
I
C

A
T

a

A
R
R
1
A
A

K
C
C
X
E
O

1

c
b
i
p
p
s
m
t
a
t
C
d
g
r

d
a
P
t
n
a
o

0
d

Journal of Alloys and Compounds 509 (2011) 916–921

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

nfluence of indium doping on the properties of spray deposited
dS0.2Se0.8 thin films

.A. Yadav ∗, M.A. Barote, T.V. Chavan, E.U. Masumdar
hin Film Physics Laboratory, Department of Physics, Electronics and Photonics, Rajarshi Shahu Mahavidyalaya, Latur, 413512 Maharashtra, India

r t i c l e i n f o

rticle history:
eceived 15 July 2010
eceived in revised form
9 September 2010
ccepted 22 September 2010

a b s t r a c t

Polycrystalline indium doped CdS0.2Se0.8 thin films with varying concentrations of indium have been
prepared by spray pyrolysis at 300 ◦C. The as deposited films have been characterized by XRD, AFM,
EDAX, optical and electrical resistivity measurement techniques. The XRD patterns show that the films are
polycrystalline with hexagonal crystal structure irrespective of indium doping concentration. AFM studies
reveal that the RMS surface roughness of film decreases from 34.68 to 17.76 with increase in indium
vailable online 29 September 2010
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doping concentration up to 0.15 mol% in CdS0.2Se0.8 thin films and further it increases for higher indium
doping concentrations. Traces of indium in CdS0.2Se0.8 thin films have been observed from EDAX studies.
The optical band gap energy of CdS0.2Se0.8 thin film is found to decrease from 1.91 eV to 1.67 eV with
indium doping up to 0.15 mol% and increase after 0.15 mol%. The electrical resistivity measurement shows
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that the films are semico
indium doping. Thermoe

. Introduction

In recent years, the growth of II–VI based ternary and quaternary
ompound semiconductors has attracted considerable attention
ecause of their novel physical properties and many applications

n optoelectronic devices [1], photoelectrochemical solar cells [2],
hotovoltaics [3], visible light emitting diodes and lasers [4]. In
articular, considerable attention has been devoted to the pos-
ibility of tailoring the optical and electrical properties of these
aterials. This purpose has been mainly achieved by means of

wo different processes: (i) fabrication of ternary and quaternary
lloys, whose band gap can be modulated by controlling the rela-
ive concentrations of two elements forming the alloy (for example,
dSxSe1−x, ZnSxSe1−x, CdxZn1−xSe, etc.) [5]. and (ii) doping with
ifferent dopant density, which causes the broadening of intra-
ap impurity bands and the formation of band tails and band gap
enormalization [6].

CdS and CdSe are two very important wide band gap semicon-
uctors, because of their wide applications in optoelectronics, such
s non-linear optics, visible-light emitting diodes and lasers [7,8].
reviously, we have successfully grown CdSxSe1−x (0.0 ≤ x ≤ 1.0)

ernary alloy thin films by means of chemical spray pyrolysis tech-
ique, which has become a widespread deposition method for its
dvantages as the simplicity, low cost and possibility of grow highly
riented stoichiometric thin films with good optical properties [9].

∗ Corresponding author. Tel.: +91 9975213852.
E-mail address: aay physics@yahoo.co.in (A.A. Yadav).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ting with minimum resistivity of 3.71 × 10 � cm observed at 0.15 mol%
c power measurements show that films exhibit n-type conductivity.

© 2010 Elsevier B.V. All rights reserved.

Although a considerable improvement in the photoelectrochem-
ical cell performance has been noted at x = 0.8 [2], the observed
conversion efficiency is much smaller as compared to the exist-
ing literature values. The lower conversion efficiency has been
attributed partly to the higher resistivity of the photoelectrode
material that could be effectively reduced by a suitable donor
impurity concentration. The resistivity of polycrystalline material
mainly depends upon the grain boundary or surface scattering
mechanisms [10]. The photoelectrodes based on CdSe have been
observed to show electrochemical corrosion [6]. In order to get low
resistance contact, it is essential to obtain CdSSe thin films which
are doped with a suitable donor impurity concentration. Recently,
much attention has been given to tailor the optical and electri-
cal properties of these materials by using suitable dopants such
as Fe, In and Sb [6,5,11,12]. The process of doping with different
dopants causes the broadening of intra gap impurity bands and the
formation of band tails and band gap renormalization [11]. Pawar
et al. have prepared Fe doped CdSe (CdSe:Fe) thin films from non-
aqueous electrolytic bath using electrodeposition technique and
reported its structural, optical and photoelectrochemical proper-
ties [6]. Masumdar et al. have reported the growth mechanism,
crystallographic, microscopic observations, optical and electrical
properties of Sb doped CdSe thin films prepared using solution
growth process [12]. Indium, an III group element, has shown pro-

nounced effects in a number of host lattices [11].

