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Abstract  

The Copper Zinc Tin Sulfide (CZTS) thin films have been deposited on Mo coated corning glass substrate via single-step 
electrodeposition technique followed by post-annealing treatment at 550 °C for 10 min in Ar-H2S atmosphere. The deposition 
potential effects on structural, optical, morphological, compositional, and photoelectrochemical (PEC) properties have been 
investigated through various tools such as X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), X-
ray photoelectron spectroscopy (XPS), energy dispersive x-ray spectroscopy (EDS), UV-Visible spectroscopy, Raman 
spectroscopy, etc. XRD patterns, XPS, and Raman spectra confirm the formation of CZTS films with no trace of impurities and 
appreciable crystallinity. EDS analysis shows that high-quality CZTS films with Cu-poor and Zn-rich composition can be 
synthesized by varying deposition potential from -0.85 to -1.15 V. Formation of interconnected grains with an increase in 
grain size has been observed from FE-SEM analysis. The bandgap of films was found in the range 1.46-1.57 eV when the 
deposition potential was varied from -0.85 V to -1.15 V. Photoresponse characteristics show that photocurrent in CZTS films 
is due to cathodic surface reaction and the photoconductivity is of p-type. The photoelectrochemical impedance 
spectroscopy (PEIS) analysis showed CZTS film deposited at potential -1.15 V has the highest photocurrent activity. Based on 
the obtained results in the present study, one can infer that electrodeposited CZTS films can be a potential candidate for 
optoelectronic applications. 
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1. Introduction 

Thin-film chalcopyrite semiconductors such as Copper Zinc 

Tin Sulfide (CZTS) and Copper Zinc Tin Selenide (CZTSe) 

have gained a lot of interest among researchers all over the 

world because of their earth-abundant availability and non-

toxicity compared to Copper Indium Gallium Sulfide (CIGS) 

and Copper Indium Gallium Selenide (CIGSe) counterparts. 

CZTS has a high coefficient of optical absorption i.e. > 105 

cm-1, tunable direct bandgap energy (in the range of 1.05 eV-

1.63 eV), [1, 2] i.e., well-matched with the solar spectra, and has 

long term stability,[3] which makes it a good absorber for solar 

cells.[4] The material has been also successfully employed for 

other applications such as photocatalytic solar water 

splitting,[5] and photodetectors,[6] etc.  

Synthesis methods for CZTS thin-films can broadly be 

classified into two categories, vacuum-based and solution-

based. Vacuum-based deposition methods include pulsed laser 

deposition,[7] sputtering,[8] and thermal evaporation of 

precursor sources,[9] etc. The deposited thin-films via these 

deposition techniques are under controllable chemical 

composition, with high uniformity, and good reproducibility. 

Though, these methods require a high vacuum chamber, 

controlled atmosphere, and post-annealing treatment. 

Furthermore, in these methods growth of film is a very slow 

process and suffers from large material utilization with higher 

energy consumption. Solution-based or non-vacuum methods 

include electrochemical deposition,[10] sol-gel method,[11] spray 

pyrolysis,[12] and ink-printing approach,[13] doctor-blade 

method,[14] paste coating,[15] dip coating,[16] spin coating,[17] 

successive ionic layer adsorption and reaction (SILAR) [18] etc. 

In comparison to vacuum-based methods, solution-based 
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methods require a simple and low-cost apparatus. However, 

each of the solution-based methods has its advantages and 

limitations. Amongst these techniques, electrodeposition is a 

suitable technique to produce device quality CZTS thin films. 

