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A B S T R A C T   

This paper presents a comprehensive study of the optical transmission, photoconductivity, and morphology of 
CdS thin films deposited via the chemical bath deposition (CBD) method. The films deposited for 60 min exhibit 
an optical energy band gap value of 2.42 eV and the highest optical transmission of 75 % in the wavelength range 
of 500–900 nm. For these films, the transmission electron microscopy imaging shows a distribution of particle 
sizes around 10 nm. The wavelength dependence of the photoconductivity, extracted from photo resistivity data, 
shows that the maximum photoconductivity occurs at 492 nm wavelength. This corresponds to an electrical 
energy band gap of 2.52 eV, which is greater than the optically measured energy gap of 2.42 eV. Based on these 
results, the electron-hole pair binding energy for CdS films is estimated as 100 meV. According to the electrical 
resistivity vs. temperature measurements, the activation energy is 1.26 eV which agrees with the electrical en
ergy band gap of 2.52 eV. CdS films annealed under nitrogen gas at 200 ◦C for one hour exhibited an energy gap 
of 2.32 eV. These films displayed a conductivity of 60 × 10− 4 Scm− 1, a carrier concentration of 6.38 × 1014 

cm− 3, and a mobility of 7.46 cm2 V− 1 s− 1. These impressive characteristics suggest the suitability of CBD-grown 
CdS films annealed at 200 ◦C in nitrogen gas, to be used as the window material in CdS/CdTe thin film solar cells 
and other optoelectronic applications.   

1. Introduction 

It is well known that the estimated reserves of fossil fuels are insuf
ficient to meet the growing global energy demand in the coming de
cades. The combustion of fossil fuels not only contributes to global 
warming through the emission of greenhouse gases but also poses health 
risks due to atmospheric pollution caused by particulate matter and 
toxic gases. The development of renewable energy sources, such as 
hydro, solar, and wind power, etc., offers a solution to these challenges 
by providing a sustainable and environmentally friendly energy supply 
to the world [1,2]. 

Among the various technologies available for harnessing renewable 
energy sources, solar photovoltaics stands out as a significant technol
ogy currently under development [3]. For several decades, the first 

generation of solar cells based on semiconductor silicon has dominated 
the market. However, the intricate technology involved and the high 
manufacturing costs have hindered the widespread adoption of silicon 
solar panels for electricity generation. The second generation of solar 
cells, which includes three main thin-film photovoltaic technologies, has 
emerged as a viable alternative. These technologies are hydrogenated 
amorphous silicon (a-Si:H), cadmium telluride (CdTe), and copper in
dium gallium diselenide (CuInxGa1− xSe2, or CIGS)[4]. 

Among the various options available, CdS is a highly intriguing 
semiconductor material due to its versatility in applications spanning 
optoelectronics, photovoltaics, catalysis, and biological sensing [5]. As 
an IIB-VIA semiconductor, CdS exhibits exceptional structural, elec
trical, and optical properties, making it a promising candidate for use as 
a buffer layer in a wide range of thin-film solar cells, including 
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CdS/CuInSe2 [6], CdS/CdTe [7], CdS/CuS [8], and more recently, 
Cu2ZnSnS4/CdS [9]. Furthermore, CdS finds utility in photodetectors, 
gas sensors, optical filters, thin film transistors, semiconductor lasers, 
and photoelectrochemical solar cells [10–13]. 

Several experimental techniques have been employed for the depo
sition of CdS thin films, including thermal evaporation, sputtering, spray 
pyrolysis, electrodeposition, pulsed laser deposition, and chemical bath 
deposition (CBD) [14–17]. Among these, CBD is widely favored for its 
simplicity, cost-effectiveness, and ease of reproducibility and use. In the 
CBD process, CdS films are grown on a microscopy glass substrate or a 
conductive glass substrate immersed in a chemical bath containing 
metallic ions (Cd2+) and chalcogen ions (S2− ). A complexing agent 
(typically a base) is added to the bath to prevent the hydrolysis of the 
metallic ions. The controlled release of S2− ions within the solution fa
cilitates the formation of CdS at low concentrations from the free Cd2+

ions. The deposition of a uniform CdS film on the substrate occurs when 
the ionic product [Cd2+][S2− ] exceeds the solubility product Ksp =

10− 28. Commonly used Cd sources include cadmium sulfate, cadmium 
acetate, cadmium chloride, and cadmium nitrate, while ammonia, 
etheylenedieaminetetraacitic acid (EDTA), and triethanolamine are 
employed as complexing agents for cadmium ions. Sulfur sources agents 
such as thiourea, sodium sulfide, sodium thiosulfate, and thioacetamide 
have been utilized [16,17]. In this study, we focus on the fabrication of 
cadmium sulfide (CdS) thin films by CBD method, using cadmium 
chloride as the Cd source and ammonia as the complexing agent. 

