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Abstract
Cadmium sulfide (CdS) buffer layer that decouples the absorber layer and window layer in thin-film solar cells was synthe-
sized by two different chemical bath deposition (CBD) techniques with varying deposition parameters. X-ray diffraction 
(XRD) revealed that the CdS thin film crystallizes in a stable hexagonal wurtzite structure having a preferential orientation 
along (002) reflection plane with a crystallite size varying from 20 to 40 nm. First longitudinal optical phonon mode was 
identified at Raman shift of 305  cm−1. Uniform, granular, continuous, and smooth surface with an average grain sizes (< 100 
nm) as well as small roughness (< 9 nm) was observed by scanning electron microscopy (SEM) and atomic force microscopy 
(AFM), respectively. The symmetric composition of cadmium and sulfur along with larger grains (20 nm) was observed at 
higher deposition temperatures and times. The optical band gap of CdS samples obtained from process one was in the range 
of 2.3–2.35 eV, while the band gap by the second CBD process lay in between 2.49 and 2.65 eV, showing the most stable 
compound of CdS. The presence of a green emission band in photoluminescence spectra (PL) demonstrated that the CdS 
material has better crystallinity with minimum defect density. Hall effect studies revealed the n-type conductivity of CdS thin 
films with a carrier concentration values in the order of  1016  cm−3. Furthermore, CdS thin films fabricated by CBD process 
exposed better quality that might be more suitable material as a buffer layer for thin-film solar cells.

1 Introduction

Historically, energy production and its consumption have 
been a keystone factor in the development of human civili-
zation. The consumption of energy is interconnected with 
world population growth as well as characteristics of modern 
society like life expectancy, mean years of schooling, water 
access, and electrification level etc. [1]. The world energy 
production is mainly achieved by burning fossil fuels. How-
ever, the use of fossil fuels has raised concerns due to its 
limited availability and environmental issues. The neces-
sity to increase energy production for fulfilling the basic 
requirements without producing harmful gases becomes 

one of the most challenging problems that our civilization 
must encounter. To have a scenario of constant growth in 
population with the equilibrium between good quality of life, 
the needs of energy production, proportional distribution of 
energetics and a non-threatened climate, the use of the clean 
renewable source of energy is an essential as a forward step 
that humanity has to take in the energy production evolution. 
If we consume the energy sources in a similar trend, it is 
necessary to remember that in a near-future these resources 
(non-renewable) start to run out not only leaving behind a 
hole in the energy harvest but also increase the price geo-
metrically [2]. These will directly affect the entire popula-
tion of the world qualitatively.

There is an acute worldwide concern to diminish the prob-
lems of the energy crisis and global warming due to green-
house gas emissions mostly obtained from non-renewable 
fossil fuels through combustion [3]. Among different renew-
able energies (wind, hydropower, bioenergy, solar photovol-
taic), the solar photovoltaic (PV) has achieved tremendous 
interest due to its most reliable, reliability, free availability 
with no pollution and fastest-growing market, by the fact that 
around 402 GW of total electricity generation capacity was 
installed by the end of 2017 and expected to reach 505 GW 
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by the end of 2018 [4]. The solar energy is available in most 
of the areas around world and supplies an enormous source 
of energy that can easily cover world energy demand. Due to 
the continuous increase in the cell efficiency and the reduc-
tion in device fabrication cost, the solar cell is regarded as a 
spearhead in the research and development especially among 
other renewable energy sources. Depending upon the use of 
light-absorbing semiconductor material, PV technology can 
be divided into different generations, namely first, second, 
third, and fourth. Thin-film PV technology (hydrogenated 
a: Si, CdTe, CIGSe) belongs to the second-generation solar 
cell with some competitive advantages like much higher 
absorption coefficient (α > 104  cm−1) [5], longer operational 
lifetimes [6], higher stability and reliability [7], low cost [8], 
and higher efficiencies with much promise of getting better 
over other types of solar cells [9]. An essential part of these 
thin-film solar cells is the p-n junction or p-i-n junctions that 
convert sunlight directly into electricity. The p-n junctions 
of thin-film solar cells can be divided into heterojunction 
and homojunction depending on whether the semiconduc-
tor materials on one side of the junction are different or 
the same from that on the other side. If the incident photon 
energy is larger than that of the band gap of semiconductor, 
then semiconductor material absorbs solar energy, which 
generates the electron–hole pairs separated by the internal 
electric field of the junction. To allow the incident photon to 
the absorber layer effectively, the buffer material must have a 
large band gap, higher carrier density compared to absorber 
material, and very thin (~ 50 nm) material to maintain low 
series resistance [10]. In this way, the photo-generation of 
charge carriers can be maximized with minimum recom-
bination losses by the wider extension of the space charge 
region (SCR) into the absorber layer [11]. For this, there are 
several materials such as  In2S3,  In2Se3,  TiO2, In(OH)3, ZnSe, 
(Zn,Mg)O,  InZnSex, ZnO, ZnS, and CdS have been inves-
tigated as buffer materials for thin-film solar cells [12–19].

Semiconductor nanocrystals (NCs) have enough potential 
towards the attraction on various applications. Among them, 
CdS is the most promising material because of its enormous 
uses in optoelectronics [20], catalysis [21], gas sensors [22], 
optical filters [23], photodetectors [24], thin-film field effect 
transistors [25], semiconductor lasers [26], photo-electro-
chemical cells [27], and photovoltaics [28]. CdS material 
has remained the preferred choice that attracted huge con-
cern and interest from many researchers as it has egressed 
as one of the promising buffer materials for highly efficient 
polycrystalline thin-film-based solar cells (CdTe, CIGSe) 
[29–36]. The CdS thin films should have high transparency, 
not too thin to avoid short circuits and not too thick to pre-
vent the light absorption in the buffer layer and low resistiv-
ity to improve the efficiency of solar cells [37]. The ultrathin 
CdS buffer layer couples the absorber material (i.e., CIGSe, 
CdTe) and ZnO window layer in three main aspects, namely 

