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This study focused on the synthesis and characterization of CZTS thin films using a spray pyrolysis 

method followed by sulfurization. Three different samples were prepared by varying the molar ratios 

of zinc to tin: Cu2ZnSnS4 (PV), Cu2Zn0.9Sn1.1S4 (NC), and Cu2Zn1.1Sn0.9S4 (PC). The samples were 

annealed in the presence of sulfur at 300℃. X-ray diffraction (XRD) analysis revealed the formation of 

a kesterite crystal structure in all samples, with the (112) plane being the dominant orientation. The 

CZTS thin films showed a maximum crystallite size of 11.6 nm in the PC sample. Field emission 

scanning electron microscopy (FESEM) was used to investigate the morphological properties, 

providing insights into the surface characteristics and microstructure of the thin films. The optical 

properties of the CZTS thin films were examined using UV-Vis spectroscopy. It was observed that the 

band gap energy increased in all samples after sulfurization, ranging from 1.50 eV to 1.66 eV.  This 

indicates the potential suitability of the films as absorber layers in solar cell applications. The 

electrical properties were evaluated through Hall effect measurements, which revealed that the CZTS 

thin films exhibited p-type conductivity. The NC sample demonstrated the lowest specific resistivity 

of 1.43 Ω.cm. 
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1. Introduction 

      The investigation of light-absorbing layers that are free 
from rare and toxic elements is vital for the development of 
affordable and widely applicable solar cells [1]. Copper-
based chalcopyrite materials have garnered significant 
attention as promising options for photoabsorbing layers in 
low-cost thin film solar cell applications [2]. Currently, CdTe 
and Cu(InGa)Se2 (CIGS) technologies lead the solar cell 
industry and are commercially available. However, the 
toxicity of cadmium and the scarcity of tellurium limit the 
potential of CdTe-based solar cells. Similarly, CIGS thin films 
contain toxic selenium, and the use of gallium and indium, 
which are not abundant, presents further challenges [3]. 

In recent years, compounds featuring the kesterite 
crystalline structure have emerged as highly promising and 
abundant earth-abundant materials for thin film solar cell 
applications [4]. Among these compounds, Cu2ZnSnS4 

(CZTS) stands out as a quaternary compound with a p-type 
carrier characteristic and a band gap ranging from 1.4 to 1.6 
eV [5]. With its high absorption coefficient of 104 cm-1 and 
composition consisting of non-toxic elements, CZTS 
represents a compelling option for low-cost absorbent 
layers in thin solar cells [6]. According to the Schweizer-
Quizzer Theory, CZTS has the potential to achieve an 
impressive energy conversion efficiency of 32.2% [7]. 
However, to date, practical efficiency levels have remained 
lower, with a vacuum-based approach achieving an 
efficiency of 9.3% [8]. 

CZTS compounds exist in two main crystalline structures 
known as kesterite and stannite, with orientations along the 
(112) and (220) planes [9]. Both structures have 
a tetragonal crystalline phase, and their structural 
differences are related to different sub-network cation 
guidelines [10]. To distinguish between these two neutron 
spectroscopy structures, specialized methods are required 
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[11]. There are various methods for depositing CZTS thin 
films, including RF magnetron sputtering deposition [12], 
thermal evaporation [13], pulsed laser deposition [14], 
spray pyrolysis deposition [15], sol-gel deposition [16], 
photochemical deposition [17], and aqueous 
bath deposition [18]. The spray pyrolysis method is a simple 
and cheap method. Morphology, electrical, and optical 
properties of CZTS thin films are adjustable by changing the 
Zn:Sn molar ratio and deposition parameters such as the 
amount sprayed, the distance between the nozzle and the 
sample, the speed of spraying the solution and Sulfurization. 
Nakayama and Ito [19] reported spray deposited CZTS thin 
films followed by annealing the films under 5 % H2S gas 
flow. Kumar et al. [20] studied the effects of substrate 
temperature, starting solution pH, copper salt and thiourea 
concentrations on the growth and properties of spray 
deposited CZTS films. Kameyama et al reported structural, 
morphological, and compositional characterization of CZTS 
films [21].  

