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In this paper, Cu2Zn(S,Ge)(S,Se)4 (CZTGSSe) films were prepared by selenizing sputtered 

Cu-Zn-Sn-S precursor films with Se and GeSe2. For comparison, normal Cu2ZnSn(S,Se)4 

(CZTSSe) films were prepared by selenizing the same precursor films with only Se. By 

comparing the properties of CZTSSe and CZTGSSe films, the effect of GeSe2 on the 

preparation and properties of CZTGSSe films was investigated. For CZTSSe films, we 

noticed that the CZTSSe material tend to decompose especially after a long selenization 

process. The decomposition of the material will result in the Sn-loss and the porous 

morphology of the film. When GeSe2 was added during the selenization process, Ge can 

be incorporated into the film, which will compensate the loss of Sn and prevent the 

decomposition of the material. Moreover, the Ge-incorporation can promote the crystal 

growth and modify the defect formation in the material. Based on CZTGSSe material, 

solar cells with efficiencies up to 6.5% have been prepared. 
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1. Introduction 
 
Cu2ZnSn(S,Se)4 (CZTSSe) is a promising photovoltaic material. This material has the 

advantages such as suitable optical band-gap, high absorption coefficient and earth-abundant 
constituted elements 

[1,2]
. CZTSSe material and solar cells have attracted the attentions of 

photovoltaic researchers during the last years. Currently, the best CZTSSe solar cell have reached 
the efficiency of 12.6% 

[3]
. 

CZTSSe material can be prepared by many methods including co-evaporation 
[4]

, 
sputtering 

[5]
, spin-coating 

[6]
, etc. Among these methods, sputtering is a mature method that widely 

used in industry. If a uniform compound target is used for sputtering, the preparation of a large and 
uniform film could be feasible. So, sputtering would be promising in preparing high quality 
CZTSSe films.  

To improve the efficiency of CZTSSe solar cell, the properties of CZTSSe material should 
be optimized. About the CZTSSe material, currently the quality of the material is normally lower 
than the quality of the commercial photovoltaic material such as Cu(In,Ga)Se2. This is probably 
related with the complex formation mechanism of intrinsic defects, the formation of secondary 
phases in this material, etc 

[2]
. By alloying with Ge (i.e., Cu2Zn(Sn,Ge)(S,Se)4), people found the 

deep level defects or the band-tail related defects in the material could be partly eliminated 
[7-9]

. 
Moreover, Ge is believed can form specific liquid phase with Se during the selenization process, 
which is beneficial to the crystallization of the material. Therefore, by alloying with Ge, high 
quality Cu2Zn(Sn,Ge)(S,Se)4 (CZTGSSe) material with less un-favorable defects and good 
crystallinity could be prepared. 

In this paper, we prepared CZTGSSe material by using sputtering and a novel selenization 
process. For this method, Cu-Zn-Sn-S precursor films were firstly prepared by sputtering a 
compound target, then the precursor films were selenized in a graphite box with Se pellets and 
GeSe2 powder. For comparison, CZTSSe films without Ge-alloying were prepared by selenizing 
the Cu-Zn-Sn-S precursor films with only Se pellets. The influence of GeSe2 on the morphology, 
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composition and crystallinity of the prepared films were investigated. Based on the CZTSSe and 
CZTGSSe films, solar cells were fabricated and compared. 

 
 
2. Experiments 
 
2.1. Preparation of material and solar cell 
For the preparation of CZTSSe and CZTGSSe films, Mo-coated soda lime glass were used 

as substrates. After the cleaning of the substrates, Cu-Zn-Sn-S precursor films were deposited on 
the substrates by sputtering a Cu1.8Zn1.1Sn0.9S3 compound target. For the sputtering, the pressure of 
the Ar gas and the sputtering power were 0.3Pa and 70W, respectively. After 2h of sputtering, 
precursor films with the thicknesses of around 1 μm were obtained. 