electronically (band alignment), structurally (lattice match), 
and chemically (inter-diffusion) [38]. Besides the participa-
tion in the formation of the p-n junction, the CdS film also 
helps in the passivation of surface states of the CIGSe layer, 
mechanical protection from ZnO deposition, and elimination 
of surface oxides. CdS is a II–VI n-type semiconductor with 
a direct band gap of 2.38–2.58 eV and have wurtzite (stable, 
 Eg= 2.58 eV) or cubic (metastable, Eg= 2.38 eV) crystal 
structures [39]. For high efficiency solar cells, a buffer layer 
with a hexagonal structure is preferred over the cubic one 
because of its higher optical band gap. The highly stable 
hexagonal phase invariably grows with columnar structure 
along the c-axis perpendicular to the substrate, introducing 
fewer grain boundaries parallel to the junction, which can 
impede the flow of photogenerated excess carriers to the 
grid [40]. The CdS thin-film material can be synthesized 
by a variety of fabrication techniques, divided into physi-
cal vapor deposition (PVD) and solution growth deposition 
techniques, such as sputtering [41, 42], evaporation [43, 44], 
molecular beam epitaxy (MBE) [45], sol–gel [46], electro-
deposition [47, 48], screen printing [49], spin coating [50, 
51], spray pyrolysis [52, 53], metal organic chemical vapor 
deposition (MOCVD) [54], successive ionic layer adsorption 
and reaction (SILAR) [55], close spaced sublimation [56], 
and chemical bath deposition (CBD) [57, 58]. Reynolds 
et al. [59] first discovered the photovoltaic effect by using 
CdS thin film with copper contact while studying the proper-
ties of different rectifying contacts to CdS crystal in 1954. 
The advantages and disadvantages of using various thin film 
deposition methods and the main parameters that can affect 
the properties of films are given in Table 1. Physical vapor 
deposition techniques typically operate at high temperatures 
and normally require higher capital costs. Solution growth 
deposition techniques offer opportunities to fabricate semi-
conductor compound material at lower temperatures and 
lower capital costs.

CBD is a solution growth process, which has been inten-
sively applied for the research and industrial deposition of 
CdS thin films on different substrates because of its simplic-
ity, low process temperature, scalability and reproducibility, 
high stability, low cost for large-scale production, and high 
device efficiency [60]. The first CBD method was reported 
in 1984 by synthesizing lead sulfide for photoconductive 
detectors [61]. In the CBD-CdS growth process, there is 
a slow release of cadmium ions and sulfur ions and then 
condensation of these ions on the substrate in an aqueous 
alkaline bath solution giving adherent and uniform CdS thin 
films. The nucleation and growth of thin films deposited 
using CBD method can be influenced by parameters such 
as types of precursor material, the concentration of precur-
sor material, bath temperature, time of deposition, solubil-
ity equilibrium, pH of the solution, speed of stirrer, and 
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nature of substrate [58, 62]. The quality of CdS thin film 
depends on the controlled precipitation of cadmium ions 
as well as sulfide ions. Complexing agents and/or catalysts, 
the liberation of hydroxyl ions with water, can control the 
precipitation of ions. Mainly, the growth of CBD-CdS thin 
films divided into two mechanisms heterogeneous reaction 
(i.e., ion-by-ion deposition) and homogeneous reaction (i.e., 
cluster-by-cluster deposition). In the heterogeneous mecha-
nism, the cadmium ions and sulfide ions first attach on the 
substrate and then involve in chemical reaction for the for-
mation of CdS, whereas in the homogeneous mechanism 
the ions get reacted and form CdS inside the solution and 
after that adhere onto substrate. Ion-by-ion mechanism for 
CdS deposition has advantages on the formation of stable, 
dense, and well-adherent compound material than cluster-
by-cluster mechanism.

In this research, CdS thin films were synthesized over 
soda lime glass substrate by the CBD method. Two different 
CBD processes for CdS thin film deposition with various 
concentrations of precursor material, time of deposition, 
bath temperature, and complexing agent or buffer material 
were applied. This study was performed in order to analyze 
growth process mechanism, and optimize the material as 
buffer layer in thin film solar cells. The structural, morpho-
logical, optical, and electrical properties of CdS thin film 
synthesized by the CBD process with several growth meth-
ods were discussed. A systematic investigation on the effect 
of deposition temperature and time on the physical proper-
ties of CdS thin films by the CBD process was also reported.

2  Experimental

2.1  Materials details

Precursor materials used for the deposition process such 
as soda lime glass substrates (SLG, corning No 2947, 
75 × 25 × 1  mm3), Extran solution, sodium hydroxide pel-
lets (NaOH, 98.0%), hydrochloric acid (HCl, 37.0%), metha-
nol, cadmium acetate dihydrate  (C4H6CdO4·2H2O, 98.0%), 
thiourea  (CH4N2S, 99.0%), ammonium hydroxide solution 
 (NH4OH, 28.0–30.0%), and ammonium acetate were pur-
chased from Sigma-Aldrich (chemicals company). Nitrogen 
 (N2) gas cylinder was bought from INFRA group, Mexico.

2.2  Substrate cleaning

Thin-film materials are grown over soda lime glass substrates. 
The deposited films should stick effectively on the substrate 
for better growth of the CdS film. For this, the substrates must 
be cleaned properly. SLG substrates were, first, thoroughly 
cleaned ultrasonically with de-ionized water and then in the 
Extran solution. Subsequently, substrates were washed in 

NaOH aqueous solution (2.5M) for 60 min, followed by HCl 
(0.1M) solution for 5 min, and finally cleaned with methanol 
(98%, pure) for 10 min. After cleaning in each solution, the 
substrates were washed by de-ionized (DI) water repeatedly. At 
last, cleaned substrates were dried by  N2 gas flux and directly 
put in the film deposition process or save them in vacuum for 
later deposition.

2.3  Film deposition

2.3.1  Process one

CdS thin films were fabricated by CBD technique using cad-
mium acetate dihydrate aqueous solution (0.01 M) as a cad-
mium source, thiourea aqueous solution (0.29 M) as a sulfur 
source, and ammonium hydroxide aqueous solution (2.4 M). 
The ammonium hydroxide aqueous solution was used as a 
complexing agent as well as responsible for adjusting the pH 
of the final solution. The bath temperature was varied from 60 
to 80 °C with varying deposition duration from 7 to 16 min. 
The order of the precursors was fixed by pouring cadmium 
source first, then thiourea source followed by ammonia source. 
Then the previously cleaned SLG substrates were vertically 
immersed into the solution as shown in the schematic dia-
gram (Fig. 1). The precursor solution was stirred slowly dur-
ing the solution preparation process. The samples were then 
rinsed with de-ionized water and dried by nitrogen gas at room 
temperature. Due to the quality of the films applicable for the 
CIGSe solar cell buffer layer, we limit our study to the samples 
deposited at 70 °C for different aging times.

From the cadmium side, the main chemical reactions 
involved in the formation of CdS films or colloids are as fol-
lows [37]:

(1)NH+
4
+ OH−

⇆ NH3 + H2O

(2)Cd2+ + 4NH3 ⇆ Cd(NH3)2+
4
.

Fig. 1  Schematic diagram of chemical bath deposition
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Here,  Cd2+ is predominantly used up in Eq. 2 to form 
cadmium tetra-ammine complex ions (Cd(NH3)4

2+), espe-
cially if  NH3 concentration is sufficiently high. These ensure 
that the ionic product of  [Cd2+] and  [OH−] is less than the 
solubility product of Cd(OH)2 and prevent the equilibrium 
reaction.

If the ionic product of  [Cd2+] and  [S2−] is greater than the 
solubility product of CdS, then Eq. 6 takes place.

