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Abstract 

The high absorption coefficient and direct optical band gap of a kesterite 𝐶𝑢!𝑍𝑛𝑆𝑛𝑆" (CZTS) 

makes it very promising absorber material in the manufacturing of high efficiency and low-

cost thin film photovoltaic cells. Single step electrochemical deposition of CZTS quaternary 

compound thin films on Indium tin oxide (ITO) substrates is reported in this work. The films 

were obtained from aqueous solutions at room temperature. The key objective of this work is 

to examine the effect of annealing temperature on CZTS thin films. Sulfurization of thin films 

were performed under different temperature range from 400℃ to 550℃. Good crystal structure 

was achieved at temperature 500℃ with the complexing agent of trisodium citrate. Deposited 

films material composition was evaluated by analyzing UV-visible spectroscopy, EDS, FE-

SEM and XRD. The thin film with good morphological, structural and optical (1.51eV) 

properties was achieved at temperature 500℃. The results reported in this work will provide 

an imperative guideline for efficient low-cost design of CZTS thin films. 
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Photovoltaics 
 

  



Y.	H.	Khattak	et	al,		Applied	Surface	Science	497	(2019)	143794	
DOI:	10.1016/j.apsusc.2019.143794	

 

2 

1. Introduction: 

The photovoltaic cell made from semiconductor materials plays a momentous role in power 

production. The solid-state semiconductor photovoltaic devices have emerged as a newer and 

a relatively sustainable energy source. For production purposes, thin film technology is used 

as the efficient and cost-effective solar cell technology. This technology is an excellent and 

exceptional topic of intense research and also suitable for large and low scale device application 

[1]. Thin film photovoltaic technologies are based on various types of light absorbers 

semiconductor materials. Historically in the thin film technology, amorphous silicon-based 

solar cells played a momentous role. Researchers move towards cadmium telluride 𝐶𝑑𝑇𝑒 and 

copper indium gallium selenide 𝐶𝐼𝐺𝑆 based thin-film solar cell materials [2]. Commercially 

these materials are used for the production of thin film solar cells because of high absorption 

coefficient > 10"𝑐𝑚#$, excellent optical and electrical properties and high power conversion 

efficiency [3,4]. For many decades great effort has been done on the optimization of 𝐶𝐼𝐺𝑆 and 

𝐶𝑑𝑇𝑒-based devices. The scalability of technology is limited for commercial use because of 

the rising cost and toxic nature of content cadmium (𝐶𝑑) in 𝐶𝑑𝑇𝑒 absorber and the scarcity of 

tellurium (𝑇𝑒), gallium (𝐺𝑎) and indium (𝐼𝑛). The toxic nature restricts the further 

advancement of these photovoltaic cells and the rare materials, gallium (𝐺𝑎) and indium 

(𝐼𝑛)	used in these photovoltaic cells also increase the manufacturing cost. Therefore,  the 

commercial production of 𝐶𝐼𝐺𝑆 based photovoltaic cell is limited [5,6]. 

Currently intensive research is conducting on 𝐶𝑢!𝑍𝑛𝑆𝑛𝑆"	(𝐶𝑍𝑇𝑆), 𝐶𝑢!𝑍𝑛𝑆𝑛𝑆𝑒"	(𝐶𝑍𝑇𝑆𝑒) and 

sulfur-selenium alloy 𝐶𝑢!𝑍𝑛𝑆𝑛(𝑆%𝑆𝑒$#%)" (𝐶𝑍𝑇𝑆𝑆𝑒) for the development and production of 

low cost sustainable thin film solar cells. These materials drawing consideration because of 

exceptional electrical and optical properties for photovoltaic applications. These absorber 

materials are copper based nontoxic semiconductor materials. They are a good substitute for 

chalcopyrite absorbers when replaced gallium (𝐺𝑎) with tin (𝑆𝑛) and indium (𝐼𝑛) with 

comparatively inexpensive zinc (𝑍𝑛) in the 𝐶𝐼𝐺𝑆 absorbers [7–10]. The optimum direct band 

gaps, outstanding features and efficient performance of these kesterite materials made them 

very fascinating in the thin film’s community.  Several techniques have been used to synthesize 

the 𝐶𝑍𝑇𝑆 kesterite thin films like spin coating [11],  sol–gel [12], electrochemical deposition 