However, it is very difficult to deposit homogeneous and good 

crystalline CZTS thin-films from single-step electrochemical 

deposition because the reduction potential for Cu, Zn, and Sn 

metal ions are different. Thus, till today only a few reports 

exist in the literature on the synthesis of CZTS films by 

electrodeposition using different complex agents. For example, 

Pawar et al.[19] deposited thin films of CZTS from a weak 

acidic medium onto Mo coated by single-step 

electrodeposition method using Trisodium citrate as a 

complexing agent. Khalil and others [20] introduced a novel 

electrodeposition route for the simultaneous deposition of Cu-

Zn-Sn alloy from a single electrolyte using pyrophosphate as 

a complexing agent. Using Sodium thiocyanate (NaSCN) as a 

complexing agent, Sani et al.[21] have synthesized CZTS thin-

films via a single-step electrochemical deposition method. 

Gougaud et al.[22] have reported the effect of two complex 

agents viz; sodium citrate and tartaric acid on the electro-

deposited CZTS thin film. Recently, single-step 

electrodeposition of CZTS thin-film on a gold-coated glass 

slide using glycine as a complex agent was carried out by 

Paraye et al..[23] Although there is a scope to improve the 

properties of thin films using the electrochemical method 

since the relation between the deposition parameters employed 

and the resulting film properties of CZTS has not been fully 

understood yet. Over this motivation, efforts have been made 

to synthesize CZTS thin films using a single-step 

electrochemical deposition method. 

In the electrodeposition method, the most significant 

parameter is deposition potential which affects the physical 

and chemical properties and growth behaviour of CZTS films. 

Thus, in the present paper, we report the synthesis of CZTS 

thin films using the single-step electrodeposition method and 

subsequently studied the effect of deposition potential on its 

structural, morphological, compositional, optical, and 

photoelectrochemical (PEC) properties. The present study is 

two-fold; first, we have identified a suitable potential window 

for electrodeposition of CZTS thin films using cyclic 

voltammetry because within a single electrolyte solution the 

reduction potential for Cu, Zn, and Sn ions are different. 

Secondly, confirmation of the formation of CZTS films and 

further investigated the effect of deposition potential on 

structural, optical, morphological, compositional, and PEC 

properties. We found that these properties of CZTS films 

critically depend on deposition potential. 

 

2 Experimental Details 

2.1 Preparation of CZTS thin films 

CZTS thin-films were synthesized via electrochemical 

deposition on Mo coated corning substrates by using 

galvanostat/potentiostat (Metrohm Autolab, Netherlands 

Model: FRA 2 AUTOLAB, Type III). The electrochemical 

deposition of the CZTS layer was performed by conventional 

three-electrode configuration with a saturated calomel 

electrode (SCE) and platinum (Pt) electrode as a reference and 

counter electrodes respectively, and Mo-coated corning glass 

substrate as a working electrode. The electrolytic bath 

contained an aqueous solution of copper sulfate pentahydrate 

(CuSO4), zinc sulfate heptahydrate (ZnSO4), stannous sulfate 

(SnSO4), and sodium thiosulfate (Na2S2O3). Trisodium citrate 

(Na3C6H5O7) was used as a complexing agent in the precursor 

solution. Tartaric acid (C4H6O6) is used to maintaining pH of 

an electrolytic bath which is around 4.5 to 5.0. For the 

preparation of the precursor solution, analytical reagent grade 

(AR) chemicals were used. The Mo-coated glass substrates 

were firstly ultrasonically cleaned with acetone, ethanol, and 

distilled water, and then substrates were dried under hot air. 

The Mo films were finally chemically etched in ammonia 

solution to increase the adhesion of the Mo film surface with 

precursors. After the deposition, films were rinsed in double 

distilled water and then dried in hot air. The deposited films 

were subsequently sulfurized in the tube furnace at a 

sulfurization temperature of 550 °C for 10 min in a mixed 

atmosphere of Ar (95%) and H2S (5%) with volume ratio of 

19:1 and allowed to cool naturally to room temperature. 

Afterward, the electrodeposited CZTS samples were taken for 

further investigation using various characterization techniques. 

