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To evaluate the impact of zinc sulfate (ZnSO4) concentration on the structural properties of the films, Cd1-xZnxS thin 
films were formed on glass substrates using chemical bath deposition (CBD) in this study. The effect of ZnSO4 pre-
cursor concentration on the surface morphology, optical properties, and morphological structure of the Cd1-xZnxS films 
was investigated. To study the impact of zinc doping content on the performance metrics of Cu(In1-xGax)Se2 (CIGS) 
cells in the experimental group and to improve the buffer layer thickness, simulations were run using one-dimensional 
solar cell capacitance simulator (SCAPS-1D) software. 
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CdS has been investigated for many years as a buffer 
layer for heterojunction solar cells because it is an 
N-type direct band gap semiconductor material with 
strong transparency in the visible region and an optical 
band gap of 2.43 eV[1]. However, the short wave is 
prevented in the absorption layer by the narrow optical 
band gap of CdS. By the way, cadmium is a toxic sub-
stance that is harmful to the body. ZnS is an environ-
mentally friendly N-type semiconductor compound 
with an optical band gap of 3.71 eV[2] and good 
short-wave transmittance and has been widely consid-
ered as a replacement for CdS. Due to the weak lattice 
of CdZnS, solar cells utilizing ZnS as a buffer layer 
have a significantly lower efficiency than solar cells 
using CdS as a buffer film. By adjusting the concentra-
tion of Zn ions, CdZnS can be formed between CdS 
and ZnS, resulting in a good lattice match and optical 
transmittance[3], thus improving the performance of the 
solar cell. On the other hand, it can reduce the use of 
the toxic substance cadmium. 

There are numerous techniques for creating thin 
films of CdS, ZnS, and CdZnS, including atomic layer 
deposition[4], thermal evaporation[5], and chemical bath 
deposition (CBD)[6]. The CBD method is used because 
of its low cost and the fact that it does not require vac-
uum conditions[7]. The procedure is straightforward and 
the deposition settings are simpler to manage at the 
same time[8]. By using the microwave-assisted CBD 
process, MAHDI et al[9] created CdZnS thin films with 
an optical band gap of 2.66 eV. The films are suitable 
as buffer materials for solar cells because of their high 

transmittance, and homogeneous, and compact surfaces. 
In this study, Cd1-xZnxS thin films with comparable 

photoelectronic characteristics to CdS were made using the 
CBD approach employing zinc sulfate (ZnSO4) as a zinc 
source, cadmium, and zinc precursors as raw ingredients. 
The morphology, structure, and optical properties of 
Cd1-xZnxS films were examined, and they were compared 
to CdS films as well as other Cd1-xZnxS films made under 
similar conditions. The different band gaps and thick-
nesses of the buffer layers were also verified in the simula-
tion software one-dimensional solar cell capacitance 
simulator (SCAPS-1D) to obtain optimal buffer layer data, 
which is useful for the preparation of solar cells. 

A ternary mixing system with Cd1-xZnxS as a buffer was 
studied. It has been reported[9] that in Cu(In1-xGax)Se2 
(CIGS) solar cells, the Cd1-xZnxS buffer layer has im-
proved in terms of open circuit voltage (VOC) and short 
circuit current (JSC) compared to conventional CdS. By 
depositing Cd1-xZnxS films using the CBD method, the aim 
is to enhance the performance of the films in all aspects. In 
addition, we compared CdS films generated in the same 
environment and explored the effect of different amounts 
of zinc added to x on the morphology, structure, and opti-
cal properties of the Cd1-xZnxS buffer layer. 

In this investigation, the CBD technique was used to 
deposit Cd1-xZnxS films on indium tin oxide (ITO) sub-
strates. The bottom plate should first be thoroughly 
cleaned with hydrochloric acid, an ultrasonic cleaning so-
lution, and pure water before being dried with nitrogen. 
They were then put into beakers containing in order, 
CdSO4 (0.007 M), (NH4)2SO4 (0.01 M), various ZnSO4
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concentrations, and the proper volumes of deionized 
water. It was then put in a bath of water that was al-
ways the same temperature after being thoroughly 
stirred. The reaction solution contains between 0.01 M 
and 0.03 M of ZnSO4, and a set of films without doped 
elemental zinc were created for comparison. The reac-
tion starts to create a yellow precipitate in the beaker 
after 35 min in a water bath that has been heated to 
88 °C. Ammonia (25%) and SC(NH2)2 (0.01 M) were 
added consecutively, the timing was begun, and stirring 
was done every 5 min. Take out the beaker, thoroughly 
clean the sample, and then dry it with nitrogen gas. 

