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Quaternary Cu2ZnSnS4 (CZTS) thin films were fabricated as solar cell absorber layers via sequential 

electrodeposition method using a flexible copper plate as substrate. The CZTS thin films were grown  

with different copper salt concentrations and sulfurized in elemental sulfur vapor. The morphological, 

structural, compositional, and electrical properties of the films were investigated using X-ray 

diffraction, scanning electron microscopy, and energy dispersive X-ray spectroscopy, as well as by 

Raman scattering and Hall effect measurements. The results showed that the CZTS properties depend 

on the copper concentration in the precursor. The XRD patterns of the precursor showed the preferred 

orientation of the (112), (220), and (312) phases. The thin film showed a p-type conductivity, with a 

carrier concentration between 9.56 × 10
16

 cm
–2 

 and   3.66× 10
17

 cm
–2

,
 
 depending on the composition 

of the precursor mixture. 
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1. INTRODUCTION 

The quaternary compounds, CdTe and CuIn1–xGaxSe2 (CIGS), with 16.7% and 20.0% 

efficiencies, respectively, are the current commercialized materials for thin-film photovoltaic devices 

[1]. The production of such devices is difficult due to selenium toxicity and the lack of indium 

availability. Thus, researchers have turned their attention to alternative absorber compounds with 

similar properties [2]. A new p-type material, kesterite [Cu2ZnSn (S/Se) 4], is a promising alternative 

for the fabrication of thin film solar cells. Cu2ZnSnS4 (CZTS) quaternary p-type semiconductors have 

recently attracted increasing attention from the scientific community. CZTS is derived from CIGS by 

replacing In with Zn, Ga with Sn, and Se with S. CZTS is a low-cost material formed from non-toxic 

http://www.electrochemsci.org/
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and abundant materials. CZTS has a direct band gap energy of approximately 1.5 eV, high absorption 

coefficient of >104 cm
–1

, and is environmentally friendly.  

Several methods have been used to grow this p-type absorber layer, including thermal and 

electron-beam evaporation [3–5], co-evaporation [6–8], pulsed laser deposition [9–12], DC and RF 

magnetron sputtering [13–16], hybrid sputtering [17], screen printing [18], chemical vapor deposition 

[19], spray pyrolysis [20], sol-gel spin-coated deposition [21], and electrodeposition (co-electroplating) 

[22–24]. The electrodeposition method has gained particular interest because it is inexpensive, uses an 

environment-friendly process, produces large deposition areas, and grows films at room temperature. 

CZTS thin films are prepared by annealing Cu–Zn–Sn alloy precursor films with an S source (such as 

H2S) in a N2 atmosphere. Two different electrochemical methods are used to form CZTS thin films: (i) 

sequential electroplating (layer by layer deposition) and (ii) single-step electrodeposition method, 

wherein all electrolytes are mixed [25]. In the current study, CZTS p-type thin films were fabricated on 

a copper substrate using different salt copper concentrations via the sequential electrodeposition 

technique. The effect of the changes in copper concentration on the composition ratios of Cu/(Zn+Sn) 

and Zn/Sn in the precursor and on the final composition and properties of the CZTS thin film, such as 

its structural, morphological, compositional, and electrical properties, were investigated.  

 

 

2. EXPERIMENTAL 

A copper plate substrate (purity, 4N; thickness, 0.75 mm) and an exposure area of 2 cm × 2 cm 

were used as the working electrode. A platinum electrode was used as counter electrode and an 

Ag/AgCl electrode was used as reference electrode. The copper oxide was removed through the Na2O-

CaO system from the copper plate [26]. CZTS thin films were deposited at room temperature for 20 

min using an E-corder 401 potentiostat (Australia). The solutions were prepared using MilliQ water 

and metal salts (4 N). The deposited films were produced in an orderly fashion, Sn–Cu–Zn, at room 

temperature without stirring. The electrochemical deposition potential of the CZTS thin films was 

estimated using cyclic Voltammetry in an aqueous electrolytic bath. The Sn layer contained 1 M Sn 

(II) methanesulfonate (Aldrich) and ≤ 0.025 vol% Empigen BB, obtained from Aldrich and Sigma 

(Germany), respectively. The zinc electrolyte contained 2 M KCl (≥ 99.0%, Sigma) and 50 mM  ZnCl2 

(98%, Aldrich).  

Copper electrolyte containing different concentrations of copper salt (0.01 M, 0.02 M, 0.03 M, 

0.04 M of Cu (NO3)2) (≥ 98%), 0.2 M Sorbitol  (≥ 99.5%), and ≤ 0.025 vol% Empigen BB was 

purchased from Sigma (Germany). 

