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Abstract: 

 

 In the present work we report the details of the preparation and characterization results of 

Cu2ZnSnS4 (CZTS) based solar cells. The CZTS absorber was obtained by sulfurization of dc 

magnetron sputtered Zn/Sn/Cu precursor layers. The morphology, composition and structure of the 

absorber layer were studied by SEM/EDS, XRD and Raman scattering. The majority carrier type was 

identified via hot point probe analysis. The hole density, space charge region width and band gap 

energy were estimated from the External Quantum Efficiency (EQE) measurements. A MoS2 layer 

that formed during the sulfurization process was also identified and analyzed in this work. The solar 

cells had the following structure: SLG/Mo/CZTS/CdS/i-ZnO/ZnO:Al/Al grid. The best solar cell 
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showed an open-circuit voltage of 345 mV, a short-circuit current density of 4.42 mA/cm2, a fill factor 

of 44.29 % and an efficiency of 0.68 % under illumination in simulated standard test conditions: AM 

1.5 and 100 mW/cm2. 
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1. Introduction 

 

  Research is currently in progress to develop thin film solar cells that are not based on scarce 

elements, like In and Ga elements, and toxic elements, like Se. The replacement of the successful 

CuIn1-xGaxSe2 (CIGS) absorber, that leads to cells with efficiency around 20 % [1], has proved to be a 

difficult task. One of the most promising candidates is the Cu2ZnSnS4 (CZTS) compound. Despite the 

increase in the number of research groups that claim to have achieved successful growth of this 

semiconductor compound, only a few presented results of complete solar cells. 

 

 The methods tested so far to grow this compound can be classified into two main categories: 

vacuum and non-vacuum techniques. Both categories use similar growth schemes, that is they 

comprise the deposition of the precursors and the annealing in a sulphur vapour atmosphere or in a 

H2S atmosphere. Katagiri et al [2], using a vacuum growth method, namely rf-magnetron co-

sputtering technique of Cu, SnS, and ZnS for the deposition of the precursors and a sulfurization 

process using H2S atmosphere, made a solar cell that reached a conversion efficiency of 6.7 %. For 

non vacuum techniques the highest solar cell efficiency, 3.4 %, was attained by A. Ennaoui et al [3]. 

This method used co-electroplated metal precursors followed by a solid state reaction in a H2S 

atmosphere. 



In the present work we report the details of the preparation and characterization results of CZTS 

based solar cells. The CZTS absorber was obtained by sulfurization of dc magnetron sputtered 

Zn/Sn/Cu precursors.  

 

2. Experimental Details 

 

2.1. Sample Preparation 

 

The sample preparation followed the same procedure described in previous works [4,5]. The 

deposition order of the metallic precursors was Zn/ Sn/ Cu. The CZTS formation was performed in a 

tubular furnace in a N2 + S2 vapour atmosphere at a constant working pressure of 5.6X10-1 mbar and 

a N2 flow rate of 40 ml min-1. The sample was sulfurized at a maximum temperature of 525 ºC during 

10 min. After the sulfurization process a KCN chemical treatment was applied to remove Cu2-xS 

spurious phases. 

 

To prepare a solar cell the following step was the deposition of n-type CdS by dipping the 

samples in a chemical bath. The process allows the formation of a heterojunction with the p-type 

CZTS. Next a ZnO/ZnO:Al window layer was deposited by RF-magnetron sputtering. Finally, Ni/Al 

metal grids were deposited by e-beam evaporation through an aperture mask to form the front 

contact. 

 

2.2. Characterization 

 

 The thickness of the metallic precursors was monitored in situ using a quartz crystal monitor. X-

ray diffraction analysis was performed with a PHILIPS PW 3710 system equipped with a Cu-Kα 



source (wavelength λ = 1.54060 Å) and the generator settings were 50 mA, 40 kV. A Hitachi S4100 

SEM and a Rontec EDS with setting parameters of 25 kV and 10 µA were used for morphological 

and compositional analysis. Raman scattering measurements have been performed at room 

temperature in the backscattering configuration and the excitation laser line used was 488 nm. The 

Jobin-Yvon T64000 Raman spectrometer was equipped with an Olympus microscope with a 100X 

magnification lens. Current-voltage characteristics of the solar cells were measured under 

illumination in simulated standard test conditions: AM1.5 and 1000 W/m2. EQE measurements were 

performed by a two source illumination system (xenon and halogen lamp) combined with a 

monochromator (BENTHAM TM300). A calibrated Si-cell was used as reference for the J(V) as well 

as for the EQE measurements. The majority carrier type was identified using hot point probe device. 

