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a b s t r a c t

Sol–gel spin coating technique is used to prepare nanostructured CdS deposited on glass and quartz
substrates with Cd:S 1.2:0.1 mol/L, 1000 rpm spin coating speed at 400 �C and 800 �C annealing temper-
atures, respectively. The effect of hydrothermal treatment on physical properties of crystalline size and
morphology is reported. Structural, topographical and optical properties are investigated using X-ray
diffraction (XRD), atomic force microscopy (AFM), UV–visible spectrophotometer (UV) and photolumines-
cence (PL). The optical properties are investigated experimentally and theoretically to verify the suitable
model for electro-optical systems. Our results are in agreement with experimental and theoretical data.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

II–VI semiconductors have transparency properties in the
visible range, acoustic characteristics, high electrochemical stabil-
ity and excellent electronic properties. It has been widely used in
chemical sensor [1], surface acoustic wave device [2] and photoan-
ode films of solar cell [3,4]. Different techniques are available to
prepare CdS nanostructures including sputtering [5,6], chemical
vapor deposition (CVD) [7] and spray pyrolysis [8]. However,
among all of these techniques, the sol–gel technique is particularly
attractive due to different reasons; good homogeneity, controlled
composition, low processing temperature, large area coatings,
low cost efficient in producing thin, transparent, multi-component
oxide layers of many compositions on various substrates.

Recently, Xu and Yang [9] have used the semiconducting SnS
heterojunctions as solar cell structure to study the photovoltaic
properties of different SnS heterojunctions, they have researched
the CdS/SnS, ZnS/SnS, ZnO/SnS, a-Si/SnS, and SnS/c-Si heterojunc-
tions by numerical analysis and showed that the ZnS/SnS
heterojunction has the highest conversion efficiency. They have

indicated that the SnS thin film has different roles depending on
another material and will affect the window and absorption
properties. The less absorption in the window layer and the less
photo-generated carrier barrier in the heterojunction interface will
lead to the improved photovoltaic properties. While, Tahir and
Amin [10] have discussed the recent innovations and potential
applications of phototechnology to recycle CO2 via visible light
responsive (VLR) TiO2-based photocatalyst, in addition to various
enhancement methods such as doping with metals and non-metals
and sensitization to expand TiO2 band gap toward visible region.
They have presented applications of VLR photocatalysts, advances
in photoreactors and future prospects of VLR based technology for
conversion of CO2 to hydrocarbon fuels. The findings revealed both
metals and non-metals could improve TiO2 photoactivity, but
non-metals and especially co-metals were more efficient. The
combination of co-metals with sensitizers exhibited much higher
CO, CH4 and CH3OH yield rates. Heidary et al. [11] have elaborated
numerically the heat transfer and flow field analysis in anode side
of direct methanol fuel cells (DMFCs). They have considered to
enhance the heat exchange between bottom cold wall and core
flow, bottom wall of fluid delivery channel as corrugated boundary
instead of straight (flat) one. Where they have recommended four
different shapes of corrugated boundary: rectangular shape,
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trapezoidal shape, triangular shape and wavy (sinusoidal) shape.
The top wall of the channel (catalyst layer boundary) is taken as
hot boundary, because reaction occurs in catalyst layer and the bot-
tom wall of the channel is considered as cold boundary due to cool-
ant existence. They have performed a wide spectrum of numerical
studies over a range of various shape boundaries, Reynolds number,
triangle block number and the triangle block amplitude. With these
boundaries, cooling purpose of reacting flow in anode side of
DMFCs would be better than straight one. Also, from the analogy
between the heat and mass transfer problems, it is expected that
the consumption of reacting species within the catalyst layer of
DMFCs enhance. They have provided helpful guidelines to the bipo-
lar plate manufacturers of DMFCs to considerably enhance heat
transfer and performance of the anode side of DMFC. Theoretically,
Al-Douri et al. [12] have calculated the energy band gap using

density functional theory (DFT) of the full potential-linearized aug-
mented plane wave (FP-LAPW) method as implemented in WIEN2K
code. They used the Engel–Vosko generalized gradient approxima-
tion (EV-GGA) formalism to optimize the corresponding potential
for energetic transition and optical properties calculations of CdS
and CdTe as a function of quantum dot diameter to test the validity
of their model of quantum dot potential.