 

2.2 Characterization of CZTS thin films 

Crystal structure of prepared films was characterized by using 

X-ray diffraction via X-ray diffractometer (Bruker D8 

Advance, Germany), Cu-Kα radiation of λ = 1.54056 Å and 2θ 

ranging from 5° to 60° with a 0.1° step angle and Raman 

spectroscopy (Renishaw InVia microscope Raman) between 

70-300 cm-1. This spectrometer has back-scattering geometry 

for the detection of the Raman spectrum with a resolution of 1 

cm-1. The excitation source was 532 nm line of He-Ne laser. 

The spot size and power of the Raman laser were kept at 1 μm 

and < 5 mW respectively, used to avoid the feasible heating 

effects in the prepared film. Next, the optical characteristics of 

CZTS thin-films were evaluated from the diffuse reflection 

spectra recorded by using JASCO, V-670 UV-Visible-NIR 

spectrophotometer with 200-800 nm range. The surface 

morphology of CZTS thin films was characterized by a field 

emission-scanning electron microscope (FE-SEM) (HITACHI, 

S-4800, Japan) with 10 kV operating voltage. The 

composition of elements for CZTS films was evaluated by 

using energy dispersive x-ray spectroscopy (EDS). For XPS 

analysis, we used the VG Microtech instrument (ESCA-3000, 

8546/1, Multi-Lab England). 

 

3 Results and Discussion 

3.1 Cyclic voltammetry (CV) analysis 

The standard reduction potential values of precursors of 

copper, zinc, tin, and sulphur elements i.e. (C, Z, T, S) differ 

extremely, which causes problems and imposes limitations for 

the CZTS films growth in the electrochemical deposition 
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method. Hence, to achieve CZTS thin films by 

electrochemical deposition, an optimum value of deposition 

potential is necessary. The optimized potential window can be 

evaluated via a CV curve in the precursor of Cu-Zn-Sn-S. 

According to Petrucci and others,[24] the potential reduction of  

Cu, Zn, and Sn cations can be express as,  

𝐶𝑢2+ +  2 𝑒− → 𝐶𝑢; 

  𝐸 = 0.093 𝑉 +
𝑅𝑇

2𝐹
𝑙𝑛(𝐶𝑢2+) (𝑣𝑠.  𝑆𝐶𝐸)          (1) 

𝑍𝑛2+ +  2 𝑒− → 𝑍𝑛;   

𝐸 = −1.007 𝑉 +
𝑅𝑇

2𝐹
𝑙𝑛(𝑍𝑛2+) (𝑣𝑠.  𝑆𝐶𝐸)      (2) 

𝑆𝑛4+ +  2 𝑒− → 𝑆𝑛2+; 

𝐸 = −0.096 𝑉 +
𝑅𝑇

2𝐹
𝑙𝑛 (

𝑆𝑛2+

𝑆𝑛4+) (𝑣𝑠.  𝑆𝐶𝐸)

        

(3) 

𝑆𝑛2+ +  2 𝑒− → 𝑆𝑛; 

   𝐸 = −0.384 𝑉 +
𝑅𝑇

2𝐹
𝑙𝑛(𝑆𝑛2+)  (𝑣𝑠.  𝑆𝐶𝐸)     (4) 

These equations indicate that there is a large gap in the 

standard potential reduction of Cu, Zn, and Sn. The reduction 

potential of Zn cation is more negative than that of Cu and Sn 

cations. Hence, it is difficult and challenging to co-

electrodeposit Cu, Zn, and Sn from a single electrolyte. For 

the reduction of the potential gap amongst these three (Cu, Zn, 

and Sn) elements many groups have suggested the use of 

complexing agents such as potassium pyrophosphate 

(K4P2O7)[20] or tri-sodium citrate (Na3C6H5O7),[25] etc. to be 

added to the electrolyte. These complexing agents shift the 

reduction potential of Cu to a more negative value due to the 

formation of the complex compound between citrate anion and 

Cu cation. 

 
Fig. 1 Cyclic voltammetry plot of the aqueous electrolyte used 

for Cu-Zn-Sn-S deposition on Mo coated glass electrodes at a 

scan rate of 10 mV/s. 
 