The ternary II–VI thin films can be prepared by variety of tech-
niques such as electrodeposition [3], chemical bath deposition
[13–16], evaporation [17–20], solvothermal route [21], sputtering
[22] and chemical spray pyrolysis [23,24]. Among these various

dx.doi.org/10.1016/j.jallcom.2010.09.130
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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increasing indium doping concentration from 0.05 to 0.15 mol%.
Further increase in indium concentration above 0.15 mol%; the
value of texture coefficient slightly decreases as shown in Fig. 2.
Hence, indium doped CdS0.2Se0.8 thin films obtained at 0.15 mol%
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eposition techniques available for preparation of thin films, the
pray pyrolysis, which has the advantages of low cost, easy-to-use,
afe and can be implemented in a standard laboratory, has been
nown to be suitable for many scientific studies and technological
pplications. This method is based on the preparation of solutions
f some salt of the material whose films are to be prepared.

The aim of present study is to deposit indium doped CdS0.2Se0.8
hin films using chemical spray pyrolysis technique. The effect of
ndium doping on the structural, morphological, optical and elec-
rical transport properties of spray deposited CdS0.2Se0.8 thin films
ave been studied and results obtained are discussed.

. Experimental details

The spray pyrolysis method is basically a chemical deposition technique in
hich fine droplets of the desired material are sprayed onto preheated substrates.
ontinuous films are formed on the hot substrate by thermal decomposition of the
aterial droplets. The chemical reactants are selected in such a way that the prod-

cts other than the desired compound will volatile at the temperature of deposition.
he indium doped CdS0.2Se0.8 thin films with varying concentration of indium were
eposited onto the amorphous glass substrates by using well known chemical spray
yrolysis method at optimized substrate temperature of 300 ◦C [9]. The 0.025 M
queous solutions of cadmium chloride hydrate (CdCl2·H2O), thiourea (H2NCSNH2)
nd selenourea (H2NCSeNH2) along with various concentrations of InCl3 were used
s starting materials. Glass microslides of the size 7.5 cm × 2.5 cm were used as sub-
trates. Prior to deposition these substrates were washed with water, then boiled in
oncentrated (2 M) chromic acid and kept in double distilled water for 48 h. Finally
he substrates were ultrasonically cleaned for 10 min. The substrate temperature
as controlled by an iron–constantan thermocouple. The spray rate employed was
ml/min and kept constant throughout the experiment. Air was used as carrier gas.
fter deposition, the films were allowed to cool at room temperature. The adhesion
f the films onto the substrate was quite good.

The structural characterization of the films was carried out by analyzing the X-
ay diffraction (XRD) patterns obtained using Philips PW-3710 X-ray diffractometer
ith Cu-K� radiation, within the 2� range of angles between 20◦ and 60◦ . Atomic

orce microscopy (AFM) was carried out in air at ambient condition (300K) using
anoscope III from Veeco. The compositional analysis of the spray deposited indium
oped CdS0.2Se0.8 thin films on glass substrate was carried out using JOEL–JSM 5600.
UV–Vis spectrophotometer (SHIMADZU UV-1700) was used to record the optical

bsorption spectra of the samples in the wavelength range 350–950 nm. Electrical
esistivity and thermo electric power measurements were done using D.C. two point
robe method. Silver paste was employed to films to ensure good ohmic contacts.