Mechanism of CdS film growth on substrate can be 
explained explicitly as follows [63–65]:

(a) Reversible adsorption of cadmium hydroxide species:

(b) Formation of surface complex with thiourea:

(c) Formation of CdS with site generation:

The overall reaction is given below:

2.3.2  Process two

The chemical bath deposition process was carried out for the 
deposition of cadmium sulfide thin film using various pre-
cursor materials such as cadmium acetate (cadmium source), 
thiourea (sulfur source), ammonium hydroxide (complexing 
agent), and ammonium acetate (catalytic reagent). The CBD 
method is mainly based on the slow release of cadmium ions 
and sulfur ions inside the chemical bath and then condensa-
tion of CdS thin films on the substrate. First of all, CdS thin 
films were deposited at several proportions of ammonium 
hydroxide from 1:1 to 5:1 compared with cadmium acetate 
and thiourea. After that, CdS thin films were fabricated 
on different bath temperatures (70, 75, 80, and 85 °C) at a 

(3)Cd2+ + 2OH−
⇆ Cd(OH)2(s)

(4)
(

NH2

)

2
CS + OH−

⇆ SH− + H2O + H2CN2

(5)SH− + OH−
⇆ S2− + H2O

(6)Cd2+ + S2− ⇆ CdS(s).

(7)Cd
[

NH3

]2+

4
+ 2OH− + site ⇆
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constant time of 30 min and different timings (20, 30, 40, 
50, and 60 min) at constant bath temperature of 80 °C. The 
substrates were mounted vertically with the help of Teflon 
holders inside the solution. Precursor solution was prepared 
by dissolving 0.033 M of cadmium acetate (as cation  (Cd2+) 
source), 0.7 M of thiourea (as anion  (S2−) source), 3 M of 
ammonium hydroxide, and 1 M of ammonium acetate on 
200 mL of de-ionized water. The stirring action inside the 
bath helps to interact between substrate and reactants that is 
also significant for uniform deposition. When all the precur-
sor solutions are mixed, the chemical reactions between cad-
mium ions and sulfur ions begin and the color of the solution 
changes into a yellow color that signifies the formation of 
CdS material. After the deposition, the substrates were taken 
out from the solution and then ultrasonically rinsed with 
de-ionized water for 2–3 min to remove loosely bonded CdS 
particles. Finally, the films were washed with running de-
ionized water and dried with nitrogen gas to get rid of mois-
ture. The rear side film of the substrate was removed with 
the help of the HCl solution in order to characterize the film.

The ammonia was used as a complexing agent which 
controls the free cadmium metal ion concentration and pro-
duces free cadmium ions  (Cd2+) through dissociation reac-
tion. Ammonium acetate was applied as a buffer solution 
to control the cadmium concentration as well as reaction 
rate. Ammonia and ammonium acetate combined with water 
liberate the hydroxyl ions  (OH−) that reacts with cadmium 
acetate giving cadmium hydroxide and with thiourea provid-
ing free sulfur ions. The cadmium hydroxide in the presence 
of ammonium hydroxide produces cadmium tetramine com-
plex ions and hydroxyl ions. The produced hydroxyl ions 
serve to maintain a constant pH value (= 10) of the bath. 
Finally, the complex ions mixed with sulfur ions form cad-
mium sulfide compound. The possible reactions that occur 
in this growth process are shown in equation from 11 to 19 
and the schematic diagram of the experimental details of 
process two is shown in Fig. 2.

(11)

Cd
(

CH3CO2

)

2
.2H2O ⇆ Cd2+ + 2OH−

+ 2CH3COOH (Cadmium acetate decomposition)

(12)NH3 + H2O ⇆ NH+
4
+ OH− (Ammonia dissociation)

(13)

NH
4
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3
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2
+ H

2
O ⇆ NH

+
4
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−
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3
COOH (Ammonium acetate dissociation)

(14)Cd2+ + 2OH−
⇆ Cd(OH)2

(15)
(

NH2

)

2
CS + OH−

⇆ SH− + CN2H2 + H2O
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2.4  Film characterization

Bruker’s DektakXT stylus profiler estimated the thickness 
of the deposited CdS films. A necessary step for measuring 
the film thickness was done by dipping the film in a 10% 
v/v of HCl solution. The information about the crystallinity, 
crystallite size, and the phase assessment of the CdS films 
was carried out using X-ray diffraction (XRD) recorded on 
an X’Pert PRO diffractometer-PANalytical using Cu-Kα 
(λ = 1.5406 Å) radiation at grazing incidence of 0.5° in the 
2θ ranging from 20° to 80°. The micro-Raman spectra of 
fabricated films were obtained by the HORIBA Jobin Yvan 
system with He-Ne laser (632 nm) at room temperature. The 
morphological studies were carried out using the TESCAN 
VEGA scanning electron microscope (SEM) on the surface 
of the deposited CdS thin films. Atomic force microscope 
(AFM) (NT-MDT, NTEGRA spectra) analysis was carried 
out in non-contact mode, to investigate the topographical 
information of the deposited films. Optical transmittance 
and reflectance of the films were measured in the wavelength 
range of 300–1100 nm by JascoV-670 spectrophotometer. 
The absorption coefficient (α) was calculated from the 

(16)SH− + OH−
⇆ S2− + H2O (Thiourea decomposition)

(17)

Cd(OH)2 + 4NH4OH ⇆
[

Cd
(

NH3

)

4

]2+
+ 2OH−

+ 4H2O (Cadmium complexation)

(18)

[

Cd
(

NH3

)

4

]2+
⇆ Cd2+ + 4NH3 (Cadmium ion dissociation)

(19)Cd2+ + S2− ⇆ CdS (S).

transmittance data, and the Tauc plot was used to determine 
the band gap of the films. The photoluminescence spectra 
at room temperature of the synthesized CdS thin films were 
measured on a spectrofluorometer using a He-Ne laser as the 
excitation light source.

3  Result and discussion

3.1  Growth rate

3.1.1  Process one

We have reported the variation of the deposition rate of CdS 
thin films as a function of the bath temperature for different 
deposition times. As seen in Fig. 3, the deposition rate is 
increasing with increasing bath temperature along with the 
deposition time indicating a significant dependence of the 
growth rate on temperature and time [66]. The growth rate 
increased while increasing the deposition time from 7 to 16 
min in all the batches of bath temperature (60, 70, and 80 
°C). The highest growth rate, equal to 7.71 nm  min−1, was 
reported with the film growth at 80 °C; however, at low 
temperature (60 °C) the deposition rate was around 2.85 nm 
 min−1. The film thickness is the most reported parameter 
rather than the deposition rate in the application of the buffer 
layer in solar cells. The increase in the deposition rate with 
the bath temperature was due to the kinetic enhancement of 
the involved reaction during the nucleation growth of the 
film [67]. The deposition rate obtained at 80 °C was 2–3 
times greater than that obtained at 60 °C for the film depos-
ited for 7 and 10 min. This influence was due to the activa-
tion of the chemical reaction between the species leding to 
the formation of CdS films from alkaline solutions. The acti-
vation energy of the film growth and the formation enthalpy 

Fig. 2  Experimental details of 
process two
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of  Cd2+ could be responsible for varying the growth rate of 
the CdS thin film [68, 69]. The growth rate for lower tem-
peratures was due to the domination of the ion-by-ion reac-
tion mechanism. Higher temperature means the increment 
of free ions  (Cd2+ and  S2−) concentration in the bath, which 
increases the growth rate and hence film thickness.

