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a b s t r a c t

CdS1−xSex thin films with different compositions have been deposited on amorphous glass substrates by
spray pyrolysis technique. The spectrum shows a sharp fall in absorbance at wavelength corresponding
to the band gap of the material. The optical band gap has been determined for all compositions and
found to be direct allowed. The band gap has been observed to strongly depend on the film composition.
The electrical conductivity of the deposited films has been studied as a function of temperature. All
the films showed a transition from phonon-assisted hopping conduction through the impurity band
eywords:
hin films
hemical synthesis
ptical properties
lectrical transport

to grain boundary limited conduction in the conduction/valence band at temperature around 370 K.
The conductivity is found to vary with composition. The activation energies of the films of different
compositions determined at low and high-temperature region have been observed to be in the range
0.113–0.323 eV. The Hall effect studies carried out on the deposited thin films reveal that films exhibit

e car
n-type of conductivity. Th
the order of 1015 cm−3.

. Introduction

The II–VI semiconductor compounds such as CdS, CdSe, CdTe,
d1−xZnxS and CdS1−xSex, belonging to cadmium chalcogenides
amily are considered to be very important materials for wide spec-
rum of opto-electronic applications as having specific physical
roperties such as direct band gap, high coefficient of absorption

n visible and IR region of spectrum, good electrical properties and
ncreased capability in obtaining p- or n-type conductivity by dop-
ng. The cadmium chalcogenides have widely contributed to the
henomenal growth of their applications in scientific, technological
nd industrial applications like solar cells [1–3], photocatalysis [4],
eld effect transistors [5], opto-electronic devices [6,7] and photo
ssisted decomposition of water [8]. CdS and CdSe are two very
mportant wide band gap semiconductors, because of their wide
pplications in opto-electronics, such as non-linear optics, visible
ight emitting diodes and lasers [1,9]. Particularly, the visible and
ear infrared band gaps of CdSe (1.74 eV) and CdS (2.44 eV) make
hem potential candidates for the conversion of low energy photons
nto electricity. The alloy of Cd–S–Se should have more applications
ince its band gap can be tuned by means of the changing compo-
ition of the elements. However, for the efficient opto-electronic

evice application, material is usually between CdS in which very
igh sensitivity is possible but response time is high and CdSe in
hich a lower response time is possible at the cost of some loss in

ensitivity.
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rier concentration has been determined from Hall effect studies and is of
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In past II–VI thin films have been prepared by different
deposition techniques like electrodeposition [1,10] chemical bath
deposition [10–13], vacuum evaporation [14,15], pulse plating [16],
and chemical spray pyrolysis [17,18]. Among these various depo-
sition techniques available for preparation of thin films, the spray
pyrolysis, which has the advantages of low cost, easy-to-use, safe
and can be implemented in a standard laboratory, has been known
to be suitable for many scientific studies and technological applica-
tions. This method is based on the preparation of solutions of some
salt of the material whose films are to be prepared.

Shahane et al. [11] have studied the electrical and optical prop-
erties of mixed Cd–S–Se thin films prepared by chemical bath
deposition. Chaudhari et al. [13] have studied the growth and char-
acterization of ternary Cd–S–Se alloy thin films for opto-electronic
applications. Mane et al. [19] have studied photosensitization of
nanocrystalline TiO2 film electrode with cadmium sulphoselenide
thin films. Even though a lot of research is being pursued on
Cd–S–Se thin films and reports are available on the structural, com-
positional and optical properties of CdS1−xSex thin films, not many
reports are available on the opto-electronic properties and practi-
cally no report is available on the optical and electrical transport
properties of spray deposited CdS1−xSex thin films. In this paper
we present the optical and electrical transport properties of spray
deposited CdS1−xSex (0.0 ≤ x ≤ 1.0) thin films.
2. Experimental

The spray pyrolysis method is basically a chemical deposition technique in
which fine droplets of the desired material are sprayed onto a preheated substrate.
Continuous films are formed on the hot substrate by thermal decomposition of
the material droplets. CdS1−xSex thin films were deposited onto glass substrates by

dx.doi.org/10.1016/j.jallcom.2010.06.141
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:aay_physics@yahoo.co.in
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pray pyrolysis method. 0.025 M aqueous solutions of cadmium chloride dehydrate
CdCl2·2H2O), thiourea ((NH2)2CS) and selenourea ((NH2)2CSe) were used as start-
ng materials. The temperature of substrate was controlled by an iron–constantan
hermocouple and kept constant at its optimized value of 300 ◦C [18]. The spray rate
mployed was 3 ml/min and kept constant throughout the experiment. The nozzle
o substrate distance was 30 cm. After deposition, the films were allowed to cool at
oom temperature. The adhesion of the films onto the substrates was quite good.