Fig. 1 shows the CV spectra obtained at 10 mV/s scan rate 

from an electrolyte with 20 mM CuSO4, 10 mM ZnSO4, 17 

mM SnSO4, 14 mM Na2S2O3, with 200 mM Na3C6H5O7 as a 

complex agent and 100 mM tartaric acid (C4H6O6) for 

maintaining pH in between 4.5-5.0. It shows the typical cyclic 

voltage was recorded in the potential window range from 0.1 

V to −0.8 V vs. SCE to examine the growth parameters and 

optimize the potential for co-electrodeposited Cu-Zn-Sn-S 

solution. The scans were initiated at -0.8 V reversed at 0.1 V 

and terminated at +0 V. From the Fig. 1 it is clear that the 

potential reduction of Cu, Sn and Zn at concentrations of 

−0.05 V, −0.28 V and −0.51 V, respectively. The outcomes of 

the curve conclude that the gap between reduction potentials 

of Cu and Zn which become smaller (E(Cu) − E(Zn) = 0.05 V 

+ 0.51 V = 0.56 V compared to their standard reduction 

potentials E(Cu) − E(Zn) = 0.0093 V + 1.007 V = 1.0163 V), 

which due to the addition of complexing agent in the 

electrolyte containing metal precursors. In the last highly 

negative potential region of voltage, a decrease in cathodic 

current was observed till potential reaches -0.8 V, where the 

beginning of hydrogen evolution takes place. This decrease in 

cathodic current is observed up to the potential of -1.2 V. 

Decrease in cathodic current with potential was reported by 

Tao et al. [26] The reduction processes by CV are not simply 

transferable due to the complexity of the electrolyte because it 

contains four different metal species to be reduced. However, 

the CV results nearly match with the previously reported 

results in the literature. [25, 27] Hence, in the present work, CZTS 

films were deposited at room temperature by 

chronoamperometry mode with a range of the potential varied 

from −0.85 V to −1.15 V (vs. SCE). 

 
Fig. 2 X-ray diffraction pattern of CZTS thin films deposited at 

different deposition potentials using electrochemical deposition 

method. 

 

3.2 X-ray diffraction (XRD) analysis 

XRD analysis gives information about the crystal structure, 

crystalline size, and orientation of the thin films. Fig. 2 

indicated the XRD pattern of CZTS thin-films deposited via 

electrochemical method at different potentials. The XRD 

pattern indicates the formation of single-phase kesterite CZTS 

having a tetragonal crystal structure [JCPDS Card # 026- 

0575]. Peaks located at 2θ = 28.51˚, 32.98˚, 47.45˚, and 56.10˚, 

respectively, which correspond to the reflection from (112), 

(200), (220), and (312) characteristics planes of CZTS-

kesterite structure.[28] 
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Table 1 Crystallite size (dX-ray),the lattice constant, dislocation density (δ) and strain (ϵ) values of CZTS films at various deposition 

potentials. 

Potential (V) Crystallite size (dx-ray) Lattice constants Dislocation density (δ) Strain (ϵ) 

-0. 85 V 40.99 nm a = b = 5.41 Å and c = 10.85 Å 5.95×1014Lines/ m2 102×10-3 

-0.95 V 43.15 nm a = b = 5.41 Å and c = 10.85 Å 5.37×1014 Lines/ m2 107×10-3 

-1.05 V 43.15 nm a = b = 5.41 Å and c = 10.85 Å 5.37×1014 Lines/ m2 107×10-3 

-1.15 V 48.22 nm a = b = 5.41 Å and c = 10.85 Å 4.30×1014 Lines/ m2 409×10-3 

 

Also, the peaks located at 2θ ~27.74˚, 29.32˚ and 31.82˚ 

shows the presence of secondary phase of Cu2-xS [JCPDS Card 

# 01-078-2121], while; peak located at 38.10˚ confirms the 

formation of MoS2 [JCPDS Card # 00-024-0515]. This peak 

is attributed to the secondary phase of MoS2 which is 

analogous to the previous research reports.[29] The MoS2 layer 

formation is due to the reaction of electro-negative S atoms 

with Mo at high temperatures through sulfurization. While, in 

ref[31] authors have suggested that, the MoS2 layer formation 

with a thickness within 100-250 nm range is advantageous for 

the improvement in the efficiency of solar cells.[30] The phases 

of Cu2−xS can be simply removed with KCN treatment. Hence, 

its occurrence is not an issue. 