 

3. Results and Discussion 

 

3.1. Compositional Characterization 

 

 Table 1 show the results of the compositional analysis for precursors, top and bottom CZTS 

surfaces. ICP-MS technique was used for the precursors' analysis and EDS for the CZTS compound. 

Samples with a layered structure are not suitable for compositional analysis through EDS. Its 

interaction volume and limited penetration depth are the reasons of an overestimation of top layers. 

The results in table 1 show that the inter-diffusion in the absorber layer was not completed, non 

uniform distribution of the metallic elements remain after the sulfurization process. It can also be 

noted that precursors are Cu poor and Zn rich.  

 

 3.2. Structural Characterization 

  



 The structural characterization was done using two techniques, XRD and Raman scattering. 

Figure 1 shows the results for XRD analysis. The phase identification pointed to the presence of 

CZTS with the kesterite structure and Mo, according to the International Centre for Diffraction Data 

(ICDD) [6]. The XRD pattern also shows sharp peaks that indicates good crystallinity. 

 

 The figure 2 a) shows the Raman scattering pattern for the top view of the CZTS layer. It 

shows the main CZTS peaks at 287 cm-1, 338 cm-1 and 368 cm-1, [4]. Due to the limited penetration 

depth of the Raman scattering technique, close to 150 nm for a radiation wavelength of 488 nm [7], 

the back side of the CZTS layer was also analyzed. The results are presented in figure 2 b). This 

figure shows four sharp peaks at 287 cm-1, 338 cm-1, 383 cm-1 and 408 cm-1, and a broad peak at 

454 cm-1. According to S. Jiménez Sandoval et al [8], all these peaks are attributable to the MoS2 

compound, except the peak at 338 cm-1 which belongs to CZTS. The peak at 287 cm-1 is common to 

the CZTS and MoS2 compounds. Note that the measurements conditions for front and back side of 

the absorber layer were kept constant. 

 

 3.3. Morphological Characterization 

  

 Figure 3 a) shows a SEM micrograph of the surface of absorber layer. It shows that the film is 

compact but presents some roughness. This figure also shows that this layer is composed by small 

grains. Figure 3 b) shows the morphology of the MoS2 layer. This layer formed during the 

sulfurization process presents an irregular surface probably due to the peeling process. In figure 4 is 

presented the cross sectional SEM of the CZTS layer. Again, this micrograph shows an absorber 

layer composed by a compact film with small grains. Between the CZTS layer and the Mo back 

contact, it is observed a layer with a thickness around 500 nm, which corresponds to MoS2. Voids 



can also be seen between the MoS2 and the CZTS layer, which can constitute a problem for the solar 

cell performance. 

 

 3.4. Electrical Characterization 

  

 Solar cells with total area of 0.5 cm2 were prepared and characterized. Generally all cell 

parameters were low. In figure 5 the I-V characteristics of the best solar cell are presented. The 

performance parameters were: the short circuit current density, jsc, 4.42 mA/cm2, open circuit voltage, 

Voc, 345 mV, the fill factor, FF, 44.3 % and a conversion efficiency, , of 0.68 % under simulated 

AM1.5 illumination. Shunt and serie resistances, Rsh and Rs, were 517  and 5.6  respectively. 

Comparing the various cells made from the same sample some fluctuation in the electrical 

parameters was observed. This means that the sample was inhomogeneous and therefore further 

adjustments of the growth process are required. 

 

 The EQE of the best cell and absorption coefficient of the CZTS layer are shown in figure 6. 

The EQE shows a low overall spectral response indicating a high recombination rate. The low energy 

side of the EQE spectrum presents some important features which related to the absorber layer 

properties. For wavelengths higher than 500 nm, the curve decays with two different slopes.  The first 

between 500 nm and 700 nm is believed to be due to the low diffusion length of the minority carriers 

in the CZTS layer and the second, steeper one, corresponds absorption threshold which is reached 

when the incident photon energy equals the CZTS band gap energy. The presence of spurious 

phases, namely cubic-Cu2SnS3 which have lower band gap energy [9], may account for part of the 

high recombination present in the cells. Figure 6 also shows the absorption coefficient spectrum of 

the CZTS estimated from the transmittance and reflectance measurements, the method are 

described elsewhere [9]. 