In this study, we have focused on examining the impact 
of different zinc to tin molar ratios on the growth and 
characteristics of thin films made of copper zinc tin sulfide 
(CZTS). To achieve this objective, we employed an aqueous 
solution containing copper acetate, tin chloride, zinc 
acetate, and thiourea, and deposited the films at substrate 
temperatures of 325°C. Subsequently, sulfurization was 
carried out in a sulfur atmosphere. Throughout the 
research, we thoroughly investigated the samples from 
multiple perspectives, including their structural properties 
such as crystallinity and surface morphology. Additionally, 
we analyzed the optical properties by estimating the band-
gap energy. Furthermore, we conducted electrical 
measurements to assess the resistivity and performed Hall 
effect measurements to gain insights into the electrical 
behavior of the samples. These comprehensive analyses 
allowed us to gain a comprehensive understanding of the 
CZTS thin films produced under different zinc to tin molar 
ratios.  

2. Experimental  

To obtain the stochiometric Cu2ZnSnS4 (CZTS) thin film, 
we used 0.04 M copper acetate, 0.02 M zinc acetate, 0.02 M 
tin chloride, and 0.08 M thiourea as copper, zinc, tin, and 
sulfur sources, respectively. To improve the solubility of tin 
chloride, a few drops of hydrochloric acid were also added 
to the 1000 ml of distilled water to give a Cu:Zn:Sn:S molar 
ratio of 2:1:1:4. The final  CZTS solution was stirred for 
about 30 minutes and then sprayed onto the glass 
substrates at 325°C. The sample is denoted as 'PV'. In order 
to examine the impact of zinc content on the physical 
properties of the samples under investigation, the molar 
ratio of zinc to tin ([Zn]:[Sn]) in the base solution was 
varied. The samples with molar ratios of 2:0.9:1.1:4 
(Cu2Zn0.9Sn1.1S4) and 2:1.1:0.9:4 (Cu2Zn1.1Sn0.9S4) were 
designated as 'NC' and 'PC' respectively. Subsequently, the 
annealing process was conducted in the presence of sulfur 
at a temperature of 300℃ for a duration of 30 minutes 
under an argon gas atmosphere. The resulting films were 
labeled as 'PVs', 'NCs', and 'PCs'. Prior to annealing, the 
films exhibited a consistent thickness of 300 nm, as 
confirmed by cross-sectional FESEM imaging. Following 

annealing, the thickness increased to 500 nm. The 
production steps involved in creating the layers are 
illustrated in Figure 1. 

The crystalline structure was analyzed by X-ray 
diffraction (XRD) spectrum using a D8 Advance Bruker 
system using Cu–Ka radiation (k = 1.5406Å). The optical 
characterization of the samples was performed by 
Shimadzu-UV1800 spectrophotometer in the spectral 
range of 400–1100 nm. The morphology and elemental 
composition were determined using field emission 
scanning electron microscopy model MIRA3. The electrical 
resistivity and Hall effect data (magnetic field strength 
=240 mT) of the samples were measured in the Van der 
Pauw configuration. 

 
Fig. 1. Summary of the procedure for depositing CZTS films. 

 

3. Results and discussion 

3.1. XRD studies 

      Fig. 2 presents the X-ray diffraction (XRD) patterns of 
the investigated samples deposited at various Zn/Sn molar 
ratios. As depicted in Figure 2, a distinct diffraction peak at 
28.53° is observed in all thin films, corresponding to the 
(112) preferred orientation plane of CZTS with a kesterite 
phase (JCPDS 00-026-0575) [22]. Furthermore, the PCs 
sample, following annealing, exhibits a diffraction peak at 
47.33°, indicative of the (220) indices, which is consistent 
with previous findings. Notably, the intensity of the 
diffraction peaks in the annealed samples is enhanced in 
the presence of sulfur, indicating an improvement in crystal 
order. It is worth mentioning that no secondary phases 
associated with CuS or ZnS were detected in the XRD 
patterns of the samples before and after the sulfurization 
process, as reported in the literature [23]. 