The thickness of thin film was determined using gravimetric weight difference
ethod with sensitive microbalance by assuming bulk density of corresponding
aterials. The optical absorption spectra were recorded from 350 to 850 nm wave-

ength using SHIMADZU UV-1700 UV–vis spectrophotometer at room temperature.
he absorption coefficient, forbidden energy gap and type of transition were deter-
ined from these studies. A DC two point probe method was employed to measure

lectrical conductivity of the samples. The working temperature was in the range
f 300–500 K. Hall Effect setup supplied by Holmarc Opto-Mechatronics Pvt. Ltd.
ochin, India was used for measurements of carrier concentration (n) and Hall mobil-

ty (�) at room temperature. Van der Pauw technique [20] was used for this purpose.
pecially designed Hall probe on printed circuit board (PCB) was used to fix the sam-
le of the size 10 × 10 mm2. Silver paste was employed to ensure good electrical
ontacts.

. Results and discussion

In general CdS and CdSe exist in two crystal structures,
amely, Wurtzite (cubic) and zinc blende (hexagonal). It has been
eported that chemically deposited CdS and CdSe films depend-
ng upon preparative conditions, show cubic, hexagonal or mixed
cubic + hexagonal) crystal structures. X-ray diffraction patterns of
pray deposited CdS1−xSex (0 < x < 1) thin films are depicted else-
here [18]. It is seen that all samples are polycrystalline over entire

ange of composition parameter. For x = 0.0 (CdS), the preferential
rientation is along (1 0 0), (0 0 2), (1 0 1), (1 1 0) and (1 1 2) planes as
atched with the standard JCPDS data card 77-2306 of CdS hexag-

nal crystal structure. The dominant peaks (1 0 0), (0 0 2), (1 0 1)
nd (1 1 0) shift towards the lower 2� side, thereby increasing their
-values: from 3.5418 to 3.6833 Å for (1 0 0) plane, from 3.3332
o 3.4631 Å for (0 0 2) plane, from 3.1311 to 3.2661 Å for (1 0 1)
lane and from 2.0587 to 2.1337 Å for (1 1 0) plane respectively
ith increase in composition parameter x. From XRD patterns it is

bserved that CdS1−xSex (0 < x < 1) thin films are composed of mixed
rystallites of both CdS and CdSe. The crystallographic phases of
amples are in good agreement with the typical hexagonal crys-
al structure [21,22]. In addition the diffraction peaks for (1 1 0)
re located at 43.94◦, 43.78◦, 43.36◦, 42.96◦, 42.62◦ and 42.32◦,
espectively. The shifting of peak position with increase in the com-
osition ‘x’ suggests the formation of alloy system in between CdS
nd CdSe compounds. For x = 1.0 (CdSe), the preferential orienta-
ion is along (1 0 0), (0 0 2), (1 0 1), (1 1 0), (1 1 2), (2 0 2), (2 0 3),
nd (3 0 0) planes as matched with the standard JCPDS data card
7-2307 of CdSe [22]. Films with crystallite size in the range of
3–18 nm can be obtained. SEM studies showed polycrystalline tex-
ure with nearly smooth surface and clearly defined grains. EDAX
tudy confirmed nearly stoichiometric deposition of CdS1−xSex thin
lms [18].

.1. Optical studies

The study of the materials by means of optical absorption pro-
ides a simple method for explaining some features concerning the
and structure and energy gap of non-metallic materials. Optical
easurements constitute the most important means of determin-

ng the band structures of semiconductors. The optical absorption
pectra of spray deposited CdS1−xSex (0.0 ≤ x ≤ 1.0) thin films have
een used to evaluate the coefficient of absorption, optical band

ap, and nature of transition involved. The wavelength dependence
f the absorption coefficient is shown in Fig. 1. It is found that
he optical absorption coefficient is high for all the compositions
˛ = 104 cm−1). The absorption through film is relatively high at
elow band gap region indicating high concentration of defects
Fig. 1. Variation of coefficient of absorption (˛) with wavelength (nm) for spray
deposited CdS1−xSex (0.0 ≤ x ≤ 1.0) thin films.

and free carriers. The absorption decreases abruptly in the long
wavelength region. The sharp decrease in absorption is observed
in between 510 and 710 nm which is due to band edge absorp-
tion. A shift in absorption edge from 510 to 710 nm is observed as
x is increased from 0 to 1. The incoming photons have sufficient
energy to excite electrons from the valence band to the conduc-
tion band, resulting in strong absorption in CdS1−xSex (0.0 ≤ x ≤ 1.0)
thin films. The optical absorption data are further analysed for near
edge optical absorption of semiconductor by using the following
relationship [23],

