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Abstract: Cu2Zn1-xCaxSnS4 (CZCTS) nanoparticles were grown on pre-cleaned glass substrates using 

spin-coating. The obtained nanoparticle alloy thin film changed from light green to bluish-green as Ca2+ 

content increased in the alloy. The elemental analysis confirmed the presence of Cu+, Zn2+, Ca2+, Sn4+, 

and S2-; scanning electron microscopy images exhibited an uneven grain size distribution without cracks 

or holes. The grain size increases as the Ca2+ increases. The X-ray diffraction analysis revealed a 

polycrystalline alloy nature. The typical peaks indicated from the diffraction by the samples are (100), 

(200), and (210). The alloy exhibits a simple cubic lattice. The absorption is more significant in the 200 

to 400 nm region, which significantly reduces beyond 400 nm. The optimum bandgap energy obtained 

ranged from 3.84-4.04 eV. CZCTS/CZTS-based thin film solar cells show excellent performance with 

an open-circuit voltage ~816 mV and overall cell efficiency of ~16.95%, exhibiting commercial 

potential for large-scale fabrication of photovoltaic devices. 
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1. Introduction 

The recent approach to improving photovoltaic cell conversion performance has 

resulted in a flurry of research into environmentally friendly materials [1-3]. Due to the scarcity 

and cost implications of their constituents (In, Ga, and Te), recent research interests have 

moved away from absorber materials like CuInGa1-xSe2 (CIGS) and CdTe [4,5]. Cu2Zn1-

xCaxSnS4 (CZCTS) is a new material whose elements have replaced In and Ga with Zn1-x-Cax 

and Sn in CIGS [4,6]. These elements are readily available and non-toxic thus, makes them 

environmentally friendly. CZCTS is a quinary substance (I2-II1-X-IIX-IV-VI4) with a similar 
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structure to CIGS [2,5]. Among the many potentials uses for thin-film technology are solar 

cells, LEDs, transistors, and diodes, to name a few. 

Since the photovoltaic effect of CZTS (a sister substance; where Ca2+ is zero) was 

recorded by the sputtering technique [7], other methods have been used to prepare the thin film, 

including RF magnetron sputtering, vacuum evaporation, SILAR, electrodeposition, spray 

pyrolysis, non-vacuum process, pulsed laser methods, and so on [7-13].  

Research and rapid prototyping have relied on spin coating because of its simplicity, 

relative ease of setup, and capability to achieve a uniform layer at various thicknesses [14-16]. 

However, due to the challenges in directly depositing CZTS thin films on a substrate, most 

experiments on wet chemical techniques have focused on particles rather than thin films. 

Therefore, there is little information on the effect of deposition of CZTS synthesis via the spin 

coating method [5,7,12-14]. This deposition approach consists of a few steps: producing 

CZCTS powder, mixing with a solvent, and coating on a glass substrate. 

2. Materials and Methods 

2.1. Material preparation, deposition, and characterization. 

The substrates were first cleaned with liquid detergents to remove all forms of particles, 

such as dirt or dust. The substrates were later dipped in acetone and ethanol and sonicated for 

degreasing (removing organic particles and metal oxides which may be challenging for the 

detergent to remove). The substrates were then rinsed with deionized water and dried in the 

oven at room temperature before deposition.  

These steps and processes were repeated for all samples. The syntheses required the 

variation of the relative ratio of Zinc and Calcium ions in Cu2Zn1-xCaxSnS4 with parameter  

0.0 ≤ 𝑥 ≤ 1.0, with a step height of 0.2. The composition x was determined by using Equation 

2.1. 

