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Cadmium  sulfide  (CdS)  nanostructures  were  prepared  and  deposited  on  glass  substrates  of  Cd:S
(1.2–0.05  mol/L)  annealed  at  400 ◦C  with  different  spin  coating  speed  (1000,  3000  and  5000  rpm) using
spin  coating  technique.  Structural,  morphological  and  analytical  studies  were  investigated  by X-ray
diffraction  (XRD),  atomic  force  microscopy  (AFM),  Fourier  transform  infrared  (FTIR)  and  UV–Vis  Spec-
dS nanostructure
article size
ptical properties

troscopy.  It is found  that  the particle  size  of  CdS  nanostructures  is 1.40,  1.78  and  2.31  nm  prepared  at
1000, 3000  and  5000 rpm, respectively.  The  band  gap  was  measured  with  an  indication  of  transmission
within  the  visible  range;  it is changed  due  to particle  size  of  CdS  nanostructures.  The  calculated  refrac-
tive  index  and  optical  dielectric  constant  results  give  agreement  with  experimental  results.  The  obtained
results  are  in  accordance  with  experimental  and theoretical  data.

©  2015  Elsevier  GmbH.  All  rights  reserved.
. Introduction

CdS nanostructures have attracted great interest in the recent
ears due to their unique chemical, physical, optical, electrical
nd transport properties [1,2]. Due to vast surface area, all nano-
tructured materials posses a high surface energy and thus, are
hermodynamically unstable or metastable. One of the great chal-
enges in fabrication and processing of nanomaterial is to overcome
he surface energy and to prevent the nanomaterial from growth
n size driven by the reduction of overall surface energy. Because
f high surface energy of nanoparticles, they are extremely reac-
ive and most systems without protection or passivation of their
urfaces undergo aggregation [3]. Organic stabilizers are usu-
lly used to prevent nanoparticles from aggregation by capping
heir surfaces [4]. As the semiconductor nanoparticles exhibit size
ependent properties, the melting point of CdS crystallites is as

ow as ∼400 ◦C and the band gap of 0.7 nm CdS crystallite is
.85 eV [5]. While at very high pressure, the phase changes from
urtzite to rock salt phase [6]. Since CdS has 2.43 eV (513 nm)
and gap, so it is most promising candidate among II–VI com-
ounds for detecting visible radiation. As CdS has wide band gap, it

s used as window material for heterojunction solar cells to avoid

∗ Corresponding author. Tel.: +60 4 9798408; fax: +60 4 9798305.
E-mail address: yaldouri@yahoo.com (Y. Al-Douri).

ttp://dx.doi.org/10.1016/j.ijleo.2015.09.233
030-4026/© 2015 Elsevier GmbH. All rights reserved.
the recombination of photogenerated carriers which improve the
solar cells efficiency. It has also applied in light emitting diodes,
photo detectors, sensors, address decoders and electrically driven
lasers [7].

Al-Douri et al. [8] have used the density functional theory (DFT)
for energy band calculations of CdS and CdTe to research the
energetic transition and optical properties calculations as a func-
tion of quantum dot diameter. Also, they [9] have investigated
the quantum dot potential using the full potential-linearized aug-
mented plane wave (FP-LAPW) method, the energetic transition
and optical properties calculations of Si. The refractive index and
transverse effective charge are predicted as a function of dot diam-
eter. Joshi et al. [10] have reported on growth of stoichiometric
and nonstoichiometric nanostructured heterojunction solar cell
of CdS/CuInSx/Se2−x varying x from 0 to 2 in the interval of 0.5
using cost effective, simple, chemical ion exchange method at room
temperature on ITO glass substrate. They have elaborated struc-
tural, compositional, optical and illumination studies, and have
achieved the solar energy conversion efficiency which corresponds
for stoichiometric dependent electron–hole pair generation and
separation phenomenon. Finally, Böer [11] has enhanced the solar
conversion efficiency of CdS/CdTe solar cells from 8 to 15% using

thin layer of CdS of about 200 Å. The reason for this efficiency
enhancement is typical for CdS. Also, he has summarized the tech-
nical and economical importance of these solar cells on the energy
conversion market.

dx.doi.org/10.1016/j.ijleo.2015.09.233
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2015.09.233&domain=pdf
mailto:yaldouri@yahoo.com
dx.doi.org/10.1016/j.ijleo.2015.09.233


5 / Optik

o
s
z
p
d
c

2

M
b
g
8
0
a
s
A
f
c
1
s
p
d
a
P
U

3

3

i
F
5
i
t
p
o

F
s
s

110 Y. Al-Douri, A.H. Reshak 

In this work, detailed studies of structural and optical properties
f CdS nanostructures deposited on glass substrates with different
pin coating speeds at room temperature are reported. The organi-
ation of the paper is as follows: A description of the experimental
rocedure is given in Section 2. Section 3 presents the results and
iscussion concerning the structural and optical properties. The
onclusion is given in Section 4.

