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a  b  s  t  r  a  c  t

Transparent  conducting  Tin  doped  Cadmium  oxide  thin  films  were prepared  by  sol–gel  spin  coating
method  with  different  Sn  concentrations.  X-ray  diffraction  analysis  reveals  the  polycrystalline  nature
of  the  Cadmium  oxide  (CdO)  with cubic  structure  and  show  preferential  orientation  along  (111)  plane.
The  surface  morphology  of  prepared  films  was  analyzed  by  SEM  and  surface  roughness  variations  ana-
lyzed  by  water  contact  angle  measurement.  The  EDX  spectra  confirmed  the  presence  of Cd,  Sn and  O
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elements  in  the films.  The  blue  shift  of energy  gap  from  2.42 to 2.96  eV  is  explained  by  Burstein–Moss
effect. The  presents  of  functional  groups  and  the  chemical  bonding  are  confirmed  by  FTIR  spectra.  The
minimum  electrical  resistivity  (1.12  × 10−4 �  cm)  and  maximum  carrier  concentration  (9.94  × 1021 cm−3)
was  obtained  for 5%  of  Sn  doped  CdO thin  film.

©  2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
. Introduction

The transparent conducting oxide (TCO) such as Indium oxide,
in oxide, Zinc oxide and Cadmium oxide have wide applications
n the field of optoelectronic devices. Among these TCO’s the
admium oxide (CdO) have been successfully used for many
pplications such as gas sensor, photovoltaic photo diodes and
ransparent electrodes, etc.  . .,  due to its low resistivity, high
arrier concentration and high optical transmittance in the visible
egion of solar spectrum [1,2]. The CdO is has acute toxicity
oral, dermal and inhalation) but we use this material due to
ts unique properties and applications. A variety of techniques

ere reported for CdO thin film deposition, including pulsed
aser deposition [3], metal–organic chemical vapor deposition
MOCVD) [4], spray pyrolysis [5], successive ionic layer adsorption
nd reaction (SILAR) method [6], chemical bath deposition [1], RF
agnetron sputtering [7] and sol–gel process [8]. Among these
ethods the sol–gel spin coating process has several advantages

uch as simplicity, composition control and homogeneity. CdO is
 n-type semiconductor with band gap in the range of 2.2–2.8 eV
9]. Many researchers studied the optoelectronic properties of CdO
∗ Corresponding author. Tel.: +91 09842470521.
E-mail address: armyjpr1@yahoo.co.in (J.T.J. Prakash).
Peer review under responsibility of The Ceramic Society of Japan and the Korean

eramic Society.

ttp://dx.doi.org/10.1016/j.jascer.2015.11.001
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produc
doping with different metallic ions Indium [10], Aluminum [11],
Gallium [12] and Manganese [13]. The effect of Tin doping on the
physical properties of CdO thin films has already been reported
by a few researchers. Zheng et al. [3] studied the effect of Sn
doping on structural, optical and electrical properties of CdO thin
films by pulsed laser deposition. They observed the band gap was
increased and electrical resistivity was decreased as increasing Sn
concentration. Sahin et al. [6] reported that the SILAR prepared
CdO films show a band gap was increased from 2.09 to 2.39 eV with
increasing Sn concentration. Gupta et al. [14] reported temperature
dependence of Sn doped CdO thin films by pulsed laser deposition
method. Sn4+ ion has four valence electrons (5s2, 5p2) and the
ionic radius of Sn4+ ion (0.69 Å) is slightly smaller than that of Cd2+

ions (0.95 Å), thus we expect that Sn4+ ions doping in CdO will lead
to improvement in electrical conductivity by increasing electron
concentrations [15]. In this paper, we  are reporting the effect of Tin
(Sn) doping on structural, surface, optical and electrical properties
of Cadmium oxide (CdO) thin films by sol–gel spin coating method.