Although numerous studies have focused on the optical properties of 
CdS thin films prepared by CBD, only a few have explored some of the 
physical properties mentioned in our abstract, which are crucial, espe
cially when considering the utilization of these films as window layers in 
CdS/CdTe solar cells and other optoelectronic devices. In this work, CdS 
thin films were prepared via CBD on three distinct glass substrates: 
microscopy glass, indium tin oxide (ITO) glass, and fluorine-doped tin 
oxide (FTO) glass. Subsequently, the CdS films were subjected to specific 
annealing conditions, and their structural, optical, electrical, and 
morphological properties were thoroughly examined. In particular, the 
study of the wavelength dependence of photoconductivity of CBD- 
grown CdS thin films was used to estimate the electrical energy 
bandgap of CdS thin films. This research is expected to contribute to 
optimizing the CBD-grown CdS films with respect to their optical and 
electrical properties to be used for the fabrication of CdS/CdTe solar 
cells, IR detectors, and other optoelectronic devices. 

2. Experimental 

2.1. Deposition of thin CdS films on microscopy glass, ITO, and FTO 
substrates by CBD method 

In the present study, the CBD method was used to deposit visually 
homogeneous CdS thin films on three different substrates, namely 
commercial microscopy glass plates with dimensions 7.6 cm × 2.5 cm ×
1.2 mm, FTO glass plates (~10 Ω/sq, Sigma-Aldrich, USA) of size 1.0 cm 
× 1.0 cm x3 mm and ITO glass plates (~8–12 Ω/sq, Sigma-Aldrich, USA) 
of size 1.0 cm × 1.0 cm × 3 mm. The specific chemicals employed in the 
deposition process are detailed in Table 1. The substrates were first 
cleaned by the standard procedure by using a detergent, dilute HCl acid, 
de-ionized water, followed by ultrasound sonication and finally cleaned 

with an organic solvent. The precursor solution was prepared as follows. 
First, 225 ml of de-ionized water in a 300 ml beaker was heated to a 
temperature of around 70 ◦C while being stirred using a magnetic stirrer. 
Once the bath temperature reached 70 ◦C, the following chemicals were 
sequentially added into the water bath: 30 ml of 0.0405 M CdCl2 (98 %, 
Sigma-Aldrich, USA), 10 ml of 0.643 M of NH4Cl (98 %, Sigma-Aldrich, 
USA), and 30 ml of 0.2036 M of thiourea (CS(NH2)2 99 %, Sigma- 
Aldrich, USA). Then the addition of NH4OH (1 M, Sigma Aldrich, 
USA) to the above solution mixture was performed using the titration 
method, while continuously stirring until a noticeable color change to 
yellow was observed. This point was reached when the volume of 
NH4OH (1 M) was around 15 ml. Throughout this deposition, the so
lution bath was continuously stirred using a magnetic stirrer and was 
maintained at a temperature of 65 ◦C and a pH of 10. The substrates 
were removed from the bath one-by-one at intervals of 10 min, up to a 
total deposition time of 60 min in order to vary the film thickness by 
varying the deposition times to 20, 30, 40, 50, and 60 min respectively. 
Subsequently, CdS-coated substrates were rinsed with deionized water, 
and the CdS layers on the backside of the substrates were carefully 
removed using HCl. In order to check the reproducibility of different 
characterizations for as-deposited CdS films of different thicknesses, the 
entire CBD process was repeated five times with new substrates and new 
precursor solutions. 

2.2. Annealing of CdS films 

Annealing is a commonly employed process aimed at reducing lattice 
stress, improving mismatch, and promoting interdiffusion between el
ements at the interface of deposited CdS films. In this study, CdS thin 
films, which had been deposited on microscopy glass substrates using 
the CBD method were subjected to an annealing process. The films were 
annealed in a nitrogen (N2) environment at two different temperatures 
100 ◦C and 200 ◦C, each for a duration of 30 min while continuously 
purging nitrogen gas to ensure that oxygen is not present. For this 
purpose, a quartz tube furnace equipped with a temperature controller 
and gas flow controls at the inlet and outlet for N2 flow was used. The 
effect of annealing was visually observable by the color changes in the 
films: the as-deposited films exhibited a light-yellow appearance, while 
the annealed films appeared orange. 