𝑥 =  
[Mass of CaSO4 in solution]

[Mass of ZnSO4 in solution+ Mass of CaSO4 in solution]
    (2.1) 

20.00 ml each of 0.1 M of Cu2SO4, ZnSO4, SnSO4, Na2S2O3, and 20.00 ml of x M of 

CaSO4 were all mixed in a beaker. 10.00 ml of NH4OH and C5H15NO3 were added as 

complexing agents [15,19]. Each mixture was heated for 90 minutes at 90 oC with a magnetic 

stirrer. The moles of each precursor and complexing agent were calculated using Equation 2.2, 

and the values were presented in Table 1. 

No of moles =
Mass in grams

Molar Mass
        (2.2) 

The centrifugation separated the residue from the supernate after the solution was 

stirred and heated for 90 minutes. The deionized water was added and filtered. The residue was 

dried in an oven at room temperature for four days. The dried samples of Cu2Zn1-xCaxSnS4 

were then kept in clean specimen bottles and labeled. The entire pieces were six in number. 0.1 

grams of each material was mixed with 10.00 ml of deionized water in a beaker. The solution 

is then put on the glass substrate dropwise with a syringe in the spin coater at 3000 rpm for 30 

secs. This process was repeated for all six samples. The deposited samples were left to dry in 

the oven at room temperature. The deposited thin-film samples of Cu2Zn1-xCaxSnS4 were 

studied using X-Ray Diffractometer (XRD), Scanning Electron Microscope (SEM), and 

Energy Dispersive X-ray (EDX), UV-VIS spectrophotometer for structural analysis, surface 

morphology, and optical characteristics.  
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Table 1. Parameters for the Synthesis of Cu2ZnCaSnS4 concentrations. 

Compounds x CaSO4 

(mol) 

Zn(NO3)2 

(mol) 

Cu2SO4 

(mol) 

SnSO4 

(mol) 

Na2S2O3 

(mol) 

NH4OH 

(mol) 

C5H15NO3 

(mol) 

Cu2Zn1.0Ca0.0SnS4 0.00 0.000 0.100 0.100 0.100 0.100 0.100 0.100 

Cu2Zn0.8Ca0.2SnS4 0.20 0.025 0.100 0.100 0.100 0.100 0.100 0.100 

Cu2Zn0.6Ca0.4SnS4 0.40 0.067 0.100 0.100 0.100 0.100 0.100 0.100 

Cu2Zn0.4Ca0.6SnS4 0.60 0.150 0.100 0.100 0.100 0.100 0.100 0.100 

Cu2Zn0.2Ca0.8SnS4 0.80 0.400 0.100 0.100 0.100 0.100 0.100 0.100 

Cu2Zn0.0Ca1.0SnS4 1.00 0.100 0.000 0.100 0.100 0.100 0.100 0.100 

2.2. Numerical simulations. 

Solar cell Capacitance Simulator (SCAPS-1D) was used to simulate the solar cells as 

Cu2Zn1-xCaxSnS4 is employed as an absorber layer. The optoelectronics parameters were 

derived from the characterization, and the same were used as input parameters in SCAPS- 1D. 

The optoelectronic parameters [5,20-24] used in the simulation are described in Table 2. The 

optoelectronic parameters used were all determined from the synthesis and characterization, 

and where such could not be derived, the same was taken from a cited experimental study in 

literature with reasonable estimates in some cases [25-27]. The cell structure used in the 

simulation is p-CZTS/n-ZnO/n-CZCTS/n-FTO.  

Table 2. The optoelectronic parameters of the materials used for the simulations. 

Parameters CZTS CZCTS FTO 

Band Gap (eV) 1.56 3.86 3.60 

Density of States - NC (cm-3) 2.20 x 1018 2.2 x 1012 – 2.2 x 1022 1.2 x1020 

Density of states - NV (cm-3) 1.80 x 1019 1.6 x 1019 7.0 x 1020 

Electron affinity (eV) 4.21 4.95 4,50 

Electron mobility (cm2.V-1.s-1) 1.00 x 102 25 20 

Hole mobility (cm2.V-1.s-1) 2.00 x 101 100 100 

Free Carrier Concentration NA (cm-3) 4.00 x 1016 0 0 

Free Carrier Concentration ND (cm-3) 0 1015 – 1023 3.5 x 1020 

Relative permittivity 10.00 9.00 10.00 

Thickness (µm) 2.00 0.01 - 0.05 0.0125 

3. Results and Discussion 

3.1. Structural properties of the Cu2Zn1-xCaxSnS4. 

The X-ray diffraction spectra of the six samples at the variation of Ca2+ and Zn2+ are 

revealed. The effect of Ca2+ and Zn2+ ions on the thin-film samples are presented in Figure 1. 

