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Abstract
Cd1−xZnxS thin films have been cathodically electrodeposited on glass/fluorine-doped tin oxide substrates using a low-cost 
two-electrode configuration with an electrolytic bath containing cadmium chloride, zinc chloride and sodium thiosulphate 
precursors. The deposition was carried out by varying zinc chloride concentration (0 M, 0.3 M, 0.6 M and 0.9 M) in the 
deposition electrolyte. The structural, compositional, phonon vibrational, morphological and optical properties of the result-
ing films have been characterized using glancing incidence X-ray diffraction, energy-dispersive X-ray (EDX) spectroscopy, 
Raman spectroscopy, scanning electron microscopy (SEM) and UV–Vis spectrophotometry respectively. The XRD result 
indicates the existence of hexagonal structure of Cd1−xZnxS with intensities of the diffraction peaks decreasing as more Zn 
is incorporated into the film as a result of decrease in deposition rate. EDX results show the presence of Cd, Zn and S in the 
deposited Cd1−xZnxS thin films. SEM images show uniform and densely packed surface morphology of the films with distinct 
shaped grains which gradually less distinct as more Zn is incorporated into the films. The optical measurements reveal a 
significant increase in energy band gap of the Cd1−xZnxS material as more zinc is incorporated into the films and a film thick-
ness decreases with the energy band gap increasing from 2.40 eV for CdS to 2.62 eV for Cd1−xZnxS. These results show that 
Cd1−xZnxS material can be applied as a better window material for CdTe, CIG(S,Se) and CZTS-based solar cells than CdS.

1  Introduction

CdS and ZnS are renowned wide and direct band gap group 
II–VI semiconductors with bulk band gaps, (Eg) of 2.42 eV 
and 3.68 eV respectively [1, 2]. These band gap values are 
convenient when these materials are used as n-type window 
materials in CdTe, CuIn(S,Se) and Cu(In,Ga)Se photovol-
taic solar cells [3–7]. Despite the fact that, CdS and ZnS are 
popularly used as window materials and as n-type hetero-
junction partners to p-type absorber materials, CdS is known 
to have high coefficient of absorption while ZnS is highly 
resistive [8, 9]. To minimize the solar absorption loss associ-
ated with the high absorption coefficient of CdS and the high 
resistivity associated with ZnS, ternary alloyed compounds 
like Cd1−xZnxS have attracted research interest due to the 
fact that the energy band gap of such materials can be tuned 
and the lattice parameters can be varied [10, 11]. Cd1−xZnxS 

thin film has properties in between CdS and ZnS, and it is 
formed by substituting Zn for Cd in CdS lattice. The addition 
of Zn improves optical properties of Cd1−xZnxS thin film for 
solar cell application in such a way that it reduces the opti-
cal absorbance and increase the transmittance as compared 
to CdS. This helps to reduce the window absorption loss 
associated with CdS. Other than for photovoltaic solar cells 
as a window material, Cd1−xZnxS compound has also been 
used for different applications such as in water treatment, 
optical filters, gas sensors, multilayer light emitting diodes 
(LEDs), field effect transistors, and other optoelectronic 
devices [12–15].