˛h� = A(h� − Eg)m (1)

where ˛ is coefficient of absorption, A is an energy-independent
constant and Eg is the optical band gap energy. The exponent
m depends on the nature of the transition, m = 1/2, 2, 3/2 or 3
for allowed direct, allowed indirect, forbidden direct or forbidden
indirect transitions, respectively. Now for allowed direct type of
transitions Eq. (1) can written as

˛h� = A(h� − Eg)1/2 (2)

Thus a plot of (˛h�)2 vs. h� is a straight line whose intercept
on energy axis gives the band gap energy, Eg as shown in Fig. 2.
The straight line nature of the plots over a wide range of photon
energy indicates the direct allowed type of transition. It is well
known that direct transition across the band gap is feasible between
the valence and conduction band edges in k space. In the transi-
tion process, the total energy and momentum must be conserved.
The optical gaps have been then determined by the extrapola-
tion of the linear regions on energy axis. The variation of band
gap with composition is shown in Fig. 3. The band gap is found
to decrease from 2.44 eV corresponding to CdS to 1.74 eV corre-
sponding to CdSe with increase in Se concentration. The obtained
band gap in the present case matches well with the reported val-
ues of CdS [24] and CdSe [25]. The other compositions have in
between values. The results show that band gap varies smoothly
but not linearly over the entire range of composition studied. The
non-linearity of the band gap variation with compositions has been
already reported for Cd1−xZnxS [26,27], CdS–Bi2S3 [28], CdSSe [13]

and also for quaternary CdZn (S1−xSex) 2 [29] thin films. The reason
for this behavior in the present study may be attributed to slight
variation in film composition than bulk composition and thickness.
Such a kind of broad and fine variation/tunable band gap prop-
erties of ternary alloy CdS1−xSex thin films are suitable for many
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Fig. 2. Variation of (˛h�)2 with h� for spray deposited CdS1−xSex (0.0 ≤ x ≤ 1.0) thin
films.
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into lower magnitudes of electrical conductivities more low for CdS
than CdSe. For in between compositions of CdS and CdSe the electri-
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O

ig. 3. Variation of band gap energy (eV) with composition for spray deposited
dS1−xSex (0.0 ≤ x ≤ 1.0) thin films.

cientific studies and technological applications such as gas sen-
ors, heat mirrors, transparent electrodes, solar cells, piezoelectric
nd opto-electronic devices.

The curves in the plots (˛h�)2/3 vs. h� (direct forbidden), (˛h�)1/2

s. h�, (indirect allowed) and (˛h�)1/3 vs. h� (indirect forbidden)
an not be extrapolated to the energy axis. These plots (not shown)

eveal that the type of transition is neither direct forbidden nor
ndirect. The modes of optical transitions in these films have also
een determined as suggested by Pal and co-workers [30]. Eq. (1)

able 1
ptical and electrical parameters of spray deposited CdS1−xSex thin films.

Composition Thickness (nm) Eg (eV) Power factor Ac

LT

CdS 210 2.44 0.4693 0.1
CdS0.8Se0.2 201 2.28 0.4471 0.1
CdS0.6Se0.4 194 2.14 0.5414 0.1
CdS0.4Se0.6 189 1.98 0.5700 0.1
CdS0.2Se0.8 183 1.91 0.5244 0.2
CdSe 181 1.74 0.5597 0.1
Fig. 4. Evaluation of mode of transition from the variation of ln(˛h�) vs. ln(h� − Eg)
for spray deposited CdS1−xSex (0.0 ≤ x ≤ 1.0) thin films.

can be rearranged as

ln(˛h�) = ln(A) + m ln(h� − Eg) (3)

and suggests that the plot of ln(˛h�) vs. ln(h� − Eg) is a straight line
whose slope gives the power factor m. Fig. 4 indicates the results
of above analysis and the calculated values of m for all the compo-
sitions are given in the Table 1. The obtained values of m suggest
that the fundamental absorption edge in the films is formed by the
direct allowed transitions.