2.3. Measurement of optical absorbance spectra of as-deposited and 
annealed CdS films 

UV–vis absorbance spectra were taken for the as-deposited CdS thin 
films prepared using the CBD method and subsequently annealed, as 
described earlier. For this purpose, a UV–vis 2450 (SHIMADZU) spec
trophotometer was employed in the wavelength range from 190 nm to 
1100 nm. To determine the energy band gap (Eg) values, a plot of 
(Absorbance × Photon Energy)2 against Photon Energy was used (please 
see Section 3.1). 

2.4. Photoconductivity of CdS films 

To investigate the variation in photoconductivity with incident 
wavelength for the CdS films deposited on microscopy glass substrates 
for one-hour, the sheet resistance values of as-deposited films were 
measured by the Van Der Pauw Method using a Keithley source meter 
(Model 2601). Subsequently, the resistance vs wavelength variation was 
converted to the photoconductivity vs wavelength variation. In this 
experiment, the wavelength of incident light was varied using a mono
chromator. As the intention of this study was to determine the wave
length that corresponds to the conductivity maximum, the thickness of 
the CdS film was not measured. 

Table 1 
Details of the chemicals used for the deposition of CdS thin film by CBD method.  

Chemical Amount of chemical Purpose 

De-ionized water 225 ml Medium 
Cadmium chloride 30 ml of 0.0405 M CdCl2 Cadmium source 
Ammonium chloride 10 ml of 0.643 M NH4Cl pH buffer 
Thiourea 30 ml of 0.2036 M thiourea sulfur source 
Ammonium hydroxide 15 ml of 1.0 M NH4(OH) pH control  

M.A.K.L. Dissanayake et al.                                                                                                                                                                                                                  



Thin Solid Films 791 (2024) 140225

3

2.5. Four-probe electrical conductivity measurements 

In order to measure the electrical conductivity of the as-deposited 
CdS films, a four-point probe setup consisting of four tungsten metal 
tips with finite radius, equally spaced with a typical probe spacing of 
approximately 2 mm, was utilized. To minimize any potential damage to 
the sample during measurements, each tip was supported by springs at 
the end. A high-impedance current source (Keithley Model 2601 Source 
meter) was employed to supply current through the outer two probes, 
while a digital voltmeter was used to measure the voltage across the 
inner two probes, enabling the determination of the sample resistivity. 
Specifically, a small current (I) of the order of 50 mA was directed 
through the outer two probes from the constant current source, and the 
voltage (V) was measured between the inner two probes. These mea
surements were conducted while varying the temperature of the CdS 
sample. The energy band gap of the CdS semiconductor film was then 
calculated using the gradient of the resulting ln V

I vs 1000
T graph. 

2.6. Hall effect measurements 

The conductivity type and carrier concentration in CdS were deter
mined by using the Hall Effect apparatus (PHYWE Systeme GmbH & Co. 
KG, Germany). The resistivity and Hall voltage of a rectangular as- 
deposited CdS film sample formed of microscopy glass was measured 
as a function of temperature and magnetic field. The specific conduc
tivity, the type of charge carriers and the mobility and the concentration 
of the charge carriers were determined from the measurements. In this 
setup, a CBD-CdS film deposited on a thin glass slide was subjected to a 
magnetic field perpendicular to the film. Hall voltage was measured by 
varying the current through the film. The carrier concentration was 
determined from the gradient of the graph of the Hall voltage vs current 
passed through the film. 

3. Results and discussion 

3.1. Optical properties of CdS thin films deposited by chemical bath 
deposition method 

The UV–vis optical absorbance spectra (A) of CdS thin films as- 
deposited on microscopic glasses for different deposition times in the 
wavelength range of 300–900 nm were converted to the absorption 
coefficient α using Eq. (1) and corresponding film thicknesses (Table 2) 
and are shown in Fig. 1. For clarity, we are presenting here only one set 
of Absorption coefficient vs Wavelength values for each film thickness 
(each deposition time), even though we have taken these measurements 
and performed the analysis for five independent depositions for each 
time period. 

As seen from this figure, the absorption coefficient values increase 
with increasing film thickness, as expected according to Beer Lambert’s 
law. Yakuphanoglu et al. [18], Nada et al. [19], and several others have 
reported similar results. As the thickness of CdS films increases, the 
particle size of CdS also increases, and the corresponding optical ab
sorption edge decreases (Table 2). This is also associated with a decrease 

in defect concentration and resistivity and an increase in mobility [19, 
20]. These findings are important for preparing CdS thin films for the 
fabrication of CdS/CdTe solar cells and other optoelectronic detectors. 