The average particle size was determined from the 

strongest (112) diffraction peak by using the Debye-Scherer 

equation 

𝑑𝑥−𝑟𝑎𝑦 =
0.9 𝜆

𝛽 𝑐𝑜𝑠 𝜃𝐵
          (5) 

where; d= grain size, λ = Wavelength of Cu-Kα line, β = full 

width at half maximum of (112) peak. The lattice constant 

values for tetragonal CZTS thin films were calculated by the 

following equation [33] 
4 𝑠𝑖𝑛2 𝜃

𝜆2 =
ℎ

2+𝑘2

𝑎2 +
𝑙2

𝑐2           (6) 

where h, k, and l are the Miller indices of the plane. The 2θ 

values chosen for the calculation were 28.51˚ corresponding 

to (112) plane and 47.45˚ corresponding to (220) plane.  

The dislocation density δ and strain ϵ in the CZTS films 

deposited for different deposition potentials was calculated 

using the following equations,[34] 

𝛿 =
1

𝑑𝑥−𝑟𝑎𝑦
2                                   (7) 

and 휀 =
𝛽 𝑐𝑜𝑠 𝜃

4
         (8) 

The structural parameters of CZTS thin-films deposited for 

deposition potentials for (112) planes are calculated and 

summarized in Table 1. 

As seen, with an increase in deposition potential, an 

increase in average crystallite size is observed. The calculated 

values of lattice constants are a = b = 5.41 Å and c = 10.85 Å. 

These values are in good agreement with the reported single-

crystal data, a = b = 5.43 Å and c = 10.86 Å. The density 

dislocation was found in the range of 5.95×1014-4.30×1014 

lines/m2 over the entire range of deposition potential studied. 

The values of strain were found in the range of 102×10-3 to 

409×10-3. An increase in the average crystallite size may be 

attributed to a decrease in the dislocation density which 

corresponds to the diffraction plane in the CZTS films. The 

defects in the crystal structure can be measured by the 

dislocation density. These results indicate that the 

enhancement in the crystalline quality of CZTS thin-films 

with an increase in the deposition potential. The observed 

increase in strain can be associated with the change in the 

shape of the crystallites. The analysis FE-SEM further 

supports this which is discussed later. In the crystal structure 

the dislocations, point defects such as vacancies, site disorder, 

etc. may attribute to lattice strain in the film.[26] 

 
Fig. 3 Raman spectra of electrodeposited CZTS films at various 

deposition potentials. 

 

3.3 Raman spectroscopy analysis 

XRD diffraction peaks of secondary phases like tetragonal 

Cu3SnS4, cubic Cu2SnS3, and cubic ZnS overlapped with the 

diffraction peaks of the kesterite phase of CZTS. Therefore, it 

is difficult to distinguish these phases due to the broad peaks 

and internal strain produced in the films. Thus, the formation 

of kesterite-CZTS films is further confirmed by Raman 

spectroscopy. Raman spectra for CZTS films prepared at 

different deposition potentials are shown in Fig. 3. The two 

main peaks observed at  286 cm-1 and  334 cm–1 are in good 

agreement with the reported characteristic CZTS vibration 

modes.[35] The strongest peak (334 cm–1) of CZTS is attributed 

to the A1 symmetry which is related to the changes in S 
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Fig. 4 XPS spectra of CZTS thin film a) Survey scan in the range 100-1100 eV b) Cu 2p scan in the range 925-965 eV, c) Zn 2p 

scan in the range 1015-1050 eV, d) Sn 3d scan in the range 480-502 eV and e) S 2p scan in the range 159-166 eV.  