In this experiment, if Cd2+, Zn2+, and S2- are present 
in the solution, they precipitate rapidly because the 
dissolved products are too small, which in turn would 
affect the film growth. Cd2+ and Zn2+ react with NH4

+ 
to form a stable complex and then with S2- to control 
the deposition rate and thus improve the quality of the 
film. During deposition, the ensuing chemical proc-
esses Eqs.(1)—(4) take place. 

2 2

2 2+Zn +Cd +4OH Zn(OH) Cd(OH)    
 ,    (1) 

2 2 4Zn(OH) +Cd(OH) +8NH OH   
2 2

3 4 3 4 2[Zn(NH ) ] +[Cd(NH ) ] +8H O+4OH  

,   (2) 

2

2 2 2 2 2SC(NH ) +2OH S +2H O+CH N  ,      (3) 

2 2 2

3 4 3 4[Cd(NH ) ] +[Zn(NH ) ] +S     

1Cd Zn S+waste.x x                          (4) 

In this work, the crystal structure of the film was 
analyzed by X-ray diffraction (XRD). The element 
composition, surface morphology, and film content 
analysis use a scanning electron microscope (SEM) and 
an energy dispersion spectrometer (EDS). The absorb-
ance and transmittance of the films were measured with 
a UV-visible-near-infrared spectrophotometer (TP720) 
in the wavelength range of 300—800 nm, and then the 
band gap was calculated.   

The structure and properties of Cd1-xZnxS films were 
analyzed by XRD. The diffraction pattern is shown in 
Fig.1(a). When a zinc precursor solution is not present, 
the CdS film exhibits diffraction peaks at 2θ=26.54°. 
The XRD pattern within 25°—28° variations in dif-
fraction peaks become visible. As seen in Fig.1(b), the 
diffraction peak started shifting constantly at about 
2θ=26.7° when zinc precursor was added, and the sin-
gle peak there is thought to be the hexagonal phase 
Cd1-xZnxS, which is consistent with earlier report[10]. As 
the zinc concentration of the reaction solution in-
creases, when zinc is doped into the CdS crystal struc-
ture, the sharpest peak location moves because the lat-
tice constant of Cd1-xZnxS is less than that of CdS[11], 
causing Cd2+ to be replaced by Zn2+ in its lattice posi-
tion, which results in a reduction in lattice constants 

and lattice plane distances. Therefore, the diffraction peak 
of Cd1-xZnxS corresponds to an increase in 2θ. 
 

 

 

Fig.1 XRD characterization of cadmium sulfate pre-
pared from different concentrations of ZnSO4: (a) 
10°—70°; (b) 25.0°—28.0° 

 

Except for the diffraction peak's displacement, the main 
diffraction peak's height decreases as the concentration of 
zinc salt rises while its width widens. This indicates that 
the crystallinity increases with the increase of zinc content 
and the higher the zinc content, the lower the crystallinity. 
Extrapolating from the above-mentioned reaction mecha-
nism, this occurs because in the reaction solution, greater 
concentrations of Zn2+ preferentially occupy NH3 to create 
stable complexes, i.e., they prevent the formation of Cd2+ 
complexes with NH3, resulting in less binding of cadmium 
ions to the sulphur precursors, so the film diffraction peaks 
decrease[12].  

Fig.2 demonstrates Cd1-xZnxS thin film electron micros-
copy photos, demonstrating that all samples produced a 
thin film and that nanoparticles were dispersed randomly 
across it. At ZnSO4 levels of 0 M, 0.01 M, and 0.015 M 
(Fig.2(a)—(c)), there is no agglomeration and the films are 
of good quality with no pores present. A few pore flaws 
first develop in the film at 0.02 M ZnSO4, and these de-
fects keep becoming worse at 0.025 M and 0.03 M ZnSO4 
(Fig.2(d)—(f)). The film's growth rate was slowed down 
by the expansion of its pores[13], and it also got thinner. 