However, this work reports the CdS nanostructures due to its
special performance. The characterization, analysis and simulation
studies of nanostructured CdS using sol–gel technique are investi-
gated. The classification is as the following; Section 2 displays the
experimental process. While, the analysis, characterization and
properties studies are presented in Section 3. And Section 4 shows
the conclusion.

2. Experimental process

All chemicals were used as received from Sigma–Aldrich Com-
pany. CdS nanostructures were grown by sol–gel spin coating tech-
nique at room temperature. Polyethylene glycol PEG200 sol was
prepared by mixing 0.6 ml of PEG200, 8.5 ml of ethanol and
0.5 ml of acetic acid under stirring for 1 h. 0.1 mol/L of thiourea
and 1.2 mol/L of cadmium nitrate as a source of S and Cd, respec-
tively, in addition to 15 ml of ethanol accompanying at 60 �C. Pre-
pared solution was slowly added to PEG200 sol with vigorous
stirring for 6 h. As the reaction was started, the reaction system
gradually changed from transparent to light yellow. As a prepara-
tion case, the solution was ready for deposition using sol–gel
technique at 1000 rpm for 30 s. The collected precipitate from cen-
trifugation was dried on hot plate at 120 �C for 1 h and annealed at
400 �C and 800 �C using glass and quartz substrates, respectively
for 1 h. The dried and annealed CdS was characterized by atomic
force microscopy (AFM), (SII Sciko Instrument INC, SPI 3800N
Probe station scan area 2000 nm (2 � 2 lm) scan speed 2 Hz),
and analyzed using X-ray diffraction (XRD), (Philips PW 1710
X-ray diffractometer), UV–visible spectrophotometer, (Perkin
Elmer Lambda 950) and Photoluminescence (PL) spectra, (Jobin
Yvon Horiba HR800UV system). It was done at room temperature
with 325 nm of HeCd laser at 20 mW.

3. Results and discussion

3.1. Analysis and characterization of CdS nanostructures

The nanostructured CdS deposited on different glass and quartz
substrates with different annealing temperatures have been
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Fig. 1. X-ray diffraction (XRD) patterns deposited on (a) glass substrate annealed at 400 �C and (b) quartz substrate annealed at 800 �C.

Table 1
Grain size, dislocation, strain, interplanar distance and lattice constants deposited on
different substrates of nanostructured CdS.

2h Substrates Grain
size*

(nm)

Dislocation
density* (d)
(1014 lines/
m)

Strain*

(e)
(103)

Miller
indices*

(hkl)

Interplanar
distance*

(d)

Lattice
constants*

a and c (Å)

12.58 Glass 4.1206 0.0226 0.0878 111 3.5353 a = 2.354
a = 4.18a

a = 4.19b

a = 4.136c

a = 4.086d

a = 4.135e

c = 7.70
c = 6.76a

c = 6.66b

c = 6.714c

c = 6.667d

c = 6.749e

24.88 Glass 2.5739 0.1631 0.1406 211 1.8302 a = 1.218
c = 3.660

29.77 Glass 4.6330 0.2685 0.0781 310 1.5507 a = 1.032
c = 3.101

21.97 Quartz 0.0646 0.1147 5.596 111 2.0581 a = 1.370
c = 4.116

29.62 Quartz 1.3877 0.2649 3.834 200 1.55 a = 1.037
c = 3.115

* Measured value.
a Ref. [16] theo.
b Ref. [17] theo.
c Ref. [18] exp.
d Ref. [19] theo.
e Ref. [20] exp.
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investigated by X-ray diffraction (XRD) technique as shown in
Fig. 1. It has been prepared at 1000 rpm with cadmium nitrate;
1.2 mol/L and thiourea concentration; 0.1 mol/L. XRD pattern is
provided information about crystalline phase of nanoparticles as
well as the crystallite size. Fig. 1 shows the XRD pattern of nano-
strctured CdS using glass and quartz substrates annealed at
400 �C and 800 �C, respectively. Using glass substrate, the peaks
are observed at 12.58�, 24.88� and 29.77� correspond to the
(111), (211) and (310) planes, respectively of hexagonal CdS
nanostructure. While, using quartz substrate, the peaks are ob-
served at 21.97� and 29.62� correspond to (111) and (200) planes,
respectively for hexagonal CdS nanostructure. The intensity of
peaks using glass substrate showed higher intensity than using
quartz substrate. The observed sharp peak indicates the presence
of good crystalline nature, which is good for photocatalytic reac-
tion. Crystallite size (D) was calculated using Scherrer’s formula
[13,14]:

D ¼ 0:91k=b cos h ð1Þ

where k is the X-ray wavelength of Cu ka (k = 1.54 Å), h is the angle
between the incident beam and the reflection lattice planes and b is
the full width at half maxima (FWHM) of the diffraction peak in
radian. Operating at 35.0 kV, current = 25.0 mA, scan range =
10.000–80.000, scan speed = 5.000 �/min and present time = 0.24 s.
The average particle size grown on glass substrate is 4 nm and 1 nm

for growing on a quartz one. The defects like dislocation density and
strain show inversely correlation [15]. The dislocations are in-
creased gradually contrary to the strains. The dislocation on glass
substrate is higher (0.2685 � 1014 liner/m) than on quartz substrate
(0.2649 � 1014 lines/m). While, the resulted strain on quartz sub-
strate (5.596 � 103 unit) is higher than on glass substrate
(0.1486 � 103 unit). In addition, the dislocation density (d) and
strain of the films (e) were determined using XRD data of the fol-
lowing relations:

d ¼ 1=D2
hkl ð2Þ

e ¼ b cos h=4 ð3Þ

The interplanar distance (d) is calculated using Bragg’s formula:

d ¼ nk=2 sin h ð4Þ

while, the lattice constants a and c were calculated using:

a ¼
ffiffiffi
1
3

r
k

,
sin h ð5Þ

c ¼ k= sin h ð6Þ

The structural properties are given in Table 1; they give accor-
dance with other results [16–20]. Further investigation of topogra-
phy was achieved using atomic force microscope (AFM). The

Fig. 2. Atomic force microscopy (AFM) of two and three dimensions deposited on glass and quartz substrates.
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particles are non-uniformly dispersed. It can be seen from Fig. 2,
the 2D and 3D-images of CdS nanostructures deposited on glass
substrate with 1000 rpm spin coating speed and annealed at
400 �C, the thickness is 80 nm, while it is 10 nm on quartz sub-
strate at 800 �C as given in Table 2. The conversion efficiency of
CdS solar cells is strongly depending on the small roughness of
the CdS surface, a reduction of surface roughness tends to increase
the conversion efficiency of the solar cells that affect the optical
properties as we will see in the subsequent section. However,
quartz substrate leads to reduce surface roughness compared to
glass substrate. We believe that the conversion efficiency of solar
cells can be changed with different substrates and annealing
temperatures.

3.2. Optical properties of CdS nanostructures

The optical transmission spectra of the range 200–800 nm are
recorded and shown in Fig. 3. The sharp transmission edge of the
spectra indicates a good crystallinity of the films. The average
transmittance of CdS nanostructure deposited on glass substrate

is found to be in the range of 65–70% but on quartz substrate is
80–85%. It can be seen that the transmittance on quartz substrate
is higher than on glass one [20,21] due to surface scattering and
roughness, thus affecting the %T rather that the intrinsic properties
of CdS.

The photoluminescence (PL) spectrum is shown in Fig. 4. The
synthesized nanoparticles were performed to investigate their
luminescence properties. On glass substrate, three emission peaks
have been observed that are ascribed to the exciton and trapped
luminescence. While, the exciton emission peak appears as sharp
band, the trapped emission is broad. CdS nanostructures are depos-
ited on glass substrate exhibit an emission maximum at
397.149 nm (3.13 eV), 527.757 nm (2.35 eV) and 690.205 nm
(1.80 eV). While, the CdS nanostructures deposited on quartz sub-
strate exhibit two main emission peaks at 415.344 nm (2.99 eV)
and 513.726 nm (2.4161 eV). High-energy band is around
3.13 eV, known as the violet band. A mid-energy band is around
2.35 eV, known as the green band and attributed to interstitial sul-
fur. A low-energy band, the red band is around 1.80 eV, often
attributed to sulfur vacancies [19]. The estimated Eg values for

Table 2
Thickness, energy gap (Eg), refractive index (n) and optical dielectric constant (e1) of CdS nanostructures deposited on glass and quartz substrates using Ravindra et al. [30], Herve
and Vandamme [31] and Ghosh et al. [32] models.