The samples were rinsed with deionized water and dried under flowing N2 after the deposition 

of the layers. The precursors were loaded into a graphite container inserted into a quartz tube furnace. 

The precursors were initially annealed at 100 °C for 10 min to dry and to ensure that the reaction 

between the precursor surfaces and S occurs completely. The temperature was increased to 580 °C for 

2 h in a flowing N2 atmosphere, at a ramping rate of 100 °C/min with 50 mg of S. Afterward, the 

precursors were allowed to cool naturally. 
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The total thickness of  the precursor after annealing was approximately 1.5 µm. The 

crystallographic phase of the thin films was observed using X-ray diffraction (XRD, 

PANalyticalX’pert PRO MRD PW3040-Netherlands). The cross-sectional and surface morphology, as 

well as the composition of the films, were determined by scanning electron microscopy (SEM) and 

energy dispersive X-ray spectroscopy [EDX, JSM-6460 LV(Japan)]. Carrier concentration and Hall 

mobility were determined using a Hall-effect measurement system [Accent/HL 5500 PC (UK)]. 

Raman spectroscopy was used to complement the study of the different crystallographic phases in the 

samples [Yvon HR800 UV (France)]. 

 

 

3. RESULTS AND DISCUSSION  

The copper plate used to fabricate CZTS in this study has the following advantages. The copper 

plate is used simultaneously as a substrate and a back contact, thus, it entails low cost. The adherence 

between the copper substrate and the CZTS thin film is also high. Moreover, the copper substrate is 

flexible, with a resistivity of 25 μΩcm, which yields a small potential variation along the length of the 

substrate. 

The different morphological characteristics and thicknesses of the samples are attributed to the 

variations in the deposition conditions, such as how fast the electrons are transferred from the electrode 

to the depositing ion [27]. Regulating the flux of ions to the substrate by maintaining a constant 

distance between the platinum electrode and the substrate at 1.5 cm for all layers is necessary to 

control the uniformity of the depositions on the copper substrate. A rotating disc electrode was used to 

improve the large-scale uniformity of the CZTS film, with 150 rotations per min for all layers.  

 

3.1. Composition analysis 

Table I shows the chemical compositions of the film grown at 580 °C for 2 h, where the values 

of the Cu/ (Zn+Sn) and the Zn/Sn ratios in the synthesized CZTS thin film are also presented. The Cu/ 

(Zn+Sn) ratios in the precursor mixture were changed from 0.98 to 1.22, and the Zn/Sn composition 

ratios were changed from 1.02 to 1.08. The Cu/ (Zn+Sn) ratio in the  precursor film increased with the 

increase in Cu concentration in the solution, thereby increasing  the Cu-rich film. 

 

Table I. Elemental composition of CZTS films with Copper concentration 

 

Copper concentration 

In solution (M)                        

                              Ratio 

(Cu/Zn+Sn)        Zn/Sn          S/metal 

(a) 0.01 0.98 1.08 0.94 

(b) 0.02 0.98 1.06 0.90 

(c) 0.03 1.01 1.02 0.91 

(d) 0.04 1.02 1.07 0.96 
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After annealing, the Cu/ (Zn+Sn) ratio in CZTS thin films was > 1, close to the ratio required 

for stoichiometric CZTS formation, indicating that the films are Cu-rich and Zn-poor. The EDX 

analysis of the sulfurized exhibited a S-poor composition [S poor (S/Metal < 1)], indicating that S was 

sufficiently incorporated with the other metals into the precursors. The heat treatment replaced much 

of the oxygen with S [28]. In addition, the S/metal ratio remained almost constant in all CZTS films 

due to the evaporation of tin sulfide. The Cu/(Zn+Sn) and the Zn/Sn ratios in the films slightly 

increased after sulfurization. The chemical composition of the CZTS thin film greatly influenced its 

proprieties. The surface morphology of the annealed CZTS thin film was investigated using SEM.  

 

3.2. Morphological characterization 

 

 

Figure 1. SEM images of electrochemical deposition of CZTS film layers (a) copper nanoparticles on 

the thin layer (b) zinc micro flower on the copper layer (c) tin nanowire on copper plate 

substrate (d) CZTS microparticles 

 

Fig. 1 shows the SEM images of the CZTS films deposited via the electrochemical method on 

the copper plate substrate grown at 580 °C with a Sn/Cu/Zn precursor. Fig. 1(a) shows the occurrence 

of copper nanoparticle agglomeration as a result of the electrochemical deposition of the copper 
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electrolytes onto the Sn layer. The surface was non-uniform with a homogeneous size distribution and 

voids,cavities were observed. Fig. 1 (b) shows the formation of zinc micro flowers when the zinc layer 

was deposited after 1 min at room temperature. Fig. 1(c) illustrates the formation of Sn nanowires after 

1 min of deposition on the copper plate substrate. Fig. 1 (d) shows the formation of CZTS 

microparticles after annealing for 2 h.  