 

 The results of EQE analysis are used in the figure 7 a), which shows the  vs 

photon energy graph, for the estimation of the energy band gap. The value obtained, 1.65 eV, is 

higher than those values estimated by either using transmittance and reflectance measurements, of 

1.50 eV [9] or those by diffuse reflectance, 1.43 eV [5]. The figure 7 b) presents  vs the 

absorption coefficient and its linear data fitting which permits the estimation of the space charge 

region width, WD, according the work done by J.J. Scragg et al [10]. The value obtained for the space 

charge region width was 60 nm which is low compared with the values already published for CZTS, 

340 nm and 190 nm [10]. Such low space charge region width is probably due is consistent with the 

overall high recombination discussed above since it means that many defects are present in CZTS. 

Some of the defects are actually doping the material and we expect high doping densities which in 

turn lead to a low space charge region width.  Using that value, considering the built-in potential 

parameter in thermal equilibrium for an abrupt junction V, considering the relative 

permittivity of CZTS, S,  identical to that of CuInS2 hence equal to 10, in equation [11]: 

 

          (1) 

 

we estimate a value for the carrier concentration, N, of 1.5X1017 cm-3. This value is higher than those 

reported for either the CZTS [10] or CIGS [12], but close to the values reported for CZTS grown by 

the same method [5], using C-V measurements for its estimation. 

  

4. Conclusions 

 

 In this work we present and discuss the performance results of a thin film solar cell in which 

the CZTS absorber was grown from stacked dc sputtered metallic precursors. The best solar cell had 



an efficiency of 0.68 % which is rather low despite the fact that XRD and Raman analysis point to 

good CZTS crystallinity and the absence of spurious phases. 

 The CZTS top and bottom side compositional analysis, by EDS, indicates a high concentration 

of Zn at the bottom while at the top the composition is very close to that of the precursors . This 

compositional depth non-uniformity is likely to give rise to the formation a high defect density leading 

to increased recombination. Furthermore the structural and morphological analysis performed on the 

bottom side of the absorber layer showed the presence of a MoS2 layer which is formed during the 

sulfurization process. The effect on the cell performance of this layer is not known. 

 The EQE analysis led to a rather low space charge region width and a carrier concentration 

which are consistent results. 

 To improve the cell performance we believe that it is necessary to improve depth composition 

uniformity which can, perhaps, be achieved by either increasing the sulfurization time allowing for a 

better diffusion of the elements during the annealing process or reducing the thickness of the 

absorber layer. Passivating, somehow, some of the CZTS intrinsic defects may be useful to reduce 

the recombination hence enhancing the cell performance. 
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6. List of table captions 

 

Table 1: Composition ratios for metallic precursor layers and CZTS. 



 

7. List of figure captions 

 

Figure 1: XRD spectrum of the CZTS layer. 

 

Figure 2: Raman scattering spectra of the absorber layer: a) front side of the absorber layer; b) back 

side of the absorber layer. 

 

Figure 3: a) SEM micrograph of the CZTS surface. Despite presenting a compact film this sample 

presents some roughness. b) SEM micrograph of the back side of the CZTS layer. The 

irregular surface corresponds to MoS2. 

 

Figure 4: Cross sectional SEM micrograph of the CZTS layer. A MoS2 layer has been identified 

between the Mo back-contact and the CZTS layer. 

 

Figure 5: I - V characteristics of the best solar cell. 

 

Figure 6: EQE spectrum of the best solar cell and absorption coefficient spectrum of the 

corresponding CZTS absorber layer. 

 

Figure 7: a):  vs photon energy and the estimation of the band gap of Cu2ZnSnS4 

films. b):  vs the absorption coefficient and space charge region width 

estimation. 



 

 

 
    

Method 

Precursors 0.9 1.4 1.5 2.2 ICP-MS 

CZTS (TOP) 0.9 1.4 1.6 2.2 EDS 

CZTS (BOTTOM) 0.6 2.3 0.9 1.9 EDS 

Table 1 
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