Substrates Annealing temperature* (�C/h) Cd/S mol/L* Thickness (t)* (nm) Eg
* (eV) Refractive index$ Optical dielectric constant$ (e1)

Glass 400/1 1.2/0.1 80 2.35 5.505f 30.3050f

2.40a 2.5679g 6.5941g

2.359b 5.3808h 28.9530h

2.32c 2.52i

2.42d

2.361e

Quartz 800/1 1.2/0.1 10 2.4161 5.5459f 30.7570f

2.40a 2.5431g 6.4673g

2.359b 5.2936h 28.0222h

2.32c 2.52i

2.42d

2.361e

* Measured value.
$ Calculated value.
a Ref. [1] exp.
b Ref. [12] theo.
c Ref. [21] exp.
d Ref. [22] exp.
e Ref. [23] theo.
f Ref. [30].
g Ref. [31].
h Ref. [32].
i Ref. [20] exp.
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Fig. 3. Transmissions of nanostructured CdS deposited on (a) glass substrate annealed at 400 �C and (b) quartz substrate annealed at 800 �C.

Y. Al-Douri et al. / Energy Conversion and Management 82 (2014) 238–243 241



Author's personal copy

CdS nanostructures deposited on glass and quartz substrates are
given in Table 2. The obtained values give a good agreement with
experimental and theoretical results [1,12,21–23].

The refractive index n is an important physical parameter
related to microscopic atomic interactions. Theoretically, the two
different approaches in viewing this subject are the refractive in-
dex related to density, and the local polarizability of these entities
[24]. On the other hand, the crystalline structure represented by a
delocalized picture, n will be closely related to the energy band
structure of the material, complicated quantum mechanical analy-
sis requirements and the obtained results. Many attempts have
been made to relate the refractive index n and the energy gap Eg

through simple relationships [25–30]. Here, the various relation-
ships between n and Eg will be reviewed to validate the current
work. Ravindra et al. [30] had suggested different relationships be-
tween the band gap and the high frequency refractive index and
presented a linear form of n as a function of Eg:

n ¼ aþ bEg; ð7Þ

where a = 4.048 and b = �0.62 eV�1.
To be inspired by simple physics of light refraction and

dispersion, Herve and Vandamme [31] had proposed an empirical
relation as:

n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ A

Eg þ B

� �2
s

ð8Þ

where A = 13.6 eV and B = 3.4 eV. Ghosh et al. [32] had taken a
different approach to the problem by considering the band struc-
tural and quantum-dielectric formulations of Penn [33] and Van
Vechten [34]. Introducing A as the contribution from the valence
electrons and B as a constant additive to the lowest band gap Eg,
the expression for the high-frequency refractive index are written
as:

n2 � 1 ¼ A=ðEg þ BÞ2; ð9Þ

where A = 25Eg + 212, B = 0.21Eg + 4.25 and (Eg + B) refers to an
appropriate average energy gap of the material. Thus, these three
models of variation n with energy gap have been calculated. Also,
the calculated values of the optical dielectric constant (e1) were
obtained using the relation e1 = n2 [35]. Our calculated refractive
index values are in good agreement with experimental value [20]
as given in Table 2. This is giving an appropriate model of Herve
and Vandamme for solar cells applications.

4. Conclusion

Sol–gel technique is used to characterize and analyze CdS nano-
structures deposited on glass and quartz substrates with different
annealing temperatures 400–800 �C. It is concluded that the lattice
constants measured using XRD patterns are in accordance with
experimental and theoretical results. It is found that the average
grain size is 4 nm and 1 nm deposited on glass and quartz, respec-
tively. Also, it is found that the transmittance of nanostructured
CdS deposited on quartz substrate is higher than the deposited
on glass substrate, followed by the measured Eg that is in agree-
ment with experimental and theoretical values. Additionally, the
calculated refractive index using Herve and Vandamme model is
in agreement with experimental data that recommends the nano-
structured CdS deposited on quartz is more appropriate for solar
cells applications.
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