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Room temperature one-step electrodeposition of chalcogenide CZTS followed by 

annealing at different temperatures was studied. The scanning electron microscopy images 

of the deposits confirmed the presence of agglomerated particles in the deposits. The 

deposits annealed at 400°C did not show the presence of voids whereas deposits annealed 

at 500°C showed severe sulfur loss and were off-stoichiometric. Annealing at 400°C 

resulted in the deposits of compositions closer to the required ratio. Good absorbance over 

the entire visible range makes both the annealed deposits suitable absorber materials for 

thin-film photovoltaic cells. Current-voltage characteristics resulted in Ohmic trend and 

the slope of the plot increased with annealing temperature. The deposits showed good 

photosensitive behavior where resistance decreased upon shining the light source. The 

Mott-Schottky plot showed that the deposits were made of positively charged particles.         
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1. Introduction 
 

Growing population and technological advancements have increased the day to day energy 

requirement drastically. To address this ever-increasing energy scarcity, the utilization of solar 

energy has gained importance which in turn increased the demand for suitable solar cells. Silicon 

thin-film photovoltaic cells are expensive and require thicker absorber because of the indirect band 

gap of silicon [1, 2]. A suitable replacement for silicon is chalcogenide copper zinc tin sulfide 

(CZTS), which is a direct band gap semiconductor and has a higher coefficient of absorption for 

light (> 10
4
 cm

-1
) than silicon resulting in the requirement of thin absorber layer [3]. The raw 

materials for CZTS are also available in plenty and are also environmental friendly. 

CZTS thin films are usually prepared using more energy-consuming routes such as 

chemical vapor deposition, sputtering, spray pyrolysis, thermal evaporation and electron beam 

evaporation [4] which involves deposition either at high temperature or vacuum. There are some 

simple techniques that enable CZTS deposition at low temperature and atmospheric pressure 

conditions. These include electrochemical deposition, successive ionic layer adsorption and 

reaction, spin coating and chemical bath deposition [5, 6]. Out of these, electrochemical deposition 

is highly preferred owing to the advantages including easy scalability and better control over the 

process [7]. Both water and ionic liquids have been studied as a solvent for the CZTS 

electrodeposition [7-13]. Ethylene glycol and choline chloride were used as a solvent in a study for 

the electrodeposition of CZTS [8]. In the first step copper, zinc and tin were co-electrodeposited 

and sulfur was included during annealing in the second step [8].  Most of the literature on the 

electrochemical deposition of CZTS use sequential multistep deposition of the elements on to a 

substrate followed by sulfurization at low or moderate to high temperatures [7, 8, 11]. Such multi-

step deposition processes require more reaction time and there is a need to confirm that the former 

layer adheres well so that the subsequent layer can be deposited [14]. Sulfurization at high 

temperatures was found to cause cracks and affect the strength of the film [10]. To avoid such 

issues, it is preferred to include sulfur during the electrochemical deposition step. More preferred 

is the electrodeposition of all the four elements in a single-step.   
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However, depositing of all the four elements in a single-step requires careful selection of a 

suitable complexing agent to bring the deposition potentials of copper, zinc, tin and sulfur closer 

so that all the four elements can be electrodeposited at a single reduction potential. The 

complexing agent extensively studied for such electrodeposition of CZTS is a combination of 

trisodium citrate and tartaric acid [7, 12, 15, 16]. The use of sodium thiocyanate for CZTS 

electrodeposition in a single-step on an ITO substrate has been reported [9, 10]. Recently our 

group has reported the use of glycine for successful electrochemical deposition of CZTS in one-

step [2]. The work concluded that the properties of the deposits prepared are significantly altered 

by the factors in order pH > annealing temperature > S precursor concentration [2]. This work 

discusses in detail the properties of the CZTS deposits prepared by the electrodeposition process 

using glycine and subsequent annealing at two different temperatures.   

 
 
2. Materials and methods 
The concentration of the precursor chemical and the procedure for electrochemical 

deposition of CZTS have been discussed in detail elsewhere [2]. In brief, sulfates of copper and 

zinc were used as Cu (10 mM) and Zn (20 mM) precursors while stannous chloride was used as 

the Sn (5 mM) source. Sodium thiosulfate was used as the S (80 mM) source and glycine as the 

complexing agent. The medium pH was maintained at 2.5. The CZTS film was deposited on a gold 

substrate. The deposition potential used for the study was -0.86 V and the potentiostatic deposition 

was continued for 20 min. 