3.1.2  Process two

The nucleation and growth rate of films also depend on the 
nature of energy applied for the formation of the film. The 
physical properties of thin films such as the quantum size 
effect and color of the film rely on the thickness. Figure 4 
displays the variation of the deposition rate of CdS thin films 
grown at different temperatures (constant time of 30 min) 
and at various times (constant bath temperature of 80 °C). 
The growth rate of the film increases with a rise in the bath 
temperature as well as the time of deposition that might 
be due to kinetic enhancement of reactions with increase 
in the mobility of the ions during deposition. The higher 
amount of cadmium and sulfide ion concentrations inside 
the chemical bath are formed as we increase the temperature 
and time of deposition. It is observed that the growth rate 
of the film enhances at higher deposition temperatures and 
times. As seen from the data, the minimum deposition rate 
was found around 1 nm/min for a lower value of deposition 
temperatures and times and more than 5 nm/min growth rate 
at higher deposition temperatures and times.

3.2  X‑ray diffraction (XRD) analysis

The average crystallite size (D) was calculated by using a 
Scherrer’s formula [64]:

where K is the Scherrer constant or shape factor (K = 0.9, 
assuming spherical crystallites), λ is the wavelength of inci-
dent X-ray ( λ = 1.5406 Å), β  is the full width at half maxi-
mum (FWHM in radians) of the peak corrected for instru-
mental broadening, and θ is the Bragg’s diffraction angle.

The inter-planar spacing (d), lattice parameters (a and 
c), strain (ε), dislocation density (δ), and crystallite num-
ber per unit surface (N) for a dominant peak were calcu-
lated from the following equations [68–73]:

where h, k, l are the Miller indices and t is the thickness 
of CdS thin films.

3.2.1  Process one

The properties of the CdS thin film have been investigated 
by X-ray diffraction (XRD) technique, as shown in Fig. 5, 

(20)D =
Kλ

βcosθ
,

(21)2d sin � = n�

(22)
1

d2
=

4

3

(

h2 + hk + k2

a2

)

+
l2

c2

(23)� =
�cos�

4

(24)δ =
1

D2

(25)N =
t

D3
,

Fig. 3  Growth rate of CdS thin films deposited by CBD at different 
temperatures

Fig. 4  Graphical representation of growth rate of CdS thin films 
deposited at different temperature and time conditions
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synthesized by CBD method to analyze the crystalline 
structure for different deposition durations (7, 10, 13, and 
16 min) at a bath temperature of 70 °C on a glass substrate. 
XRD pattern provided the information about the crystalline 
phase of the CdS thin films as well as crystallite size. All 
the deposited CdS films were polycrystalline in nature with 
a preferential orientation plane (002) perpendicular to the 
substrate corresponding to an international center for dif-
fraction data (ICDD) No. 01-083-5246 having a hexagonal 
(wurtzite) crystalline structure [70, 71]. We can see from the 
diffraction pattern that the peak intensity was increased as 
the deposition time increases, and this was due to the growth 
of the material involved in the deposition mechanism which 
corresponds to the thickness of the CdS thin film. For all the 
samples, we have observed that an intense peak appeared 
at two-theta (2θ) value approximately 26.5°, which corre-
sponds to the CdS hexagonal plane (002), or cubic plane 
(111), but the peak corresponding to the plane (110) at 2θ 
value around 44.4° and the plane (112) at around 52.2° indi-
cated that the phase belongs to hexagonal or at least a mix-
ture of hexagonal or cubic [72]. The noise and hump around 
the peaks do not allow us to distinguish the crystallographic 
structure of the CdS films because of the penetration depth 
while taking XRD pattern even from grazing incidence due 
to ultrathin applicable for buffer layer in CIGSe-based solar 
cell. The value of crystallite size was decreased with increas-
ing the deposition duration. With the increase of aging time, 
there was an increase in intensity and sharpness of the pre-
dominant peak, which is caused by the improvement on the 
crystallinity of the CdS thin films. The crystallite size was 
varied from 27.57 to 15.46 nm with increasing deposition 
duration from 7 to 16 min at 70 °C of bath temperature 

estimated from the most intense peak which corresponds to 
the plane (002) as shown in Table 2. The observed decrease 
in the crystallite size with an increase in deposition duration 
is due to the complete deposition process occurring through 
three regimes namely nucleation, coalescence, and subse-
quent vertical growth of CdS thin films.

3.2.2  Process two

The preferred orientation CdS thin films is influenced by 
the source compound, nucleation process, and growth 
parameters of various deposition methods. In most of the 
research papers, XRD studies of physical vapor deposition 
revealed that deposited CdS thin films have dominant hex-
agonal structure and solution growth deposition has domi-
nant hexagonal or dominant cubic or mixed (cubic + hex-
agonal) crystal structure [41–58]. The crystallinity of CdS 
film was different for different fabrication processes, which 
may be due to the different nucleation and growth rate for 
various deposition methods [74]. For thin-film solar cell, 
a buffer layer with hexagonal structure is preferred over 
the cubic one due to its stable nature, higher optical band 
gap, as well as mismatching lattice parameters [75]. XRD 
analysis was performed in the range of angle two-theta 
lying between 10 to 70° in order to find the crystallite size 
and also to study the structural properties of CdS thin films 
(see in Fig. 6). In both cases, XRD results display the major 
reflection of (002) located at 2θ value of around 26.7° that 
correspond to the hexagonal crystal structure of CdS. The 
presence of minor reflections like (100), (101), (110), 103, 
and (112) are compatible with the hexagonal structure of 
CdS thin films. The strong and sharp diffraction peaks of 
(002) increases with increasing deposition time and tem-
perature; is the consequence of increase in thickness due 
to decomposition of reactants and production of ions that 
lead to improve the crystallization of films. The hexagonal 
system of lattice planes of CdS thin films was verified with 
the joint committee powder diffraction system (JCPDS Card 
Number: 01-074-9664 with lattice constants, a = 4.1002 Å, 
c = 6.6568 Å, and c/a = 1.62 and inter-planer spacing (d) = 
3.3284 Å) which is well matched with the calculated value. 
Table 3 shows X-ray diffraction data of 2θ, full width half 