Experimentally, the absorption coefficient (α) can be calculated from 
this simple relation: 

α = 1
/

t ln
[
(1 − R)2 /

T
]

where t is the sample thickness, and T and R are the transmission and 
reflection coefficients. However, since we have determined the optical 
absorbance A and not the T and R values, we can use the relation, 

Absorption coefficient (α) = 2.303 A / t (1)  

where (A) is the absorbance and (t) is the thickness of the thin film. For a 
given sample, since the thickness is a constant, we can write, that the 
absorption coefficient is proportional to the absorbance. Following this, 
near the absorption edge, the following Tauc Relation (1) can be used to 
determine the energy band gap Eg of CdS. 

(ahv)2
= C

(
hv − Eg

)n (2)  

where hν is the incident photon energy, α is the optical absorption co
efficient, C is a constant, h is the Plank’s constant and n is equal to 1 for 
direct band gap materials such as CdS. 

Fig. 2 was obtained by plotting (αhν)2 versus photon energy (hν) 
graph for as-deposited CdS films deposited with different deposition 
times on microscopic glass substrates. The extrapolated, best tangent, 
straight lines were used to determine the intersection on the photon 
energy axis, to extract the energy band gap Eg values. A similar pro
cedure has been followed by many previous workers to determine the 
energy band gap value of CdS films from optical absorbance data 
[20–26]. 

The energy band gap values obtained from Fig. 2 are 2.52, 2.47, 2.44, 
2.43 and 2.42 eV for the CdS films deposited for 20, 30, 40, 50, and 60 
min respectively. Each of these values represent the average value ob
tained from five independent depositions for each time duration. Tauc 
plots for the films deposited for 20 and 30-min durations give energy 
band values within ±0.02 eV while for the next three deposition times, 
40,50 and 60 min, the energy band values were within ±0.03 eV. From 
these results, it is clear that the energy band gap values decrease with 
increasing deposition time and increasing film thickness along with 
increasing particle size (See Table 2). Similar behavior has been reported 
by Nada et al. [19], Jafari et al. [21], and Flores el. al [22] from their 
studies. Out of these CdS films, the films that were deposited for 60 min 
can be selected as suitable for fabricating the CdS/CdTe solar cells as 
they give the actual energy band gap value of 2.42 eV, which corre
sponds to the bulk CdS [23–26]. 

Table 2 
Variation of energy band gap values and particle sizes estimated based on them 
for as-deposited CdS thin films with different thicknesses formed on microscopy 
glass substrates.  

Sample 
label 

Deposition 
time (minutes) 

Film 
Thickness 
(nm) 

Energy band 
gap Eg (eV) 

Estimated 
Particle size 
(nm) 

A 20 46.0 ± 0.1 2.52 ± 0.02 6.07 
B 30 69.4 ± 0.1 2.47 ± 0.02 7.11 
C 40 92.0 ± 0.1 2.44 ± 0.03 8.15 
D 50 115.2 ± 0.1 2.43 ± 0.03 8.64 
E 60 138.0 ± 0.1 2.42 ± 0.03 9.27  

Fig. 1. UV–vis absorption coefficient vs wavelength of as-deposited CdS film of 
different thicknesses deposited on microscopy glass substrates by CBD method. 
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As obtained from Fig. 2, the value of the as-deposited CdS films on a 
microscope glass substrate for 60 min is 2.42 eV(±0.03 eV). This Eg 
value is in good agreement with the values reported by Flores et al. [22], 
Jafari et al. [21], and Raji et al. [27] for the actual energy band gap 
values of the CdS bulk material. Therefore, CdS films deposited for 60 
min were used for further studies. 

3.2. Estimate of the CdS particle size from UV–vis absorption spectra 

The particle size of CBD-deposited CdS films can be estimated from 
the UV–vis absorption spectra using the following expression derived 
from the effective mass model [28]. According to the effective mass 
approximation model, the band gap of semiconductor nanoparticles 
(considered as a sphere with radius r) is given by: 

E∗
g = Ebulk

g +
ℏ2π2

2r2

(
1

m∗
e
+

1
m∗

h

)

−
1.8e2

4πεε0r
−

0.124e4

ℏ2(4πεε0)
2

(
1

m∗
e
+

1
m∗

h

)− 1

(2a)  

where, E∗
g is the energy band gap of the CdS nanoparticle, corresponding 

to the UV–vis absorbance spectrum, Ebulk
g is the energy band gap of the 

bulk CdS at room temperature, ℏ = h
2π is the Planck’s constant, r is the 

radius of the particle, and m∗
e = 0.19 me and m∗

h = 0.80 me are the 
effective masses of conduction band electron and valance band hole in 
CdS thin film as reported by Lippens et al. based on a band structure 
calculation for CdS [29]. 