Using Scherer’s formula: 
 

𝐷 =
0.9 𝜆

𝛽 𝑐𝑜𝑠 𝜃
 (1) 

where D is the average crystallite size, λ is the 
wavelength of the X-rays, β is full width at half maximum of 
the main peak, k is a constant (close to unity) and θ is the 
Bragg angle. The calculated crystallite sizes are found to be 
7.3, 6.3, 5.8, 8.6, 10.7, and 11.6 nm for PV, PVs, NC, NCs, PC, 
and PCs, respectively (Table 1). In the NC and PC samples, 
the size of the crystals increased after annealing and 
decreased in the PV sample. The variation of the crystallite 
size has major influence on optical and electrical properties 
of the samples. In poly-crystalline thin film 
semiconductors, increasing the dimensions of nanocrystals 
increases carrier mobility and also the decrease of 
crystallite size decreases the carrier mobility [24]. 
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Fig. 2. XRD patterns of the studied samples before and after 
sulfurization process. 

3.2. Morphological studies 

      According to Figure 3(a), the PV layer exhibits a 
relatively smooth surface with streaks. At lower 
magnification, the images reveal porous surfaces, and the 
accumulation of small-grained particles leads to cluster 
formation on the substrate surface. After annealing at 
300°C, the smaller clusters merge, resulting in larger 

clusters and increased seed size (Figure 3(b)). The average 
grain dimensions of the PV layer increased from 27-32 nm 
before annealing to 32-53 nm after annealing. (Figure 3(c)). 
In Figure 4 (a), the smooth surface of the sample shows a 
noticeable accumulation of seeds, particularly at lower 
magnification. After annealing (Figure 4(b)), the formation 
of cluster structures becomes evident. The NC layer had 
average grain dimensions ranging from 45-59 nm before 
annealing, which decreased to 34-54 nm after annealing. 
Figures 5 (a) and (b) display images of the PC layer 
(Cu2Zn1.1Sn0.9S4) before and after annealing, respectively. 
Initially, the PC layer has a uniform surface with slight 
porosity. However, after annealing, there is a significant 
increase in the accumulation of seeds, leading to the 
formation of multidimensional structures. The PC layer 
exhibited an initial average grain size of 21-25 nm, which 
substantially increased to 66-125 nm after moderate 
annealing. Large grain sizes are desirable for achieving 
high-efficiency solar cells. Increasing the size of 
nanocrystals reduces the occurrence of grain boundaries, 
resulting in reduced recombination and increased effective 
diffusion length of minority carriers. These factors 
contribute to a higher short-circuit photocurrent in 
polycrystalline solar cells [25]. 

Table (2) provides information on the Elemental Energy 
Dispersive X-ray (EDX) analysis of PV, NC, and PC thin films 
before and after annealing in the presence of sulfur. The 
results show the ratio of sulfur element to the other metals 
is higher compared to the expected elemental composition. 
However, after annealing, the sulfur ratio decreases, except 
for the PC sample. This decrease in sulfur ratio suggests the 
possibility of sulfur evaporation from the sample surfaces 
during annealing. Furthermore, all the prepared layers, 
both before and after annealing, are found to be rich in 
copper and exhibit deficiencies in terms of the (Cu/(Zn + 
Sn>1)) and (Zn/Sn <1) ratios. Additionally, the Zn/Sn ratio 
increases in all samples after annealing. 

 

 

Table 1. The average crystallite size for the CZTS thin films. 
    Sample               2Ɵ(deg)          D (nm) 

    PV 
    PVs 
    NC 
    NCs 
    PC 

            28.44   
            28.78 
            28.9 
            28.93 
            28.7 

 7.3 
6.3 
5.8 
8.6 
10.7 
11.6 

    PCs              29.92 
 

 
Table 2. Energy dispersive X-ray analysis (EDX) of the samples. 

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

PV  1.11 1.24 1.21 
PVs  1.16 1.25 0.88 
NC  0.26 1.02 1.1 
NCs  0.29 0.93 0.98 
PC  0.39 1.09 1.07 
PCs  0.4 1.18 1.21 
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Fig. 3. FESEM images and grain size distribution of both PV and PVs thin films. 
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Fig. 4. FESEM images and grain size distribution of both NC and NCs thin films. 
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Fig. 5. FESEM images and grain size distribution of both PC and PCs thin films 
 

3.3. Optical studies 

Fig. 6 shows the optical transmission spectra of 
Cu2ZnSnS4 thin films with varying molar ratios of Zn/Sn. In 
the shorter wavelength region, the transmission of all 
samples increases with wavelength. The PV thin film 
exhibits higher transmittance in the 400-900 nm range 
compared to other PV thin films. After annealing, the NC 
thin film shows increased transmittance in the 400-1100 
nm range, indicating improved surface structure. The PC 
thin film initially has a maximum transmittance of 60%, 
which decreases to 40% after annealing, particularly in 
shorter wavelengths. These findings, along with 
morphological and EDS results, provide insights into the 
optical and surface properties of the films, aligning with 
band gap calculations.  