Various techniques such as electrodeposition [16], chemi-
cal bath deposition [17], chemical vapour deposition [18], 
vacuum evaporation [19], co-precipitation [20], spray 
pyrolysis [21], sol–gel [22], metal organic chemical vapour 
deposition (MOCVD) [23], pulsed laser deposition (PLD) 
[24], RF sputtering [25], and close space sublimation (CSS) 
[26] have been employed for the synthesis of Cd1−xZnxS 
thin films. Though, Cd1−xZnxS thin film can be deposited 
using these listed deposition techniques, using electrodeposi-
tion method has not been investigated adequately in order to 
explore the advantages of electrodeposition technique which 
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include large area deposition, long bath lifetime, minimum 
waste generation, easy process control, and self-purification 
of electrolytic bath [27–29]. Hence in this paper electro-
deposition technique has been used as a viable technique to 
obtain quality Cd1−xZnxS thin films. Typically, in the depo-
sition of thin films using electrodeposition technique, the 
use of reference electrode is common. But nowadays, two 
electrode configuration has become promising by reducing 
the cost due to the reference electrode and avoiding pos-
sible contamination of the electrolytic solution in the case 
of reference electrode with leaky or broken frit [29, 30]. 
For these reasons, and the fact that small variations in dep-
osition voltage does not have significant influence in the 
case of semiconductor deposition at least [29], a simple 
two-electrode deposition set-up is used in the present work. 
In electrodeposition technique, optimization of deposition 
conditions, such as electrolytic bath temperature, deposi-
tion time, pH, stirring, electrodes used, concentration of ions 
in the electrolytic bath and applied voltage, is essential to 
improve the physico-chemical properties of deposited films 
[27, 28]. Hence, by careful choice of these deposition condi-
tions, in this paper, the influence of Zn concentration on the 
physico-chemical properties of Cd1−xZnxS thin films investi-
gated using a simple two-electrode deposition configuration 
for possible solar cell application. This approach has not 
been reported yet.

2 � Experimental details

Cd1−xZnxS thin films were cathodically electrodeposited 
from aqueous electrolytic solution containing 0.3 M of 
cadmium chloride (CdCl2), as Cd source, different concen-
trations (0 M, 0.3 M, 0.6 M, and 0.9 M) of zinc chloride 
(ZnCl2), as zinc source and 0.03 M sodium thiosulphate 
(Na2S2O3) as sulphur source in 400 ml of deionised water. 
All the chemicals were laboratory reagent grade purchased 
from Sigma-Aldrich. Fluorine-doped thin oxide coated glass 
(glass/FTO) substrates were used for the deposition. All 
glass/FTO substrates were immersed in a diluted laboratory 
soap solution and cleaned ultrasonically for 30 min. Thereaf-
ter, these substrates were washed using acetone, ethanol and 
methanol while rinsing with de-ionized water in between 
washing, and finally dried in air. Figure 1 shows a schematic 
of the low-cost two-electrode deposition set-up, which was 
also used to carry out a cyclic voltammetry (CV) of the dep-
osition electrolyte. For CV measurement and deposition of 
the films, a computerized Gill AC potentiostat (ACM instru-
ments, United Kingdom) and high-purity graphite rod as 
counter electrode, have been used, with glass/FTO substrate 
as working electrode. Due to the fact that, S2O3

2− dissoci-
ates at relatively lower cathodic potential, sulphur comes to 
deposit first on the substrate from around cathodic potential 

of 400 mV and the current density is low. As seen in Fig. 2, 
as cathodic potential increases in the region between 1400 
and 1600 mV, both sulphur and cadmium begin to co-deposit 
and a gradual increase in current density is observed. But, 
as the cathodic potential goes above 1600 up to 1900 mV, 
despite the fact that Zn2+ has relatively higher standard 
reduction potential of − 760 mV than Cd2+ (− 403 mV) and 
S2O3

2−, all sulphur, cadmium and zinc start to co-deposit 
and sharp increase in current density is observed in the 
cyclic voltammetry graph. The reaction mechanisms for 
the formation of CdS and CdZnS are presented as shown in 
Eqs. (1–3) starting with the dissociation of the thiosulphate 
ions in the presence of acid in the electrolyte. Hence, the 
possible cathodic deposition voltages for Cd1−xZnxS were 
found from the cyclic voltammogram to be between 1600 
and 1900 mV. In-between these two voltages different pre-
liminary depositions were done and − 1700 mV was settled 
for as the best deposition potential.