The first term in the above effective mass model equation represents 
the kinetic energy term, which shifts the E∗

g to higher energies propor
tional to 1/r2. The second term arises due to the screened coulomb 
interaction between the electron and hole, and it shifts the E∗

g to lower 
energy as 1/r. The third, size-independent term, is the solvation energy 
loss which is usually small and can be ignored. 

Table 2 shows the relation between the energy band gap values, film 
thickness and particle sizes of as-depsoited CdS thin films using the CBD 
method on microscopy glass substrates. The energy band gap decreases, 
and the particle size increases with the deposition time. Similar results 
were reported by Nada et al. [19], Mane et al. [30] and Srinivasa et al. 
[31]. These observations are in agreement with the quantum confine
ment effect. The thicknesses of the as-deposited CdS films were 
measured by an Optical Profilometer and the thickness of the film from 
60 min deposition time is 138.0 nm. As seen from the above Table, the 

estimated particle sizes of as-deposited CdS films on microscopy glass 
substrate for 60 min is 9.27 nm. 

The Transmission Electron Microscopy (TEM) image of CdS particles 
taken from as deposited CdS film on microscopy glass substrate for 60 
min is shown in Fig. 3. The CdS particles seen in the TEM image show a 
distribution of sizes, ranging from 9.5 nm to 12.4 nm. According to Han 
et al. the TEM image of CBD-CdS films consist of particles in the 5–10 nm 
range [32]. 

Fig. 4 shows the UV–vis absorbance and transmission spectra of CdS 
thin films as-deposited on microscopy glass substrate by CBD method for 
60 min. All subsequent experiments were also performed using the CdS 
films deposited for 60 min. The optical absorbance and transmission 
spectra can be analyzed considering two wavelength regions, 300–500 
nm and (b) 500–900 nm. In region (a), the films exhibit low optical 
transmission and high optical absorbance behavior. Similar results have 
been reported by Hasnat et al. [33] and Osuwa et al. [34]. In region (b) 
the films exhibit more than 75 % transmission. The transmission is very 
low in the region (a) because of incident light of higher photon energy 
compared to the energy band gap of CdS films (2.42 eV). In a CdS/CdTe 
thin film solar cell, CdS thin film acts as the window layer so that it 
should have a high transmission in the absorption wavelength range of 
the CdTe layer. Therefore, the CdS thin films deposited by CBD for 60 
min in this work appear to be the most appropriate for fabricating 
CdS/CdTe thin film solar cells. 

3.3. Photoconductivity and electrical energy band gap of CdS films 

The photoconductivity vs wavelength variation depicted in Fig. 5 
was extracted from the measured sheet resistance vs the wavelength of 
the incident light data for the CdS samples as-prepared by CBD for 60 
min. The CdS film thickness, as measured by the optical profilometer, 
was 138 nm. However, as mentioned before, for this study, the absolute 
value of the sheet resistance was not needed as the main interest was 
only in the wavelength that corresponds to the minimum of the sheet 
resistance or the maximum of the photoconductivity. For this reason, the 
y-axis has been marked in arbitrary units. 

According to Fig. 5 initially, the photoconductivity increases sharply 
with the wavelength exhibiting a short wavelength tail, raising to a peak 
at 492 nm and then falling off rapidly at first and then more slowly to
wards longer wavelengths. Park et al. [35], Mahdi et al. [36]. and John 
et al. [37] also observed the variation of photocurrent with the wave
length of incident light for CdS single crystals with a similar trend, but 
the peak maximum occurs at a slightly different wavelength. Mahdi 
et al. [36] used CdS single-crystalline photodetector and observed the 
photoconductivity of the fabricated Al/CdS single-rod device with a 
photoconductivity peak at 480 nm. In our case, for the CBD grown CdS 
films, the wavelength of 492 nm where the photoconductivity maximum 
of occurs corresponds to an electrical energy band gap of 2.52 eV. It 
should be noted that this value is greater than the optically measured 
energy band gap of 2.42 eV for the 60 min as-deposited films. From a 
study of the spectral response of CdS single-crystal nanoribbons, Jie 
et al. [38] has reported that as the wavelength of incident light in
creases, the photoconductivity increases steeply and reaches a 
maximum at 490–495 nm. Following these authors, we can attribute the 
photoconductivity in CBD grown CdS films also to the electron-hole pair 
excitation by the incident light with energy larger than the optical band 
gap; i.e., only light with enough photon energy is able to form excitons 
(electron-hole bound pairs) by exciting electrons from the valence band 
to the conduction band and thus contributing to the photocurrent. 