Fig. 5  XRD pattern of CdS thin film deposited by CBD at 70 °C for 
different deposition times

Table 2  Calculated structural parameters of CdS thin films deposited 
by CBD at 70 °C

Deposition 
time (min)

D (nm) δ (× 10− 3

lines/nm− 2)
N (1/nm2) ε  (10− 3) c/a

7 27.570 1.315 2.099 1.257 1.617
10 20.660 2.342 6.804 1.677 1.638
13 17.550 3.246 10.173 1.974 1.647
16 15.460 4.183 16.508 2.241 1.651
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maximum (FWHM), crystallite size, strain, dislocation den-
sity, crystallite number per unit surface, inter-planer spac-
ing, and lattice constants for various deposition times and 
temperatures of CdS thin films. It is found that the intensity 
of the peaks increases and the width of peak decreases due 
to improved crystallinity with an increase in substrate tem-
perature and deposition time (except at 60 min). And also, 
it is seen that 2θ, FWHM, strain, dislocation density value 
decreases in higher deposition temperatures as well as times. 
The decrease in strain due to the growth of film thickness 
demonstrates the reduction in the cohesive force between 
films and a substrate material that represents the decrease 
in lattice imperfection and increase in the crystallite size.

3.3  Raman spectroscopy

3.3.1  Process one

Raman spectroscopy is based on inelastic scattering of 
monochromatic light upon interaction with the sample. The 
shift in the frequency-emitted photons is a signature and 
explains the different frequency modes like vibrational, rota-
tional, and other low frequency transitions in the molecules. 
Raman spectroscopy is a powerful technique for identifying 
the lattice defect, concentration of dopant, and the crystal 
orientation of the materials. However, it cannot be used to 
distinguish the two structure of CdS thin film because the 
frequency of the hexagonal modes nearly matches to those 
of cubic modes. Figure 7 shows the Raman spectra of chemi-
cally deposited CdS films in which two peaks, corresponding 

Fig. 6  XRD patterns of CdS thin films at different deposition a temperatures and b times

Table 3  Calculated structural parameters of CdS thin film deposited at different times and temperatures

Parameters
Sample

2�
(degree)

FWHM 
(× 10− 3

Rad)

Crystallite 
Size (D)
(nm)

Strain (ε) 
(× 10− 3

Rad)

Dislocation 
density (δ) (× 10− 3

lines/nm2)

N = t/(D3) 
(× 10− 3

nm− 2)

Inter-planer 
spacing
(d) (Å)

Lattice con-
stants

c (Å) a (Å)

CdS 70 °C 30 min 26.70 6.8 28.78 1.20 1.21 1.26 3.336 6.672 4.44
CdS 75 °C 30 min 26.69 6.6 29.51 1.17 1.15 2.73 3.337 6.675 4.45
CdS 80 °C 30 min 26.66 5.4 35.54 0.97 0.79 2.22 3.341 6.682 4.45
CdS 85 °C 30 min 26.64 4.8 39.61 0.87 0.64 2.42 3.343 6.687 4.45
CdS 80 °C 20 min 26.92 5.7 38.67 0.89 0.67 0.87 3.310 6.620 4.43
CdS 80 °C 30 min 26.87 5.2 41.44 0.84 0.58 1.40 3.316 6.633 4.43
CdS 80 °C 40 min 26.70 4.9 39.95 0.87 0.63 2.05 3.336 6.672 4.25
CdS 80 °C 50 min 26.64 4.7 40.45 0.85 0.61 2.41 3.343 6.687 4.46
CdS 80 °C 60 min 26.62 5.4 34.88 0.99 0.82 3.99 3.346 6.692 4.46
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to the first and second longitudinal optical phonon modes, 
were identified. The 1LO and 2LO peaks were strong and 
weak correspond to the fundamental and overtone modes, 
respectively [76]. The 1LO peak was shifted from 304 to 
301  cm−1 while increasing the deposition time from 7 to 16 
min. Also, the intensity and sharpness of fundamental mode 
(1LO) were increased with the increase of deposition time 
indicating the enhancement in the crystal structure which 
was in close agreement to the XRD results. The average 
FWHM was also decreased from 19  cm−1 (at 7 min) to 13 
 cm−1 (at 16 min) resulting in better crystallinity for more 
deposition time. Besides the fundamental (1LO) mode, 
overtone (2LO) modes were located at 602  cm−1 in all the 

deposited CdS thin films, which is almost closed to the lit-
erature value of bulk CdS (605  cm−1) [77–79]. The position 
of the 1LO and 2LO modes in the prepared CdS thin films 
was shifted by a little in accordance to bulk CdS due to the 
phonon confinement effect.

3.3.2  Process two

In both deposition times and temperatures (Fig. 8), the first-
order scattering of the longitudinal optical (1LO) phonon 
was observed at 305  cm−1 and the second-order scattering 
of longitudinal optical (2LO) phonon found at 605  cm−1. 
1LO and 2LO peaks shifted to lower values in vacuum-based 
methods might be due to size effect or surface phonon mode 
effect and mechanical stress in the interface. The hexagonal 
wurtzite structure of CdS thin films corresponds to these 
two longitudinal optical phonons [80, 81]. The variations in 
Raman shift and peak intensity depend mainly on the com-
position of elements, variation in crystallite size, as well as 
impurity present (i.e., oxygen incorporation into the lattice) 
inside the film [82]. Here, the intensity of the 1LO peak of 
CdS thin films increases at a higher value of deposition tem-
peratures and times that signify the enhancement of crystal 
structure of films. The similar results of Raman spectra can 
also be found in various scientific researches [83, 84].

3.4  Morphological analysis

3.4.1  Process one

The film exhibited hexagonal crystal structure invariably 
grow with columnar structure along the c-axis perpendicular 
to the substrate, introducing fewer grain boundaries parallel 

Fig. 7  Raman spectra of CdS thin films deposited by CBD at 70 °C 
for different deposition times

Fig. 8  Raman spectra of CdS thin films deposited at different deposition a temperature and b time conditions



Journal of Materials Science: Materials in Electronics 

1 3

to the junction which can restrict the flow of the photogen-
erated excess carriers to the grid [85]. Figure 9 illustrates the 
SEM micrographs of the surfaces of the CdS films deposited 
at 70 °C for different deposition durations (7, 10, 13, and 16 
min). These micrographs exhibit that the deposition duration 
affects the surface morphology of the CdS thin film. Increas-
ing the deposition duration resulted in an increase in grain 
size but some pinholes can be seen for the CdS films depos-
ited for 13 and 16 min. The film deposited for 7 min had an 
average grain size of 60 nm, while the film deposited for 
13 and 16 min had a larger grain size (> 90 nm) with voids 
indicating low packing density of the film. The surface of 
the CdS film deposited for 10 min has compact and smooth 
grains, showing granular structure with well-defined grain 
boundaries with very less pinholes.