The SEM results of the as-synthesized samples show that the quaternary chalcogenides 

particles were largely aggregated. These particles are composed of primary crystallites with sizes 

larger than 1 μm. The large crystallite size may be attributed to the chemical homogeneity of the 

various components into the precursors and the copper substrate. 

The precursor was uniform, and the size of the compact grains ranged from 800 nm and 1 μm, 

with an average diameter of approximately 500 nm. The conversion efficiency of the solar cells 

increased with an increase in the grain size of the absorber layer material. Therefore, larger grains are 

required for the fabrication of highly efficient solar cells. Voids on the absorber layer in the thin film 

solar cells lead to low conversion efficiency because the generated carriers are disturbed at both grids 

[29]. The large grain size in the absorber layer is important to both the minority carrier diffusion length 

and the recombination potential in polycrystalline thin film solar cells. 

 

3.3. Structural characterization 

 
  
Figure 2. X-ray diffraction patterns of CZTS thin films with copper concentrations  (a) 0.01 (b) 0.02 

(c) 0.03 (d) 0.04 M .The XRD patterns of the CZTS film heated and sulfurized at 580 °C for 2 

h are shown in Fig. 2. The diffraction angle 2θ varied from 20° to 80°. Fig. 2 also shows the 

XRD patterns of the as-deposited precursor and the samples obtained at various copper 

concentrations. The XRD pattern for the sample shown in Fig. 2 (a) indicates that the film is 

composed of CZTS and some secondary phases. The thin film contains kesterite structures, 

with peaks attributable to the (112), (220), and (312) phases, corresponding to the kesterite 

structure of the CZTS. These  planes were observed clearly in all samples, indicating the 

formation of kesterite CZTS phase. A preferred (112) orientation was observed in all deposited 

films, which agrees with the reported features of CZTS [30–31]. The copper peaks appeared at 

(111) and (220) (2θ = 73.88).  
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 Peaks in the secondary phase of Cu2S occurred at (110) and (103), which were observed in the 

XRD results when the films were prepared with higher Cu/(Zn+Sn) ratios. The growth  of Cu2-xS on 

the Cu-rich side of the compositions is in agreement with the phase diagram obtained by Oleksyuk et 

al. [32]. The growth of Cu2S may assist in CZTS film formation through liquid assisted grain growth, 

resulting in large grains and compact CZTS films [33]. 

The copper sulfide phase can be  removed from the CZTS surface by immersing the samples in 

a KCN solution [34]. The XRD patterns of the copper concentration in Figs. 2 (b), 2 (c), and 2 (d) 

show the same result for the concentrations in Fig. 2 (a), with an increase in sharpness from Fig. 3 (b) 

to Fig. 3 (d). The concentration of the CZTS peaks were sharp and well defined, as shown in Fig. 2 (d). 

The CZTS phase became the dominant  phase and the Cu2S peak was reduced. This decrease of the 

Cu2S peak, shown in Fig. 3 (d), suggests that the Cu2S phase was fully consumed in the formation of 

the CZTS film, indicating that the thin film was well-grown, with good crystallinity. XRD analysis 

was used to calculate the lattice parameters for the sample in Fig. 3 (d), where a=5.427  A° and 

c=10.848 A°. The size of the crystalline particles at different copper concentrations  was given by the 

Scherrer formula:  

 

D =  

 

Where D is the diameter of the crystalline particles,  is the Bragg angle, is the width of the 

dominant  peak in radians at half its intensity, λ is the wavelength of the X-ray used [35]. 

The results showed a significant increase in the grain size when the films were grown in high 

copper concentration because the increase in copper concentration changed the compositional ratios of 

Cu/(Zn+Sn) [Table (2)].  

 

Table 2. Change crystallite size of  variation in copper concentration 

 

Sample concentration (M) crystallite size film (nm) 

(a) 0.01                                            47 

(b) 0.02 51 

(c) 0.03 59 

(d) 0.04  62 

 

XRD does not allow the distinction between the CZTS and ZnS, thus, the Cu2SnS3 structures, 

i.e., the XRD peaks from (112), (200), (204), and (312) planes of the CZTS, coincide with the XRD 

peaks from (111), (200), (220), and (311) planes of ZnS, respectively [36].  

Raman investigation was performed to fully characterize the samples, Raman characterization 

is crucial to complete the identification of the CZTS structure. 

