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Abstract
Cadmium sulphide (CdS) thin films have been successfully deposited on glass/fluorine-doped tin oxide (glass/FTO) from 
an aqueous electrolyte solution containing cadmium acetate Cd(CH3COO)2 and sodium thiosulphate (Na2S2O3) using elec-
trodeposition technique. The deposition electrolytic bath temperature was varied at 45, 65 and 85 °C. Two electrode system 
was applied and the corresponding structural, optical, morphological and compositional properties of these thin films have 
been characterized using X-ray diffraction, UV–Vis spectrophotometry, scanning electron spectroscopy, scanning probe 
microscopy and energy dispersive X-ray spectroscopy, respectively. The effect of post growth annealing on the structural, 
optical and morphological quality of the thin films is also reported. The results show that, growth temperature has significant 
influence on structural and optical properties of the film properties. Increasing the electrolytic solution temperature resulted 
in slight improvement in crystallinity of CdS thin films in both as deposited and annealed conditions. Due to increase in 
bath temperature from 45 to 85 °C the energy band gap narrows down from 2.45 to 2.38 eV for as deposited films and 
2.42–2.22 eV for annealed films. The increase in deposition temperature improves the atomic ratio of Cd to S. Similarly, the 
grain sizes of the films increase with increase in growth temperature.

1  Introduction

Cadmium sulfide (CdS) is one of the most investigated thin 
film semiconductors for photovoltaic application in the last 
six decades [1–7]. CdS is a compound of group II and VI 
elements having a wide energy band gap of 2.42 eV and 
mostly used as n-type window material in CdS/CdTe, CdS/
CuInSe and CdS/CuInGaSe solar cells [8–12]. The com-
pound is used in other device applications such as in gas 
sensors, field effect transistors, optical filters, multilayer 
light emitting diodes and for optoelectronic devices. CdS 
thin film can be deposited using different methods including 
chemical bath deposition (CBD) [13, 14], electrodeposition 
[15, 16], molecular beam epitaxy (MBE) [17], metal organic 
chemical vapor deposition (MOCVD) [18], close space sub-
limation (CSS) [19], successive ionic layer adsorption and 
reaction (SILAR) [20], screen printing [21], Sol–gel [22], 

RF sputtering [23], pulsed laser deposition (PLD) [24], and 
physical vapor deposition (PVD) [25].

Each method has its advantages and disadvantages in 
device applications. Among these methods electrodeposition 
methods is very interesting with many advantages such as 
use in large area deposition, easy process control, minimum 
waste generation and self-purification of electrolytes. It is 
observed that, in the deposition of CdS thin films using elec-
trodeposition method, parameters such as concentration of 
ions in the deposition electrolyte, deposition time, stirring, 
pH, electrodes used and applied voltage play a vital role in 
the quality of the film produced [26]. If these parameters are 
optimized, efficient CdS thin film which can be applied for 
different applications will be produced.

Mainly, electrodeposited CdS (ED-CdS) thin films are 
grown using CdCl2, CdSO4 and Cd(NO3)2 as cadmium pre-
cursors [7, 15, 16, 27]. Using these precursors cubic and 
hexagonal phases of ED-CdS thin film co-exists. But after 
annealing most commonly the cubic phase of the film dimin-
ishes or disappears completely. However, in chemical bath 
deposition method using cadmium acetate (Cd(CH3COO)2) 
precursor this phenomenon does not occur and cad-
mium acetate is known as a suitable precursor for chemi-
cal bath deposition. In addition, one of the challenges in 
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electrodeposition method is sulphur precipitation at elevated 
temperature. Comparing with CdCl2, cadmium acetate bath 
has small precipitation. Hence, in this paper we investigate, 
the effect of electrolytic solution temperature on the struc-
tural, optical, morphological and compositional proper-
ties of electroplated CdS thin films using cadmium acetate 
Cd(CH3COO)2 as Cd source and which is not yet reported 
using electrodeposition method.

