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cells, heat reflectors, light transparent electrodes, and thin 
film photovoltaic and many other optoelectronic devices. 
Cadmium sulfide thin films have received considerable 
attention due to their applications in thin film solar cells, 
electrochemical cells and semiconductor metal Schottky 
barrier cells. CdS does not play a direct role in photovol-
taic conversion of solar radiation; however, it is adequate 
as an optical window and preferred over other materials of 
wide band gap due to their compact crystallographic cell 
and electronic affinity with CuInSe2, InP, CdTe and other 
p-type semiconductors used as absorbers. The properties 
of CdS thin films obtained by several techniques, such as 
close spaced vapor transport [1], chemical bath deposition 
[2, 3],, femtosecond pulsed laser deposition [4], and SILAR 
[5, 6] have generated a great amount of information about 
its physical properties. Optical band gap of CdS was found 
as 2.42 eV by Tong et al. [4]. The band gap energy varies 
was found from 2.1 to 2.4 eV [3]. The most common phase 
of CdS bulk crystals is the hexagonal structure [3, 4].

In recent years, there has been a significant increase 
in the research works on III-VI materials, because of the 
enhanced interest due to their enhanced applications in 
optoelectronics and/or photovoltaic device fabrication. 
Indium sulfide (In2S3) is a III-VI compound, originating 
from II-VI semiconductor, by replacing group II metals by 
group III elements. Solar cells based on heterostructures 
using CdS as the window buffer layer have been the focus 
of intensive research in the last few years because they have 
attained very promising conversion efficiencies. Presently, 
efforts are there for replacing CdS by indium sulfide thin 
films to avoid toxic cadmium, in order to make photovol-
taic technology more ecofriendly. For these reasons, it is 
important to investigate about other semiconductor mate-
rials with the appropriate properties to substitute the CdS 
buffer layer in the solar cell heterostructure. One of the 

Abstract  Successive Ionic Layer Adsorption and Reac-
tion (SILAR) technique was used to deposit In1 − xCdxS, 
In2S3 and CdS thin films on glass substrate at room tem-
perature. The crystal structure and crystal size of the thin 
films were characterized by X-ray diffraction (XRD) 
method. Scanning Electron Microscopy (SEM) was used 
to determine morphology and composition of the films. 
Optical and electrical properties of these films have been 
investigated as a function of temperature. The photolumi-
nescence measurements were carried out at room tempera-
ture and absorption measurements were carried out in the 
temperature range 10–320 K with a step of 10 K. The band 
gap energies for CdS, In0.8Cd0.2S, In0.6Cd0.4S, In0.4Cd0.6S, 
In0.2Cd0.8S and In2S3 thin films were found as 2.22  eV, 
2.56  eV, 2.52  eV, 2.46  eV, 2.38  eV, and 2.72  eV, respec-
tively. The refractive indices (n), optical static and high 
frequency dielectric constants (∈

0
, ∈

∞
) values have been 

calculated by using the energy bandgap values. The electri-
cal resistivity of CdS, Cd0.5In0.5S and In2S3 thin films have 
been determined using a ‘dc’ two probe method, in the 
temperature range of 300–450 K. The electrical resistivity 
values have been calculated at 300 K.

1  Introduction

Semiconductor materials, which can be grown efficiently 
as thin films with low cost, are used extensively for a vari-
ety of applications, including architectural windows, solar 
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most promising semiconductor materials studied is In2S3. 
There are reports about solar cells based on CuInS2/In2S3 
heterostructures that have achieved efficiencies as high as 
9.5 % [7]. It can be prepared using different chemical tech-
niques such as chemical spray pyrolysis (CSP) [8–10], ther-
mal evaporation technique [11, 12] electrodeposition [13], 
chemical bath deposition (CBD) [14] and SILAR [5, 15, 
16]. The optical properties of indium sulphide (In2S3) thin 
films depend on their synthesis process and on their com-
position. The energy band gap for the as-deposited In2S3 
was found to be 2.60 eV and 2.70 eV [11, 15]. The most 
common phase of In2S3 thin film is the cubic structure [12].