Then for formation of CdS on the cathode, we have

And for the formation of CdZnS, we have

pH of the electrolytic bath was settled at 3.5 ± 0.02, and 
dilute hydrochloric acid (HCl) and ammonium hydroxide 
(NH4OH) were used to control the pH. Moderate stirring 
rate of the electrolytic bath with a bath temperature of 85 °C 
and deposition time 30 min. were applied. Following this, 
the deposition of Cd1−xZnxS thin films was carried out 
using four pre-cleaned glass/FTO substrates at four differ-
ent zinc chloride concentrations of 0 M, 0.3 M, 0.6 M and 

(1)S
2
O

2−

3
+ 6H

+ + 6e
−

→ 3H
2
O + S

2− + S(s)

(2)Cd
2+ + S

2−
→ CdS

(3)Cd
2+ + Zn

2+ + S
2− + 2e

−
→ CdZnS

Fig. 1   Simplified 2-electrode electrodeposition set-up used for grow-
ing Cd1−xZnxS
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0.9 M ZnCl2 with steps of 0.3 M in-between. Afterwards, 
all electrodeposited Cd1−xZnxS thin film samples were 
rinsed with de-ionized water and then dried in air. Finally, 
all electrodeposited Cd1−xZnxS thin films were annealed at 
400 °C for 20 min for physical and chemical characteriza-
tion. Hence, all the data reported in this paper are for the 
annealed samples since this is the best form of the materials 
for solar cell application.

For characterization, glancing incidence X-ray diffraction 
(GIXRD) was carried out using Rigaku Smartlab X-ray dif-
fractometer (Rigaku Corporation, USA); scanning electron 
microscopy (SEM) was carried out using Tescan VEGA3 
SEM machine (Tescan Corporation, Czech Republic); 
energy-dispersive X-ray (EDX) was carried out using the 
SEM machine with Oxford X-MaxN EDS detector attached 
to it; Raman spectroscopy was carried out using the alpha 
300 R Confocal Raman machine (WITec, Germany) and 
UV–Vis spectrophotometry was carried out using a Shi-
madzu UV-1700PC spectrophotometer (Shimadzu, Corpo-
ration, Kyoto, Japan).

3 � Results and discussion

3.1 � Structural properties

X-ray diffraction measurements were carried out using 
glancing incidence X-ray diffraction (GIXRD) to study 
crystal structure and crystalline quality of the deposited 
Cd1−xZnxS thin films. It is known that, Cd1−xZnxS thin 

films can exist in cubic, hexagonal or mixed phase crys-
tal structure based on preparation condition [1, 31, 32]. As 
shown in Fig. 3, the XRD patterns show the presence of 
only hexagonal phase peaks at all the different ZnCl2 con-
centrations used. These peaks occur at diffraction angles of 
2θ = 24.92°, 26.56°, 28.22°, 43.84° and 48.04° correspond-
ing to diffraction lattice planes of (100)H, (002)H, (101)
H, (110)H and (103)H respectively as can be seen in the 
patterns of all the samples. These diffraction peaks of the 
samples compare very well with those of Joint Committee 

Fig. 2   a Simplified 2-electrode cyclic voltammogram of 0.3 M CdCl2, 0.3 M ZnCl2 and 0.03 M Na2S2O3 for deposition of Cd1−xZnxS thin films. 
b Expanded view of Cd1−xZnxS deposition potential range

Fig. 3   GIXRD patterns of annealed Cd1−xZnxS thin films grown at 
zinc chloride concentrations
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on Powder Diffraction and Standards (JCPDS) reference files 
00-049-1302 for hexagonal CdZnS. Likewise, for pure CdS 
thin film (with 0 M ZnCl2) hexagonal CdS phase peaks are 
also observed at diffraction angles of 2θ = 24.89°, 26.62°, 
28.24°, 43.84° and 47.70° corresponding to diffraction lat-
tice planes of (100)H, (002)H, (101)H, (110)H and (103)H 
respectively which match JCPDS reference file 01-080-0006 
for hexagonal CdS.