. Experimental process

All chemicals were of analytical grade were received from
alaysia Sigma–Aldrich company. CdS nanostructures were grown

y sol–gel spin coating method at room temperature. Polyethylene
lycol 200 (PEG) solvent was prepared by mixing 0.6 ml  of PEG,
.5 ml  of ethanol and 0.5 ml  of acetic acid under stirring for 1 h.
.05 mol/L thiourea and 1.2 mol/L cadmium nitrate as a source of S
nd Cd, in addition to 15 ml  ethanol accompanying 60 ◦C. Prepared
olution was slowly added to PEG sol with vigorous stirring for 6 h.
s the reaction was started, the reaction system gradually changed

rom transparent to light yellow. The precipitate collected from
entrifugation was deposited on glass substrates that was  dried at
20 ◦C on hot plate and annealed at 400 ◦C by furnace for 1 h. The
amples were taken out after the furnace cooled down to room tem-
erature. They are used to be analyzed and characterized by X-ray
iffraction (XRD) pattern (Philips PW 1710 X-ray diffractometer),
tomic force microscopy (AFM) (SII Sciko Instrument INC SPI 3800N
robe station), Fourier transform infrared spectroscopy (FTIR) and
V–Vis spectroscopy (Perkin Elmer Lambda 950), respectively.

. Results and discussion

.1. Structural properties

The structural properties of CdS nanostructures have been
nvestigated by X-ray diffraction (XRD) technique as shown in
ig. 1, prepared by different spin coating speeds at 1000, 3000 and
000 rpm and annealed for 1 h at 400 ◦C. XRD pattern has provided
nformation about crystalline phase of nanoparticles as well as crys-
allite size. Fig. 1a shows the synthesized CdS nanoparticles. The
eak is observed at 29.52◦ corresponding to (0 0 2) plane of hexag-
nal phase of CdS nanostructure prepared at 1000 rpm, while Fig. 1b

ig. 1. X-ray diffraction (XRD) patterns of CdS nanostructures deposited on glass
ubstrates, annealed at 400 ◦C: (a) 1000, (b) 3000 and (c) 5000 rpm spin coating
peeds.
 126 (2015) 5109–5114

shows CdS nanostructure prepared at 3000 rpm that appeared one
peak at 25◦ corresponding to the (1 1 1) plane. Fig. 1c shows CdS
nanostructure prepared at 5000 rpm that appeared one peak at
29.52◦ corresponding to (0 0 2) plane of hexagonal phase. The inten-
sity of the peak is observed at CdS nanostructures deposited at
5000 rpm is higher than nanostructured CdS deposited at 1000 and
3000 rpm. This is an indication of good crystalline nature.

Crystallite size was calculated using Scherrer’s formula [12]:

D = 0.91�

 ̌ cos �
(1)

where D is the crystallite size, XRD patterns of the as synthe-
sized sample was  recorded on XRD using rotating anode with
Cu-K� line (� = 1.54 Å), � is the angle between the incident beam
and the reflection lattice planes and  ̌ is the full width at half
maxima (FWHM) of the diffraction peak in radian. Operating
is at 35.0 kV, current = 25.0 mA,  scan range = 10,000–80,000, scan
speed = 5000 ◦/min and present time = 0.24 s. The particle size is
increased with increasing the spin coating speed due to increas-
ing lattice constants. In addition, the dislocation density (ı) and
strain of CdS nanostructures (ε) were determined via XRD using
the following relations [12]:

ı = 1/D2
hkl (2)

ε =  ̌ cos �

4
(3)