Ternary metal chalcogenide composite thin films have 
attracted considerable attention because of their interesting 
size dependent properties and wide range of applications 
in optical fibers, light emitting diodes, sensors, solar cells 
etc. The interesting characteristics and related applications 
were dominated by several factors, such as surface mor-
phology, grain size, crystallinity, band gap and resistivity 
etc. In the literature, the reports are available on the forma-
tion of separate phases of chemically deposited ternary thin 
films such as, CdZnS, CdInS and CdZnSe etc. In1 − xCdxS 
(InCdS) ternary compounds can form a continuous series 
of solid solution allowing systematic variation in the band 
gap of InCdS from 2.20 eV for CdS to 2.72 eV for In2S3 
by adjusting the composition. In2S3 and In1 − xCdxS and 
CdS thin films were grown on glass substrates by using 
Successive Ionic Layer Adsorption and Reaction (SILAR) 
technique at room temperature. The band gap energies of 
the films were determined by optical absorption measure-
ments as a function of temperature. It has been seen that, 
the band gap energies of are decreasing with in increasing 
temperature [17]. In1 − xCdxS thin films are new materials in 
literature. Thus, it is important to know properties of these 
materials. In this paper, we have studied physical properties 
of In1 − xCdxS, In2S3 and CdS thin films which were grown 
by SILAR method. Also, refractive index (n), optical static 
and high frequency dielectric constants of semiconductors 
are important for several electron-device properties. Hence 
the possible application (photonic crystals, wave guides, 
detectors) of semiconductors in optical and optoelectronic 
devices depends on knowing these characteristic values 
[18].

2 � Experimental details

2.1 � Sample preparation

Semiconductor thin films are fabricated by several meth-
ods both in gas and liquid phases. In comparison to gas 
phase methods, liquid phase methods have an advantage 
of providing thin films of large area at low cost but have a 

disadvantage in terms of difficulty in the control of a pre-
cise film structure. One of the liquid phase methods for 
deposition of thin films is SILAR method. The SILAR 
method was developed by Nicolau for the deposition of 
zinc and cadmium chalcogenides thin films some 15 years 
ago [19].

In this method, thin films are fabricated by alternate dip-
ping into two solutions of each precursor ion for compound 
semiconductors. Therefore, the control of the film thickness 
becomes feasible by changing the number of the dipping 
cycles. Furthermore, atomically controlled multilayer thin 
films or super lattices can possibly be fabricated by chang-
ing precursor solutions. Since the SILAR method depends 
only on immersing the substrate into the solutions, the dep-
osition of films with a large area can be achieved at low 
cost.

In2S3, CdS and In1 − xCdxS (x = 0.2, 0.4, 0.6, 0.8) thin 
films have been deposited on a glass substrate using SILAR 
method at room temperature. This is one of the first studies 
which deposition of the In1 − xCdxS thin films by using the 
SILAR method. The adsorption, reaction and rinsing times 
were chosen experimentally so that deposition occurred 
layer wise and resulted in homogeneous thin film structure. 
The substrate materials cleaned using an ultrasonic bath 
with acetone and water–ethanol (50:50) solution and dried. 
For the deposition of In2S3 thin film, 0.1 M InCl3 solution 
(pH ~ 5.5) is used as cationic precursor and 0.05  M Na2S 
solution (pH ~ 11.5) as anionic precursor. The well-cleaned 
glass substrates were immersed in the cationic precur-
sor solution (InCl3) for a particular timing resulting in the 
adsorption of Indium ions on the surface of glass substrate. 
Then substrate was immersed doubly distilled water for 
another period of time to prevent homogenous precipita-
tion. It was followed by immersion in the anionic precur-
sor solution (Na2S) for a third period of timing. Sulfide ions 
react with the adsorbed indium ions on the glass substrate 
resulting in the formation of In2S3 layer. The substrate was 
immersed in doubly distilled water again and this completes 
one SILAR cycle. For the deposition of CdS thin film, a 
well-cleaned glass substrate was immersed in the cationic 
precursor solution (CdCl2) for 40 s, causing cadmium ions 
to be adsorbed on the surface of the glass substrate. This 
substrate was immersed in doubly distilled water for 50  s 
to prevent homogenous precipitation. The substrate was 
then immersed in the anionic precursor solution (Na2S) for 
40 s. Sulfide ions reacted with the adsorbed cadmium ions 
on the glass substrate. The substrate was then immersed in 
double-distilled water for 50 s. Thus, one cycle of CdS film 
deposition is completed. For the deposition of In1 − xCdxS 
thin films, the concentrations of cadmium chloride and 
indium chloride were optimized to deposit good quality 
and stoichiometric In1 − xCdxS composite thin films. The 
well-cleaned glass substrates were immersed in the cationic 
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precursor solution (CdCl2 + InCl3) for a particular timing 
resulting in the adsorption of Indium and Cadmium ions on 
the surface of glass substrate. Then substrate was immersed 
doubly distilled water for another period of time to prevent 
homogenous precipitation. It is followed by immersion in 
the anionic precursor solution (Na2S) for a third period of 
timing. Sulfide ions react with the adsorbed indium and 
cadmium ions on the glass substrate resulting in the for-
mation of In1 − xCdxS layer. The substrate is immersed in 
doubly distilled water again and this completes one SILAR 
cycle. By the repeating such SILAR cycles 100 times, we 
obtained In1 − xCdxS, In2S3 and CdS thin films. Optimized 
preparative parameters for CdS and In2S3 thin films have 
been given in Table 1.