As can be seen from Fig. 3, at 0 M ZnCl2 concentration, 
the film (CdS) is very crystalline and even the FTO peaks 
are dwarfed by the high intensities of CdS peaks. But, as 
Zn is incorporated into CdS lattice, intensities of the major 
XRD peaks of Cd1−xZnxS [i.e. (100) and (101) peaks] start 
to decrease in relation to the FTO peaks. This decrease in 
intensity of Cd1−xZnxS thin film peaks, which also corre-
spond with those of CdS, continues up to 0.6 M ZnCl2. At 
0.9 M ZnCl2 the intensities of the XRD peaks are diminished 
considerably. It is known that, in electrodeposition technique 
ions are brought to the surface of the substrate by migration, 
convection and drift. Hence, when more ZnCl2 is added into 
the electrolytic solution the concentration of Zn ions in the 
bath will increase and this increases the possibility of more 
zinc getting incorporated into CdS lattice to form Cd1−xZnxS 
thin films. In addition, the presence of more Zn2+ in the 
electrolyte results in low deposition rate of CdZnS as will 
be seen later from the calculated deposition rates in Table 2. 
Therefore, a decrease in intensity of the peaks may happen 

largely due to reduced thickness of the resulting CdZnS films 
as a result of low deposition rate.

The crystallite sizes (D), from Scherrer formula, the inter-
planar spacings (dhkl), from Bragg’s diffraction equation and 
lattice constants (a,b,c), using the formula for a hexagonal 
system, are calculated using Eqs. (4–6).

where λ is X-ray wavelength, which is 1.54 Å, β is full width 
at half maximum (FWHM) of the diffraction peaks, θ is the 
diffraction angle, n is an integer and (hkl) are Miller indices 
from the JCPDS reference files. The lattice constants, a = b 
are obtained from the plane (100), while the plane (002) is 
used to obtain the lattice constant c.

Summary of the structural parameters obtained from the 
XRD results for all annealed Cd1−xZnxS samples grown 
with the different zinc chloride concentrations is presented 
in Table 1.

Values in brackets are standard values for the reference 
material. (Lattice parameters from JCPDS reference file 

(4)D =
0.94�

� cos �

(5)dhkl =
n�

2 sin �

(6)
1

d2
=

4

3

(

h2 + hk + k2

a2

)

+
l2

c2

Table 1   Lattice parameters 
obtained from XRD 
measurements

ZnCl2 Concen-
tration (M)

2θ (°) h k l d-Spacing (Å) β (°) D (nm) Dav (nm)

0 24.89 (24.92) (100)H 3.50 (3.56) 0.68 21.7
26.62 (26.66) (002)H 3.34 (3.34) 0.60 24.9
28.24 (28.32) (101)H 3.20 (3.14) 0.74 20.2 22.1
43.84 (43.90) (110)H 2.08 (2.06) 0.62 25.1
47.70 (48.11) (103)H 1.92 (1.88) 0.74 21.5

0.3 24.92 (24.83) (100)H 3.50 (3.58) 0.60 24.6
26.56 (26.52) (002)H 3.34 (3.35) 0.38 39.2
28.16 (28.20) (101)H 3.20 (3.16) 0.64 23.3 24.0
43.90 (43.73) (110)H 2.08 (2.06) 0.54 28.8
47.90 (47.87) (103)H 1.87 (1.89) 0.82 19.4

0.6 24.92 (24.83) (100)H 3.50 (3.58) 0.66 22.4
26.56 (26.52) (002)H 3.34 (3.35) 0.38 39.2
28.22 (28.20) (101)H 3.20 (3.16) 0.64 23.3 22.2
43.84 (43.73) (110)H 2.08 (2.06) 0.56 27.8
48.04 (47.87) (103)H 1.87 (1.89) 1.02 15.6

0.9 24.90 (24.83) (100)H 3.50 (3.58) 0.66 5.50
26.60 (26.52) (002)H 3.34 (3.35) 0.38 39.2
28.26 (28.20) (101)H 3.20 (3.16) 1.22 12.2 10.8
43.88 (43.73) (110)H 2.05 (2.06) 1.34 11.6
48.04 (47.92) (103)H 1.88 (1.89) 1.16 13.7
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00-049-1302 are a = b = 4.13 Å and c = 6.71 Å and the cal-
culated values are a = b = 4.03 and c = 6.69 Å. For JCPDS 
file 01-080-0006: a = b = 4.12 and c = 6.68 Å and calculated 
values are a = b = 4.03 and c = 6.69 Å).