The optical band gap energy (Eg) of a film can be 
determined by plotting (αhν)2 against photon energy (hν) 
and identifying a linear region in the high-energy zone 

where α is close to zero. In this plot, (α) represents the 
absorption coefficient, (hν) represents the photon energy, 
and (A) is a constant. The equation used for this plot is:  
 

(αhυ)2 = A (hυ – Eg) (2) 

 
By analyzing the linear portion of the plot, the value of 

the optical band gap energy (Eg) can be determined. 
Fig. 7 illustrates the band gap energy of the samples. It 

was observed that the band gap energy increased in all 
samples after sulfurization, ranging from 1.50 eV to 1.66 
eV.  This increase in band gap energy can be attributed to 
several factors, including improvements in the structural 
and morphological properties of the material and changes 
in the elemental composition. After the annealing process, 
there is a reduction in the amount of sulfur in the sample 
compared to before annealing. This reduction in sulfur 
content leads to optical changes in the sample, causing the 
absorption edge to shift towards shorter wavelengths. As a 
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result, the band gap energy of the material increases, 
indicating a higher energy required for electronic 
transitions. 

 
Fig. 6. The transmittance curves of CZTS thin films as a function of 
wavelength. 
 

3.4. Electrical studies 

      To evaluate the electrical properties of the thin films, 

Hall effect and hot probe measurements were performed at 

room temperature. It was determined that all the samples 

exhibited p-type behavior. As shown in Table 3, the 

sulfurization process resulted in a decrease in sheet 

resistance (Rs) and resistivity (ρ) in the investigated thin 

films, while the carrier mobility (except for the PVs sample) 

and carrier density increased. Several factors can 

contribute to the reduction in sheet resistance. The 

enhancement in the crystalline and morphological 

structures of the thin films after annealing may have 

contributed to a decrease in carrier scattering, thereby 

leading to a decrease in sheet resistance. In the case of 

polycrystalline thin film semiconductors, an enlargement 

of the nanolayer dimensions can potentially enhance 

carrier mobility [26]. 

 

Table 3. Electrical measurement results of the CZTS thin films. 
Sample Rs (103 Ω/square)  

 
ρ (Ω.cm)   
  

µ (cm2/V.S)  pav (cm-3) 

PV 337.7 10.13 12.68 4.86×1016 
PVs 41.16 2.06 10.41 2.91×1017 

NC 514.29 15.43 9.27 4.37×1016 

NCs 28.62 1.43 12.18 3.58×1017 

PC 220.53 6.62 15.26 6.19×1016 

PCs 44.03 2.2 15.62 1.81×1017 
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Fig. 7. Optical band gap versus photon energy for the studied thin films. 
 

4. Conclusion 

Cu2ZnSnS4 thin films were deposited on preheated glass 
substrates using the spray pyrolysis method at 325°C, with 
varying molar ratios of Zn and Sn. XRD analysis revealed 
that all the samples had a tetragonal structure 
with preferred orientation along the (112) plane, 
indicating a polycrystalline nature. After annealing, 
the band gap energy of all the samples increased, 
approaching the optimal value for absorber materials in 
thin-film solar cells. Hall effect and hot probe 

measurements showed that all the samples exhibited p-
type conductivity. The NCs sample (Zn/ Sn= 0.29, Cu/ (Zn+ 
Sn) = 0.93, S/ (Cu+ Zn+ Sn) = 0.98) had the highest carrier 
density of 3.585×1017 cm-3 and the lowest specific 
resistivity of 1.43 Ω.cm. The highest carrier mobility was 
observed in the PCs sample (Zn/Sn = 2.84, Cu/ (Zn+ Sn) = 
0.32, S/ (Cu+ Zn+ Sn) = 1.7). Overall, the spray pyrolysis 
method proved to be an effective approach for depositing 
Cu2ZnSnS4 thin films with desirable structural, optical, and 
electrical properties for photovoltaic applications. 
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