2 � Experimental details

2.1 � Deposition of the CdS films

CdS thin films were deposited using glass/FTO (glass/fluo-
rine-doped tin oxide) substrate. The substrates used for the 
deposition of CdS thin films were 2 cm × 2.6 cm surface 
area each. Before the deposition was carried out, the sub-
strates were immersed in de-ionised water with laboratory 
soap solution and cleaned ultrasonically for 30 min. Then 
the substrates were cleaned with de-ionized water and finally 
with ethanol, acetone, methanol, respectively, using de-ion-
ized water to rinse in between washings, and then dried in 
air. The deposition electrolyte solution was prepared from 
0.3 M of cadmium acetate (Cd(CH3COO)2) as cadmium 
source and 0.03 M sodium thiosulphate (Na2S2O3.5H2O) as 
sulphur source in a 400 ml of deionized water. Both chemi-
cals are laboratory reagent grade purchased from Emsure, 
Germany with purity of 99.0%. The solution was stirred 
for 6 h at room temperature until chemicals dissolved well. 
To accomplish the electrodeposition of CdS thin films, the 

glass/FTO substrate was attached to carbon plate using pol-
ytetrafluoroethylene (PTFE) which serves as working elec-
trode. To determine the possible potential to grow CdS thin 
films, a cyclic voltammetry measurement was taken using 
a computerized Gill AC potentiostat (ACM Instruments, 
United Kingdom) in two-electrode configuration, with a 
clean fluorine-doped tin oxide-coated glass (glass/FTO) as 
the working electrode and a high-purity graphite rod as the 
counter electrode. From the resulting voltammogram, the 
possible deposition voltage for CdS thin films was deter-
mined to be in between 1350 and 1500 mV as shown in 
Fig. 1. Taking these possible cathodic potentials, different 
preliminary depositions were made on different FTO sub-
strates to optimize the potential. Finally, the best deposition 
voltage was settled at 1450 mV. The electrolytic solution 
pH was maintained at 1.8 ± 0.02 and dilute sulphuric acid 
(H2SO4) and ammonium hydroxide (NH4OH) were used to 
control the pH. Moderate stirring rate of electrolytic bath 
and 30 min deposition time were applied.

The deposition of CdS thin films was carried out at three 
different temperatures: 45, 65 and 85 °C. Three pre-cleaned 
glass/FTO substrates were prepared to carry out the dep-
osition process of CdS thin films. When the temperature 
reached at deposition temperature of interest, the FTO sub-
strate was immersed in the electrolytic solution for 30 min 
deposition time with moderate stirring, and a deposition 
potential of 1450 mV applied. After deposition, the samples 
were removed from the solution and rinsed with deionized 
water and then dried in air. Finally, each CdS thin film sam-
ple was cut in to two equal pieces. One-half is designated 
as deposited sample and the other annealed for 10 min at 

Fig. 1   a Two-electrode cyclic voltammogram of CdS deposition electrolyte bath with an aqueous solution of 0.3 M Cd(CH3COO)2 and 0.03 M 
Na2S2O3.5H2O and b Expanded view showing the CdS deposition potential range
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400 °C to investigate the effect of annealing. The as-depos-
ited ED-CdS thin films at low temperature were greenish 
yellow in colour but as the deposition temperature increases 
to 65 °C the colour changed to bright yellow and then dark 
greenish yellow at 85 °C.

After annealing, uniformity of the resulting CdS improved 
and the physical appearance of these films changed. At 45 °C 
the appearance of the ED-CdS film looks greenish yellow 
almost similar with as-deposited sample. Beside this sample 
grown at 45 °C other ED-CdS thin films grown at 65 and 
85 °C come to orange yellow colour.

X-ray diffraction (XRD) patterns were recorded to char-
acterize the structure of the CdS thin films using Bruker D 
8 X-ray diffractometer with a wavelength of 1.54 Å. Optical 
transmission and absorbance data were obtained with a Shi-
madzu UV-1700PC spectrophotometer. Scanning electron 
microscopy (SEM) was used to analyse the surface mor-
phologies of the samples and scanning probe microscopy to 
study the surface roughness of the samples. Energy disper-
sive X-ray spectroscopy (EDX) was used to determine the 
chemical composition of the films.

3 � Results and discussion

3.1 � Structural properties

CdS thin film can grow in cubic, hexagonal, orthorhombic 
or mixed phase depending on deposition conditions [5, 6, 
28]. According to the results presented in Fig. 2a cubic and 

hexagonal structure were observed for as-deposited condi-
tions and after annealing only cubic structure was observed. 
These XRD peaks agree with others previous reports 
[29–31]. It is observed that there is a slight improvement in 
crystallinity with increase in temperature of the electrolytic 
solution and annealing of the grown samples [32, 33]. The 
identified diffraction peaks match those of Joint Committee 
on Powder Diffraction and Standards (JCPDS) reference files 
01-075-0581 for cubic CdS and 01-075-1545 for hexagonal 
CdS.