As shown in the Table 1, the values of FWHM and the 
corresponding crystallite sizes change as ZnCl2 concentra-
tion increases in the electrolytic bath. The average crystal-
lite size (Dav) was calculated for each ZnCl2 concentration 
and it ranges from 24.0 to 10.8 nm as ZnCl2 concentration 
increases. With no ZnCl2 in the bath, Dav is 22.1 nm. With 
0.3 M ZnCl2 in the solution the average crystallite size 
increases to 24.0 nm. However, as more ZnCl2 (0.6 M and 
0.9 M) is added into the solution the average crystallite size 
decreases successively to 22.2 nm and 10.7 nm respectively. 
This decrease in average crystallite size reflects deterioration 
of crystallinity of Cd1−xZnxS thin films as more Zn is incor-
porated into the film as a result of decrease in deposition rate 
of the films as will be seen later.

3.2 � Compositional characterization

EDX measurements have been taken to confirm the com-
position of the Cd1−xZnxS thin films. Figure 4 shows two 
representative spectra; one for pure CdS thin film and the 
other for Cd1−xZnxS thin film grown at 0.6 M ZnCl2, as all 
the remaining samples have similar EDX spectra. From the 
spectra, the presence of Cd, Zn and S is observed in the 
Cd1−xZnxS thin films. The peaks belonging to Si, Sn and 
O come from the glass/FTO substrate. In addition, carbon 
peak comes from carbon coating used in sample preparation 
prior to SEM imaging. As shown in Table 2, as the concen-
tration of ZnCl2 increases, more Zn atoms are incorporated 
into Cd1−xZnxS film and Zn/Cd ratio increases from 0.1 to 
0.5 as ZnCl2 concentration in the bath increases from 0.3 
to 0.9 M. Similarly, Zn/S ratio increases from 0.1 to 0.4. 
However, the percentage compositions of Cd and S decrease 
gradually, when more ZnCl2 is added into the electrolytic 

Fig. 4   Representative EDX spectra of annealed CdS and Cd1−xZnxS thin films at 0 M and 0.6 M of ZnCl2

Table 2   Atomic composition 
of Cd, Zn and S in annealed 
Cd1−xZnxS thin films grown 
at varying zinc chloride 
concentration

ZnCl2 
conc. 
(M)

Thickness (nm) Atomic % Deposition 
rate (nm/min)

Compound

Cd Zn S Zn/Cd Zn/S S/Cd

0 437 46.6 – 53.4 – – 1.1 14.6 CdS
0.3 409 43.9 6.1 50.0 0.1 0.1 1.1 13.5 Cd0.88Zn0.12S
0.6 194 39.6 14.7 45.7 0.4 0.3 1.2 6.6 Cd0.73Zn0.27S
0.9 151 36.1 19.3 44.6 0.5 0.4 1.2 5.0 Cd0.65Zn0.35S
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bath. In addition, due to the fact that Zn has high reduction 
potential as compared to Cd and S, the deposition rate of the 
bath decreases gradually from 14.6 to 5.0 nm/min as more 
ZnCl2 is added into the electrolyte. Summary of influence 
of ZnCl2 concentration on percentage atomic composition 
of each incorporated atom, deposition rate and thickness of 
the film is presented in Table 2.