The diffraction pattern obtained from the XRD exhibited a polycrystalline nature. It is revealed 

here that the diffraction peaks disappear as the Zn2+ content in the sample increases. Also, the 

peaks resurfaced when both Zn2+ and Ca2+ were nearing even compositions. The common 

peaks revealed from the diffraction by the samples are (100), (200), and (210). These three 

peaks are the preferential orientation for the alloy - Cu2Zn1-xCaxSnS4. Others are; (110), (111), 

(211), (300), (310), (320), (331), (332), (333), (400), (411), (421), (522), (531), and (921). Most 

of these peaks emerged when Ca2+ was so pronounced in the alloy. 
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Figure 1. XRD spectra pattern of Cu2Zn1-xCaxSnS4 for 0.0 ≤ x ≤ 1.0. 

 

The alloy exhibits a simple cubic lattice. There is a consistent linear decrease in lattice 

constant as Ca2+ increases in the alloy but peaked at 0.6-mole fraction after that decreases as 

the Ca2+ increases. The interplanar spacing seems to be in the same order throughout each 

sample. There is a sharp decrease in particle size as Ca2+ is introduced into the alloy. 

The particle size is not affected by continuous additions. The lower the magnitude of the 

particle, the larger the surface area. It is essential to charge carrier mobility which will, in turn, 

affect the conductivity within the alloy. A grain size with a large particle magnitude exhibits a 

relatively small surface band reflecting a lower surface area. The modified Scherrer formula 

and Williamson-Hall method (Equation 3.1) was used to obtain the crystallite size and 

microstrain [28,29].  

𝛽 cos 𝜃 =  
𝑘𝜆

𝜏
+ 4𝜀 sin 𝜃       (3.1) 

where,  𝜏 is the mean size of the ordered crystalline domain, k is the dimensionless shape factor 

known as Scherrer’s constant with a value of 0.9, β is the full width at half maxima of the XRD 

peak, θ is the Bragg’s diffraction angle, λ is the wavelength of X-ray, and ε represents the 

microstrain. The average crystallite size and microstrain of the CZTS nanostructures are 

presented in Table 3. Other parameters presented in Table 2 are the dislocation density 

(Equation 3.2), stacking factor (Equation 3.3), and atomic percentage composition of calcium 

(Equation 3.4) in the alloy [28,30,31].  
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Table 3. Shown % composition of Ca, crystallite size, microstrain, dislocation and stacking factor. 

x % composition of Ca Crystallite size 

(nm) 

Microstrain Dislocation 

density 

Stacking factor 

0.00 0.00 26.700 0.1996 1.613 0.655 

0.20 2.31 34.530 0.4037 1.519 0.589 

0.40 5.58 15.780 0.1301 1.034 0.638 

0.60 8.43 31.645 2.2932 0.656 0.629 

0.80 11.21 39.064 0.1091 0.691 0.662 

1.00 14.15 49.130 3.5152 0.385 0.515 

dislocation density =  
1

D2       (3.2) 

stacking factor =  [
(2Π)2

45(3 tan θ)
1
2

]       (3.3) 

% composition of Ca in the alloy =  [
(Ca)

(Ca+Zn)
]  x 100 (mol%)   (3.4) 

The dislocation density (line defect) in this alloy is a linear crystallographic defect 

within the crystal structure that induces an abrupt change in the arrangement of atoms, which 

affects various properties of this alloy. In this alloy, the introduction of Ca2+ increases the 

dislocation as these ions increase; there is a drop in the size of the dislocation. 

