZnO and ZnO:Al) by radio-frequency magne-
tron sputtering. Finally, back contacts and front collector were made by 
conductive graphite paste and Ag-paste respectively. 

The solar cells were characterized by measuring the current versus 
voltage (J–V) characteristics with a Keithley 2400 source meter under 
standard test conditions (AM 1.5, 100 mW cm− 2) using a Newport solar 
simulator. External quantum efficiency (EQE) measurements were per-
formed 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. 

3. Results and discussion 

Fig. 1 shows the SEM images of Cu2Ge(SexS1-x)3 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. 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 in 
varied [15]. 

EDX analysis were carried out to confirm the bulk composition of 
solid solutions. Compositional analysis of bulk was made from polished 
individual crystals by selecting 8–10 grains for EDX analysis and then 
average composition is calculated. Table 1 shows the average bulk 
composition of the Cu2Ge(SexS1-x)3 microcrystalline 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 nicely the input composition. The 
ratio of ([S]+[Se])/([Cu]+[Ge]) was approximately 1.0 regardless of 
the S/Se ratio in material. 

Fig. 2a shows the XRD patterns and Fig. 2c shows corresponding 
lattice parameters of Cu2Ge(SexS1-x)3 microcrystalline powders. 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) (PDF-2 01–076–7578). The crystal structure of 
Cu2Ge(SexS1-x)3 transfer from monoclinic to orthorhombic between 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 shifts from 27.8 deg (for Cu2GeSe3) to 29.2 deg (for 
Cu2GeS3) as shown in enlarged view in Fig. 2b. 

Using the X-ray diffraction patterns, the values of lattice parameters 
(a, b and c) for all powders were calculated and presented in Table 2 and 
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Fig. 2c. 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. 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. 

Fig. 3 shows the Raman spectra obtained for Cu2Ge(SexS1-x)3 solid 
solutions with different x value. 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 CGS 
phase and are in good correlation to single crystal study [9]. 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 

Fig. 1. SEM images of Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) microcrystalline powders.  

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

x Bulk composition of powder 
crystals by EDX (at%) error~ 0.5 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  
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[17]. In the solid solutions, all sulfide related peaks tend to shift toward 
smaller wavenumbers and the relative intensity of these peaks is 
decreasing and selenide related peaks will shift toward higher 

wavenumbers. As the x value in the Cu2Ge(SexS1-x)3 solid solutions in-
creases, the Raman spectra of Cu2Ge(SexS1-x)3 exhibit 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 fluc-
tuations in the masses and force constants in the neighborhood [18]. All 
peaks belong to the Cu2Ge(SexS1-x)3 solid solutions, no other phases 
were detected. 

Fig. 4a shows the normalized photoluminescence spectra of the 
Cu2Ge(SexS1-x)3 solid solutions with different Se/S concentration ratios 
measured at T = 20 K. All spectra are composed of 2 asymmetric PL 
peaks. Spectral fitting results with a split-Pearson VII function are shown 
as colored bands. Peak positions of these bands (#1 and #2) as a func-
tion of Se/S concentration show nearly linear dependence with a slope 
about − 0.8 eV. Almost the same slope can be detected for Eg values 

Fig. 2. (a) XRD patterns of Cu2Ge(SexS1-x)3 solid solutions (x = 0, 0.2, 0.4, 0.6, 0.8, 1), b) enlarged XRD patterns to view the shift of main peak position and c) 
lattice parameters. 

Table 2 
Lattice parameters of Cu2Ge(SexS1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) microcrys-
talline powders.  

x 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  

Fig. 3. Room-temperature Raman spectra of Cu2Ge(SexSe1-x)3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) microcrystalline powders.  
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determined from room temperature EQE measurements, see Fig 4b. 
Therefore, the peak position shift with x is related to Eg shift for both PL 
peaks. The average separation between peak #1 and #2 is around 40 
meV. A detailed study of these peaks for x = 0.6 was published in [14]. It 
was shown that both peaks are related to donor-acceptor pair recom-
bination and therefore it is quite likely that the same model holds for the 
whole range of x values. 

The applicability of the Cu2Ge(SexS1-x)3 powders as absorber mate-
rials were tested in monograin layer solar cell structure. Fig. 5a shows 
illuminated J–V characteristics and Fig. 5b shows corresponding EQE 
curves for all studied Cu2Ge(SexS1-x)3 based devices. The basic charac-
teristics of solar cells and band gap energy values are presented in 
Table 3. Cu2GeSe3 based solar cell characteristics were excluded because 
devices did not show any photoresponse. 

Open circuit voltage (Voc) 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 (Jsc) values 
increased from 5.9 mA/cm2 to 16.5 mA/cm2. The monograin layer solar 
cell with the highest conversion efficiency (η) in this study, which was 
fabricated from Cu2Ge(SexS1-x)3 (x = 0.6), demonstrated Voc= 537 mV, 
Jsc = 15.8 mA/cm2, FF = 37.2%, and η = 3.16%. According to external 

quantum efficiency (EQE) spectra in Fig. 5b, with the increasing the 
selenium content in monograin powders, it is obvious to see that the 
absorption edge shifts to longer wavelengths and the change of spectral 
response in the long wavelengths. The effective band gap (Eg*) of Cu2Ge 
(SexS1-x)3  solid solutions was evaluated from the linear segment of the 
low-energy side of the construction (EQE)2 vs. E curves (inset graph is 
Fig. 5b). An decrease of Eg* from 1.65 eV to 1.07 eV by increasing Se 
content in Cu2Ge(SexS1-x)3 (x = 0–0.8) powder materials was observed 
(Table 3). 

Fig. 4. (a) Normalized low temperature photoluminescence spectra of Cu2Ge(SexS1-x)3 solid solutions with different S/Se 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. 

Fig. 5. (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. 

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

x Voc, mV FF,% Jsc, mA/cm2 η,% Eg*, eV 

0.0 372 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 –  
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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 optimization of absorber materials composition, 
selection of buffer layer etc. Therefore, further research is needed to 
improve the performance of Cu2Ge(SexS1-x)3 solar cells. 

4. Conclusion 

Cu2Ge(SexS1-x)3 (0 ≤ x ≤ 1) microcrystalline powders were suc-
cessfully synthesized in LiI flux by molten salt synthesis–growth method. 
The compositional analysis by EDX indicated that changing the S/Se 
ratio in Cu2Ge(SexS1-x)3, complete series of solid solutions is formed. All 
synthesized powders were slightly Cu-rich and Ge-poor. All synthesized 
powders Cu2Ge(SexS1-x)3 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 ortho-
rhombic structure. The crystal structure of Cu2Ge(SexS1-x)3 transfer from 
monoclinic to orthorhombic was detected between x = 0.2 to x = 0.4. 
Raman and PL studies also confirmed that full series of Cu2Ge(SexS1-x)3 
is formed. Raman modes of solid solutions followed the bimodal 
behavior. 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 
x 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 solid solutions 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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