Faraday’s equation (Eq. 7) has been used to estimate theo-
retical thicknesses of all the thin films [27]. The estimated 
thicknesses of all films at these four different zinc chloride 
concentrations are in the rage of 437–151 nm. The films 
were grown for 30 min each, for the purpose of characteri-
zation. However, for solar cell application as window/buffer 
materials, it is enough to grow the films for few minutes. 
This will reduce the thickness of the films and therefore 
reduce the absorbance while increasing the transmittance.

where L is theoretical thickness of the film in nm, I is the 
average deposition current in mA/cm2, recorded at regular 
interval throughout the deposition period from the comput-
erised potentiostat, M is the molar mass of Cd1−xZnxS in 
grams, t is the deposition time in second, d is the density of 
Cd1−xZnxS in g/cm3 obtained from the JCPDS reference file 
used for indexing the deposition films, A is of the surface 
area thin film in cm2 measured using a ruler, F is Faraday’s 
constant and n is the number of electrons transferred in the 
reaction for the formation of 1 mol of CdS or CdxZn1−xS 
based on Eqs. (1–3).

As seen in Table 2, the thicknesses of Cd1−xZnxS thin 
films decrease gradually from 437 nm at 0 M ZnCl2 to 
151 nm at 0.9 M ZnCl2. It is known that, thicknesses of thin 
films are influenced by deposition rates (nm/min), the higher 
rate of deposition makes the film thicker. However, due to 
the fact that Zn has high reduction potential as compared to 
Cd coupled with the high resistivity of ZnS as mentioned 
earlier, the deposition rate of Cd1−xZnxS thin films reduces 
gradually as more Zn is incorporated into the films and as 
more ZnCl2 is added into the electrolytic solution. This 
becomes evident in the drop in deposition current observed 
during the deposition process, thus leading to decrease in 
film thickness.

3.3 � Raman spectroscopy

Raman spectroscopy measurement has been used to sup-
port XRD result of Cd1−xZnxS thin films. It is a fast and 
non-destructive tool for material identification by observ-
ing vibrational, rotational, and other low-frequency modes 
in a material system [28, 33]. It is also a simple way to 
determine the phase of the material crystalline, noncrys-
talline or amorphous [34]. As shown in Fig. 5, the Raman 

(7)L =
1

nFA

ItM

d

spectra of these Cd1−xZnxS thin films grown at different 
ZnCl2 concentrations are compared.

The measurement was taken in the wavenumber 
range of 200–800 cm−1 using Argon laser of wavelength 
514 nm. The spectra show two dominant peaks typical 
of Cd1−xZnxS, and these dominant peaks belong to the 
longitudinal optic (LO) vibration mode. They are at wave 
numbers of 300 cm−1 for the first longitudinal optic (1LO) 
phonon and 600 cm−1 for the second longitudinal optic 
(2LO) phonon. There is no observed shift in the position 
of the 1LO peaks as ZnCl2 concentration changes. How-
ever, for the second longitudinal optic (2LO) vibration 
mode, there is a continuous shift in the peaks position as 
ZnCl2 concentration changes. For 0 M ZnCl2 (pure CdS), 
the peak is at a wave number of 600 cm−1 and for 0.3 M, 
0.6 M and 0.9 M ZnCl2 it is found to be at 601, 602 and 
606 cm−1 respectively. Furthermore, the intensity of the 
Raman peaks decreases as ZnCl2 increases in the elec-
trolytic solution. These decrease in intensity of the peaks 
come from the incorporation of more Zn atoms in the CdS 
lattice and associated decrease in film thickness due to 
reduced deposition rate. At 0 M ZnCl2 (pure CdS), the film 
has the highest thickness and therefore the highest Raman 
peak and the smallest Raman peak is recorded when 0.9 M 
ZnCl2 is added in to the electrolytic solution and in which 
case the film thickness and deposition rate are lowest. 
FWHM of the Raman peaks measurement were estimated 
and increase in FWHM values with increase in ZnCl2 con-
centration in the electrolytic bath was observed in agree-
ment with the gradual decrease in crystallite size, from 
XRD result, as more Zn is incorporated into the film. The 

Fig. 5   Raman spectra of annealed Cd1−xZnxS thin films grown at dif-
ferent zinc chloride concentrations
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highest FWHM value of 22.01 cm−1 (1LO) was recorded 
for the sample grown at 0.9 M ZnCl2 concentration.