[13], spray pyrolysis [14], doctor-blade coating [15], co-sputtering [16,17], chemical bath 

deposition [18], SILAR [19], photochemical deposition [20]. The highest power conversion 

efficiency (𝑃𝐶𝐸) achieved for 𝑆𝑒 rich 𝐶𝑍𝑇𝑆𝑆𝑒	based solar cell was 12.6% prepared by 

hydrazine-based solution deposition process [21]. Because hydrazie is highly toxic and 
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intensive care should be taken while handling hydrazine using proper protective equipment and 

this add to the cost of solar cell fabrication. 11.6% efficient 𝐶𝑍𝑇𝑆𝑆𝑒 thin film solar cell was 

fabricated using thermal co-evoporation method [22] and via electrodepostion a 𝑃𝐶𝐸 of 7% 

was achieved for 𝐶𝑍𝑇𝑆𝑒 based solar cell [23]. For pure sulfide based kesterite solar cell 

with	𝑃𝐶𝐸 of 11.01% and having high open circuit voltage of 730.6 𝑚𝑒𝑉 was achieved using 

co-sputtring method with heat treatment of fabricated samples [24]. Whereas 𝐶𝑍𝑇𝑆 with 𝑃𝐶𝐸 

of 8.4% was also achieved by preheating an electrodepsited electrode at 310°C in an evacuated 

borosilicate glass ampoule before sulfrization [25]. Among all these techniques we find electro 

chemical deposition interesting for kesterite application because  many composite metal alloys 

can be deposited on a large surface area with controlled thickness [26,27]. Although in single 

step electrodeposition of 𝐶𝑍𝑇𝑆 is quite difficult to control because the metal alloys 𝐶𝑢 − 𝑍𝑛 −

𝑆𝑛 − 𝑆 presents different oxidization reduction potential [28,29]. To control the oxidization 

and reduction potential for metal alloys complexing agent play a vital role in bath solution 

[30,31] because the key factors for kesterite performance are deposition potential, crystalline 

structure and stoichiometry [32,33]. There is an empirical rule, that 𝐶𝑢 poor and 𝑍𝑛 rich based 

𝐶𝑍𝑇𝑆 thin film reported high conversion efficiency. The ratio for metal alloys should be ranged 

between 0.70 to 1.20 (𝐶𝑢/𝑍𝑛	 + 	𝑆𝑛)	[34–36]. 

The effect of complexing agent concentration on annealing temperature with optical, 

structural and morphological characterization were investigated in this research work. In order 

to obtain cost effective 𝑪𝒁𝑻𝑺	thin films by single bath electrodeposition technique, we 

examined the effect of the addition of the complexing agent 𝑪𝟔𝑯𝟓𝑵𝒂𝟑𝑶𝟕 on the annealing 

temperature, which creates the originality of this study. 

2. Experimental section 

CZTS kesterite precursor film were electrochemically deposited on indium tin oxide 

(ITO) coated glass substrate having 𝟏 × 𝟐. 𝟓	𝒄𝒎𝟐 area of deposition. 50 milli litter aqueous 

solution containing 0.02M copper sulfate pentahydrate 𝑪𝒖𝑺𝑶𝟒. 𝟓𝑯𝟐𝑶, 0.01M zinc sulfate 

monohydrate 𝒁𝒏𝑺𝑶𝟒. 𝑯𝟐𝑶, 0.01M tin sulfate 𝑺𝒏𝑺𝑶𝟒, and 0.02M sodium thiosulfate 

𝑵𝒂𝟐𝑺𝟐𝑶𝟑 were used as electrolyte. To keep the pH of electrolyte around 5, 0.1M tartaric acid 