3.2. Electrical transport studies

The electrical characterization of the as deposited CdS1−xSex

thin films were carried out by the means of the temperature depen-
dent conductivity and Hall effect measurements in the temperature
range 300–500 K. Fig. 5 shows the temperature dependence of DC
electrical conductivity of CdS1−xSex thin films. From Fig. 5 it is seen
that the curves are linear and electrical conductivity of all films
is found to increase with increase in temperature. The electrical
conductivity is found to be composition dependent. The room tem-
perature electrical conductivities for CdS and CdSe are 6.34 × 10−7

and 2.71 × 10−6 (� cm)−1, respectively. The observed lesser con-
ductivity in thinner films can be explained due to a lower degree
of crystallinity and a small grain size. The presence of defects such
as structural disorders, dislocations and surface imperfections also
play role in decreasing the conductivity as reported earlier [31].
The lower values of electrical conductivity can also be attributed
to the deposition method and generally chemical methods result
cal conductivity is found to increase with increase in Se content in
the film up to x = 0.8, thereafter the conductivity decreases. This is
due to the fact that CdS1−xSex thin films are inhomogeneous semi-

tivation energy Conductivity Mobility

(eV) HT (eV) ×10−6 (� cm)−1 (×10−3) (cm2 V−1 s−1)

62 0.276 0.633 1.091
33 0.300 1.122 1.534
13 0.299 2.192 2.400
26 0.310 3.499 3.179
14 0.323 6.166 4.502
92 0.274 2.713 2.709
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ig. 5. Plot of log � vs. (1000/T) for spray deposited CdS1−xSex (0.0 ≤ x ≤ 1.0) thin
lms.

onductors with deep impurity levels possessing large values of
otential relief inhomogenity associated with the impurity zone as
ell as the intrinsic zone [32].

As seen from Fig. 5, the temperature dependent conductivity
f the CdS1−xSex thin films shows very similar behavior except
or the magnitudes over the entire range of the composition. This
ndicates that the same conduction mechanisms are dominant
or all compositions. From Fig. 5, the variation of the conductiv-
ty with the temperature for all composition shows two regions

ith two different activation energies, indicating different con-
uction mechanisms dominating at specific temperature intervals.

n low-temperature regions, between 300 and 370 K, the temper-
ture dependence of conductivity for all composition increases
lightly with small activation energies. In low-temperature region,
he increase in conductivity with temperature is due to the intrin-
ic nature of film. In this temperature region, there is no adequate
umber of charge carriers due to its intrinsic defects and mobil-

ty of charge carriers is low. Also at low temperatures, the charge
arriers in conduction band may be too few to give rise to an appre-
iable conduction. Hence hoping of charge carriers via impurity
and can result in a current in the films below 370 K. The Mott [23]
odel may be suitable for explaining the low-temperature elec-

rical conduction in films. According to Mott theory, the electrical
onductivity � due to the hoping of charge carriers via impurity
and is given by

= �0T−1/2 exp

[
−
(

T0

T

)1/4
]

(4)

here �0 = 3e2� [N(Ef)/8�˛k]1/2, T0 = �˛3/kN(Ef), N(Ef) is the density
f states near the Fermi level, � is a dimensionless constant, � is the
requency factor taken as the Debye frequency, ˛ is the decay con-
tant of the wave function of localized states near the Fermi level
nd k is the Boltzmann constant. To confirm the type of conduction
echanism, the plots of log(�T1/2) vs. T1/4 have been plotted and

re shown in Fig. 6. At low-temperature (<370 K) charge carriers
o not have sufficient energy for excitation to the adjacent band
nd hence they move from one impurity to another with help of
honon.
In high-temperature region, i.e., between the temperatures of
70 and 500 K the variation of conductivity with the inverse of
bsolute temperature is pronounced and increases sharply with
he activation energies in the range 0.274–0.323 eV. At these
emperatures, the conductivity increases rapidly with increase in
Fig. 6. Variation of log(�T1/2) vs. T−1/4 to determine the variable range hopping
conduction mechanisms in spray deposited CdS1−xSex (0.0 ≤ x ≤ 1.0) thin films.

temperature. The low mobility of charge carriers is easily compen-
sated by creation of large number of charge carriers and this result
in increase in conductivity of the specimen [33]

From Fig. 5, it is seen that for temperature above 370 K the plot
is linearly varying one and the measured experimental data fit well
with the relation

�(T) = �0 exp
(−	E�0

kT

)
(5)

and therefore the conductivity is attributed to the thermal excita-
tion of charge carriers from grain boundaries to the neutral region
of the grains. The activation energies obtained using the log � vs.
1000/T plots are shown in Table 1. The activation energies are in
the range 0.113–0.323 eV depending on the film composition, and
these values are close to the values reported by Shahane et al. [11].
The activation energy of the films in the low-temperature region
(below 370 K) is found to be smaller than the activation energy
in the high-temperature region (above 370 K), confirming that the
conduction mechanism in the high- and low-temperature regions
is a thermally activated process known as thermionic emission and
variable range hopping mechanism, respectively.