The composition and film thickness of Cd1-xZnxS 
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produced by different concentrations of ZnSO4 under 
this experiment were examined by EDS and bench 
scale respectively, and the obtained elemental percent-
ages and thickness values are listed in Tab.1. The 
analysis of the table shows that the reaction solution, 
the increase in the concentration of Zn2+ led to the 
relevant reaction moving in the positive direction, re-
sulting in the formation of Cd(OH)2, Zn(OH)2, and S2- 
in solution at a higher rate than that of Zn2+, Cd2+, and 
S2- to generate Cd1-xZnxS films. This accelerated the 
rate of metal ion release. Zn(OH)2 precipitates more 
quickly than Cd1-xZnxS films are formed from Zn2+, 
Cd2+, and S2-. Therefore, more Zn is doped into the 
CdS crystals. However, the pace of film growth is 
slowing[14], and the films are getting thinner and less 
thick with holes appearing. This corresponds to the 
defects observed in the SEM images. 

 

 
Fig.2 SEM images of different concentrations of 
Zn-Cd-S films: (a) 0 M; (b) 0.01 M; (c) 0.015 M; (d) 
0.02 M; (e) 0.025 M; (f) 0.03 M 
 
Tab.1 Thicknesses of cadmium sulphur and zinc 
films at different concentrations 

ZnSO4 concen-
tration (M) 

  at% (S: Zn: Cd) 
Film thickness 

(nm) 
0 42.74: 0.00: 57.26 110.2 

0.01 36.00: 8.56: 55.44 84.7 
0.015 28.95: 16.07: 54.97 73.6 
0.02 26.17: 20.46: 53.37 66.2 

0.025 24.32: 24.51: 51.17 59.1 
0.03 23.61: 31.22: 45.17 40.9 

 
Films with fewer surface holes and better densities 

are more appropriate for use in thin film buffer layers 
because holes increase the likelihood of carrier com-
pounding and decrease photovoltaic conversion effi-
ciency[15]. 

The optical performance of the thin film obtained in 
the experiment was investigated with a 
UV-visible-near-infrared spectrophotometer. From the 
absorbance shown in Fig.3(a), these thin films have 
high absorbance for light below 500 nm and drop 

sharply between 300 nm and 350 nm. As a result, it was 
found that the absorbance of Cd1-xZnxS film to Cd film 
increased with the concentration of Zn2+ at the same 
wavelength.  
 A very translucent film must be created to ensure that 

the buffer layer allows the most light through to the ab-
sorber layer. Fig.3(b) displays the experiment's film trans-
mittance. In the range of 500—800 nm, the average light 
transmittance is 70%—85%. As the concentration of Zn2+ 
increases, the films can reach 85% transmission at 500 nm 
with the superior optical performance. In addition, as the 
Zn content in the film increases, there is a significant blue 
shift in the absorption edge. 
 

 

 
Fig.3 (a) Absorbance and (b) transmittance versus 
wavelength for different concentrations of ZnCdS films 
 

The optical band gap and absorption coefficient of 
Cd1-xZnxS films conform to Tauc Eq.(5)[16]  

( ) ( ).nhv A hv Eg                           (5) 
The photon energy, absorption coefficient, light band of 

the thin film, and constant A are all included in the equa-
tion above. Since Cd1-xZnxS is a semiconductor with a di-
rect band gap, index n equals 2. The (αhv)2-hv variance 
curve is tangent to the adjusted variance curve and inter-
sects the horizontal axis. The film's banned light band is 
located along the X-axis, which crosses the horizontal axis. 
It resembles Fig.4. 

The band gap measurements and atomic compositions 
of the Cd1-xZnxS film produced in this experiment are dis-
played in Tab.2. It is seen that as the concentration of 
ZnSO4 rises, the films' bandwidth steadily increases. The 
changes in the strip gap correspond to changes in the EDS 
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measurement of zinc content. The increasing trend in 
band gap values confirmed the replacement of zinc 
with the Cd1-xZnxS structure. 

Further investigation has revealed a functional link 
between the band gap and the zinc content x. For in-
stance, the band gap value and x have a relationship[17] 
that fulfills Eq.(6). 