(𝑪𝟔𝑯𝟔𝑶𝟔)  was added in CZTS precursor. 0.2M trisodium citrate (𝑪𝟔𝑯𝟓𝑵𝒂𝟑𝑶𝟕) was used as 

complexing agent. Electrochemical deposition was carried out by using three-electrode setup 

in Autolab PGSTAT302N potentiostatic. Where (𝑨𝒈/𝑨𝒈𝑪𝒍) saturated calomel electrode as 

the reference electrode, platinum wire (𝑷𝒕) as a counter electrode, 𝑰𝑻𝑶 were used as a working 

electrode. The working electrode is immersed in the precursor solution. Schematic diagram of 
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electrochemical deposition setup is shown in Figure 1. CZTS precursor layer were deposited 

by using chronoamperometry technique at -1.05V potential (vs. Ag/AgCl). Without stirring 

deposition was taken for 30 min at room temperature. After deposition process ended, CZTS 

deposited films were rinsed with deionized water and after that at room temperature they were 

dried in air. To get the required peaks from the deposited films, films were annealed at different 

temperatures by applying sulfurization.  For the sulfurization process we use tubular setup, in 

which graphite posts are used for the holding of deposited films and sulfur powder (𝑺) was 

also used. Annealing process was done with the presence of argon (𝑨𝒓) gas in tubular setup 

within the temperature variant from 400℃ to 550℃ for 40 min.  

CZTS films samples structural characterization was carried out by using Rigaku Ultima 

IV Ray Diffractometer (XRD), 𝑪𝒖𝑲𝜶 radiation (𝝀 = 𝟏. 𝟓𝟒𝟎𝟔𝟎	Å) in the Bragg-Bentano 

configuration. Field emission scanning electron microscopy (FE-SEM) analysis was done to 

examine the morphology and energy dispersive X-ray (EDS) analysis was done to investigate 

the chemical composition of the CZTS deposited samples with 𝟎. 𝟐	𝑴 concentration of 

complexing agent. These analyses were performed by using Zeiss ULTRA 55 model equipped 

with an In-Lens SE detector. Raman spectroscopy of different annealed samples were recorded 

by using Horiba Jobin Yvon LabRAM HR spectrometer equipped with thermoelectrically 

cooled Electronically enhanced Multichannel Charge Coupled Device (EMCCD) and an edge 

filter that cuts Raman signals below ∼35 𝒄𝒎#𝟏. Solid-state green laser emitting at 𝟓𝟑𝟑	𝒏𝒎 

with a resolution of roughly 𝟏	𝒄𝒎#𝟏 was used. The optical properties of CZTS films were 

evaluated by using Ocean Optics HR4000 UV-Visible spectrophotometer coupled with an 

integrating sphere (to collect both specular and diffuse transmittance). Optical band gap (𝑬𝒈) 

estimated from Tauc Equation is 𝜶𝒉𝝂	 = 	𝑨	(𝒉𝝂	 − 	𝑬𝒈)𝒏 where n is ½ for direct band gap 

transition and 𝜶	 = 	𝟏/𝒕		𝒍𝒏	(𝟏/𝑻) relation [37]. 
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Figure 1 : Autolab PGSTAT 302N potentiostatic setup  

3. Result and Discussion 

3.1. XRD Analysis 

Crystal structure of CZTS precursors samples were examined by using XRD analysis. 

Figure 2 demonstrates the XRD diffraction spectrum pattern of CZTS as deposited and samples 

annealed at temperatures of 400℃, 450℃, 500℃ and 550℃. The patterns were recorded in 2θ 

angle range 20°-60°. It can be clearly observed that the as-deposited films exhibit the peaks 

corresponding to the secondary phase of 𝒁𝒏𝑺, 𝑪𝒖𝟔𝑺𝒏𝟓 and 𝑺 [38]. The XRD pattern for 

annealed sample deposited with 0.2 M concentration of complexing agent shows strong peaks 

located at 28.31°, 47.10°, and 55.93° corresponding to the (112), (204), and (312) planes with 

reference JCPDS card #26-0575 [39]. Several weaker peaks were also observed in the annealed 

samples at point 22.76°, 29.51°, 32.83° for kesterite structure [40–42]. Existence of all peaks 

for annealed samples are shown in diffraction spectrum. 

 
Figure 2: X-ray diffraction spectrum of annealed samples 

In the sample ED500C, CZTS kesterite structure thin films reticular planes (112), (220) and 

(312) are distinctly observed. Moreover, the affinity and intensity of peaks in XRD shows that 
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the deposition had more crystalline particles. Average value of CZTS thin film crystallite size 

can be obtained from Debye – Scherrer’s  equation given in Equation 1[43,44]. 