As can be seen from Fig. 5, beyond the maximum at 492 nm, the 
photoconductivity values of as-deposited CdS thin film first decrease 
with the increasing wavelength in the range between 500 nm and 650 
nm, and after that, from 650 to 900 nm it becomes almost constant. 
Therefore, it can be concluded that the optical absorption of CdS films 
beyond 650 nm is minimum while the optical transmission beyond 650 
nm is maximum, in general agreement with optical absorption/ 

Fig. 2. (Absorption Coefficient × Photon Energy)2 vs Photon Energy (hv) graph 
for different thicknesses of as-deposited CdS films on microscopy glass substrate 
by CBD method. 
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transmissions results shown in Fig. 4. This confirms the suitability of CdS 
films as the window layer in CdS/CdTe solar cells. All previous reports 
on photoconductivity vs wavelength are based on results taken for CdS 
single crystals. Even in reports on photoluminescence (PL) studies of CdS 
thin films, the electrical energy band gap has not been discussed [39, 
40]. This report covers the photoconductivity vs wavelength study made 
on CBD-grown CdS films of thickness 138 nm. 

CdS is an n-type, II-VI semiconductor with a direct band gap of 2.42 
eV at room temperature. This corresponds to a maximum optical ab
sorption peak at 514 nm wavelength which shows that CdS can absorb 
visible light and UV light up to 514 nm (see Figs. 2 and 4). In a semi
conductor material, the optical bandgap (Eopt) is the threshold for 
photons to be absorbed by creating an exciton (bound electron-hole 
pair), while the electrical band gap (Eel) is defined as the threshold for 

separating the electron-hole pair. The optical bandgap is at a lower 
energy than the electrical bandgap. The difference Eel− Eopt corresponds 
to the electron-hole pair binding energy. When a conduction band 
electron drops down to recombine with a valence band hole, both are 
annihilated, and energy is released as a light photon (Fig. 6). This is the 
principle of the light-emitting diode or LED. While the optical band gap 
measurement is important for applications such as solar cells, the elec
trical band gap measurement is important for optoelectronic devices 
such as light-emitting diodes and laser diodes [41]. 

In the present study, for as-deposited CdS films, we have obtained the 
optical energy bandgap, Eopt = 2.42 eV from optical absorption mea
surements, (Fig. 1) and Eel = 2.52 eV from photoconductivity data. 
Therefore, Eel− Eopt = 0.10 eV = 100 meV which gives an estimate of the 
electron-hole pair binding energy in CBD grown CdS films. 

Fig. 3. The TEM image of a CdS film as- deposited on microscopy glass substrate for 60 min showing the range particle sizes.  

Fig. 4. UV–vis absorbance and transmission spectra of CdS thin films as- 
deposited on microscopy glass substrate by CBD method for 60 min. 

Fig. 5. Photoconductivity variation with the wavelength of incident light for a 
CdS thin film as-deposited on microscopy glass substrate by CBD method for 60 
min. Photoconductivity maximum occurs at 492 nm wavelength. 
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3.4. Temperature dependence of electrical resistivity of CdS films 

In order to determine the activation energy associated with electrical 
resistivity for the as-deposited CdS thin films, the four-probe electrical 
conductivity measurement were performed as described in Section 2.6. 
Resistivity of the intrinsic semiconductor at high temperature can be 
expressed in the following form, 

ρ = ρ0exp
(

Ea

kT

)

(3)  

where ρ is the resistivity of the sample at temperature T, ρ0 is the re
sistivity of the sample at room temperature, Ea is the activation energy, k 
is the Boltzmann constant. By using the equation for the resistivity as 

ρ =
Rl
A

=
Vl
IA

(4)  

where, resistance R = V
I , and V and I are the voltage and current across 

the inner two probes. 
l and A are the length and cross-section area of the samples, which 

are constants. By rearranging Eq. (3) as; 

ln
V
I
=

Ea

1000k
1000

T
+ C (5)  

a liner equation of the form y = mx + c can be obtained. 
Fig. 7 shows the ln V

I vs 1000
T graph for CdS thin film on microscopic 

glass, measured in the temperature range of from 150 to 200 ◦C. From 

the slope of [ln V
I vs 1000

T ], the electrical energy band gap of the material 
can be calculated as Eg = 2Ea. 

The activation energy calculated from the linear graph in Fig. 7 is 
Ea=1.26 eV. Therefore, the estimated electrical energy gap, Eelect =

2Ea=2.52 eV, generally agrees with the maximum of the photoconduc
tivity vs wavelength graph (Fig. 5). 