The chemical composition of CdS thin films was analyzed 
by energy dispersive X-ray spectroscopy (EDS). The EDS 
spectrum of the CdS thin film deposited at 70 °C for 10 min 
is shown in Fig. 9a. The pattern showed the peaks besides 
Cd and S due to the impurities from glass substrate and gold 
(Au) during sample coating. The chemical composition of 
the CdS thin films deposited at 70 °C for the different dura-
tions can be seen in Table 4 and the Cd/S ratio for all the 
samples was greater than 1.

3.4.2  Process two

The SEM micrographs of CdS thin films prepared with vari-
ous deposition temperatures and times are shown in Fig. 10 
and confirm that the microstructure of thin films changes 
with different conditions. It is seen from the images that 
the particles have distinct features composed of sphere-like 
structure with grain size distribution in a range of 10–20 
nm. The sample deposited at low temperature shows the 
non-uniform distribution of agglomerated particles with 
large number pinholes in it. Therefore, the films prepared at 
low temperatures and time showed a larger number of grain 
boundaries density, lower crystallinity, and higher resistiv-
ity. The continuous and dense, homogeneous film without 

cracks, smooth surface, fine spherical structure without any 
voids can be observed at higher deposition temperature and 
time due to slow deposition rate and ion-by-ion mechanism 
of film formation. The formation of spherical granules on 
the scanned image might be due to the spheroid structure of 
sulfur ions. The CdS thin films grown at a slow deposition 
rate led to the formation of a uniform film, fewer pinholes, 
and good adhesion to the substrate than deposition at a high 
rate [86].

EDS analysis was performed on CBD-CdS thin films 
where the average atomic compositions of the films were 
taken by mean of the data collected from random points. 
From Table 5, the cadmium concentration decreases from 
67–50% and sulfur concentration increases from 33 to 50% 
with an increase in both temperature and time of deposition. 
As seen, the sample with higher amounts of sulfur shows 
eminent crystallinity, improved morphology, as well as bet-
ter conductivity due to interstitial sulfur. The presence of 
cadmium and sulfur atoms in the film verified by the EDS 
spectrum (see in Fig. 11a) and homogeneous distribution of 
CdS molecule were seen in EDS mapping shown in Fig. 11b.

3.5  Topographical analysis

3.5.1  Process one

Atomic force microscopy (AFM) is the most versatile 
and powerful technique for the analysis of samples in the 
nano-scale level. This technique provides various types of 

Fig. 9  SEM images of CdS thin films at 70 °C for different deposition times a 7 min, b 10 min, c 13 min, and d 16 min

Table 4  EDS compositional details of CdS thin film

Dep. Time 
(min)

Cadmium (Cd) % Sulfur (S) % Cd/S ratio

7 50.67 49.33 1.02
10 51.83 48.17 1.07
13 52.01 47.99 1.08
16 53.59 46.41 1.15
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surface measurements like grain size, RMS roughness, aver-
age roughness, peak-to-peak height, skewness, and kurto-
sis. Two-dimensional AFM images of CdS thin films, with 
scanning an area of 2 × 2 µm2 the surface of the films, are 
presented in Fig. 12. The surface shows distinct grain dis-
tribution with compact granular topography. The grain size 
was varied from 58 to 120 nm depending upon whether the 
deposition time and the average roughness of the deposited 
CdS thin films were around 3–9 nm (see in Table 6). The 
higher value of roughness was due to the presence of hill 
height for the sample deposited for 13 min because of a large 
number of nucleation and larger grain growth [87].

Fig. 10  SEM images of CdS thin films deposited at various deposition (a–d) temperatures and (i–v) times

Table 5  Compositional analysis of CdS thin films by process two

Sample (temperatures, times) Cadmium (%) Sulfur (%) Cd/S

CdS 70 °C 30 min 67 33 2.03
CdS 75 °C 30 min 57 43 1.33
CdS 80 °C 30 min 55 45 1.20
CdS 85 °C 30 min 52 48 1.08
CdS 80 °C 20 min 55 45 1.20
CdS 80 °C 30 min 54 46 1.17
CdS 80 °C 40 min 53 47 1.13
CdS 80 °C 50 min 52 48 1.08
CdS 80 °C 60 min 52 48 1.08

Fig. 11  Plot of a EDS spectrum and b EDS Mapping of CdS thin film deposited at 80 °C for 30 min
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The parameters such as skewness  (Ssk) and kurtosis  (Ska) 
give the measurement of the asymmetry and the sharpness, 
respectively. Specifically, the profile symmetry about the 
mean line is measured by skewness  (Ssk). Hence, the value 
of skewness  (Ssk) can either be zero, positive, or negative. 
The skewness factor becomes zero if the height distribution 
is symmetrical. For an asymmetrical height distribution, the 
surface has more peaks than valleys leading to a positive 
value of skewness. If the surface of the film is more planar, 
then the value of skewness turns out to be negative. Another 
parameter kurtosis  (Ska) measures the peakedness of the dis-
tribution with a reference value of 3. If the kurtosis value 
is equal to 3 signifies the mesokurtic (Gaussian amplitude 
distribution), and platykurtic if less than 3 which indicates 
that the surface is flat. The kurtosis factor greater than 3 
shows the surface has more peaks than valleys.

3.5.2  Process two

Topographical analysis on the CdS thin films has been done 
by using atomic force microscopy (AFM) where the image 
can be studied through the convolution of the tip of the can-
tilever and the samples. The non-contact AFM operation 
mode was used to analyze the surface of the samples. It 
is observed, from Fig. 13, that the particles are uniformly 
distributed on the surface of the film and also the surfaces 
are composed of nano-sized grains with an approximate 

size of 80–110 nm. In both conditions, CdS thin films were 
composed of a spherical shaped particulate, very well-con-
nected grains without crack that presents an inhomogene-
ous compact surface. The grains were grouped together to 
form large clusters like cauliflower with an average size of 
around 200–400 nm. The values of average grain size, aver-
age roughness, skewness, and kurtosis are shown in Table 7. 
The surface roughness of the films lies in the range of 6–15 
nm that signifies the formation of smooth as well as well-
connected grains on the films. The value of skewness was 
positive as well as small value, near to zero, that represents 
the surface has more peaks than valleys and the height dis-
tribution is near to symmetrical. This information can also 
be verified by the data of kurtosis, which was greater than 
the value of 3.

3.6  Optical properties analysis

UV–Vis spectrometry is utilized to observe the optical prop-
erties such as transmission, reflection, and optical band gap 
of films that provide useful information to analyze some 
features concerning the band structure of materials. During 
the scanning process of transmission spectra, the soda lime 
glass substrate was put in one side of the light beam direc-
tion and the CdS film-deposited soda lime glass substrate 
was placed in the other direction of spectrometry.