After the preparation of the precursor films, they were put into a graphite box which 
contained Se pellets and GeSe2 powder for CZTGSSe material, or only Se pellets for CZTSSe 
material. The Se pellets and GeSe2 powder were placed in small ceramic crucibles, which were 
separated from the precursor film. For the selenization process, the graphite box was firstly 
transferred into a tube furnace. Then the tube was evacuated and refilled with nitrogen to the 
pressure of 100 Torr. After that the temperature of the furnace was ramped up to 600℃ and 
maintained for 15 or 30 min for different preparation. Finally, the furnace was naturally cooled 
down to room temperature. Here the CZTGSSe films selenized for 15min and 30min were named 
as Ge15 and Ge30, respectively. The CZTSSe films selenized for 15min and 30min were named as 
Se15 and Se30, respectively. 

By using CZTSSe and CZTGSSe films as absorber layers, solar cells were fabricated with 
the structure of Mo/CZT(Ge)SSe/CdS/i-ZnO/AZO/Ag. In this structure, Mo layer with the 
thickness of 1μm was prepared by sputtering. CdS layer of around 50 nm was prepared by 
chemical bath deposition. I-ZnO and AZO layers were deposited by sputtering. Ag grid with the 
thickness of around 200 nm was prepared by thermal evaporation. 

 
2.2. Characterizations 
The morphologies and compositions of the films were measured by a JSM-7500F 

scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDS). 
The constitutions of the films are analyzed using a Bruker D8 Advance X-ray diffractometer. The 
Raman spectra of the films were recorded by a JY LabRAM HR Evolution Raman spectrometer 
with the excitation laser of 532 nm. I-V curves of the solar cells were measured under AM 1.5G 
illumination using an Agilent B1500A semiconductor parameter analyzer. 

 
 
3. Results and discussions 
 
Fig. 1 shows the XRD patterns of the films selenized with Se or Se+GeSe2. The diffraction 

peaks at around 40° and 44° are caused by the Mo back contact and the sample holder for the XRD 
measurement. 

 

 

 

Fig.1. XRD patterns of the films selenized with Se and Se+GeSe2 
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All the XRD patterns show three main diffraction peaks at around 27°, 45° and 53°, which 
can be attributed to the (112), (220), and (312) reflexes of kesterite structure 

[9]
. For Se30 sample, 

an additional diffraction peak can be seen at around 56°, which can be attributed to CuSe (JCPDS 
89-2734). Except that, no obvious secondary phase is indicated for all the other samples. Therefore, 
for Se15 and Se30 samples, the main phase in the films should be CZTSSe. As the selenization 
time increases, CuSe secondary phase is formed in the film. For Ge15 and Ge30 samples, since Ge 
is incorporated (Table 1) but no Ge-related secondary phase is detected, the main phase in these 
films should be CZTGSSe. As the selenization time increases, no obvious secondary phase is 
formed in CZTGSSe films. 

Fig.2 shows the SEM images of the films by different preparations. By comparing the 
SEM images, it is found the grain sizes in the films can be greatly increased by using GeSe2 during 
selenization. EDS results prove that Ge is incorporated into the films that selenized with GeSe2 
(Ge/(Ge+Sn) is 0.39 and 0.46 for the films selenized for 15 min and 30 min, respectively). Since 
the precursor films contain no Ge, as well as the GeSe2 powder don’t directly contact with the 
precursor films during the selenization, the mechanism of the Ge-incorporation for the films 
selenized with GeSe2 is a little complex. We believe the solid GeSe2 can partly vaporize during the 
high-temperature selenization process. The GeSe2 vapor can contact the precursor films and make 
Ge incorporated into the films. As discussed in reference, the incorporated Ge may react with Se to 
form specific liquid phase. So, the diffusion of the elements may be promoted during the 
selenization, which may be the reason for the increased grain sizes in the films.  

As the selenization time increases, the grain sizes in both the CZTSSe and CZTGSSe 
films do not increase significantly. For CZTGSSe films, both the Ge15 and Ge30 films show 
compact morphologies. However, for CZTSSe films, the morphology of the film becomes porous 
when the selenization time increases from 15 min to 30 min. The compositions of the films before 
and after selenization are analyzed by EDS and the results are shown in Table 1. The composition 
of the precursor film is Cu/(Zn+Sn)=0.81 and Zn/Sn=1.19, which is close to the composition of 
the sputtering target. After the normal selenization, the Zn/Sn ratio of the films increases 
significantly (1.50 for the Se15 film and 1.66 for the Se30 film). At high temperature (>500℃), the 
following equilibrium reaction exist for the CZTSSe material 