 

atoms.[36] The strongest peak of Cu2−xS compounds was found 

at ~ 475 cm−1 [A1 (LO) mode] and the weaker peak (not 

detected) at 264 cm−1 [A1 (TO) mode][37] A weak Cu2-xS peak 

at 273 cm-1 in the Raman spectra may appear due to excess 

sulphur content in the film.[38] The excessive sulphur in CZTS 

increases bandgap and open-circuit voltage but reduce the 

overall device efficiency of solar cell.[39] 

 

3.4 X-ray photoelectron spectroscopy (XPS) analysis 

The films are further characterized by x-ray photoelectron 

spectroscopy (XPS) analysis to confirm the formation of 

CZTS. The reference C 1s to 284.6 eV was used to correct the 

binding energy of specimen charging. A typical survey scan 

of electrodeposited CZTS film at deposition potential of -1.15 

V (vs. SCE) is shown in Fig. 4(a). The Fig. 4(a) confirms the 

presence of not only Cu, Zn, Sn, and S but also C from the 

reference, O from the impurity, and Mo from the back contact. 

High-resolution core-level spectra were recorded for the 

region of Cu 2p, Zn 2p, Sn 3d, and the S 2p used to calculate 

the atomic ratio and valence state [Fig. 4(b)-(e)]. Fig. 4(b) 

shows the Cu 2p core-level spectra and it is seen from the 

figure that binding energy values for Cu 2p3/2 and Cu 2p1/2 are 

 932.2 eV and  952.1 eV respectively with a peak splitting 

of 19.9 eV. It confirms the formation of Cu+ in the sample.[40] 

Furthermore, the Cu 2p3/2 and Cu-LMM values fall within the 

region of Cu (I) shows that the copper has a +1 oxidation 
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state.[41]  Fig. 4(c) shows the peaks at  1021.7 eV and  1044.8 

eV corresponds to the Zn 2p3/2 and 2p1/2, with a peak splitting 

of  23.1 eV, consistent with the standard splitting of  22.97 

eV, suggesting Zn has +2 oxidation state. Fig. 4(d) shows Sn 

3d core spectrum with peaks located at  486.2 eV and  494.6 

eV corresponding to Sn 3d5/2 and 3d3/2, and a peak splitting of 

8.4 eV shows Sn with +4 oxidation state. Fig. 4(e) shows S 2p 

core level spectrum with two peaks 2p3/2 and 2p1/2 at  161.7 

eV and  162.8 eV with a peak splitting of 1.1 eV, consistent 

with the expected value ( 160-164 eV) for S in sulfide phases. 

The binding energy values for Cu, Zn, Sn, and S obtained in 

the present work match with the values reported in the 

literature,[42] which further confirms the formation of CZTS 

films by the single-step electrochemical method.  

 
Fig. 5 FE-SEM images of CZTS films prepared at deposition 

potential of a) -0.85 V, b) -0.95 V, c) -1.05 V and d) -1.15 V. 

 

3.5 Field emission scanning electron microscopy (FE-SEM) 

analysis 

Fig. 5 shows the FE-SEM images of single-step 

electrochemical deposited CZTS thin-films at different 

deposition potentials on Mo-coated glass substrate. From Fig. 

5, it is clear that all prepared films are homogeneous, dense, 

and free from flaws and cracks. It was observed that there is 

an increase in the average grain size of CZTS thin films as the 

deposition potential increases from -0.85 V to -1.15 V. All the 

CZTS films are uniform having interconnected grains with 

larger size and distinct grain boundries. Therefore, it is 

concluded that in an electrochemical deposition the 

enhancement in average grain size in CZTS films can be 

obtained by increasing deposition potential. The performance 

of solar cells thus can be improved due to larger grains of the 

absorber layer. 