3.2. Surface morphology of Cu2Zn1-xCaxSnS4. 

The SEM micrograph images obtained for the thin-film samples are presented in Figure 

2. The samples’ images show an improvement of coarse grain morphology as Ca2+ size reduces 

(an increase of Zn2+). The grain size is not evenly distributed (though nano-sized) in each 

sample. The disparity in grain size reduces as the Zn2+ ion content increases. The average grain 

size ranged between 15.78 nm – 44.13 nm.  

 
Figure 2. SEM micrographs of Cu2Zn1-xCaxSnS4 with different content values of x for (a) 1.0 (b) 0.8 (c) 0.6 (d) 

0.4 (e) 0.2 and (f) 0.0. 
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3.3. Optical absorbance and transmittance properties. 

The optical absorbance of the alloy; Cu2Zn1-xCaxSnS4
 was obtained via a UV-VIS-IR 

spectrophotometer. Figure 3 depicts the variation in the alloy along with the wavelength. All 

the alloys revealed a great deal of absorption as the wavelength increased. The absorption is 

more significant in regions 200 to 400, which significantly decreases beyond 400 nm. The 

effect of Ca2+ content as it grows in the alloy, as presented in the plots, confirmed the lower 

absorption in the blue region. It can be inferred that the absorption of the shorter wavelength 

of the photons may be reduced, mitigating the absorption losses. The optical transmittance, 

which is the effectiveness of the alloy in transmitting radiant energy, is presented in Figure 4. 

The plots illustrate the variation of optical transmittance with a wavelength in the region of 200 

to 1100 nm. The presence of Ca2+ acted as a dopant in the alloy. And this conforms [18,32-34] 

with the reported 95% transmittance as Zn2+ is used to enhance the crystallinity of CdS in solar 

cell applications [19,34]. 
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Figure 3. Optical absorption pattern of Cu2Zn1-

xCaxSnS4 thin film for 0.0 ≤ x ≤ 1.0. 
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Figure 4. Optical transm210ittance pattern of Cu2Zn1-

xCaxSnS4 thin film for 0.0 ≤ x ≤ 0. 

3.3. Optical energy bandgap. 

Figures 5 and 6 illustrate that the optical band gap specifies how much of the solar 

spectrum is absorbed by a photovoltaic cell using the alloy.  
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Figure 5. Energy band gaps of Cu2Zn1-xCaxSnS4 thin 

film for 0.0 ≤ x ≤ 0.4. 
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Figure 6. Energy band gaps of Cu2Zn1-xCaxSnS4 thin 

film for 0.6 ≤ x ≤ 1.0. 
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This alloy will not absorb photons with less energy than the bandgap, and the energy 

of the electron-hole pair formed by a photon is equal to this bandgap energy. The variation of 

Ca2+ in the alloy accounts for the different energy gaps obtained. The bandgap presented in the 

plots is the exciton energy that defines the onset of vertical inter-band transition. The optical 

bandgap of the alloy varied from 3.84 – 4.04 eV, which makes this alloy a Wide Band Gap 

(WBG) semiconductor. This energy shift is consistent with the energy gap with the behavior 

of dopants, as reported in the literature. However, the optical bandgap is at variance with the 

quaternary Cu2ZnSnS4 alloy [20-22]. 