𝑫 = (𝑲𝝀 𝜷	𝑪𝒐𝒔𝜽⁄ )                                                   (1) 

Where 𝜽 represents the diffraction angle, 𝛃	is the width at half height intensity or full width 

half maximum (FWHM) of the peak, 𝝀 is the wavelength of the incident beam,	𝑲 is Scherrer's 

constant and usually takes the value 0.9 and 𝑫 is the crystalline size. XRD analysis states the 

peaks position, crystallite size and full width at half maximum (FWHM) as given in Table. 1.  

As cubic ZnS and tetragonal 𝐂𝐮𝟐𝐒𝐧𝐒𝟑 has same secondary phases as kesterite CZTS and its 

hard to distinguish in XRD. Therefore, Raman spectroscopy of different annealed sample was 

recorded out in range of 200-600 𝐜𝐦#𝟏 and plotted in Figure 3. The main peak of Raman 

spectra was at 330 𝐜𝐦#𝟏 and this does not correspond to the principal peaks of ZnS and 

𝐂𝐮𝟐𝐒𝐧𝐒𝟑[45–47].  

Table 1 :  Structural parameters of the different annealed samples  

Sample  Annealing 
Temperature (℃) 

Position of the 
peak (112) 

FWHM 
𝛃 (deg) 

Crystallite Size 
𝐷 (nm) 

ED400C 400 28.2812 0.2289 37.37 
ED450C 450 28.3912 0.1891 45.25 
ED500C 500 28.3062 0.1848 46.30 
ED550C 550 28.2845 0.2057 41.60 

 
Figure 3: Raman spectra of different CZTS thin films 

3.2. FE-SEM and EDS analysis 
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FE-SEM images of CZTS film as-deposited and samples annealed on different 

temperature are shown in Figure 4 and Figure 5. Surface morphology of annealed samples 

strongly dependent on the value of temperature. From Figure 5, we examined that large surface 

morphological difference is present in the different annealed samples. The morphological 

studies show that with rising annealed temperature the grain morphology is well define and this 

effect can be visible by observing Figure 5. The morphology of films ED400C and ED450C 

shows that the film has a non-uniform surface with the presence of some voids or cavities. 

Samples ED450C and ED550C have a dense structure with circular grains. FE-SEM 

morphological analysis of CZTS thin films shows, film surface strongly depends on the 

annealing temperature and this is confirmed also with the results of XRD given in Figure 2.  

 
Figure 4:  FE-SEM descriptions of as-deposited CZTS film. 
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Figure 5:  FE-SEM descriptions of annealed CZTS film samples with cross-sectional 

morphology 

Identification of elemental composition is done by characterizing the X-rays and the technique 

used for that is known as X-ray energy dispersive spectroscopy (EDS). Chemical composition 

can examine in a microscopic area with the help of EDS micro-analyzer. Table 2 explains the 

EDS analysis data with elemental composition in the electrochemically deposited CZTS thin 

films with different annealing temperature. From Table 2 with increase in annealing 

temperature of CZTS thin film, it become more stoichiometric. EDS spectra of different CZTS 

kesterite thin film samples are shown in Figure 6. 

Table 2: CZTS kesterite films composition by EDS analysis 

 Sample ID 
Elements 

Cu Zn Sn S Cu/(Zn+Sn) 2Cu + 4(Zn+Sn)/3S 

ED400C 34.13 26.22 15.81 23.85 0.81 70.61 
ED450C 29.75 14.81 10.98 44.46 1.15 60.27 
ED500C 22.82 10.67 16.25 50.26 0.81 46.34 

ED550C 25.22 11.33 13.33 50.11 1.02 51.09 

 
Figure 6: EDS spectrum of annealed CZTS kesterite thin films  

Values given for FWHM and crystallite size has a direct effect on strain and dislocation density 

of film, and this is expressed by the relation given in Equation 2 and 3.  

𝜹 = (𝟏 𝑫𝟐⁄ )                                                                (2) 

𝜺 = (𝜷	𝑪𝒐𝒕𝜽 𝟒⁄ )                                                          (3) 

Results for dislocation density and strain of different annealed CZTS samples are given in 

Figure 5. From Table 3, with increase in temperature there is a decrease in crystal strain up to 
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a value of 500℃ but at 550℃ there is an increase in strain indicating imperfection in crystal 

lattice. The results presented for strain indicates columnar grain growth of crystals as shown in 

Figure 5.   