Fig. 3 shows the Raman spectra of the samples obtained at various copper concentrations, in 

which all samples showed the major peaks corresponding to the CZTS, with a strong peak positioned 

at 339 cm
 −1

, which is in agreement with the results of previous studies  [37]. Figs. 3 (a) and 3 (b) show 

that both spectra exhibited a major peak at 339 cm
 −1

, corresponding to the CZTS phase, and a broad 
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peak at 304 cm
-1

 and 361 cm
-1

, corresponding to Sn2S3 and CZTS, respectively [38 ,39]. The 

Cu2ZnSnS4 phase resulted from the binary phases of Cu2S–SnS2–ZnS or from a solid state reaction of 

the ternary Cu2SnSn3 and ZnS [40]. 

Schurr et al. Showed that the presence of SnSx  induced the crystallization of CZTS. They 

indicated that the presence of this melt during CZTS crystallization enhanced the grain size of the 

films [41]. Fig. 3 (c) shows a sharp peak at 361 cm
-1 

(CZTS) , with a weak peak at 238cm
-1

 and 368 

cm
-1 

 attributed to CZTS. 

 

 

 

Figure 3. Raman scattering results for the samples with different copper concentration (a) 0.01 (b) 

0.02 (c) 0.03 (d) 0.04 M 

 

Fig. 3 (d) The Raman spectra clearly show the peak positions at 238 cm
-1

, 338 cm
-1

, 351 cm
-1

, 

361 cm
-1

, and 368 cm
-1 

 respectively, corresponding to the CZTS phase.The presence of these five 

peaks in the Raman spectra indicates the formation of the CZTS phase. In addition, the sharp and 

strong major peak indicates the good crystalline quality of the compound. 

Peaks at 271 cm
 −1

 and 352 cm
 −1

  attributable to ZnS  in the Raman spectrum were not 

observed, indicating  the absence of the ZnS phase in the sample and the formation of good quality 

single phase CZTS.  
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3.4. Electrical characterization 

Table 3 shows the electrical properties of the CZTS film after heating and sulfurization at 580 

°C for 2 h on the copper plate substrate with different copper concentrations. The thin films exhibited a 

p-type conductivity. The measured resistance decreased from 9.82×10
3
 to  9.67×10

2
 Ω /sq with 

increasing Cu content in the precursor, indicating that main Cu-rich and Sn-rich powders have the 

lowest grain resistance [42]. 

 

Table 3. Electrical properties of the CZTS films of  varying in copper concentration 

 

Samples with 

different  Cu 

concentration 

(M) 

Sheet 

resistant  

Rs (Ω /sq) 

 

Resistivity  

ρ (Ω-cm ) 

 

Carrier 

concentration N 

(cm
-3

) 

 

Hall mobility  

H (cm
2
/v.s) 

 

(a) 0.01 9.82×10
3
 12.5 9.56×10

16
 66.5 

(b) 0.02 6.56×10
3
 8.57 1.06× 10

17
 52.3 

(c) 0.03 2.78×10
3
 7.33 2.43× 10

17
 44.9 

(d) 0.04 9.67×10
2
 6.98 3.66× 10

17
 39.8 

 

The carrier concentration increased from 9.56×10
16

  to 3.66×10
17 

N (cm
-3

) with the increase in 

Cu content in the precursor. The electrical properties of the films were attributed to the enhanced grain 

size. The large grains in the material reduced the grain boundaries, thus effectively reducing the 

recombination of the charge carriers. The crystallite size increased with the increase in copper 

concentrations [43], similar to that in previous studies [44,45]. The electrical properties of the 

electrochemical deposition of the CZTS layer agree with the requirements for potential application in 

thin film solar cell fabrication. In addition, the electrochemical deposition technique proposed in this 

study can be used to fabricate CZTS layers on flexible substrates. 

 

 

 

4. CONCLUSIONS 

CZTS thin films were successfully deposited on a copper plate substrate using the 

electrochemical technique. The processes were completed by the sulfurization of stacked metallic 

layers in an atmosphere of N2 with S Vapor. The copper plate can be used as a substrate and a back 

contact at the same time. Good atomic stoichiometry of the compound was obtained in the sample 

prepared with different copper concentrations. The elemental composition was close to the 

stoichiometry of the CZTS thin film. The chemical homogeneity of the precursors and the copper 

substrate was greatly affected by the quality of the crystal growth and crystallite size of the particles. 

The results confirmed that CZTS was present in the thin film, with akesterite structure. The thin film 

showed peaks attributed to the (112), (220), and (312) phases, as well as small traces of copper sulfide. 
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The resulting CZTS film exhibited p-type conductivity and suitable electrical properties for the 

fabrication of thin film solar cells. 
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