2. Experimental

The films were deposited on borosilicate glass substrates by

sol–gel spin coating method. First the Cadmium acetate di-hydrate
(Merck 99.0%) was dissolved in methanol (Merck 99.9%) (0.2 M)
at a constant magnetic stirring and then acetic acid (Merck 99.8%)
(0.2 M)  was added to the stirring solution as a stabilizer. For Sn

tion and hosting by Elsevier B.V. All rights reserved.
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Nomenclature

 ̌ full width at half maximum (rad)
D crystallite size (nm)
� wavelength of X-ray (Å)
� Bragg’s angle (◦)
d lattice spacing (Å)
ε micro-strain
h, k, l Miller indices

 ̨ absorption coefficient
T transmittance (%)
h� photon energy (eV)
Eg optical band gap (eV)
� resistivity (� cm)
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oping the Tin (II) chloride di-hydrate (Merck 98.0%) was dissolved
n the above solution with different percents (0, 1, 3 and 5 wt%).
he Tin (II) chloride is easily soluble in ethanol and it is a suitable
aterial for sol–gel process. The final solution was stirred for

 h at 80 ◦C to yield a clear and homogeneous solution. The final
olution was used as the coating source after cooling down to room
emperature. The coating solution was dropped into the cleaned
lass substrates (1 sq.in.) fixed at the top base of the spin coating
nit, which was rotated at 3000 rpm for 30 s. After the coating all
he films were dried at 150 ◦C for 10 min  to evaporate the solvent.
o obtain the desired film thickness, this procedure was repeated
or five times and finally the resulting thin films were annealed at
50 ◦C in the air for 1 h.

The structure of the prepared films was characterized by X-ray
iffractometer (PANalytical) with Cu K�1. The scanning electron
icroscopy (ESEMQUANTA200, FEI-Netherland) were performed

o analyze the surface morphology of the films. Elemental analy-
is was made by energy dispersive X-ray spectroscopy (attached
o SEM). The variations of surface roughness were analyzed by

icro photographs (FUJIFILM FinPix S3300) and the contact angle
easured using a protractor. The film thickness was measured

y a profilometer (SJ-301Mitutoyo). The optical transmittance of
he films was recorded using UV–vis spectrophotometer (Oceans
ptics HR2000-USA). The presence of chemical bonding was stud-
ed by FTIR spectrophotometer (Perkin Elmer – RXI). The electrical
roperties were measured using a Hall-effect setup.

. Results and discussion

.1. Structural properties

The X-ray diffraction patterns of un-doped and Sn doped CdO
hin films are given in Fig. 1. The peaks in the XRD pattern of

he prepared films were appearing at (111), (200), (220), and
311) directions without any impurity and secondary phases. The
bserved diffraction patterns indicate the polycrystalline nature of
he CdO with a cubic structure (JCPDS card No: 75-0592). As seen

able 1
tructural parameters of CdO thin films for different Sn concentrations.

Sample 2� (◦) FWHM (◦) d-Space (Å) Average crystallite
size (D) (nm)

0% Sn 33.02 0.29 2.7105 39.40 

1%  Sn 33.02 0.30 2.7104 38.08 

3%  Sn 33.04 0.34 2.7089 33.96 

5%  Sn 33.07 0.35 2.7066 33.52 

JCPDS 75-0592 33.02 – 2.7105 – 
2 θθ     ( d e g r e e )

Fig. 1. XRD patterns of prepared thin films for different Sn doping concentrations.

in Fig. 1 the intensity of the all peaks is decreased and broadened
with Sn doping concentration indicates shrinkage of crystallite size.
Similar phenomenon had been reported already for Sn doped CdO
thin films [3,6].

The crystalline size of the films was estimated using Debye
Scherrer’s formulae [9],

D = 0.9�

 ̌ cos �
(1)

And the dislocation density (ı) and strain (ε) were calculated using
the following relations [9],

ı = 1
D2

(2)

ε =  ̌ cos �

4
(3)

where � (1.54060 Å) is the X-ray wavelength, � is Bragg’s angle and
 ̌ is full width at half maximum (FWHM). The obtained crystal-

lite size is decreased as the increasing doping concentration which
related to strain. The calculated inter planer distance and lattice
constant values for (111) direction was  good agreement with JCPDS
file data (75-0592). The slight changes of inter planer distance and
lattice constants may  due to the substitution of smaller ionic radii
Sn4+ (0.69 Å  for 6 co-ordination number) instead of larger ionic radii
Cd2+ (0.95 Å) in the crystal lattice [15]. The dislocation density (ı)
and strain (ε) were calculated for all the films from the diffraction
data to obtain more information about structural properties and it
is presented in Table 1. The observed changes of strain are due to
the point defects and crystallite size [16].