. Results and discussion

.1. Structural studies

The as deposited indium doped CdS0.2Se0.8 thin films with
arious concentrations of indium were characterized by X-ray
iffraction with Cu-K� radiation (1.5406 Å). The range of 2� angle
as from 20◦ to 60◦. Fig. 1 shows X-ray diffractogram of indium
oped CdS0.2Se0.8 thin films with various concentrations of indium.
he diffractograms show that as-deposited films are polycrystalline
n nature and the crystallinity increased with indium doping con-
entration up to 0.15 mol% and then decreased for higher doping
oncentrations. A comparison of observed and standard d values for
h k l) planes ensures that indium doped CdS0.2Se0.8 thin films show
exagonal crystal structure [25,26]. For pure CdS0.2Se0.8 the prefer-
ntial orientation was along (1 0 0), (0 0 2), (1 0 1), (1 1 0), (2 0 0) and
1 1 2) as matched with standard JCPDS data cards [25,26]. In case
f indium doped CdS0.2Se0.8 thin films all peaks occur at the same
ositions with modifications in the intensity and peak width. As
here is no appreciable change in the peak positions of CdS0.2Se0.8
hin films with indium doping; it is concluded that indium acts as
opant in the host lattice. After refinement the cell constants were
alculated to be a = b = 4.2343 Å and c = 6.8865 Å.

The effect of indium doping concentration on the orientation of

olycrystalline CdS0.2Se0.8 thin films was investigated by evaluat-

ng the texture coefficient (Tc (h k l)) of the (h k l) plane using Eq. (1).

c (h k l) = I(h k l)/I0(h k l)

(1/N)
(∑

NI(h k l)/I0(h k l)
) (1)
Fig. 1. X-ray diffraction patterns of spray deposited indium doped CdS0.2Se0.8 thin
films with various concentrations of indium.

where Tc (h k l) is the texture coefficient of the (h k l) plane, I is the
measured intensity and I0 is the JCPDS standard intensity, N is the
number of diffraction peaks. From Eq. (1), it is seen that the value
of texture coefficient approaches unity for a randomly distributed
powder sample, while Tc (h k l) is greater than unity when the
(h k l) plane is preferentially oriented. Fig. 2 shows the variation of
texture coefficient for (1 0 0) plane with respect to indium doping
concentration in CdS0.2Se0.8 thin films. From Fig. 2, it is clear that
the lower value of texture coefficient represents that the films
have poor crystallinity and the crystallinity may be improved by
 1.00  0.5  0.3 0.25  0.2  0.15  0.1 0.050
0.4

indium doping concentration (mol%)

16

Fig. 2. Variation of texture coefficient along the (1 0 0) plane and crystalline size for
In:CdS0.2Se0.8 thin films prepared at various indium doping concentrations.
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oncentration have better crystallinity as well as better adherence
o the substrates.

Crystallite size was estimated by using Debye–Scherrer’s for-
ula given by [27],

= k�

ˇ · cos �
(2)
here k varies from 0.89 to 1.39. But in most of the cases it is closer
o 1. Hence for grain size calculation it is taken to be one, � is wave-
ength of X-ray, ˇ is the full width at half of the peak maximum
n radians and � is Bragg’s angle. The crystallite size was estimated

Fig. 3. Atomic force micrographs of spray deposited indium doped
Compounds 509 (2011) 916–921

for the standard (1 0 0) reflection. The crystallite size in the present
work is found to increase up to 25 nm for 0.15 mol% indium dop-
ing concentration in CdS0.2Se0.8 thin films and it is decreased for
further increase in indium doping concentration. The variation of
crystallite size with indium doping concentration is shown in Fig. 2.
3.2. Surface morphology and compositional analysis studies

The surface morphology was studied by atomic force
microscopy; root mean square (RMS) roughness of the films was
extracted from AFM data. The AFM micrographs obtained for

CdS0.2Se0.8 thin films with various concentrations of indium.
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Table 1
Optical and electrical parameters of spray deposited indium doped CdS0.2Se0.8 thin films.

Doping concentration mol% RMS surface roughness Eg (eV) Activation energy Electrical resistivity

LT (eV) HT (eV) 300 K (×105 � cm) 500 K (×102 � cm)