2
g g(ZnS) g(CdS) g(CdS)( ) ( ) .E x kx E E k x E         (6) 

 

 

Fig.4 Band gap energy diagrams for different concen-
trations of Zn-Cd-S films 

Tab.2 Elemental contents and band gaps of different 
concentrations of S-Zn-Cd films 

ZnSO4 

concen-
tration 

(M) 

at% 
(S: Zn: Cd) 

Zn/ 
Cd+Zn 

Cd1-xZnxS 
Eg 

(eV) 

0 
42.74: 0.00: 

57.26 
0.000 CdS 2.43 

0.01 
36.00: 8.56: 

55.44 
0.133 Cd0.87Zn0.13S 2.55 

0.015 
28.9: 16.07: 

54.97 
0.226 Cd0.78Zn0.22S 2.64 

0.02 
26.1: 20.46: 

53.37 
0.277 Cd0.73Zn0.27S 2.70 

0.025 
24.3: 24.51: 

51.17 
0.323 Cd0.68Zn0.32S 2.75 

0.03 
23.6: 31.22: 

45.17 
0.408 Cd0.6Zn0.4S 2.84 

 
The band gap values for ZnS and CdS are Eg(ZnS) and 

Eg(CdS), respectively, where k is the curve coefficient. In 
this experiment, the band gap value Eg and the x of the 
Cd1-xZnxS film have a nonlinear connection that may be 
represented as  

2
g ( ) 0.31 0.92 2.43.E x x x                     (7) 

The resulting equation states that the Cd1-xZnxS film's 
band gap value changes from 0 to 1 and that the optical 
band gap of the film grows as zinc content increases. The 
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energy bands of the buffer and absorption layers of the 
film can be matched by correctly altering the zinc con-
tent, it increases the film's absorbance and improves its 
photoelectric efficiency. 

Numerical simulations are an important tool for un-
derstanding the physical mechanisms of devices, test-
ing the feasibility of proposed cell structures, and fore-
casting solar cell performance before commercial pro-
duction. The SCAPS-1D program, version 3.3.10, was 
employed in this work. SCAPS was initially created for 
CdTe and CIGS solar cells, which are polycrystalline 
thin-film devices. The program uses Poisson's equation 
along with the hole and electron continuity equations to 
compute one-dimensional steady-state energy band 
diagrams, complex distributions, and carrier transport 
as Eqs.(8)—(10). 

 
2

D A p n2
0 r

d ( ) ( ) ( ) ,
d

ex p x n x N N
x

       
 

 (8) 

n

d ( ) ( ) ( ),
d

J x G x R x
x

                      (9) 

p

d ( ) ( ) ( ),
d

J x G x R x
x

 
                   

(10) 

where e is a charge, p and n are hole and electron con-
centrations, ND is the charged impurity of the applica-
tor, εr is relative, ε0 is the vacuum dielectric constant, 
and ψ is the electrostatic potential, NA is the type of 
acceptor, ρp and ρn are hole and electron distributions, 
Jn and Jp are electron and hole current densities, and 
G(x) and R(x) are charge generation and complexation 
rates, respectively.  

In this study, the SCAPS-1D software was used to 
verify the feasibility of the experimentally prepared 
Cd1-xZnxS film as a buffer layer for solar cells like 
CIGS, after which the optimal thickness of the new 
buffer layer was determined and the performance of the 
optimized Cd1-xZnxS film in CIGS solar cells was 
monitored. To validate the experimental results, the 
mature CIGS (Mo/CIGS/CdS/i-ZnO) structure was 
used for this simulation and the experimental results of 
Cd1-xZnxS were used instead of CdS, and the simulation 
model shown in Fig.5. All simulations have been car-
ried out in the AM 1.5 spectrum and at a light intensity 
of 1 000 W/m2 and a temperature of 300 K. Typical 
thickness of each layer is taken from different re-
ports[18,19] and Tab.3 records the simulation parameters. 

 

 
Fig.5 Structure of a CIGS solar cell 

Tab.3 Simulation parameters 

Parameter CIGS i-ZnO Cd1-xZnxS 
Thickness (nm) 2 000 120 Experiment 

Eg (eV) 1.2 3.3 Experiment 
χ (eV) 4.6 4.4 4.26 

εr 9 9 9.23 
Nc (cm-3) 2.2×1018 2.0×1018 2.1×1018 
Nv (cm-3) 1.5×1019 2.0×1019 1.7×1019 

μe (cm2/Vs) 100 100 70 
μh (cm2/Vs) 12.5 25 20 
ND (cm-3) - 1.0×1018 1.0×1016 
NA (cm-3) 2.0×1017 1.0×1018 - 