The crucial parameter for photovoltaic cells is the optical 
band gap energy of material that helps to study the fun-
damental absorption, generation of electron–hole pairs, of 
light energy. With the results of transmittance and thickness 
of the material, the optical absorption coefficient ( ∝ ) was 
calculated by using the following relation [88–91]:

where t is the thickness of the film and T is the 
transmittance.

We can determine the band gap energy of material by 
using following Tauc relationship:

(26)∝=
1

t
ln
[

1

T

]

,

Fig. 12  2D AFM images (2 × 2 µm) of CdS thin films at 70 °C for different deposition times  a 7 min, b 10 min, c 13 min, and d 16 min

Table 6  Calculated parameters—root mean square roughness (RMS), 
average roughness (Rav), skewness  (Ssk), kurtosis  (Ska), and grain 
size of CdS thin film deposited at 70 °C for different deposition dura-
tions

Parameters 7 min 10 min 13 min 16 min

RMS roughness (nm) 4.82 9.14 11.86 12.89
Rav (nm) 3.83 6.62 5.87 9.29
Skewness  (Ssk) 0.45 0.74 1.48 1.34
Kurtosis  (Ska) 3.34 5.07 5.69 6.92
Grain size (nm) 47 57 69 83
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where h� is the photon energy, A is a constant, and Eg is the 
optical band gap of the semiconductor materials.

We know n = 2 for indirect band gap semiconductor like 
Silicon,

and n = ½ for direct band gap semiconductor material such 
as CdS.

Hence, the Tauc relation for the estimation of band gap of 
CdS thin films is

(27)(∝ h�) = A (h� − Eg)
n,

(28)(∝ h�)2 = A (h� − Eg).

3.6.1  Process one

Optical properties study of the thin films of CdS plays an 
important role in understanding the performance of the com-
plete solar cell. The optical properties of thin film can affect 
the characteristics incident light spectrum. Our optical inves-
tigation and analysis of CdS thin film rely on measurements 
of transmittance, reflectance, and absorbance in the spectral 
range 300–1100 nm as shown in Fig. 14a–c. These opti-
cal studies were applicable to determine optical energy gap 
(Eg), optical absorption (α), and optical penetration depth 
(δ). Transmission and reflection measurements were per-
formed at room temperature to study the optical properties 
of the CdS thin film obtained at 70 °C of bath temperature 
for different deposition times. Due to the ultrathin nature of 

Fig. 13  2D AFM images (2 × 2 µm) of CdS films at different deposition a–d temperatures and i–v times

Table 7  Parameters such as 
average grain size, average 
roughness, RMS roughness, 
skewness, kurtosis calculated 
from AFM

Parameters
Sample

Average grain 
size
(nm)

Average 
Roughness
(nm)

RMS Roughness
(nm)

Skewness
(Ssk)

Kurtosis
(Ska)

CdS 70 °C 30 min 80 8 9.86 0.084 3.31
CdS 75 °C 30 min 111 14 10.39 0.031 3.49
CdS 80 °C 30 min 95 7.48 9.32 0.308 2.95
CdS 85 °C 30 min 95 7.41 9.48 0.407 3.95
CdS 80 °C 20 min 89 6.9 8.7 0.022 3.16
CdS 80 °C 30 min 89 6.4 8.3 0.372 4.31
CdS 80 °C 40 min 95 8.7 11.05 0.111 3.46
CdS 80 °C 50 min 90 7.17 9.14 0.147 3.30
CdS 80 °C 60 min 88 6.4 8.04 0.036 3.19
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CdS films, transmission curves showed no fluctuations and 
wave-like patterns. The optical transmission was largest for 
the film deposited at 7 min, which was around 66% at 550 
nm. The transmission value was decreased with increasing 
the deposition time. A similar pattern of the reflectance to 
that of transmittance was observed for the deposited films. 
The reflectance was 31% for the film deposited for 7 min at 
550 nm.

Tauc plot (see in Fig. 14a) shows the schematic diagram 
between (αhν)2 versus hν for n = 1/2. The band gap energy of 
CdS thin films was calculated by extrapolating the straight-
line portion of the plot (αhν)2 to energy axis and was found 
to be 2.30 eV (7 min), 2.33 eV (10 and 13 min), and 2.35 
eV (16 min). The lowering of the band gap for 7 min may 
be due to the presence of impurity electronic levels in the 
forbidden gap [92]. The photon absorbed within the CdS thin 

films generally depends upon the parameters like material 
quality, thickness, conductivity, and extinction coefficient. 
All the incident photon into the films is absorbed mostly in 
the spectral region of intense absorption and the remaining 
is reflected at the surface. The characteristic features like 
skin or penetration depth, optical conductivity are useful 
tools to understand the absorption nature of photons within 
the film. The photon current density decreases exponentially 
from the surface to the depth of the film due to properties 
like density, refractive index, morphology, and microstruc-
ture of samples. The thickness at which the photon density 
becomes 1/e of the value at the surface of the film is given 
by penetration depth and is calculated mathematically by the 
reciprocal of the absorption coefficient (α). The dependence 
of penetration depth of CdS thin film on the incident photon 
energy is given in Fig. 14b. It was found that the penetration 

Fig. 14  Plot of a Optical transmittance (inserted with Tauc plot), b reflectance (inserted with penetration depth curve), and c absorbance of CdS 
thin film deposited at 70 °C for different times
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depth was decreased as the photon energy increased for all 
the CdS samples. For a cut-off wavelength (λ = 550 nm), the 
absorption effect was decreased and vanished after passing 
through more depth. The data revealed that the penetration 
depth is also related to transmittance values.

3.6.2  Process two

The transmittance of the CdS thin films deposited at various 
temperatures and times are shown in Fig. 15 and the data 
were studied in the wavelength ranging from 300 to 900 nm. 
The deposited thin films transmit the light more than 90% in 
the wavelength range from 600 to 800 nm. With these results 
of transmittance, there might be a high amount of photon 
energy passing through a buffer layer to the absorber layer in 
thin-film solar cells. Hence, a higher amount of energy can 
be absorbed, a large number of electron–hole pairs can be 
generated in an absorber layer, which increases the efficiency 
of solar cells.

The band gap energy of CdS thin films is the photon 
energy that can be calculated by extrapolating the straight-
line part of the plot (∝ h�)2 versus photon energy ( h� ) to the 
energy axis (i.e., (∝ h�)2 = 0). It is seen, from Fig. 15, that 
the value of  Eg for CdS films prepared at different tempera-
tures and times varies from 2.65 to 2.52 eV and 2.49 to 2.62 
eV with increasing order, respectively. The band gap of CdS 
thin films calculated from Tauc relation was close to the 2.58 
eV value showing films are stable as well as wurtzite crystal 
structure can be useful as a buffer layer in photovoltaic cells.

