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ABSTRACT 
 

Material based on copper zinc tin sulfide (CZTS) has been investigated to obtain its 
optimum performances due to the non-toxicity, elemental abundance, and large 
production capacity. In this work, fabrication of CZTS-based thin-film solar cells was 
carried out using an all-solution-non-vacuum-based method and spin-coating process for 
layer deposition. Additionally, the ZTO buffer layer was used as an alternative buffer layer 
instead of other materials such as CdS. The bandgap energies of the CZTS absorber layer 
and ZTO buffer layers are ~1.5 eV and ~3.7 eV, respectively. The solar cell fabricated by the 
all-solution process using the ZTO buffer layer exhibited the power conversion efficiency of 
0.28%. 
 
Keywords: Solar Cell, CZTS, ZTO, All-Solution-Non-Vacuum Process. 

 
 

1. INTRODUCTION 
 
Cu2ZnSnS4 (CZTS) is one of the promising alternative materials for the absorber layer of thin-
film solar cells due to the non-toxicity, elemental abundance, and large production capacity [1], 
[2]. Moreover, CZTS-based material has a direct bandgap of ~1.5 eV and a high absorption 
coefficient (𝛼 > 104 cm-1) [3]. Henceforth, CZTS-based thin-film solar cell has been investigated 
thoroughly by many researchers in order to obtain its optimum performances [4]–[8]. As for 
now, the highest efficiency among CZTS-based thin-film solar cell is 12.6% [9]. 
 
So far, several methods have been used to deposit the CZTS absorber layer on the Mo-coated 
soda-lime glass substrate such as sputtering, atomic layer deposition, chemical bath deposition, 
thermal evaporation, spin-coating, electro-deposition, hydrazine slurry method, and spray 
pyrolysis method [9]–[13]. Chemical bath deposition is commonly used to deposit the buffer 
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layer on top of the absorber layer and then sputtering is used to deposit transparent conductive 
oxide [14]–[16]. 
 
Different from the previous works, all-non-vacuum spin-coating based on the non-toxic solution 
process was applied to fabricate the CZTS-based thin-film solar cell. This method offers a lower 
fabrication cost and a safer production method compared to other fabrication processes such as 
sputtering, hydrazine slurry method, and spray pyrolysis method. In this study, different buffer 
layer material was also used, namely ZTO (Zinc-Tin-Oxide). Compared to the CdS based buffer 
layer, the ZTO-based buffer layer is a safer choice since ZTO is a non-toxic material [17]. Besides, 
ZTO material is cheaper and more elemental abundant than CdS material [17]. 
 
 
2. DEVICE FABRICATION 
 
The CZTS precursor solution contained 0.52 M Cu(CH3COO)2.H2O, 0.33 M Zn(CH3COO)2.2H2O, 
0.27 M SnCl2.2H2O, and 2.06 M CH4N2S that were dissolved at 60℃ for 2 hours. The CZTS 
precursor solution was spin-coated onto Mo-coated soda-lime glass and then dried on a hotplate 
at 280℃ for 2 minutes. The spin-coating process was done at 3000 rpm for 30 seconds. The 
samples were then sulfurized at 580℃ for 2 hours. No etchants treatment was applied after 
sulfurization. The ZTO precursor solution consisted of Zn(CH3COO)3.H2O and SnCl2.2H2O were 
dissolved in 2-methoxyethanol. Different compositions of ZTO were labelled as A, B, C, and D 
with different Zn:Sn ratio of 1:19, 3:7, 1:1, and 7:3, respectively. ZTO buffer layer deposited 
above the CZTS absorber layer using the spin-coating process at 3000 rpm for 30 seconds and 
dried at 95℃ for 2 minutes. The spin-coating and drying steps were repeated differently to 
observe the amount of repetition which yields ZTO thickness of 50 – 60 nm. The devices were 
then completed also using the spin-coating process to deposit the AZO layer with a thickness of 
350 – 400 nm. Finally, a silver paste was used to print the top electrode. 