3.5. Estimation of carrier concentration of CdS films 

To further characterize the CBD-grown CdS films, the results of the 
Hall Effect measurements were used and the carrier concentration and 
carrier mobility of the as-deposited CdS thin films on glass substrates by 
CBD method were estimated. As determined from the direction of the 
Hall voltage, the carrier type is found to be of n- type. The carrier con
centrations (n) of the thin CdS films is related to the Hall voltage by, 

VH =
IBw
nAe

=
B

nte
I (6)  

where, q = e is the charge of the electron, B is the magnetic field applied 
perpendicular to the semiconductor, w = 0.8 cm is the width of the 
specimen, t is the thickness of the specimen,I = nAve is current through 
the specimen and n is charge carrier concentration. The estimated value 
of conductivity of the specimen is given by σ = neμ = 1

ρ, where μ is the 
mobility of the specimen, and ρ is the resistivity of the sample given by 
ρ = Rwt

l , where R is the resistance (R = V
I ) of the sample. Then, σ = 1

ρ =

l
Rwt and the mobility of the specimen is given by μ = σ

ne. 
As measured by the optical profilometer, the average thickness of the 

as-depsosited CdS films on microscopy glass substrate for 60 min was t 
= 138.0 nm (±0.1 nm). 

Table 3 shows the estimated values of the conductivity, carrier 
concentration and carrier mobility of the CdS thin films fabricated on 
glass substrates. These values are comparable with the values reported 
by Hani et al. [42], Fahrenbruch et al. [43], Nazr et al. [44] and Gopi 
et al. [45]. Resistivity, conductivity, carrier concentration and mobility 
of as-deposited CdS films on glass substrate obtained in this work and 
shown in Table 2 are 1.31 × 103 Ω cm, 7.6 × 10− 4 S cm− 1, 6.38 ×
1014cm− 3 and 7.46 cm2 V− 1 s− 1 respectively. These results are generally 
in agreement with those reported by previous workers. It should be 
noted that, in order to achieve maximum power conversion efficiency in 
CdS/CdTe thin film solar cells it is necessary to have a window material 
made with a semiconductor with low resistivity which allows effective 
and easy separation of electrons and holes upon incident light [43]. 
Based on these values and optical properties, we can suggest that the 
CdS films prepared by the CBD method and annealed at 60 ◦C in N2 are 
suitable to be used as window materials in CdS/CdTe hetro junction 
solar cells. 

Fig. 6. An electron-hole pair is created when light energy E > Egap = Eopt is 
absorbed by a semiconductor (the up-arrow). When the electron-hole pair 
recombines it releases energy equal to Egap = Eopt =2.42 eV (the down- arrow). 
In the present case, Eopt=2.42 eV, and Eelect  =2.52 eV for as-deposited 
CdS films. 

Fig. 7. Plot of (V/I) vs 1000/T for as-deposited CdS thin film formed on mi
croscopy glass slide (60 min). 

Table 3 
Comparison of electrical properties of as-deposited CdS thin films formed on 
microscopy glass substrate by CBD method.  

Sample 
name 

Resistivity 
(Ωcm) 

Conductivity 
(Scm− 1) 

Carrier 
concentration n 
(cm− 3) 

Mobility 
(cm2V− 1s− 1) 

This work 
(CdS / 
glass) 

1.31 × 103 7.60 × 10− 4 6.38 × 1014 7.46 

Reference  
[33] 2008 

2.96 × 103 – 9.74 × 1014 1.96 

Reference 
[34 1983 

— 10− 8 to 102 —- 1 to 105 

Reference  
[35] 2013 

2.44 × 103 —- 2.48 × 1015 3.16 

Reference  
[36] 2023 

2.8 × 102 ——- 4.4 × 1015 5.0  
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3.6. Effect of annealing on optical properties of CdS films 

As shown in Fig. 4 for the CdS film deposited for 60 min, the optical 
absorbance spectrum and the transmission spectrum are complementary 
to each other. As optical absorbance is the most widely used parameter 
for the characterization of thin semiconductor films, in this work, we 
have used the absorbance spectra instead of the transmission spectra for 
determining the energy band gap values. Table 4 shows the dependence 
of the energy band gap values of CBD-grown CdS films deposited on the 
three different substrates for 60 min on the annealing temperature, as 
determined from optical absorbance vs photon energy graphs (not 
shown). 

According to Table 3, the energy band gap of as-deposited CdS thin 
films prepared on microscopy glass substrates is 2.42 eV, while the en
ergy bandgap of films annealed at 100 and 200 ◦C in N2 atmosphere are 
2.39 and 2.32 eV respectively. A similar decrease in the energy band gap 
value with annealing temperature can be observed for CdS films 
deposited in FTO and ITO substrates. These observations are in general 
agreement with results reported by Ichimura et al., [45], Metin et al. 
[46]. and Elmas et al. [47]. also in agreement with observations re
ported by Mustafa et al. [48], Ichimura et al. [46]., Metin et al. [47]., 
Elmas et al. [48]. and Yu et al. [49]. The possibility of oxidation of the 
CdS sample during annealing can be ruled out as the annealing was done 
in a tube furnace continuously purged with nitrogen gas. The average 
thickness of the CdS films as measured by the optical profilometer is 138 
nm for the as-deposited films and 115 nm for the films annealed under 
N2 gas at 200 ◦C for one hour. 