3.6 Energy dispersive spectroscopy (EDS) analysis 

The chemical composition of electrodeposited CZTS thin-

films was revealed by energy dispersive spectroscopy (EDS). 

The changes observed in CZTS composition concerning 

variation in deposition potential are shown in Fig.6 and the 

values are tabulated in Table 2. It is noted that, with an 

increase in deposition potential, the Zn content in the CZTS 

films increases, while Cu content decreases. However, a slight 

increase in Sn content is also observed with an increase in 

deposition potential. Hence, it is concluded that with an 

increase in deposition potential CZTS films with Cu-poor and 

Zn-rich compositions can be obtained. Furthermore, the ratio 

of Cu/(Zn + Sn) < 0.95 and Zn/Sn > 1.00 is observed that for 

all CZTS films, equal to those described in previously 

recorded devices.[43] Hence, it is concluded that in a single-step 

electrochemical deposition the chemical composition of CZTS 

film is strongly affected by deposition potential. 

A slight decrease in S content in CZTS film with the 

increase in deposition potential is because of the negative 

charge of S ions which is deposited only due to attraction from 

the positive charges of the Cu, Sn, and Zn. An increase in Zn 

content in CZTS films with an increase in deposition potential 

is due to the incorporation of more Zn ions which have a more 

negative reduction potential than Cu and Sn. 

 
Fig. 6 EDS composition variation plot of CZTS films deposited 

at various deposition potentials. 

 
 
 

Table 2 Chemical composition (At. %) of CZTS thin films at different deposition potentials. 

Potential (V) Cu Zn Sn S Cu/(Zn+Sn) Zn/Sn 

-0.85 19.63 10.98 10.03 59.36 0.9343 1.0947 

-0. 95 19.77 11.54 10.06 58.63 0.9148 1.1481 

-1.05 18.52 11.78 11.67 58.03 0.7897 1.0094 

-1.15 17.60 12.61 11.83 57.96 0.7201 1.0404 

 a) – 0.85 V b) – 0.95 

V 

500 nm 500 nm 

500 nm 500 nm 

c) – 1.05 V d) -1.15 V 
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3.7 Diffused reflectance spectroscopy (DRS) analysis 

The basic requirements of the high-performance solar cell for 

CZTS absorber films are a higher coefficient of absorption and 

an optimum direct band gap of 1.5 eV. The study of the optical 

properties of CZTS films was done by using diffused 

reflectance spectroscopy (DRS). To calculate bandgap value, 

the diffuse reflectance (R) value has been converted to 

equivalent absorption extinction coefficient value F(R) using 

Kubelka-Munk transformation [44] 

𝐹(𝑅) =
(1−𝑅)2

2𝑅
                    (9) 

 
Fig. 7 Typical Tauc’s plot used for the estimation of direct band 

gap using Kubelka-Munk transformation for CZTS thin films 

synthesized for different deposition potentials. 

 

 Fig. 7 indicates the typical Tauc’s plot used to estimate the 

direct bandgap using Kubelka-Munk transformation for CZTS 

films synthesized for various deposition potentials by 

electrochemical technique. The Fig. 7 shows the band gap of 

CZTS films could be tuned in between 1.46 eV to 1.57 eV as 

deposition potential is increased from -0.85 V to -1.15 V. The 

coefficient of absorption for CZTS thin films was found to be 

104 cm-1 within the visible region. The obtained optimum 

direct bandgap (1.46-1.57 eV) and high absorption coefficient 

measurements (104 cm-1) in the visible region suggest the 

possible usefulness of CZTS films as an absorber layer in solar 

cells. 

 

3.8 Photoelectrochemical (PEC) measurements 

Fig. 8 shows the typical current density-voltage (J-V) 

behaviour of CZTS film deposited at -1.15 V deposition 

potential measured using linear sweep voltammetry (LSV). 