 
 

3. RESULTS AND DISCUSSIONS 
 

3.1 Characterization of CZTS Absorber Layer 
 
The architecture design of CZTS solar cell and the cross-section of CZTS absorber was captured 
using a Scanning Electron Microscope (SEM) as shown in Figures 1 and 2, respectively. The 
sulfurization of the sample was done under N2, atmosphere at 580℃ for 2 hours. After 
sulfurization, the CZTS absorber layer with a thickness of ~0.8 μm was obtained. The existence 
of the ZnS secondary phase was found at the surface of the CZTS absorber, resulting in a total 
thickness of ~1.3 μm. The SEM cross-sectional image also shows that the majority of the CZTS 
absorber layer consists of small grain. The formation of small grain was due to the instability of 
CZTS absorber under high-temperature annealing [18]. This small grain induces large grain 
boundaries within the absorber layer which relates to their associated structural defect [19]. 
 
Figure 3 shows the X-ray Diffraction (XRD) pattern of the CZTS absorber layer. Based on the 
comparison of the sample XRD pattern with Crystallography Open Database (COD) reference 
(ID: 96-900-4751), the peaks of XRD pattern at 28.46°, 47.31°, and 56.41° which were indexed 
as (112), (204), and (312) planes, respectively, where all belong to CZTS kesterite crystal 
structure. The primary orientation of the CZTS kesterite crystal structure is (112) plane as it 
showed the highest intensity among other orientations. The kesterite crystal structure was 
successfully grown from amorphous CZT after sulfurization as shown in Figure 3. The blue line 
belongs to the sample pre-sulfurization XRD pattern, whereas the red line belongs to the sample 
post-sulfurization XRD pattern. As previously mentioned, the presence of the ZnS secondary 
phase was also observed at the XRD pattern near the kesterite (112) peak. 
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The Tauc plot characteristic of the CZTS absorber layer was obtained using UV-Vis 
characterization as shown in Figure 4. The absorption coefficient and photon energy are 
labelled as α and h𝜐, respectively. The Tauc plot can be used to harvest the bandgap energy of 
CZTS absorber by interpolating the linear region in the (αh𝜐)2 curve to intercept the photon 
energy axis. The intercept point in the photon energy axis was then defined as the CZTS 
absorber bandgap energy. Based on this analysis, the CZTS absorber has a direct bandgap 
energy of ~1.5 eV. This bandgap value is a characteristic of CZTS material as an absorber layer 
as obtained in other references [3], [20], [21]. 
 

 
  

Figure 1. The architecture design of CZTS Solar 
cell 

Figure 2. The SEM cross-sectional image of the CZTS 
absorber layer after sulphurization 

  

  
Figure 3. The XRD pattern of CZTS absorber 

before (blue line) and after (red line) 
sulfurization 

Figure 4. The Tauc plot characteristic of the CZTS 
absorber layer 

 
3.2 Characterization of ZTO Buffer Layer 
 
ZTO samples with different compositions were deposited using the spin-coating process. The 
deposition was done several times to obtain the optimum thickness of the buffer layer of about 
50 – 60 nm [19]. Profilometer analysis was done to measure the optimum thickness of the ZTO 
buffer layer. Figure 5 shows the ZTO thickness profile with respect to the deposition amount. 
The ZTO samples were labelled as A, B, C, and D which the Zn:Sn stoichiometric ratio of each 
sample was 1:19, 3:7, 1:1, and 7:3. For all samples, different deposition amounts of 2, 6, 10, and 
14 times were then applied. The optimum thickness of the ZTO buffer layer was obtained for all 
samples with deposition amounts of 6 times which has a thickness of about 50 – 60 nm. 
 