0.00 34.68 1.91 0.214 0.323 1.62 2.17
0.05 33.26 1.80 0.292 0.322 1.39 1.85
0.10 32.52 1.71 0.240 0.317 0.74 1.07
0.15 17.76 1.67 0.216 0.308 0.37 0.59
0.20 19.20 1.74 0.222 0.310 0.47 0.63
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can be attributed to the increased amount of disorder caused by
addition impurity atoms in host lattice [11]. The values of band
gap energy (Eg) for various indium doped CdS0.2Se0.8 thin films are
given in Table 1.
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ndium doped CdS0.2Se0.8 thin films with various concentrations
f indium are shown in Fig. 3. The values of RMS surface roughness
or various compositions are given in Table 1. The RMS rough-
ess of 34.56 nm obtained for undoped CdS0.2Se0.8 thin film has
een reduced drastically to a minimum of 17.76 nm with 0.15 mol%

ndium doping in CdS0.2Se0.8 films. This clearly indicates that the
urface of undoped CdS0.2Se0.8 thin films is rougher than that of
oped film. It is perceptible from the figure that the surface of film
as been improved with indium doping in CdS0.2Se0.8 thin film. The
MS surface roughness is found to increase with further increase in

ndium doping in CdS0.2Se0.8 thin films above 0.15 mol%. Detailed
nalysis shows that the RMS roughness is dependent on doping
oncentration of indium.

The quantitative analysis of the undoped and 0.15 mol% indium
oped CdS0.2Se0.8 thin films were carried out by using EDAX tech-
ique, to study the stoichiometry of the films. The details of relative
nalysis are given in Table 2. From EDAX study, it is concluded that
he indium is incorporated in CdS0.2Se0.8 thin film.

.3. Optical absorption studies

The optical absorption spectrum of the indium doped CdS0.2Se0.8
hin films with various concentrations of indium on glass substrate
as studied in wavelength range 350–950 nm. The absorption coef-
cient, band gap and nature of the transition involved (direct or

ndirect) during the absorption process were determined by study-
ng the dependence of the absorption coefficient ˛, on photon
nergy h� as [28]

h� = A(h� − Eg)n (3)

here A is the constant, Eg is the band gap energy, h� is the pho-
on energy, n = 1/2 or 2 for direct or indirect transition. The value
f absorption coefficient is found to be of the order of 104 cm−1

or indium doped CdS0.2Se0.8 thin films. The optical data was fur-
her analyzed to determine the nature of transition that takes place
n indium doped CdS0.2Se0.8 thin films. The plots of (˛h�)2 versus

� for indium doped CdS0.2Se0.8 thin films with various concen-
rations of indium are shown in Fig. 4. The straight line nature of
he graphs supports the direct band gap nature of the semiconduc-
or. The straight-line portion was extrapolated to the energy axis at
= 0, to obtain the band gap energy. It is observed that for undoped

able 2
tomic percentage composition of undoped and 0.15 mol% indium doped CdS0.2Se0.8

hin films from EDAX analysis.

Element Atomic percentage in film

Undoped CdS0.2Se0.8 (0.15 mol%) In:CdS0.2Se0.8

Cd 49.47 50.23
Se 40.75 39.06
S 09.78 09.32
In – 01.39
0.226 0.313 0.55 0.74
0.236 0.314 0.63 0.89
0.266 0.315 1.00 1.11
0.267 0.319 1.05 1.21

CdS0.2Se0.8 thin film, the band gap energy is found to be 1.91 eV
and it is decreased up to 1.67 eV with increase in indium doping
concentration up to 0.15 mol%, which further increases to 1.91 eV
for further increase in indium doping concentration up to 1.0 mol%
in CdS0.2Se0.8 films. The decrease in band gap may be attributed
to the improved grain structure of the film due to segregation of
the impurity atoms along the grain boundaries [11,12], whereas
the increase in band gap at higher indium doping concentrations
2.32.22.12.01.91.81.71.61.51.41.31.2
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Fig. 4. Variation of (˛h�)2 versus h� for spray deposited indium doped CdS0.2Se0.8

thin films with various concentrations of indium.
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has two possibilities; (1) substitution of divalent cadmium by a
trivalent indium and (2) possibility of formation of Cd-vacancies.
Since Cd2+ and In3+ are deposited simultaneously, there is less
chance for forming the Cd-vacancies [30]. Thus substitution of diva-
lent cadmium by a trivalent indium is more predominant which
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ig. 5. Plots of log � versus 1000/T for spray deposited indium doped CdS0.2Se0.8

hin films with various concentrations of indium.