3.2. Surface morphology and compositional analysis
The surface morphology was analyzed for all films deposited
with different Sn concentrations. Fig. 2 shows the scanning
electron microscopic (SEM) images (unit scale is 1 �m)  and
micro photographs of un-doped and Sn doped CdO thin films.

Lattice
constant (a) (Å)

Dislocation density
(ı) 1014 lines/m2

Strain (ε) ×10−4 Thickness
(nm)

4.6948 6.441 8.796 486
4.6946 6.896 9.100 471
4.6919 8.670 10.206 443
4.6879 8.900 10.340 401
4.6940 – – –
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Fig. 2. Scanning electron microscope (SEM) images and mic

t is observed that the Sn doped CdO thin films have uniform
nd homogeneous coverage of spherical grains. The size of the
rains and voids slightly decreased with increasing Sn doping

evel, which may  due to intrinsic stress caused by incorpora-
ion of foreign atoms. The surface morphology of Sn doped CdO
lms is more uniform than reported results by SILAR method
6].
tograph of water droplet on surface of prepared thin films.

The micro photographs show water droplet on the prepared
substrates to measure the water contact angle. The observed con-
tact angle (∼118◦, 103◦, 93◦ and 84◦ for 0%, 1%, 3% and 5%,

respectively) is decreased as increasing Sn doping level indicates
the reduction of surface roughness [17]. The rough surface may
diffuse the incident light, hence reduce the optical transmittance
[18].
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where h�, A, and Eg are photon energy, constant and optical band
gap respectively. Fig. 5(a–d) shows the plots of (˛h�)2 versus pho-
ton energy (h�) for Sn doped CdO film. The calculated band gap
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Fig. 3. EDX spectra of the und

Energy dispersive X-ray spectroscopy (EDX) is an analytical
echnique used for the chemical characterization of a sample. Fig. 3
hows the EDX spectra of the prepared films. The spectrum reveals
hat the presence of Cd, O and Sn elements in the deposited films.
he weight percentage is almost equal to their nominal stoichiom-
try within the experimental error as shown in Table 2. The Silicon
Si) signal appears to originate from the glass substrates.

.3. Optical properties

The optical transmittance spectra of Sn doped CdO thin films
ith different doping concentration are shown in Fig. 4. It can be

bserved that the average transmittance of the un-doped CdO films
ies in the range of 45–50% in the visible region. For Sn doped CdO
lms the average transmittance has improved to 72%. This value

s higher than reported values for Sn doped CdO films by SILAR
ethod [6]. From the figure it is clear that the transmittance of

dO films improved as Sn doping level. This effect of CdO films
ay be due to the reduction of surface roughness as shown in micro

hotographs of water contact angle. On the other hand, there is a
hift of the absorption edge into lower wavelengths as Sn doping
evel. Similar results were observed for Aluminum doped CdO thin

lms prepared by the spray pyrolysis method [5].

The optical band gap of Sn doped CdO thin films was  estimated
y extrapolation of the linear portion of the (˛h�)2 versus h� plots.

able 2
he quantitative analysis of elements present in thin films using EDX spectrum.

Sample Sn (wt%)

O/k line Sn/K line Cd/L line

0% Sn 17.89 0.00 82.11
1%  Sn 17.21 0.82 81.97
3%  Sn 17.08 2.62 80.30
5%  Sn 16.94 4.27 78.79
and Sn doped CdO thin films.

The absorption coefficient (˛) is calculated using the following
equation [19],

 ̨ = 1
d

ln
(

1
T

)
(5)

where T is transmittance and d is film thickness. The absorption
coefficient (˛) and the incident photon energy (h�) is related by the
Tauc’s relation as follows [20],