The J-V curves of the experimental data are shown in 
Fig.6, which corresponds to different ZnSO4 concentra-
tions. From the graph, it can be seen that the VOC varies 
slightly but can be considered constant. When ZnSO4 was 
not added, i.e., the starting current density JSC of CdS was 
35.652 mA/cm2 when 0.03 M ZnSO4 was added, the cur-
rent density increased to 35.981 mA/cm2. From the ex-
perimental results, it is known that the buffer layer forbid-
den bandwidth is gradually increasing, which makes the 
absorber layer absorb more photons. The simulation results 
of Zn2+ concentration on cell performance metrics, such as 
VOC, JSC, filling factor (FF) and efficiency, are listed in 
Tab.4. As a result, an increase in the number of carriers 
generated in the absorber layer results in an increase in the 
photogenerated current. When 0.015 M is added, corre-
sponding to the Cd0.78Zn0.22S compound, the efficiency 
reaches a maximum of 23.25%. And from the above, it is 
known that this concentration has good film properties. 
Therefore, the Cd0.78Zn0.22S prepared at this concentration 
can be used as a subsequent research material for the 
buffer layer of CIGS solar cells. 

 

 
Fig.6 Experimental J-V curves 

 
The simulation continues with the optimal parameters of 

Cd0.78Zn0.22S film and varies the thickness in the range of 
20—80 nm to investigate the effect of buffer layer thick-
ness on the cell performance. As shown in Fig.7(a), the J-V 
curves of the cell with different thicknesses of buffer lay-
ers are shown. As can be seen from the figure, the thick-
ness increases from 20 nm to 50 nm, the JSC gradually 
rises, and after 50 nm, it gradually decreases. Here the 
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buffer layer band gap is 2.64 eV, which makes the 
photon energy enter the absorber layer lower than this 
energy.  

Tab.4 Simulation results for different concentrations 
of ZnSO4 precursors 

Concentration 
(M) 

Voc (V) Jsc (mA/cm2) 
FF 
(%) 

Efficiency 
(%) 

0 0.780 7 35.642 5 82.71 23.01 
0.01 0.780 6 35.714 3 82.73 23.06 
0.015 0.780 7 35.876 1 82.76 23.25 
0.02 0.780 7 35.969 4 82.74 23.24 
0.025 0.780 6 35.981 3 82.72 23.18 
0.03 0.780 8 35.986 2 82.43 23.16 

 
The quantum efficiency (QE) is significantly influ-

enced by the thickness of the buffer layer, notably in 
the blue UV area, as seen in Fig.7(b). The findings 
demonstrate that as buffer layer thickness grows, the 
QE first rises and then falls, reaching its maximum at a 
buffer layer thickness of 50 nm. This is due to the fact 
that short-wave photons are absorbed close to the sur-
face, and a buffer layer that is thinner and closer to the 
surface is better able to collect short-wave photons than 
a thicker buffer layer. It is important to note that shorter 
wavelength photons are absorbed in greater distances 
from the window to the absorbing layer as the buffer 
layer thickness increases. As a result of having more 
defect traps than a thinner layer, a thicker buffer layer 
is less efficient[20]. Therefore, this simulation concluded 
that the optimum thickness for Cd0.78Zn0.22S is 50 nm, 
at which the VOC, JSC, FF and efficiency are 
0.782 6 mV, 38.197 mA/cm2, 82.95%, and 24.5%, re-
spectively. 

The XRD results demonstrate that the Zn doping 
causes the diffraction peaks to begin hysteresis. If the 
Zn content is higher, the crystallinity of the film is sig-
nificantly poorer. The morphological results show that 
when the proportion of Zn in the film increases, the 
growth rate decreases, the thickness becomes thinner, 
the denseness degrades, the porosity increases and the 
film grows slowly. The zinc concentration and optical 
band value of the film are changed by the ultraviolet  

 

 

 
Fig.7 (a) J-V and (b) QE curves of CIGS thin film cells 
with different buffer layer thicknesses 
 
test. Higher optical band gap values, greater absorption, 
and permeability are all characteristics of the film, and the 
equation Eg(x)=0.31x2+0.92x+2.43 holds for both the opti-
cal band gap and zinc concentration. The findings demon-
strate that 50 nm is the optimal buffer layer thickness and 
that 0.015 M ZnSO4 is the best concentration for creating 
the Cd1-xZnxS buffer layer. Future design and fabrication of 
buffers for CIGS solar cells will use this optimization 
work as a guide. 
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