2.2 � Structural and morphological analysis

The films thicknesses were calculated within the limit of 
experimental errors by using optical interference method. 
The films thicknesses have been given in Table  2. For 
structural studies, Rigaku 2200D/Max, X-ray diffractom-
eter using Cu Kα (λ= 1.5405 Å) radiation in the 2θ range 
20-100° was used. For studying surface morphology, scan-
ning electron microscopy (SEM, JEOL-JSM5600) was 
used.

2.3 � Absorbance and photoluminescence measurements

Optical properties of these films have been investigated as a 
function of temperature. The optical properties of the films 
have been studied via absorption measurements as a func-
tion of temperature with Perkin Elmer UV/VIS Lambda 
2  S spectrometer which wavelength resolution better than 
± 3 nm in the wavelength 190–1100 nm and a closed cycle 
He cryostat was used. Optical absorption measurements 
have been done in the temperature range 10-320K with 
10  K steps and in every temperature, 10  min waited for 
temperature stabilization. The band gap energy changing 
investigated as a function of temperature. Measurement of 
PL emission at room temperature was made with Shimadzu 
RF-5301 PC spectrofluorimeter.

2.4 � Electrical measurements

The electrical resistivity of these films were measured using 
a two-probe method in the temperature range of 300–450 K 
by defining area of 0.2  cm2 on film and for good ohmic 
contacts, silver paste used. For accurate measurement of 
temperature, digital temperature controller (Lake Shore) 
based on PT-100 sensor of accuracy ± 1 °C was used.

3 � Result and discussion

3.1 � Structural studies

The XRD patterns of CdS, In2S3 and In1 − xCdxS thin films 
are shown in Fig. 1. Diffraction angles and Miller indices 
of the peaks are shown in the figures and have been given 
in Table 3. For Cadmium compositions x = 0.2, 0.4, 0.6 and 
0.8 the crystal line structure of the In1 − xCdxS films have 
been determined from X-ray diffraction analysis. As shown 
in Fig. 1, In1 − xCdxS composite thin films are polycrystal-
line, with well-defined diffraction peaks that corresponds 
to cubic phase of In2S3 and hexagonal phase of CdS con-
firming formation of In1 − xCdxS. It is clearly observed 
that number of characteristic diffraction peaks of CdS is 
increasing with the increasing of cadmium molar fraction 
(x = 0.2, 0.4, 0.6, 0.8).

For CdS the strong XRD peaks at ± 26.5° correspond to 
diffraction angles of the (002) plane of hexagonal CdS [3–6, 
20]. The found peaks (101), (200), (102), (110), (112) are 
reported as the characteristic peaks for CdS thin films by sev-
eral workers [3, 4, 18]. The characteristic diffraction peaks 

Table 1   Optimized preparative 
parameters for CdS, In1 − xCdxS 
and In2S3 thin films

Parameters Precursors solutions

CdS In1 − xCdxS In2S3

CdCl2 Na2S CdCl2 + InCl3 Na2S InCl3 Na2S

Concentration (M) 0.1 0.05 0.1 0.05 0.1 0.05
pH ~ 5.9 ~ 11.5 ~ 5.7 ~ 11.5 ~ 5.5 ~ 11.5
Immersion time (seconds) 40 40 40 40 40 40
Number of SILAR cycles 100 100 100 100 100 100

Table 2   Thicknesses of In2S3, 
In1 − xCdxS and CdS Semicon-
ductors Thin Films

Sample Thicknesses (nm)

In2S3 330 ± 14
In0.2Cd0.8S 330 ± 13
In0.4Cd0.6S 328 ± 14
In0.6Cd0.4S 330 ± 13
In0.8Cd0.2S 320 ± 15
CdS 320 ± 15
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which indicate cubic structure of In2S3 are (211), (116), 
(222), (306), (309), (413) planes [10–13, 15, 21].