As can be seen from the XRD patterns of as-deposited 
sample at 45 °C (Fig. 2a) there is appearance of small XRD 
peaks at 2θ = 26.55, 28.53 and 45.8 corresponding to dif-
fractions from (111)C, (101)H and (220)C crystal planes 
respectively. When the temperature was 65 °C the sample 
shows diffraction peaks at 2θ = 26.50, 45.78 and 47.78 cor-
responding to (111)C, (220)C and (103)H diffraction planes 
respectively. Samples grown at 85 °C growth temperature 
show a slight increase in peaks intensity and the peaks were 
at 2θ = 26.5, 30.69 and 43.91 corresponding to (111)C, (200)
C and (220)C diffraction planes respectively.

After annealing, due to the fact that only very thin CdS 
is formed on the substrate, the sample grown at 45 °C, 
shows no observable peak. At a temperature of 65 °C 
there exist one peaks that coincides with the FTO peak 
at angle of 2θ = 26.5 corresponding to the (111)C. But 
as the electrolytic bath temperature increases more (to 
85 °C) there is a slight improvement in the peaks with two 
peaks emerging at angles of 2θ = 26.5 and 44.04 and cor-
responding to (111)C and (220)C of CdS. CdS thin films 

Fig. 2   XRD patterns of CdS thin films grown at 45, 65 and 85 °C in a as deposited (b) annealed forms
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grown by electrodeposition method using CdCl2 precur-
sor have been reported to have more visible and clearly 
defined XRD peaks than those grown with Cd(CH3COO)2 
precursor [7, 8, 15, 16].

Table 1 summarizes the structural parameters obtained 
for these films.

According to the Scherrer formula, the crystalline size 
of a thin film can be determined as [34]:

where D is the mean size of the crystallites, K is the Scher-
rer constant (0.94), β is the broadening of the diffraction 
line measured at half of its maximum intensity in radian, 
λ is the wavelength of the X-ray used (1.54 Å) and θ is the 
diffraction angle.

(1)D =
K�

� cos �

3.2 � Optical properties

UV–Vis spectroscopy helps us to study optical properties 
of materials. The optical properties of CdS thin films were 
determined from absorbance and transmittance measure-
ments in the range of 200–1000 nm. Both Figs. 3 and 4, 
respectively, show absorbance and transmittance graphs 
of CdS thin films, respectively, for both as-deposited and 
annealed samples. Figure 3a, b clearly shows that electrolytic 
bath solution temperature significantly affects the absorb-
ance of CdS thin film. The increase in electrolytic bath 
temperature increases the absorbance of CdS thin films. As 
temperature increases the absorption graph becomes steeper. 
Some physical effects such as structural, morphology (sur-
face roughness) and defect density, apart from thickness, 
may affect the absorbance of ED-CdS thin film. Annealing 
can play a significant role in adjusting such physical factors 
which eventually affect the absorbance of CdS films.

Table 1   Diffraction angle, 
d-spacing and h k l values 
extracted from XRD 
measurement for both as 
deposited and annealed CdS 
thin films

Tem-
perature 
(°C)

As-deposited Annealed

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

45 26.70 (111) 3.35 0.39 21.5 26.62 (111) 3.34 0.27 31.6
28.63 (101) 3.12 0.18 40.9 – – – – –
45.79 (220) 1.96 0.41 21.7 – – – – –

65 26.50 (111) 3.36 0.22 38.0 26.50 (111) 3.38 0.30 37.9
45.78 (200) 1.96 0.41 19.9 43.79 (220) 2.06 0.60 12.3
47.78 (103) 1.91 0.34 24.6 – – – – –

85 26.50 (111) 3.36 0.24 34.9 26.56 (111) 3.36 0.25 32.2
30.61 (200) 2.92 0.48 17.4 – – – – –
43.95 (220) 2.06 0.55 14.9 44.04 (220) 2.06 0.42 13.9