To confirm the type of conduction mechanism, measurements
were analysed by means of the thermionic emission over the grain
boundary potential model proposed by Seto [34] where the con-
ductivity is given by

�
√

T = �0 exp
(−Ea

kT

)
(6)

where �0 is the pre-exponential factor, Ea is the activation energy,
k is the Boltzmann constant and T is the absolute temperature. The
plots of log(�T1/2) vs. 1000/T have been plotted as shown in Fig. 7.
Obviously in the high-temperature region, grain boundary limited
conduction is dominant conduction mechanism.

As a result of detailed analysis of the temperature dependent
conductivity data to obtain the conduction mechanism dominating
in the mentioned temperature regions, it was observed that Seto’s
thermionic emission model is quite applicable as a conduction
mechanism in the temperature range 370–500 K (Fig. 7). However,
the thermionic conduction mechanism is insufficient to explain the
saturation tendency in the low-temperature region below 370 K.
Hence from the above discussion it may be concluded that in
spray deposited CdS1−xSex thin films there exists a transition tem-
perature around 370 K, above which the electrical conduction is
effected by charge carriers excited to the conduction/valence band
from impurity levels, and may be explained by Seto’s polycrys-
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ig. 7. Variation of log(�T1/2) vs. 1000/T to determine the grain boundary limited
onduction mechanisms in spray deposited CdS1−xSex (0.0 ≤ x ≤ 1.0) thin films.

alline model of thermionic emission, which is applicable to explain
ransport phenomena in polycrystalline semiconductor materials.
he high-temperature conductivity is attributed to excitation of
harge carriers from grain boundaries to neutral region of grains.
elow the transition temperature, conduction occurs by phonon-
ssisted hopping via an impurity band and may be explained by
ott’s model.
In order to determine the carrier density and Hall mobility,

ncluding the conduction type the Hall effect measurements were
arried out on the as deposited CdS1−xSex thin films. The Hall effect
easurement is the standard, reliable and more direct method

or obtaining fundamental electrical properties of semiconductors.
all effect measurement reveals that the value of Hall coefficient

s negative which confirms that the deposited films have n-type
onductivity. The carrier density at room temperature was deter-
ined for all the samples. The variation of carrier density with

omposition for spray deposited CdS1−xSex thin films is shown

n Fig. 8. Carrier density for each composition is in the order
f 1015–1016 cm−3. The carrier density is found to increase with
ncrease in Se concentration up to Se = 0.8 and further it is observed
o decrease for Se = 1.0. Similar dependence of carrier concentra-

ig. 8. Variation of carrier density with composition for spray deposited CdS1−xSex

0.0 ≤ x ≤ 1.0) thin films.

[

[

and Compounds 505 (2010) 787–792 791

tion on selenium concentration in CdSexTe1−x thin films has been
reported by Stuckes and Farrell [35]. This also supports the obser-
vations from conductivity measurements. The small carrier density
is characteristic of compensation type semiconductors involving
deep donors or deep acceptors. The deep donors and acceptors
could be associated with doubly ionized cadmium interstitials
and doubly ionized cadmium vacancies [36]. Moreover, structural
defects and grain boundaries, whose number are generally larger
in as deposited materials compared to annealed ones, may also
be responsible for reducing carrier density, since they are capable
of trapping carriers [33]. The Carrier mobility has been calculated
using the standard relation,

� = �

ne
(7)

The electron mobility is found to be a function of composition.
The electron mobility for spray deposited CdS1−xSex thin films is
in the range of 1.09–4.50 × 10−3 cm2 V−1 s−1. The smaller values
of electron mobility are due to presence of grain boundaries and
structural defects which cause scattering of charge carriers. The cal-
culated values of electron mobility at room temperature are listed
in Table 1.

4. Conclusions

CdS1−xSex thin films have been deposited by spray pyrolysis
technique. The optical studies indicated that films exhibit direct
bandgap which is strongly dependent on composition allowing
tailoring of band gap as required for solar cell applications. The
electrical conductivity of CdS1−xSex thin films is found to increase
with selenium concentration up to x = 0.8. The room temperature
electrical conductivity for varies in the range of 6.34 × 10−7 and
6.16 × 10−6 (� cm)−1 depending on the composition of the films.
The electrical transport studies reveal that there exists a transi-
tion temperature, around 370 K, below which the conduction is
due to the variable range hoping mechanism and at temperature
above transition temperature the conduction is due to thermionic
emission. Hall effect study reveals that all samples are n-type
semiconductors. The carrier density of the films is of the order
of 1015–1016 cm−3. The wide and fine tunability of the band gap
as well as the uneven changes in the conductivity of the ternary
CdS1−xSex thin films have potential applications in various opto-
electronic devices.
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