[10]
: 

Cu2ZnSn(S,Se)4 ↔ Cux(S,Se)+Zn(S,Se)+Sn(S,Se)+(S,Se)2 
Since Sn(S,Se) is volatile at high temperature, the equilibrium reaction tend to shift to the 

right side. Therefore, a long annealing process can decompose the CZTSSe material and result in 
the loss of Sn. Here, the increased Zn/Sn ratios and the formation of CuSe secondary phase in 
Se30 film should result from the decomposition of CZTSSe material. As the decomposition of 
CZTSSe material, the film may show the porous morphology (Fig.2(b) for Se30 sample). 

By contrast to the CZTSSe films, the Zn/(Ge+Sn) ratio of the CZTGSSe films increase 
slightly after the selenization (1.14 for the Ge15 sample and 1.22 for the Ge30 sample). EDS 
results reveal that Ge content is increased as the selenization time increases. For CZTGSSe films, 
the equilibrium reaction at high temperature should be: 

 
Cu2Zn(Sn,Ge)(S,Se)4 ↔ Cux(S,Se)+Zn(S,Se)+Sn(S,Se)+(S,Se)2+GeSe2 

 
Since Sn(S,Se) is volatile and no additional Sn(S,Se) is available at the surface of the 

material. The reaction will shift to the right side. So the CZTGSSe material will decompose which 
result in the loss of Sn. However, when GeSe2 vapor exist at the surface of the material, the GeSe2 
may react with the decomposed Cux(S,Se) and Zn(S,Se), and shift the following equilibrium 
reaction to the left side: 

 
 Cu2ZnGe(S,Se)4 ↔ Cux(S,Se)+Zn(S,Se)+(S,Se)2+GeSe2 

 
Therefore, the decomposition of the material and the formation of secondary phases could 

be prevented when GeSe2 vapor exist during the selenization. The incorporated Ge will diffuse 
from the surface into the bulk of the material then (actually, XPS measurement reveal that Ge 
exists at the back side of the material).  
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Fig. 2 SEM images of CZTSSe / CZTGSSe thin films prepared at different selenization time 

 

 

Table 1. Compositions of the precursor and selenized films 

 

Sample Cu/(Zn+Sn) Zn/(Sn+Ge) Ge/(Sn+Ge) 

precursor 0.81 1.19 - 

Se15 0.83 1.50 - 

Se30 0.86 1.66 - 

Ge15 0.79 1.14 0.31 

Ge30 0.82 1.22 0.46 

 
 
Fig. 3 shows the Raman spectra of the films. All the Raman spectra of the films show two 

main Raman peaks at around 175 cm
-1

 and 200 cm
-1

, which is close to the Raman mode of 
Cu2ZnSnSe4 

[11]
. The weak and broad peaks at around 240cm

-1
 could be related with the secondary 

phases such as ZnSe, CuSe or MoSe2 
[12]

. Compare to the Raman spectra of the CZTSSe films, the 
Raman spectra of the CZTGSSe films are flatter at the region around 240cm

-1
, indicating that the 

CZTGSSe films may contain less secondary phases.   
 

 

Fig. 3. Raman spectra of the CZTSSe and CZTGSSe thin films 
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From the Raman spectra we can clearly see the shift of the main Raman peak between 
different samples. Actually, the position of the (112) diffraction peak in the XRD patterns also 
shifts between the samples. The shift of the XRD and Raman peaks of different samples are shown 
in Fig. 4. For CZTSSe films, as the selenization time increases, the (112) diffraction peak and the 
main Raman peak shift to low angle and high wavenumber, respectively. This could be caused by 
the decomposition of the CZTSSe material. When GeSe2 is introduced for the selenization, the 
(112) diffraction peak and the main Raman peak shift to high angle and high wavenumber, 
respectively. The reason for this could be that the Ge-incorporation shrinks the lattice parameters 
and modifies the vibration mode of the material. Except for the position of the XRD and Raman 
peaks, we also record the FWTH (full width at half maxima) of the (112) diffraction peak and the 
main Raman peak for different samples. For CZTSSe samples, both the XRD and Raman peaks 
broaden significantly as the selenization time increases, indicating the decreased crystallinity of 
material (could be caused by the decomposition of the material). For CZTGSSe films, as the 
selenization time increases, the FWTH of the XRD and Raman peaks increases slightly. Since no 
obvious secondary phase are detected in Ge30 sample, as well as the composition of Ge30 sample 
don’t show obvious different compare to Ge15 sample. The broaden of the XRD and Raman peaks 
may not be caused by the decomposition of the material. In reference 