The defects like dislocation density and strain in the CdS
nanostructures are determined as given in Table 1, the high-
est dislocation density and the highest strain are found to be
3156.167 × 1014 lines/m2 and 4.1237 × 10−3, respectively of CdS
nanostructures deposited at 3000 rpm, the interplanar distance (d)
is calculated using Bragg’s formula [12]:

d = n�

2 sin �
(4)

where n is constant equals 1. The interplanar distance (d) is
found to be 1.54, 1.82 and 1.54 Å, respectively and the lattice
constants a and c were calculated using Eqs. (5) and (6). The lattice
constants are found to be a = 1.026, c = 3.086 Å, a = 1.22, c = 3.65 Å
and a = 1.30, c = 3.086 Å for spin coating speeds 1000, 3000 and
5000 rpm, respectively.

a =
√

1/3�

sin �
(5)

c = �

sin �
(6)

The number of crystallites per unit area (N) is calculated using
the following relation [12]:

N = t

D3
(7)

where t is the thickness of nanostructured CdS as given by AFM. The
number of crystallites is found to be 21.9, 0.71 and 0.82 grains/area
for 1000, 3000 and 5000 rpm, respectively.

The bulk modulus is a reflectance of the materials stiffness
that it is important in different industries. Many authors [13–18]
have made various efforts to explore thermodynamic properties of
solids. In these studies, authors have examined the thermodynamic
properties such as the inter-atomic separation and the bulk mod-
ulus of solids with different approximations and best-fit relations
[15–18]. It has become possible to compute with great accuracy an

important number of structural and electronic properties of solids.
The ab initio calculations are complex and require significant effort.
Therefore, more empirical approaches have been developed [19,20]
to compute properties of materials. In many cases, the empirical
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Table  1
The measured structural properties using XRD data [25] correspond to the calculated Bo of CdS nanostructures..

Spin coating
speed
(rpm)/(s)

Peaka (�) Particle
sizea (nm)

Dislocaction
densitya (ı)
(1014 lines/m2)

Straina

(10−3)
Interplanar
distancea (d)
(Å)

Miller indices
(hkl)

Lattice
parametesa

(Å)

No. crystallitsa

grains/area N
(×1015)

Bulk modulusb

Bo (GPa)

1000/30 29.52 1.40 0.2381 0.2425 1.54 0 0 2 a = 1.026
a = 4.086c

a = 4.1d

c = 3.086
c = 6.667c

c = 6.7d

21.9 54.23
69e

62f

66.6g

3000/30 25 1.78 3156.167 4.1237 1.82 1 1 1 a = 1.22
c = 3.65

7.1 30.14

5000/30 29.98 2.31 0.2162 0.1472 1.54 0 0 2 a = 1.300
c = 3.750

8.2 27.41

a Measured value.
b Calculated value.
c Ref. [13] Theo.
d Ref. [24] Exp.

m
r
a
m
e
o
e
e
s
s
e
g
e
c
c
t
u

m
d
h
t
i
a
B
s
i
t

B

w
e
s
c
m
t
s
i
n
n

t
c
w

Fig. 2. Atomic force microscopy (AFM) images of CdS nanostructures deposited on
e Ref. [21] cal.
f Ref. [22] Exp.
g Ref. [23] cal.

ethods offer the advantage of applicability to broad class of mate-
ials and to illustrate trends. In many applications, these empirical
pproaches do not give highly accurate results for each specific
aterial, but are still very useful. Cohen [21] has established an

mpirical formula for calculation of the bulk modulus Bo; based
n the nearest-neighbor distance. His result is in agreement with
xperimental values. Lam et al. [22] have derived an analytical
xpression for the bulk modulus from the total energy. This expres-
ion is different in structure from the empirical formula but gives
imilar numerical results. Also, they have obtained an analytical
xpression for the pressure derivative Bo of the bulk modulus. Our
roup [23] used concept based on the lattice constant to establish
mpirical formula for the calculation of the bulk modulus. The cal-
ulated results are in agreement with experimental data and other
alculations. Consideration of hypothetical structure and simula-
ion of the experimental conditions are required to make practical
se of this formula.