Based on their recent (2023) work, Gopi et al. [45] have reported 
that the solar cells made with as-deposited CdS exhibit the lowest 
photon conversion efficiency (PCE), whereas the devices made with 
200 ◦C vacuum and air-annealed CdS buffer layer resulted in the solar 
cells with the best PCE. For the CdS/CdTe solar cells made with 
as-deposited CdS, this effect has been related to the surface morphology 
of the CdS layer, containing smaller grains which significantly reduces 
the formation of the favorable heterojunction interface between CdS and 
CdTe resulting in reduced PCE of the corresponding solar cell. On the 
other hand, for the device made with CdS annealed at 200 ◦C, the for
mation of better CdS/CdTe interface is fascilitated due to the formation 
of larger CdS grains and a more dense film with less grain boundaries 
which has lead to higher PCE cells. According to this report, by 
annealing the sample at 200 ◦C the band gap of CdS decreased from 2.42 
to 2.32 eV and the electron density dropped from ~1018 to ~1011 cm− 3.. 
As deposited CdS films have shown n-type conductivity with 4.4 × 1015 

cm− 3 carrier concentration, 5 cm2 V− 1 s− 1 mobility, and 2.8 × 102 Ω cm 
resistivity. The energy band gap of CdS films deposited on glass sub
strates was determined from a Tauc plot based on the UV–vis mea
surements, and it was found that, as deposited CdS, films have exhibited 
a band gap value of 2.42 eV, similar to ours. As the annealing temper
ature in air was increased to 400 ◦C, a clear trend of band gap decrease 
has been observed. 

According to Quinonez-Urias et al. [50], carrier mobility is inversely 
proportional to the film roughness, and carrier concentration is pro
portional to the grain size. Therefore, due to the annealing process, the 
carrier mobility and carrier concentration are also expected to increase, 
leading to an increase in the short-circuit current density, Jsc of the solar 
cell, enhancing its efficiency. In summary, a denser CdS layer with larger 
grains, lower surface roughness, higher carrier concentration and higher 
mobility, resulting from improved interfacial heterojunction between 
the n-CdS and p-CdTe layers would lead to the reported higher PCEs 
fabricated with annealed CdS films [51–60]. 

4. Conclusions 

In this work, we have studied the optical and electrical properties of 
CBD-deposited CdS films and their morphology. The CdS films, as- 
deposited for 60 min by the CBD method, has a thickness of 138 nm 

and exhibit an optical energy band gap of 2.42 eV. According to the TEM 
imaging the average particle size for these films is found to be around 10 
nm. These CdS films also exhibit the highest optical transmission of 75 % 
in the wavelength range of 500–900 nm, which is ideally suitable for 
CdS/CdTe thin film solar cells. As an important finding from the present 
work, this paper reports the wavelength dependence of the photocon
ductivity of CdS thin films, and shows that the maximum photocon
ductivity occurs at 492 nm wavelength. This corresponds to an electrical 
energy band gap of 2.52 eV, which is greater than the optically measured 
energy gap of 2.42 eV. These results provide an estimate of the electron- 
hole pair binding energy as 110 meV for CdS films. Electrical resistivity 
vs. temperature measurements gives an activation energy of 1.265 eV, in 
agreement with the electrical energy band gap of 2.52 eV. Additionally, 
the annealed CdS films displayed a conductivity of 7.60 × 10− 4 S cm− 1, a 
carrier concentration of 6.38 × 1014 cm− 3, and a mobility of 7.46 cm2 

V− 1 s− 1. These impressive characteristics indicates the suitability of CBD 
grown CdS thin films annealed at 200 ◦C in N2 gas, to be used as the 
window material in CdS/CdTe thin film solar cells and other optoelec
tronic applications [26,29,55]. 
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The dependence of the energy bandgap values of CBD-grown CdS films depos
ited on different substrates on the annealing temperature. The energy values 
given here are within ±0.03 eV.  

Substrate Before annealing 
(eV) 

annealed in N2 at 
100 ◦C (eV) 

annealed in N2 at 
200 ◦C (eV) 

Glass 2.42 2.39 2.32 
FTO 2.40 2.38 2.35 
ITO 2.30 2.27 2.24  
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