˛hv = A (hv − Eg)1/2 (6)
400 50 0 60 0 70 0 80 0 90 0 100 0
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Fig. 4. UV–vis transmittance spectra of undoped and Sn doped CdO films.
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Fig. 5. The plots of (˛h�)2 versus h�; (a) 0%, (b) 1%, (c) 3% and (d) 5%. (e) Optical band gap (Eg ) as a function of Sn concentrations.
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alues plotted as a function of Sn doping concentration is shown in
ig. 5(e). From the figure the band gap value of the pure CdO film
s 2.42 eV, which gradually increases up to 2.96 eV for 5 wt%  of Sn
oping. This value is higher than reported value of Sn doped CdO
hin films by pulsed laser deposition (2.93 eV) [3], SILAR (2.39 eV)
6] and chemical bath deposition (2.84 eV) [20]. Also higher than
ther TCO materials such as CdO:Al (2.8 eV) [21] CdO:F (2.88 eV)
22] CdO:In (2.72 eV) [23]. Higher band gaps are required for any

ptoelectronic application, particularly for solar cell applications.
he blue-shift of energy band gap appeared due to electrons pop-
lated states within the conduction band which pushes the Fermi

evel to higher energy and related to the Burstein–Moss effect [24].
3.4. FTIR analysis

The Fourier transform infrared (FTIR) spectroscopy is the most
common technique to identify the chemical bond structure. The
FTIR spectrum diagram of the Sn doped CdO films is shown in Fig. 6.
The broad absorption peak at around 3400–3600 cm−1 is attributed
to normal polymeric O H stretching vibration of H2O in CdO lattice.
The peaks at 800–1400 cm−1 is assigned to CdO [25]. The bands

−1
in the region of 520–670 cm can be ascribed to the stretching
vibration of Sn O [26]. An upward shift (527.84–551.03 cm−1) in
the frequency of the present system is due to the presence of Sn in
Cd–O lattice.
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.5. Electrical properties

Fig. 7 illustrates the variation in resistivity (�), carrier concen-
rations (n), and Hall mobility (�) as a function of Sn concentration
n CdO thin films. It can be seen that the electrical parame-
ers were strongly influenced by Sn doping in the CdO films.
s the Sn concentration increases from 0 to 5 wt%, the resisti-
ity decreases from 2.56 × 10−2 � cm to the minimum value of
.12 × 10−4 � cm.  The obtained resistivity value (1.12 × 10−4 � cm)

s lower than Sn doped CdO thin films prepared by pulsed laser
eposition method (1.59 × 10−4 � cm)  [3] chemical bath deposition
8 × 10−4 � cm)  [21] and metal organic chemical vapor deposi-
ion (3.1 × 10−4 � cm)  [27]. The un-doped CdO thin film exhibit a
arrier concentration of 0.81 × 1021 cm−3. This is improved with
n doping level and obtained a maximum of 9.94 × 1021 cm−3 for

 wt%. The improvement of carrier concentration may  originate
rom the replacement of Cd2+ ions by Sn4+ ions in the CdO lat-
ice. The maximum mobility 44 cm2/Vs were obtained for 3 wt%.
s is well known, resistivity is proportional to the reciprocal of
he product of carrier concentration and mobility. The reduction of
lectrical resistivity may  due to reduction of voids and improved
arrier concentration. The electrical conductivity and mobility is
ore sensitive for grain interface than defects of crystals.

[

[
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4. Conclusions

The following are the conclusions drawn from the present inves-
tigation:

• Sn doped CdO thin films were prepared by sol–gel spin coating
method on glass substrate. The effects of Sn concentration on
structural, surface, optical and electrical properties of CdO thin
films were investigated as a function of the Sn doping concentra-
tion.

• The XRD analysis revealed good crystallinity of cubic structure
with preferred (111) crystal orientation in the films. The crystal-
lite size of the prepared films decreased as increasing Sn doping
concentrations.

• SEM images show that the Sn doped CdO thin films have a uniform
surface with spherical grain. The water contact angle measure-
ments indicate the reduction of surface roughness. EDX spectra
confirmed the presence of Cd, Sn and O elements with nominal
stoichiometry.

• The optical band gap of the films is increasing with increasing Sn
content and approaching a maximum value of 2.96 eV for 5 wt%.

• The presents of functional groups and chemical bonding were
confirmed by FTIR analysis.

• The Sn doping in CdO films effectively increases the carrier
concentration and reduces its resistivity. A maximum carrier
concentration of 9.94 × 1021 cm−3 with a minimum resistivity of
1.12 × 10−4 � cm achieved when the film is doped with 5 wt%  of
Sn.

Thus the sol–gel spin coating is a good technique for produc-
ing nano-structured materials. Sn doped CdO is a good candidate
for optoelectronic devices based on the tunable band gap and high
conductivity.
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