The aim is to see how qualitative concept, such as the bulk
odulus, can be related to lattice constant. It was argued that the

ominant effect is the degree of covalence characterized by Phillips’
omopolar gap Eh [19], and one reason for presenting these data in
his work is that the validity of our calculations that is not restricted
n computed space. We  thus believe that the data will prove valu-
ble for future work in this field. An important reason for studying
o is the observation of clear differences between the lattice con-
tant for different CdS nanostructures. While the basis of our model
s the lattice constant as seen in Table 1. Fitting of these data gives
he following empirical formula [23]:

o = [3000 − 100�]
(

a

2

)−3.5
(8)

here a is the lattice constant (in Å) and � is empirical param-
ter which accounts for the effect of ionicity; � = 2 for II–VI
emiconductors. In Table 1, the calculated bulk modulus value is
ompared with experimental and theoretical [21–23] results. We
ay  conclude that the calculated bulk moduli of CdS nanostruc-

ures are in accordance with other results [21–23] and exhibit the
ame trends as those found for the values derived from the exper-
mental [22] value as seen in Table 1. Our results show that CdS
anostructure of the lowest speed is the hardest than other CdS
anostructures.
The CdS nanostructures are very helpful to study the surface
opography of CdS nanostructures. The CdS nanostructures are well
overed due to growth mechanism, although the distribution of the
ell-defined grains is not uniformed, but some enhancement of
glass substrates, annealed at 400 ◦C: (a) 1000, (b) 300 and (c) 5000 rpm spin coating
speeds.

the structures is shown. Earlier workers [26–28] have found well
developed structures, where they interpreted in terms of overlap-
ping of different layers formed under continuous growth. Fig. 2
shows typical 2D and 3D dimension images using AFM, scan area
2000 nm (2 �m × 2 �m)  and scan speed 2 Hz. The thickness of CdS
nanostructures is shown in Fig. 2 and measured to be 60, 40 and

10 nm for 1000, 3000 and 5000 rpm, respectively. Castro-Rodriguez
et al. [27] have demonstrated that the conversion efficiency of CdS
solar cells strongly depends on the small roughness of CdS surface;
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Fig. 4. Transmission spectra of CdS nanostructures deposited on glass substrates at
(a)  1000, (b) 3000 and (c) 5000 rpm spin coating speeds.

Table 2
The measured transmission, thickness and energy gap (Eg) correspond to calculated
refractive index (no) and optical dielectric constant (ε∞) of CdS nanostructures using
Ravindra et al. [36], Herve and Vandamme [37] and Ghosh et al. [38] models.

Transmissiona

(%)
Thicknessa

(nm)
Spin
coating
speeda

(rpm)

Eg
a (eV) Refractive

index (no)
Optical
dielectric
constant
(ε∞)

80–85 60 1000 2.00
2.359b

2.43c

2.50d

5.2880e

2.7097f

5.8891g

2.529h

27.9629e

7.3424f

34.6814g

82–85 40 3000 2.20
2.359b

2.43c

2.50d

5.4120e

2.6263f

5.5886g

2.529h

29.2897e

6.8974f

31.2324g

84–87 10 5000 2.15
2.359b

2.43c

2.50d

5.3810e

2.6466f

5.7110g

2.529h

28.9551e

7.0044f

32.6155g

a Measured value.
b Ref. [8] Theo.
c Ref. [32] Exp.
d Ref. [35] Exp.
e Ref. [36].
f

ig. 3. Fourier transform infrared (FTIR) spectrum of CdS nanostructures at concen-
ration of thiourea 0.05 mol/L on solvent.

 reduction of surface roughness tends to increase the conversion
fficiency. However, as the rotation speed increases, the conver-
ion efficiency of solar cells increases due to the surface thickness
ecreasing [28].

FTIR measurement has been made in the wave number range
00–4000 cm−1. The FTIR spectrum and the corresponding data
ave been observed. Analysis of FTIR spectrum of CdS nanostruc-
ure was obtained. Fig. 3 shows weak absorption band present at
315 cm−1 that is due to OH stretching vibration of water molecules
nd presence of moisture in the solution. It is shown two  stretch-
ng bands, asymmetric and symmetric around 2974 and 2881 cm−1

hat are associated with C H stretching. The band at 1759 cm−1 is
esulted from aromatic C C stretching. Very weak bending vibra-
ions of water molecules appeared at 1465 and 1406 cm−1 of C C
tretching. Medium strong band positions in the range of 1085,
054 and 887 cm−1 are possibly due to stretching vibrations of
ulfate group. The strong absorption band at 470 and 568 cm−1

orresponds to Cd S stretching [29], translated into transition
xceeded 100% and coincided with CdS energy gap equals 513 nm.