[13]
, the authors suggested the 

broaden of the diffraction peak for Ge-alloy CZTSSe films could be caused by the non-uniform 
distribution of the Ge element in the material (i.e., some of the region may be Ge-rich but other 
regions may be Ge-poor in composition). As Ge is diffused from the surface to the bulk of the 
material, we believe the distribution of Ge is not homogeneous in our samples. 

 

  

 

Fig. 4. Position and FWTH of the (112) diffraction peak and the main Raman peak 

 
 
Besides, we found the relative intensity of the Raman peak at 175 cm

-1
 is decreased by the 

Ge-incorporation. According to reference, the changes of the relative intensities of the Raman 
peaks could be related with the population of intrinsic defects or defect clusters in the material 

[14]
. 

The decrease of the relative intensity for the 175 cm
-1

 peak indicates the increase of the 
concentration of [VCu+ZnCu] defect cluster in the material, which is believed beneficial to the 
material quality. Therefore, the formation of the intrinsic defects in the material can be modified 
by the Ge-incorporation. 

Based on the CZTSSe and CZTGSSe films, solar cells were fabricated. The I-V curves 
and the key performance parameters of the solar cells are shown in Fig.5 and Table 2, respectively. 
The solar cell based on Se15 achieves the efficiency of 3.7%. Compare to that, solar cell based on 
Se30 shows significantly decreased efficiency (1.0%). This could be caused by that the long 
selenization process decomposed the material and deteriorated the electrical properties of the 
absorber layer. When GeSe2 was used during the selenization, the fill factor of the solar cell 
increases obviously. Therefore, even the open circuit voltage and short-circuit current density of 
the solar cell based on Ge15 is lower than that of the solar cell based on Se15, the efficiency of the 
solar cell increases from 3.6% to 5.0%. The solar cell based on Ge30 achieves the best efficiency 
of 6.5%, which indicates that the Ge-incorporation can improve the properties of the absorber 
layer.   

As we discussed above, the GeSe2 can prevent the decomposition of the material, so a 
relative long selenization process can be used to improve the crystallinity of the material. 
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Moreover, the Ge-incorporation can promote the crystal growth and modify the defect formation in 
the material. These could be the reasons that why the usage of GeSe2 can improve the properties of 
the material and the solar cell.  

 

 

Fig. 4. I-V curves of the solar cell based on CZTSSe and CZTGSSe layers  

 

 

Table 2. The performance parameters of the CZTSSe and CZTGSSe solar cells 

 

 Voc (mV) Jsc 

(mA/cm
2
) 

Fill factor (%) Efficiency (%) 

Se15 389 24.3 39.2 3.7 

Se30 210 15.1 30.0 1.0 

Ge15 377 22.6 58.9 5.0 

Ge30 440 27.8 53.5 6.5 

 
 
 
4. Conclusions 
 
CZTGSSe films were prepared by selenizing sputtered Cu-Zn-Sn-S precursor films with 

Se and GeSe2 in the graphite box. For comparison, CZTSSe films were prepared by selenizing the 
precursor films with only Se. The effect of GeSe2 on the properties of the films were investigated 
by comparing the properties of CZTSSe and CZTGSSe films. We believe the solid GeSe2 should 
vaporize due to the high temperature of the selenization process.  

The existence of GeSe2 vapor around the precursor films will incorporate Ge in the films 
(compensate the loss of Sn during the selenization) and prevent the decomposition of the material. 
Furthermore, when GeSe2 was used for the selenization, the growth of the crystalline grains was 
obviously promoted. The incorporation of Ge may also modify the defect formation of the material, 
making the films more suitable for the solar cells fabrication. Base on CZTGSSe layers, solar cells 
with efficiencies up to 6.5% were prepared.  
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