.4. Electrical transport studies

The measurements on electrical resistivity of the indium doped
dS0.2Se0.8 thin films with various concentrations of indium were
arried out in the temperature range 300–500 K on rectangular-
haped samples with typical size of 100 mm2, using a standard DC
wo point probe method under dark. The variations of log � ver-
us inverse of absolute temperature (1000/T) for indium doped
dS0.2Se0.8 thin films are shown in Fig. 5. It is found that this resis-
ivity variation obeys the relation,

= �0 exp
(

Ea

kT

)
(4)

here Ea is the activation energy and k is the Boltzmann constant.
t is well known that the resistivity of a semiconducting mate-
ial strongly depends on the temperature, carrier concentration
nd mobility. In a semiconductor, carrier concentration is a rapidly
ncreasing function of temperature. This increase is due to ther-

al excitation of electrons, either from imperfections or across the
and gap. It is clear from Fig. 5, that the resistivity decreases as the

emperature increases, showing semiconducting behaviour of the
ndium doped CdS0.2Se0.8 thin films [29]. Also from Fig. 5 the vari-
tion indicated two distinct temperature zones with two different
haracteristic regions. The first region from room temperature up
o 370 K is identified with low temperature and extends upwards
Compounds 509 (2011) 916–921

as far as the impurity exhaustion temperatures. This region is iden-
tified with the extrinsic conductivity of semiconductor due to the
ionization of impurity atoms. The second region from 370 up to
500 K is identified with the transition to intrinsic conduction in
semiconductor. Within this region, the density of carriers is equal to
that of intrinsic carriers. The values of activation energy Ea are found
to be in the range between 0.214 and 0.292 eV in the low tempera-
ture region and 0.308–0.323 eV in the high temperature region. The
values of the activation energy for indium doped CdS0.2Se0.8 thin
films with various concentrations of indium are given in Table 1
indicates that the prepared samples are semiconductors.

The values of dark electrical resistivity for various indium doped
CdS0.2Se0.8 thin films at 300 and 500 K are given in Table 1. It is
seen that the room temperature resistivity 1.62 × 105 � cm of pure
CdS0.2Se0.8 thin film decreases with increase in indium doping con-
centration from 0.0 to 0.15 mol% to 3.71 × 104 � cm and then again
increases for higher doping concentrations to 1.05 × 105 � cm for
1.0 mol%. Similar results have been reported earlier for doped and
mixed thin films [30,31]. The decrease in resistivity with increase in
indium doping concentration up to 0.15 mol% can be explained as
follows: Incorporation of indium in the host structure (CdS0.2Se0.8)
180160140120100806040200
Temp. difference (K)

Fig. 6. Plots of thermo-emf versus temperature difference for spray deposited
indium doped CdS0.2Se0.8 thin films with various concentrations of indium.
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akes the indium atom act as a donor [31]. This causes electrical
esistivity to decrease up to 0.15 mol% indium doping concentration
n CdS0.2Se0.8 thin films. At higher indium doping concentration (i.e.
0.15 mol%), the CdS0.2Se0.8 films may become greatly disordered
nd substitute indium does not now contribute as donor and results
n increase in film resistivity.

.5. Thermoelectric power measurement studies

The thermoelectric power (TEP) is defined as the ratio of ther-
ally generated voltage to the temperature difference across a

iece of semiconductor. The type of conductivity exhibited by the
pray deposited indium doped CdS0.2Se0.8 thin films with various
oncentrations of indium are determined from TEP measurement.
he polarity of thermally generated voltage at the hot end is posi-
ive indicating that the films are of n-type. Fig. 6 shows the variation
f thermo-emf with temperature difference for the films deposited
ith various concentrations of indium in CdS0.2Se0.8 thin films.

. Conclusions

Thin films indium doped CdS0.2Se0.8 with various concentra-
ions of indium can be deposited by simple and inexpensive spray
yrolysis technique. XRD patterns reveals that the deposited films
xhibit hexagonal crystal structure with preferential orientation
long (1 0 0) plane irrespective of indium doping concentration. The
icrostructural parameters such as texture coefficient and crys-

allite size are calculated using XRD data and their dependency
ith indium doping concentration is investigated. From AFM stud-

es it is observed that the surface of film has been improved with
ndium doping in CdS0.2Se0.8 thin films. EDAX studies confirmed
hat CdS0.2Se0.8 thin films can be doped with indium. Optical prop-
rties of the deposited films indicate that decrease in the value
f band gap energy with indium doping in CdS0.2Se0.8 thin film
nitially and increase afterwards for more than 0.15 mol% indium
oping. The indium doping in CdS0.2Se0.8 thin film results in con-
iderable decrease in the film resistivity up to 0.15 mol%.
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