.2. Optical properties

The optical properties are important to understand the behavior
f semiconductor nanocrystals. A fundamental property of semi-
onductors is energy band gap separation between filled valence
and and the empty conduction band. Optical excitations of elec-
rons across the band gap are strongly allowed, producing an abrupt
ncrease in absorption at the wavelength corresponding to the
nergy band gap. Fig. 4 shows the transmittance spectra in the
avelength range 250–800 nm of CdS nanostructures. It is around

5.40%, 87.49% and 85.70% transmission for CdS nanostructures
repared at 1000, 3000 and 5000 rpm, respectively. However, the
repared CdS nanostructure at 3000 rpm appears more than 87%
ransmission for wavelengths longer than 450 nm [30].

The optical band gap (Eg) of CdS nanostructures is deter-
ined as given in Table 2 by applying the Tauc’s model [31],
hich allows one to directly estimate the Eg from the relation

˛h�)1/n = A(h� − Eg), where A is constant,  ̨ is the absorption coef-
cient = 0.023/d × Ln 1/T, h� is the photon energy, and n equals 1/2

or direct allowed transitions. Fig. 5 shows the relationship between
˛h�)2 and h�. The Eg can be obtained by extrapolating the linear
ortion to the photon energy axis as shown in Fig. 5 [32].

The refractive index no is an important physical parameter
elated to microscopic atomic interactions. Theoretically, the two
ifferent approaches in viewing this subject are the refractive index

elated to density and the local polarizability of these entities [33].
n the other hand, the crystalline structure represented by delocal-

zed picture, no will be closely related to the energy band structure
f the material, complicated quantum mechanical analysis
Ref. [37].
g Ref. [38].
h Ref. [35] Exp.

requirements and the obtained results. Many attempts have been
made to relate the refractive index and the energy gap Eg through
simple relationships [34,35]. Here, the various relationships
between no and Eg will be reviewed. Ravindra et al. [36] have
suggested different relationships between the band gap and the
high frequency refractive index and presented linear form of no as
a function of Eg:

no =  ̨ + ˇEg (9)

where  ̨ = 4.048 and  ̌ = −0.62 eV−1.
To be inspired by simple physics of light refraction and dis-

persion, Herve and Vandamme have [37] proposed an empirical
relation as:
no =

√
1 +

(
A

Eg + B

)2

, (10)
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ig. 5. (˛hv)2 versus hv dependency of CdS nanostructures deposited on glass sub-
trates, annealed at 400 ◦C for 1 h: (a) 1000, (b) 3000 and (c) 5000 rpm spin coating
peeds.

here A = 13.6 eV and B = 3.4 eV. Ghosh et al. [38] have took
ifferent approach to the problem by considering the band struc-
ural and quantum-dielectric formulations of Penn [39] and Van
echten [40]. Introducing A as the contribution from the valence
lectrons and B as a constant additive to the lowest band gap
g, the expression for the high-frequency refractive index is
ritten as:

2
o − 1 = A

(Eg + B)2
, (11)

here A = 25Eg + 212, B = 0.21Eg + 4.25 and (Eg + B) refers to an
ppropriate average energy gap of the material. Thus, these three
odels of variation no with energy gap have been calculated.
lso, the calculated values of optical dielectric constant (ε∞)
ere obtained using the relation ε∞ = no

2 [41]. Our calculated
efractive index values are in agreement with experimental value
35] as given in Table 2. This is giving an appropriate model
f Herve and Vandamme for photovoltaic and optoelectronic
pplications.

. Conclusion

Spin coating technique has been successfully developed to syn-
hesize CdS nanostructures. XRD patterns showed diffraction lines
f CdS nanostructures that have hexagonal structure. The particle
ize increases as the spin coating speed increases. The thickness
ecreases as the spin coating speed increases. UV–Vis spectroscopy
hows higher transmission at 3000 rpm. The band gap of CdS nano-
tructures varies between 2.00, 2.20 and 2.15 eV for different spin
oating speeds. The refractive index is proven that Herve and
andamme model is an appropriate for optoelectronic devices. In
ddition, the characterizations, analysis and optical studies recom-
ended CdS nanostructures for photovoltaic and optoelectronic

pplications.
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