Table 3: Dislocation density and strain 

Temperature 

(℃) 

𝜹 (Dislocation density)  

𝟏𝟎𝟏𝟒	𝐥𝐢𝐧.𝒎#𝟐 
𝜺	(strain) 

400 7.16 0.106367 

450 4.88 0.08747 

500 4.67 0.08578 

550 5.78 0.095569 

3.1. UV-visible spectroscopy 

Measurement of the band gap energy of the electrochemically deposited CZTS kesterite thin 

films annealed on different temperature was done on UV visible spectroscopy by using Ocean 

Optics HR4000 UV-Visible spectrophotometer coupled with an integrating sphere (to gather 

specular and diffuse transmittance). At room temperature optical absorption spectra recorded 

in the wavelength for the CZTS kesterite thin films taken was ranging from 450 nm to 1000nm. 

Transmission spectrum of deposited CZTS films are shown in Figure 7. Optical band gap 

energies can be determined from the transmittance data.  

 
Figure 7: Transmittance spectrum of annealed CZTS kesterite thin films 
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Variation of (𝒂𝒉𝒗)𝟐 as a function of photon energy	(𝒉𝒗)	for deposited CZTS films at a 

different temperature of annealing. Photo conversion efficiency of solar cell is highly depended 

upon the material band gap energy. Determining the fundamental band gap energies are 

possible due to the difference between conduction and valence band levels. The band gap 

energies are determining with the help of optical absorption spectra. It can be measured by the 

Tauc’s relation between energy and absorption and given in Equation 4  

(𝜶𝒉𝒗)𝟐 = 	𝑨(𝒉𝒗 − 𝑬𝒈)																																																					(𝟒) 

where ν is the incident photon frequency, h is the Planck’s constant, α is the absorption 

coefficient, n is equal to 1/2 for a direct transition, and to 2 for an indirect transition E. is the 

optical band gap, A is a constant. Electrochemically deposited CZTS kesterite thin films band 

gap energy is shown in Figure 8. The graph was taken between ℎ𝑣 and (𝛼ℎ𝑣)! and the band 

gap energy was plotted by drawing a tangential line that extrapolate the linear part of the energy 

spectrum [48]. Figure 8. shows that different annealed CZTS thin films band gap energies are 

ranged between 1.48𝑒𝑉 and 1.61𝑒𝑉 and rising in annealing temperature decreases the band 

gap. The grain size, crystallinity and modification of the material structural properties played 

a momentous role in the variation of optical properties [49]. The band gap energy of samples 

ED400C, ED450C, ED500C and ED550C are 1.61	𝑒𝑉, 1.54	𝑒𝑉, 1.51	𝑒𝑉 and 1.48	𝑒𝑉 

respectively. Figure 8 confers that the electrochemically deposited sample ED500C have an 

optimal band gap value which is near to the optimum band gap for designing the high-power 

conversion efficiency from solar cell. 
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Figure 8: CZTS thin film band gap energy 

Table 4:  CZTS thin films optical band gaps 

Samples Annealing Temperature (℃) Optical band gap (eV) 

ED400C 400 1.61 

ED450C 450 1.54 

ED500C 500 1.51 

ED550C 550 1.48 

4. Conclusion 

In this work CZTS thin film is fabricated using electrochemical deposition. The major concern 

for the limitation to achieve high efficiency CZTS thin film is to control the composition of 

metal alloys as these alloys has different oxidization and reduction potential. To control the 

composition of the alloys and to get good stoichiometry of the film trisodium citrate 

𝐶/𝐻0𝑁𝑎1𝑂2	complexing agent was added into the solution with 0.2	𝑀 concentration. From the 

results presented above it was found that 0.2M molar concentration works well for the 

fabrication of CZTS thin film with good structural, morphological and optical properties at 

different annealing temperatures (400℃ − 550℃). The thin film with good morphological, 

structural and optical (1.51𝑒𝑉) properties was achieved at temperature 500℃.     
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