3.4. Solar cell performance. 

Figure 7 illustrates the J-V curve due to carrier densities. The variation in carrier 

densities while the density of states - conduction band and valence band were kept at 2.2 x 1012 

and 1.8 x 1019 cm-3, respectively, at a constant thickness of 10 nm. The Jsc, Voc, FF, and CE 

increase as the value of carrier density increases [35-37]. The increment continues for all the 

electrical parameters but fills the factor at 2.2 x 1022 cm-3, as depicted in Figures 8 and 9. The 

FF increased from 53.63 – 70.84% before dropping to 59.45% at a maximum CE of 16.95%.  
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Figure 7. J-V of cells with different carrier densities 

(cm-3) in the CZCTS buffer layer. 
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Figure 8. The dependence of cell performance on the carrier 

concentration of CZCTS Conversion Efficiency and Fill factor. 
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Figure 9. The dependence of cell performance on 

the carrier concentration of CZCTS Open circuit 

voltage and current density. 

Figure 10. J-V of cells with different carrier 

densities in the CZCTS buffer layer. 
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The VOC and JSC increased from 0.8155 – 1.1605 V and 24.3782 – 24.5676 mA.cm-2 

respectively. Figure 10, on the other hand, is the J-V curve due to the density of the state 

(conduction band). The electrical parameters keep dropping, though the carrier density, density 

of state (valence band), and thickness were kept constant at 1 x 1021 cm-3, 1.8 x 1019, and 10 

nm, respectively. Figures 11 and 12, illustrate the dependence of the electrical parameters; the 

FF, JSC, and CE as it decreases from 70.84 – 32.65%, 24.5156 – 23.6980 mA.cm-2 and 16.95 – 

6.42 % respectively while VOC suddenly peaked at 2.2 x 1017 cm-3 density of state with 0.9059 

V before finally decreased to 0.8291 at 2.2 x 1022 cm-3. 

The simulated thickness of the CZCTS as a buffer layer did not affect this planar 

arrangement’s electrical parameters when the thickness varied from 10–20 nm. It will amount 

to a share waste of resources when more than 10 nm of this material is being deployed as a 

buffer material in a PV system. In searching for the best way to optimize the material, its 

density of state for the conduction band varied from 2.2 x 10 12 - 2.2 x 10 22 cm-3. The best 

conversion efficiency (CE) fill factor (FF), open-circuit voltage (VOC), and short circuit current 

density (JSC) were obtained at 2.2 x 10 12 cm-3, as depicted in Figures 11 and 12.  

It can be seen that although the increase in density of state (conduction band) resulted 

in the reduction of Jsc, Voc, FF, and CE, the reduction is not as significant for Voc and JSC as 

that for FF and CE. This phenomenon is attributed to the fact that the density of the state must 

be kept at a minimum since the buffer layer is ultra-thin. This thinness allows the absorber 

layer to absorb fewer incident photons, thereby reducing Shockley-Read-Hall recombination 

at the centers of the buffer layer. However, it is pertinent to avoid a very thin buffer layer (< 

10 nm); a reduction of VOC, JSC, and CE may be recorded as a narrow buffer layer may result 

in leakage current, and too thick one could lead to a low carrier separation rate [38]. From the 

above, the optimized and preferred buffer layer thickness for this material is 10 nm. 
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Figure 11. The dependence of conversion 

efficiency and fill factor on the density of states 

(conduction band) for the CZCTS. 

Figure 12. The dependence open circuit voltage 

and current density on the density of states 

(conduction band) for the CZCTS. 

4. Conclusions 

Finally, it has been shown that Cu2Zn1-xCaxSnS4 can be synthesized and characterized. 

For the first time, Ca2+ has been used to tune the presence of Zn2+ in CZTS thin films has been 

demonstrated. In the visible and near-infrared spectrums, the alloys performed better in 

transmittance. As a result, the alloy is a wide bandgap (WBG) semiconductor with an optical 

bandgap of 3.84–4.04 eV. This energy shift is consistent with the energy gap with the behavior 

of dopants, as reported in the literature. In this work, simple synthesis and deposition of CZCTS 

thin film are reported by spin coating technique on a glass substrate. The thin film’s structures, 
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morphologies, and optics were also studied. The effect of annealing temperature on the system, 

morphologies, and optics are thus reported elsewhere. 
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