Fig. 3   Absorbance of CdS thin films as a function of bath temperature for a as deposited and b annealed samples
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Figure  4a, b, shows the transmittance graph of as-
deposited and annealed condition of ED-CdS thin film. 
At low growth temperature (45 °C), due to the fact that 
production of Cd2+ and S2− ions is low, the ED-CdS thin 
film is expected to be thin in thickness and this results in 
high transmittance values. As the electrolytic bath tem-
perature increases to 65 and 85 °C the transmittance value 
gradually decreased. The transmission of the light through 
the material depends upon the film thickness. Increase in 
the temperature increases the formation of CdS material 
which leads to increase in film thickness. Absorbance and 
transmittance are mostly associated with thickness of the 

sample. It is obvious that thicker films absorb more light 
that results in low transmittance and vice versa. After 
annealing for similar reasons given for the absorbance 
graph above, there is an improvement in transmittance 
value at all three electrolytic bath temperatures and the 
highest transmittance values are recorded at 45 °C. But 
at low temperature the stoichiometry of CdS thin film is 
poor. So to resolve such issue it is recommended to grow at 
high electrolytic bath temperature by reducing deposition 
time. Generally, from the absorbance and transmittance 
graphs there is a decrease in transmittance for all films 

Fig. 4   Transmittance of CdS thin films as a function of wave length for a as deposited and b annealed samples

Fig. 5   Graph of Abs2 versus photon energy for a as-deposited and b annealed films grown at different temperatures
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with increase in temperature; however, the high absorb-
ance is related to the increase of film thickness.

Square of absorbance (Abs2) versus photon energy (eV) 
graph (Fig. 5a, b) has been used for the determination of 
optical band gap (Eg) by extrapolation of the straight line 

portion of the graph to zero Abs2. It is observed that at 45 °C 
the energy band gap of CdS thin film for as deposited film 
was 2.45 eV. The increase in electrolytic bath temperature 
results in the band gap reduction to 2.4 and 2.38 for 65 and 
85 °C temperature, respectively.

Fig. 6   The SEM images of CdS 
films deposited under three 
electrolytic bath temperatures



Temperature-dependent properties of electrochemically grown CdS thin films from acetate…

1 3

Page 7 of 10  576

When annealed the films energy band gap comes to 
2.42–2.20 eV. The observed trend in the band gap arises, in 
the first place, because band gap is known to depend on film 
thickness in most cases. In case, the film with least thick-
ness (film grown at 45 °C) shows the highest band gap and 
the film with highest thickness (that grown 85 °C) shows 
lowest band gap. In the case of annealing, re-crystallization 
occurs to produce better and more stable material. In the 
process, excess un-reacted species such as S and Cd may 
be lost, which may lead to either increase or decrease in 
band gap depending on the material involved and amount 
of atoms lost. The re-crystallisation process can also results 
in rearrangement of the crystalline and grains in the mate-
rial in such a way as to increase photon absorption or even 
scattering which results reduce band gap.

3.3 � Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) technique was used to 
study the morphology of CdS thin films deposited at three 
different electrolytic bath temperatures. Figure 6 shows the 
surface morphology of the films. The obtained scanning 
electron microscopy images of ED-CdS thin film layers 
revealed that, at low temperature (45 °C), due to the fact 
that the film is sulphur- rich with small thickness, there is 
less compacted grains observed for both as-deposited and 
annealed conditions. While, as deposition temperature 
increases to 65 °C and then to 85 °C, well compacted (i.e 
with less gaps between grains) and well defined grains of 
CdS thin film were observed. In both conditions at 65 and 
85 °C bath temperatures, the surface of ED-CdS thin film is 
covered better with larger well defined grains which are well 
packed together. This suggests that, increase in electrolytic 
bath temperature improves the morphology of ED-CdS thin 
film. The estimated grain sizes of as-deposited CdS thin film 
samples are in the range of 388–574 nm under the different 
temperature conditions. These large grain sizes result due to 
the agglomeration of small grains.

During annealing there is a significant change, improving 
the grain size of the samples and the estimated grain size of 
the annealed CdS thin films is in the range of 420–644 nm. 
This increase in grain size may be attributed to the annealing 
condition used which led to coalescence of small grains into 
large ones [32]. However, larger grain size is recommended 
for solar cell device because of having less grain boundaries 
and ease of electron movement with less scattering [16]. 
Generally, in both as-deposited and annealed conditions, 
when the growth temperature increases the grain size also 
increases significantly. Apart from the increase in grain 
size after annealing, the SEM images of the as-deposited 
and annealed samples look very much similar. This shows 
that the annealing condition did not degrade the surface 

morphology of the films indicating the good uniformity of 
the films produced by electrodeposition as well as moderate 
annealing conditions. Figure 7 summarizes the variation of 
grain size with electrolytic bath temperature.

3.4 � Scanning probe microscopy (SPM)

Scanning probe microscopy measurement technique was 
applied to investigate the surface roughness of ED-CdS thin 
films. For solar cell or any other engineering applications, 
measurement or study of surface nature of material is an 
important issue [35, 36].