3.4 � Morphological properties

Figure 6 shows the surface morphology of electrodepos-
ited Cd1−xZnxS thin film grown at different ZnCl2 concen-
trations. The obtained SEM images show that, all films 
are covered by uniformly distributed and tightly packed 
grains. However, the surface morphology of the films 

shows changes as the amount of ZnCl2 added into the elec-
trolytic solution varies. For the sample grown with 0 M 
ZnCl2 (pure CdS), distinct circular shaped grains of differ-
ent sizes are observed. But, when more ZnCl2 is added into 
the bath (i.e. as more Zn is incorporated into the film) the 
size of the grains become smaller and the shapes gradually 
change from circular to less distinctly shaped grains. The 
surface morphologies of Cd1−xZnxS thin films are there-
fore significantly influenced by the amount Zn incorpo-
rated into the film.

Fig. 6   SEM images of annealed Cd1−xZnxS films deposited with different ZnCl2 concentrations
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3.5 � Optical properties

The optical properties of Cd1−xZnxS thin films deposited 
under different zinc chloride concentrations have been stud-
ied using UV–Vis spectroscopy in the wavelength range 
of 200–1000 nm and the absorbance spectra are shown in 
Fig. 7a. The spectra show that, pure CdS thin film has high 
absorbance compared to Cd1−xZnxS, which is a drawback 
of CdS thin film as a window/buffer material for solar cell 
application [35–37]. As Zn is incorporated into the CdS thin 
film, the absorbance value reduces gradually and the low-
est absorbance was recorded at 0.9 M ZnCl2. This decrease 
in absorbance is attributed to the low thickness of CdZnS 
as a result of reduction in deposition rate with increasing 
ZnCl2 concentration in the deposition electrolyte, as already 
presented in Table 2. This also results in improved transmit-
tance of the CdZnS films as more zinc is incorporated into 
the material. Another observation about these absorbance 
spectra is that the absorption edge shifts towards lower pho-
ton wavelength as more Zn is incorporated into the film, 
which suggests enhancement of optical band gap as seen 
in Fig. 7b.

To determine the energy band gap of Cd1−xZnxS thin 
films, the square of absorbance (Abs2) as a function of pho-
ton energy has been plotted, and the band gap energy esti-
mated by extrapolating the straight line proportion of the 
graph to the photon energy axis (i.e. to Abs2 = 0). Figures 7b 
and 8 show that all Cd1−xZnxS thin films have higher band 
gaps than pure CdS thin film and also the absorption edge 
shifts towards higher energies as Zn-content increases. As 

Fig. 7   a Absorbance and b Abs2 versus Photon energy band gap 
graph of annealed Cd1−xZnxS thin films grown at different ZnCl2 con-
centrations

Fig. 8   Atomic composition of 
Zn and energy band gap (Eg) of 
annealed Cd1−xZnxS thin films 
versus ZnCl2 concentration
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shown in Fig. 8 the energy band gap ranges from 2.40 eV 
(for pure CdS) to 2.62 eV (with 0.9 M ZnCl2). The increase 
in concentration of ZnCl2 in the electrolytic solution leads 
to low deposition rate and incorporation of more Zn into the 
film and this results in increase in band gap of Cd1−xZnxS 
thin films to 2.52, 2.53 and 2.62 eV for 0.3 M, 0.6 M and 
0.9 M ZnCl2 respectively. A large band gap of Cd1−xZnxS 
thin film (Eg = 2.62 eV) indicates an improvement in trans-
mittance and decrease in absorbance. This agrees with the 
transmittance and absorbance results. It is also observed 
that, the improvement in band gap is almost linear with 
ZnCl2 concentration increase as shown in Fig. 8.