Figure 6 shows the Tauc plot characteristic of the ZTO buffer layer with different compositions. 
The characterization was carried out to analyse the bandgap energy of each ZTO sample. The 
results show that the range of bandgap energy for each sample was around 3.7 – 3.9 eV with the 



Yusuf Yuda Prawira, et al. / All-Solution-Non-Vacuum Fabrication Process of CZTS Solar… 

310 
 

lowest bandgap energy belong to sample A (Zn:Sn=1:19). By having a bandgap of that high, the 
potential for electron-hole pairs to form in the absorber layer will be greater. Hence, the buffer 
layer suitable for the CZTS absorber layer is the band alignment formed by the two layers, 
which spike conformation band alignment is less detrimental than the cliff conformation one 
[19]. Moreover, Cui et al. (2018) and Albar et al. (2019) [22], [23] have reported that the 
CZTS/ZTO band alignment forms a spike conformation, which makes ZTO as a suitable buffer 
layer for CZTS solar cells. Further analysis to observe the semiconductor type of each sample 
was done using CO as a reducing gas. During reaction with CO gases, increasing resistivity 
occurs on the p-type semiconductor whereas decreasing resistivity occurs on the n-type 
semiconductor [24]. Table 1 shows the result of the semiconductor type examination of the ZTO 
samples. The result shows that sample A is the only one that has decreasing resistivity during its 
reaction with CO gases, making it the only n-type sample. Thus, only sample A can produce a 
photovoltaic effect when assembled with the CZTS absorber layer. Therefore, for further work, 
ZTO was used with Zn:Sn ratio of 1:19 (sample A) with deposition amounts of 6 times. 
 

 
 

Figure 5. The thickness of the ZTO buffer layer analysed using the profilometer analysis. 

 
Figure 6. The Tauc plot characteristic of ZTO buffer layer with different composition. 
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Table 1 The semiconductor type examination of the ZTO samples 

 
Sample Zn:Sn Ratio ∆R Semiconductor Type 

A 1:19 Decrease n 
B 3:7 Increase p 
C 1:1 Increase p 
D 7:3 Increase p 

 
3.3 Device Performance 
 
Figure 7 shows the I-V characteristics of device A measured under dark and simulated AM 1.5 
illumination. The fabricated device yields a power conversion efficiency (PCE) of 0.28% with a 
short circuit current (Isc) of 112.52 mA and an open-circuit voltage (Voc) of 0.52 V. The device fill 
factor (FF) of 26.75% was also obtained from this I-V measurement. The low circuit current (ISC) 
and large open-circuit voltage (VOC) deficiency were believed to be the main reason behind the 
inability of the device to generate high PCE and FF. The presence of a larger density of charged 
defects was believed to be the reason behind the poorer current collection efficiency which 
causes low JSC [23]. Bandgap grading might be used to solve the problem related to poorer 
current collection efficiency by partially substitute constituent S with Se [24]. Recombination is 
one reason for the existence of large VOC deficiency [19]. The amount of built-up charges at the 
opposite ends of a p-n junction reduced by the presence of recombinative process. The 
decomposition product of the CZTS absorber due to the formation of thick small grains of the 
absorber layer forms unidentified secondary phases [25]. These unidentified secondary phases 
with bandgap smaller than absorber layer act as traps and recombination centres which cause 
large VOC deficiency. Meanwhile, the presence of ZnS secondary phases which has bandgap 
larger than the absorber layer will narrow the conduction pathways, increasing RS, and lowering 
FF of the device [19]. To remove these secondary phases, etchants could be used as one solution 
[26]–[28]. KCN could be used to remove secondary phases with bandgap smaller than the 
absorber layer, while HCL could be used to remove secondary phases with bandgap both 
smaller or larger than the absorber layer. 
 

 
Figure 7. I-V Characteristic of sample A (Zn:Sn = 1:19). 

 
 
4. CONCLUSION 
 
The semiconductor layers of CZTS-based thin-film solar cells were fabricated under non-
vacuum conditions using the spin-coating process. The bandgap energy of the CZTS absorber 
layer and ZTO buffer layers are ~1.5 eV and ~3.7 eV, respectively. The photovoltaic parameters 
of the best device, namely sample A, remained low and need further optimization. The 
measured PCE, FF, JSC and VOC were 0.28%, 26.75%, 112.52 mA, 0.52 V, respectively. However, in 
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this study, we have been successfully displayed that ZTO is possibly used as an alternative 
buffer layer for CZTS-based thin-film solar cells using all-solution-non-vacuum produce. 
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