3.7  Photoluminescence studies

3.7.1  Process one

Photoluminescence (PL) studies give valuable information 
on the atomic constitution and the quality of the material. PL 
spectra of CdS thin films were recorded at ambient condition 
for CdS thin films deposited by CBD technique as shown in 
Fig. 16. For an excitation wavelength of 325 nm, the major 
emission peak was observed at a wavelength of 537 nm (2.30 
eV) for the film deposited for 7 min. The slight shift in the 
emission peak was observed for the films deposited for 10, 
13, and 16 min. The emission peaks were identified at 533, 
531, and 530 nm for 10, 13, and 16 min, respectively. The 
emission peak at around energy value of 2.3 eV for all the 

Fig. 15  Transmittance of CdS thin films (inserted with band gap energy diagram) fabricated at different deposition a temperature and b time 
conditions

Fig. 16  PL spectra of CdS thin film at 70 °C for different deposition 
times
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deposited CdS thin films is due to the near band edge (NBE) 
emission arising due to the recombination of free excitons 
[93]. The emission peak position of the CdS thin film almost 
nearly matches the determined optical band gap values. The 
maximum PL was observed because the concentration of Cd 
vacancies acts as acceptors and the ground state is excited 
to the higher arbitrary level. The probability of this energy 
transfer process increases with a shorter donor–acceptor 
distance and hence luminescence decreases with increasing 
concentration.

3.7.2  Process two

The quality of films influenced by the factors such as impuri-
ties, defect centers, and recombination of surface states can 
be analyzed by PL studies. Furthermore, information involv-
ing different energy states lies between valence and conduc-
tion bands that are responsible for radiative recombination 
due to cadmium and/or sulfur defects are also achieved by 
PL studies. Figure 17a shows the PL spectra of CdS thin 
films deposited with various temperatures from 70 to 85 
°C at constant time of 30 min and Fig. 17b represents with 
different times from 20 to 60 min at constant temperature 
condition (80 °C). For both deposition temperatures and 
time, there was one major peak in the ranging from 2.2 to 
2.6 eV as shown in Fig. 17. The red emission (RE) band is 
located in the range 1.7–1.86 eV energy level, which is due 
to cadmium interstitial (i.e., sulfur vacancies) [94]. The yel-
low emission (YE) band, situated in the range of 2.04–2.11 
eV, arises by cadmium vacancies  (Icd–Vcd) defects [95].The 
energy bandgap values between 2.40 to 2.60 eV in PL spec-
tra is known as a green emission band that can be assigned 

due to sulfur interstitials where electronic transitions take 
place from the conduction band to an acceptor level [96, 
97]. In this study, the presence of GE band in the PL spectra 
verified the better crystallinity of material, decrease in the 
number of grain boundaries by enhancing the grain size as 
well as minimizing the density of native defects. In addi-
tion, there are several peaks located at 2.43, 2.47, and 2.58 
eV ascribed to bound exciton for a mixture of cubic and 
hexagonal phases of CdS thin films. The PL intensity of 
CdS film decreases with the increase in the concentration of 
sulfur atoms (i.e., S/Cd ratio) that reduces the defect density 
[98, 99]. It is seen that the intensity of the band decreases in 
higher deposition time and temperature due to the increase 
in sulfur interstitials. The higher PL intensity of films may 
have the presence of recombination sites, impurities, as well 
as the non-homogenous distribution of atoms.

3.8  Electrical properties

3.8.1  Process one

The Hall effect Vander Pauw method estimated the high 
resistive values for the samples prepared by process one.

3.8.2  Process two

Conductivity, the degree of conduction of electricity, of the 
CdS thin films was estimated from the reciprocal of resistiv-
ity measurements. The main concerns of electrical measure-
ments like Hall coefficient (type of semiconductors), con-
ductivity, mobility, and carrier concentration of CdS thin 
films measured at room temperature and their co-relation 

Fig. 17  PL spectra of CdS thin films at various deposition a temperatures and b times
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properties are shown in Table 8. The deposited films at 
higher temperatures have higher conductivity, which may 
be due to increasing thickness of films (i.e., few numbers 
of pinholes) where distributions of ions are uniform. The 
properties such as band gap narrowing, decrease in grain 
boundary density and dislocation density, and an increase 
in grain sizes of the films are due to the increase in carrier 
concentration [84]. The Hall-van der Pauw method could not 
calculate the electrical parameters of the CdS films depos-
ited at lower temperature (less than 75 °C) showing more 
resistive due to the presence of pinholes inside the films. The 
n-type conducting nature of CdS thin films was verified by 
the presence of negative values of Hall coefficient. By dop-
ing impurities (i.e. Na, K) and by allowing cadmium intersti-
tials or sulfur vacancies help to enhance the conductivity of 
CdS thin films [100]. When CdS thin film is used as a buffer 
layer in thin film solar cells, then the high value of conduc-
tivity of CdS film helps to separate the generated charge 
carriers effectively during photovoltaic energy conversion 
and consequently increases the efficiency of the solar cell.

4  Conclusions

CdS thin films were successfully synthesized over SLG 
substrates with different deposition parameters. An extra 
precursor material, i.e., ammonium acetate, was added on 
second process in order to study its effect on the proper-
ties of CdS thin films. The growth of the film depending 

on the deposition parameters such as temperature, time, 
and concentration of precursors was observed clearly from 
the experiments. XRD results exhibited that both fabrica-
tion techniques gave a hexagonal crystal structure with a 
preferential orientation along (002) with a crystallite size 
varied from 20 to 40 nm. The appearance of the first LO 
at 305  cm−1 and second LO at 605  cm−1 verified the hex-
agonal structure of CdS thin films investigated from Raman 
spectroscopy. From the SEM analysis, uniform, smooth, 
dense film with less pinhole, spherical grains was observed 
in both the synthesis processes. An enhancement of the film 
surface atomic mobility was observed at higher deposition 
temperatures and times. RMS roughness, as determined by 
AFM measurements, of the CdS films was seen in the range 
of 5–11 nm showing grains are compact and uniformly dis-
tributed. The values of transmittance in the aforementioned 
CBD methods started to increase after 500 nm and demon-
strated more than 70% of transmittance in the visible spec-
trum. The optical band gap, for better conditions, was found 
around 2.33 eV and 2.52 eV for process one and process 
two, respectively. From PL spectra, the energy band of films 
lies in between 2.4 and 2.6 eV, called green emission band; 
the peak intensity decreased with increase in deposition 
temperature and time revealing that the number of impu-
rities, defect centers, and recombination of surface states 
decreases. Hall effect studies demonstrated that CdS thin 
films fabricated by process two were more conductive than 
CdS films by process one. Hence, CdS thin films deposited 
by process two, at temperature 80 °C for 30 min, were most 
suitable deposition condition as a buffer layer for thin-film 
solar cells.
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