To measure the non-linear variation of optical band gap 
(Eg) of Cd1−xZnxS thin films over the range of composition 
‘x’, modified quadratic form of the Vergard’s equation has 
been used as shown in Eq. (8) [5, 38].

Where Eg is experimentally measured band gap of 
Cd1−xZnxS thin films, Eg

0 is energy band gap of CdS 
(2.42 eV), Eg

′ is energy band gap of ZnS (3.68 eV), x is 
Zn composition and c is bowing parameter specifically for 
alloys.

The bowing parameter was calculated and it is approxi-
mately around 1.17, 1.19 and 1.17 for 0.3 M, 0.6 M and 
0.9 M ZnCl2 respectively. Therefore, taking the average of 
these bowing parameters and using Eq. (8), the polynomial 
fitting of the energy band gap can be expressed as shown 
in Eq. (9):

Approximated value for the bowing parameter of 
Cd1−xZnxS thin films alloys has been reported for films 
grown by metal organic chemical vapour deposition 
(c = 0.91) and solution growth technique (c = 0.851) [5, 39]. 
However, to the best of our knowledge no available report 
on bowing parameter of Cd1−xZnxS grown by the electro-
deposition method.

Figure  9 shows the transmittance spectra of the 
Cd1−xZnxS thin films. The transmittance increases with the 
incorporation of Zn into the film for the same reasons stated 
earlier in the case of absorbance. Unlike the absorbance 
spectra, increase in transmittance value is not quite propor-
tional with the incorporation of Zn into the film rather the 
highest transmittance is recorded at 0.6 M ZnCl2 instead 
of at 0.9 M ZnCl2. However, the transmittance of the film 
grown with 0.9 M ZnCl2 is highest in the wavelength range 
350–450 nm. This will have an advantage of improving the 
blue response of solar cell made with this film in compari-
son with the other films. As discussed in the introduction of 
this paper, due to its low band gap, CdS window layer has 

(8)Eg = E0

g
+

(

E�
g − E0

g
− c

)

x + cx2

(9)Eg = 2.42 + 0.26x + 1.18x2

high absorption in the blue region of the solar spectrum, 
which results in a decrease in current density of the solar 
cells. However, Cd1−xZnxS thin films can resolve this issue 
by improving the blue response.

4 � Conclusion

Two-electrode electrodeposition and characterization of 
Cd1−xZnxS thin films have been presented. The effect of 
Zn incorporation into Cd1−xZnxS thin films was studied 
through their structural, compositional, optical and mor-
phological properties. All the films grown with different 
molar concentrations of ZnCl2 in the deposition electrolyte 
show polycrystalline hexagonal structure of the material. It 
is also observed that, as more ZnCl2 is added into the depo-
sition solution, more Zn is incorporated into the films and 
intensities of the major diffraction and Raman shifts peaks 
of the Cd1−xZnxS films decrease proportionately as a result 
of low thicknesses of the films arising from reduced deposi-
tion rate. All the films are also S-rich. SEM images show 
uniform coverage of the film surface by Cd1−xZnxS grains 
and the surface morphology changes from distinct circular 
shaped grains to less distinct grain shapes as more Zn is 
incorporated into the film. Increase in ZnCl2 in the electro-
lytic bath results in the production of films with improved 
transmittance with a significant increase in the energy band 
gap. Maximum energy band gap of 2.62 eV was obtained 
with 0.9 M ZnCl2 in the electrolytic solution. Generally, the 
observed physico-chemical properties of these films suggest 

Fig. 9   Transmittance of annealed Cd1−xZnxS thin films as a function 
of different ZnCl2 concentrations
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that they can effectively serve as good window/buffer mate-
rials in solar cells, with possible improvement in overall 
solar cell performance compared to the use of CdS.
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