 

2.1. Characterization studies  

The CZTS film thus obtained after 20 min was annealed at 400ºC and 500ºC for 30 min in 

Ar medium. The effects of annealing on crystalline nature, morphology and optical band gap were 

investigated using X-ray diffraction, scanning electron microscopy, UV-vis spectroscopy 

respectively. I-V characterization was carried out for the sandwich of gold and CZTS in the light 

and dark using 200 W light source. The Mott Schottky runs were made using the CZTS coated 

gold slide working electrode and the electrolyte was 0.1 M sodium perchlorate. The Mott-Schottky 

measurements were made at 1000 Hz frequency.   

 

 
3. Results and discussion 
 

3.1. Scanning electron microscopy (SEM) 

The surface images of the electrodeposited films after annealing at 400ºC and 500ºC for 

30 min are shown in Figs. 1a and b respectively. From Fig. 1a, it is clear that annealing at 400ºC 

produced agglomerated particles in the film. However, the majority of the film is found to be 

composed of uniformly sized smaller less dense agglomerates. The formation of agglomerates is 

preferred for absorber layer in thin-film photovoltaic cells because of decreased chances of 

recombination of the charge carriers [16].  The deposit obtained after annealing at 500ºC (Fig. 1b) 

shows the presence of many larger aggregates and voids which could be due to the liberation of 

volatile S and Sn compounds [17]. Similar behavior was observed when CZTS prepared by 

solvothermal route was annealed at temperatures from 200ºC to 400ºC. Sulfur content dropped 

significantly and metals to sulfur ratio increased from 0.8 at 300ºC to 1.07 at 400ºC [18].    
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Fig. 1. SEM images of annealed CZTS thin films (a). 400°C (b). 500°C. 

 

 

The elemental compositions of the annealed CZTS deposits can be obtained from Table 1. 

The samples annealed at 400°C show a desirable composition ratio of 2:1:1:4 for Cu, Zn, Sn, and 

S respectively. Moreover, from Table 1 the ratio of Cu composition to (Zn+Sn) composition is 

0.85 and Zn to Sn composition is 0.88 which makes the film copper poor and slightly tin rich. 

Annealing at 500ºC caused significant changes in the stoichiometry resulting in an off-

stoichiometric deposit. The SEM images show the existence of voids in the samples annealed at 

500ºC, while the annealing process at 400ºC did not cause any void formation. The formation of 

volatile S can be confirmed with the drop in the S content of the sample heated at 500ºC. The 

composition ratio of all the metallic elements to the sulfur content increased from 1.8 to 2.5 when 

the annealing temperature was increased from 400ºC to 500ºC respectively.  

 
Table 1 Atomic percentage of the elements in the annealed CZTS deposits. 

 

Elements 400°C 500°C 

Cu 26.81 27.93 

Zn 14.78 13.20 

Sn 16.77 29.96 

S 41.65 28.91 

[Zn]/[Sn] 0.88 0.44 

[Cu]/[Zn]+[Sn] 0.85 0.65 

 

 

3.2. X-ray diffraction 

The results of X-ray diffraction analysis for the annealed CZTS deposits are shown in Fig. 

2. The peaks that correspond to the CZTS are of low intensity for both the deposits indicating the 

amorphous nature of the deposits. The hump at 23.14º observed in both samples represents the 

(110) plane of the kesterite phase CZTS. Similarly, peaks at 28.74º, 44.93º and 47.76º correspond 

to (112), (123) and (220) planes of kesterite phase CZTS respectively. Secondary phases such as 

Cu4SnS4 were also observed [9,10,19]. With an increase in annealing temperature the secondary 

phase growth enhanced while the peak at 28.7º corresponding to (112) plane of kesterite structure 

disappeared. The development of secondary phases has been related to high-temperature annealing 

or increased annealing time [1, 19].  

 

a b
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Fig. 2. XRD spectra recorded for the annealed CZTS deposits prepared by electrodeposition. 

 

 

3.3 UV-vis spectroscopy  
The absorbance spectra for the electrodeposited CZTS films after annealing are presented 

in Fig. 3. Both films show higher absorbance over a broad wavelength range including visible and 

IR regions. The absorbance spectra match well with the earlier reports [16]. A material showing 

high absorbance in the visible region is ideal for photovoltaic applications. The optical band gap 

value for the annealed thin films can be found out from Tauc’s relation that describes the 

absorption coefficient (α) in terms of photon energy (E) as shown in 1.  

 

 
 

Fig. 3. Absorbance spectra of the CZTS deposits.  