SEM image tells us only the shape and magnitude (grain 
size) of cross-section of the top of the grains. The magni-
tudes of the surface roughness are quantitatively verified 
by comparing the root mean square (rms)-roughness value 
which can be obtained from SPM images shown in Fig. 8. 
Root mean square roughness is estimated from SPM using 
Eq. 2 [36].

where Rq is root mean square surface roughness, Z(x) is the 
function that describes the surface profile analyzed in terms 
of height (Z) and position (x) of the sample over the evalu-
ation length (L).

The root mean square surface roughness (Rq) has been 
estimated in the range of 1.9–2.6 nm for as deposited films 
and 0.66–2.5 nm for annealed films of the ED-CdS thin 
films. As confirmed by the SPM images, due to the rea-
son that at low temperature (45 °C) the deposition rate 
is lower and less amount of CdS is formed on the sub-
strate, the highest surface roughness (Rq) value of 2.6 nm 

(2)Rq =

√

1

L

L

∫
0

Z2(x)dx

Fig. 7   Graph of grain size versus electrolytic bath temperature
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was measured for as-deposited conditions. This implies 
that the distances between CdS grains are far apart. After 
annealing CdS thin films have larger grain size due to the 
coalescence of small grains. These agglomerated of small 
grains minimize the distances between grains. For this rea-
son, there is a slight improvement in minimizing rough-
ness at 45 °C and significant improvement in minimizing 

roughness at 65 and 85 °C. After annealing the highest 
roughness was observed for the film grown at 45 °C with 
a value of 2.5 nm. In both as deposited and annealed con-
ditions as temperature increases as well as after annealed 
there is a decrease in the surface roughness of ED-CdS 
thin films. Figure 9 summarizes root mean square rough-
ness versus electrolytic bath temperature.

Fig. 8   The SPM images of CdS films deposited at three electrolytic bath temperatures
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3.5 � Compositional characterization

The EDX measurement has been used to confirm the composi-
tion of CdS thin films grown at three different temperatures. 
To save journal pages, Fig. 10 shows the spectra of both as-
deposited and annealed CdS thin film grown at 85 °C since 
EDX spectra of all samples grown at the different tempera-
tures are similar. From the spectrum it is observed that both 
Cd and S exist in the films. The peaks belonging to Sn, O 
and Si come from the glass/FTO substrate. In addition, carbon 
peak comes from carbon coating used in sample preparation 
from the measurement. Table 2 shows that, at low temperature 
(45 °C), due to the fact that sulphur deposits first there is more 

sulphur in the CdS thin film than Cd. This results in 0.79 Cd/S 
ratio for the as deposited film and 0.69 for annealed film at this 
temperature. When the electrolytic bath temperature increases 
to 65 and 85 °C the formation of more stoichiometric CdS film 
is obtained. This implies that more Cd atoms are incorporated 
in the film as the electrolytic bath temperature increases. If one 
looks at the sample grown at 85 °C the ratio of Cd to S shows 
an improvement which is 0.87 as-deposited form and 0.86 in 
annealed forms [34, 37, 38].

Film thicknesses were estimated using Faraday’s Eq. (3). 
The estimated thicknesses of all films at these three tempera-
tures are in the rage of 176 to 543 nm and are summarized 
in Table 2.

where L is the film thickness, F is Faraday’s constant, A is 
the area of the thin film, I is the deposition current, t is the 
deposition time, M is the molar mass of CdS, d is the density 
of CdS, and n is the number of electrons transferred in the 
reaction for the formation of 1 mol of CdS.

4 � Conclusion

CdS thin films have been electrodeposited successfully on 
glass/FTO substrates at different temperatures using cad-
mium acetate and sodium thiosulphate as precursors. Results 
of structural, optical, morphological and compositional char-
acterization reveal that CdS thin film grown at 85 °C shows 

(3)L =
1

nFA

ItM

d

Fig. 9   Graph of root mean square surface roughness versus electro-
lytic bath temperature

Fig. 10   EDX spectra of the CdS thin films grown at 85°C
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better material properties compared to those grown at 45 
and 65 °C. These result show that electrodeposited CdS 
thin films grown at high temperature (85 °C) have better 
quality for solar cell and other devices, thus underlining the 
impact of elevated growth temperature on quality of elec-
trodeposited semiconductors for device application. Further 
work will focus on studying the electrical properties of these 
films and subsequently applying them in thin films solar cell 
fabrication as window or buffer materials.
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