The thin films conductivity depends on the grain size and is 

given by,[45] 

𝜎 =  
𝐿×𝐽

𝑉
      (10) 

where; L = crystallite size, J = current density, V = voltage 

drop in the barrier between adjacent grains. The high photo-

current density was found for CZTS film deposited at 

deposition potential of -1.15 V due to larger crystallite size. 

The XRD analysis also supports this. The values of 

photocurrent density obtained in our present work are better 

than that of previously reported values for CZTS films 

deposited by a simplified doctor blade method [46] and CZTSe 

films deposited by other solution methods.[47] 

 
Fig. 8 Current density-voltage (J-V) behavior of CZTS film 

deposited at deposition potential of -1.15 V measured using linear 

sweep voltammetry (LSV). 

 

Fig. 9(a)-(d) shows the current-time response curves for 

the CZTS films deposited at different deposition potentials. 

The photo-response curves were recorded at a bias potential of 

-0.50 V. As seen under chopping conditions, spikes were 

observed in the photocurrent for all CZTS films deposited at 

different deposition potentials. These observations are 

consistent with the earlier reports.[48] When the electrode is 

illuminated, the generated electrons move towards the 

electrolyte and the holes migrate towards the back electrode 

(Mo), which leads to the formation of the spikes in the 

photocurrent. Furthermore, it can be seen in the Fig. 9(a)-(d) 

that all the films show negative photocurrent indicating that 

the photocurrent is due to the cathodic surface reaction, which 

is due to proton reduction on the working electrodes. The 

cathodic photocurrent response confirmed the p-type 

photoactivity of the CZTS films. Here, we have focused 

mainly on the CZTS film with the highest photocurrent within 

the deposition set. 

The photoelectrochemical impedance spectroscopy (PEIS) 

was performed to analyse the charge transfer process at 

semiconductor/electrolyte junction under illumination. The 

PEIS is extremely sensitive to light illumination; the radius of 

arc in PEIS spectra describes the junction resistance between 

the semiconductor surface and electrolyte. The small arc 

shows the high charge carrier efficiency under the illumination 

of light.  Fig. 10 shows the PEIS spectra of CZTS films 

deposited at various applied deposition potentials. The 

diameter of the arc for the film deposited at potential -1.15 V 

is relatively smaller than that of the films deposited at -0.85 V. 

This suggests that films deposited at potential -1.15 V has 

reduced recombination rate and had accelerated charge 

transfer mechanism which is responsible for the enhanced 

photocurrent activity. 
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Fig. 9 Current-time response curves for CZTS thin films at different deposition potentials viz a) -0.85 V, b) -0.95 V, c) -1.05 V, d) -

1.15 V.  

 

 
Fig. 10 Photoelectrochemical impedance spectroscopy (PEIS) 

spectra of CZTS thin films at various applied potentials. 

 

4. Conclusion 

In the present work, we synthesized CZTS thin films on Mo 

coated glass substrates by single-step electrodeposition 

method followed by post-annealing treatment at 550 oC for 10 

min in (Ar + H2S) atmosphere. The XRD pattern indicated that 

the polycrystalline CZTS films have preferential orientation 

along (112) direction with the kesterite crystal structure. It also 

revealed that with an increase in deposition potential the 

average crystallite size increases. EDS study shows that high-

quality CZTS thin films with Cu-poor and Zn-rich 

composition can be made by variation in potential from -0.85 

to -1.15 V. The formation of interconnected grains with an 

increase in average grain size has been observed in FE-SEM 

analysis with an increase in deposition potential. DRS analysis 

showed the bandgap tuning from 1.46 eV to 1.57 eV by 

changing the deposition potential from -0.85 V to –1.15 V. 

Photoresponse characteristics confirm that the photocurrent in 

CZTS films is due to cathodic surface reaction and the 

photoactivity is of p-type. The PEIS analysis showed that the 

CZTS film deposited at potential -1.15 V has the highest 

photocurrent activity.  
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