 

 
1 1

( ) ( )                                                       (1)n n
gE A E E    

The constant n is assigned a value ½ for direct –allowed band gap materials, 3/2 for the 

indirect- forbidden band gap materials and 3 for indirect-allowed band gap materials [2, 3]. A plot 

between (αE)
1/n

 and
 
 E, then would provide details of the band gap value (Eg) upon extending  the 

straight-line segment to zero absorption coefficient. The n value for CZTS is ½ since it is a direct 

band gap material. Fig. 4 shows the Tauc plots of the annealed CZTS deposits. It can be inferred 

that the deposits have an absorption coefficient greater than 10
4
 which is highly preferred for the 

photovoltaic applications. The optical band gap value for both films is nearly the same which is 

equal to 1.6 eV. The band gap for the CZTS reported from the previous works varies between 1.45 

and 1.7 eV with the composition and secondary phases present [16]. The value obtained in the 

present study matches well with the earlier reports. 
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Fig. 4. Tauc plot for thin film annealed at different temperatures. 

 

 

3.4. Current- potential studies  

The current-potential behavior for the sandwich formed using annealed CZTS deposits are 

shown in Fig. 5. The patterns present a straight-line behavior displaying Ohmic nature. The slope 

of the straight lines gives the value of resistance. The resistance values for the CZTS films 

annealed at 400°C and 500°C in the absence of light are 33 Ω and 100 Ω respectively. In the light 

mode, the resistance value decreased significantly to 20 Ω and 30 Ω for the samples annealed at 

400 ºC and 500 ºC respectively. The resistance values match well with the earlier reports on the 

current potential characteristics of CZTS [11]. A drop in the resistance in light is attributed to the 

electron-hole pairs formed in the conduction and valence bands due to the incident photon [20].   

 

       
 

Fig. 5. I-V plots for the annealed CZTS deposits in dark and light (a) 400°C, (b) 500°C 

 

 

3.5. Capacitance-potential study 

The majority charge carriers in CZTS chalcogenides are holes and thus make them p-type. 

The conductivity of the electrodeposited CZTS deposits after annealing was studied by 

capacitance-voltage characteristics at a constant frequency. The resulting Mott-Schottky diagrams 

are plotted for the films and are shown in Fig. 6. A negative slope for the straight-line portion in 

the Mott-Schottky plot indicates p-type conductivity with charge carriers as holes. A positive slope 

shows the n-type conductivity with electrons as the charge carriers [3]. The Mott-Schottky plots 

for the CZTS films annealed at 400ºC and 500ºC show a negative slope signifying the formation of 

p-type deposits upon annealing. The concentration of the charge carriers (N) can be calculated 

using the static relative dielectric constant for CZTS (ε), electron charge (e) in Coulombs and the 

permittivity of free space in the vacuum (ε´) from the equation described elsewhere [3]. Using a 

value of 4.27 for ε, the charge carrier concentration for the CZTS annealed at 400ºC and 500ºC in 

order are 8.2x10
19

 cm
-3

 and 6.62x10
17 

cm
-3

.  

For a semiconductor in contact with an electrolyte, the idea of the location of the valence 

and conduction band edges can be gathered from flat band potential [16]. The flat band potential is 
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obtained from the Mott-Schottky plot by extrapolation of the straight-line section to the zero 

capacitance and reading the intercept. The flat band potentials were -0.1 V and 0.2 V with respect 

to Ag/AgCl reference for the CZTS films annealed at 400ºC and 500ºC.  

 

      
 

Fig. 6. Mott-Schottky plot for the samples annealed at different temperatures. 

 

 

4. Conclusions 
 

Copper, zinc, tin, and sulfur were electrodeposited together in a single-step on to a gold 

substrate using glycine. The characteristics of the deposits were found to alter with the annealing 

temperature. Agglomeration and crystallinity improved with annealing temperature. However, the 

loss of sulfur was more in sample annealed at 500ºC. The growth of secondary phases increased at 

high-temperature annealing. CZTS deposit annealed at 400 ºC showed a desirable composition 

ratio.  

The optical characteristics of the deposits showed significant absorbance over all 

wavelengths for both the samples. The band gap of the particles did not change significantly with 

annealing temperature.   Capacitance–potential studies showed the Mott-Schottky plot with a 

negative slope characteristic of p-type conductivity. The charge carrier concentration was 

estimated to range between 10
11

 and 10
19

 cm
-3

. Current- voltage studies in the presence and 

absence of light source confirm that the thin-films are suitable for solar cell applications. 
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