The low-intensity XRD peaks indicate that the films 
consist of coarsely fine grains and/or are nanocrystalline 
in nature. The broad hump is due to the amorphous glass 
substrate. Comparison of observed d values with standard 
d values confirms the sphalerite cubic (zinc blende type) 
nanocrystalline structures. The lattice parameter of films 
were calculated by using the relation

these values and I/I0 values have given been in Table 3 for 
CdS, In2S3 and In1 − xCdxS thin films. As seen in Table 3, 
observed d values are not similar standard d values. Since 
CdS, In2S3 and In1 − xCdxS thin films have some defect; 
observed d values are different from standard d values.

The crystallite size of thin films was calculated by using 
Scherrer’s Formula

(1)d = a∕
(

h2 + k2 + l2
)1∕2

(2)D = K�∕�Cos�

where D is crystallite size, λ is the X-ray wavelength used 
β is the angular line width of half maximum intensity, θ is 
Bragg’s diffraction angle and K is some constant. The aver-
age crystallite size was calculated by resolving the highest 
intensity peak. The grain sizes of In2S3 and In1 − xCdxS thin 
films have been given in Table 4. As shown in Table 4, the 
grain sizes of In1 − xCdxS thin films are smaller than In2S3 
and CdS thin films. In1 − xCdxS thin films have different 
phases from CdS and In2S3.

3.2 � Morphological studies

Scanning electron micrographs of In1 − xCdxS, In2S3 and 
CdS thin films are shown in Fig.  2. It can be noticed that 
the microstructure of In1 − xCdxS changes with the increas-
ing of cadmium molar fraction. The main feature of these 
micrographs is the observation of two types of microstruc-
tures: (i) It is observed that the surfaces of the films were 
about uniform and covered glass substrate well without any 
voids, pinholes or cracks. (ii) Big white grains originating 
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Fig. 1   The XRD Pattern of In2S3, CdS and In1 − xCdxS thin films
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probably from the from the CdS compound, since their num-
ber increases with the increasing of cadmium molar fraction.

3.3 � Optical absorption

The energy band gaps of these films were calculated with the 
help of absorption spectra. To measure the energy band gap, 
we plotted (αhw)2 versus (hw). Where α is the absorption 
coefficient and hw is the photon energy. The absorption coef-
ficient α is proportional to;

(3)�(ℏw) = B(ℏw − Eg)
n

where B is a constant and n is an index (n = 1,2,3,….).
These graphs [(α)2 versus (hw)] have been given in 

Fig. 3. The band gap energies of thin films have been then 
determined by the extrapolation of the linear regions on 
energy axis as shown in Fig. 3.

At 10  K, it is found that the band gap energies for 
CdS, In0.8Cd0.2S, In0.6Cd0.4S, In0.4Cd0.6S, In0.2Cd0.8S and 
In2S3 thin films were 2.22 eV, 2.56 eV, 2.52 eV, 2.46 eV, 
2.38 eV, 2.72 eV, respectively. The band gap energy value 
is decreasing with increasing Cadmium content. Band gap 
energy values for different temperature are given in Table 5. 
Band gap value of In1 − xCdxS thin film, that falls between 

Table 3   X-ray data of the 
In1 − xCdx, In2S3 and CdS thin 
films

Sample 2θ
Observed

(d Å)
Standard

(d Å)
Observed

hkl I/I0
Standard

I/I0
Observed

In2S3 21.30 4.1680 4.2680 211 25 68
22.30 4.0368 3.9833 116 55 70
30.30 2.9510 2.9474 222 100 100
41.50 2.2018 2.1741 306 38 24
45.40 1.9750 1.9960 309 65 29
50.60 1.8220 1.8024 413 35 37

CdS 26.50 3.3599 3.3607 002 91 100
28.30 3.1600 3.1509 101 100 71
30.20 2.9000 2.9569 200 40 79
36.20 2.4519 2.4794 102 29 48
43.90 2.0580 2.0607 110 80 58
52.10 1.7530 1.7540 112 38 60

In0.2Cd0.8S 21.10 4.1680 4.2070 211 (In2S3) 25 87
26.70 3.3599 3.3360 002 (CdS) 91 100
43.90 2.0580 2.0607 110 (CdS) 80 50
51.90 1.7530 1.7603 112 (CdS) 38 39

In0.4Cd0.6S 21.10 4.1680 4.2070 211 (In2S3) 25 81
26.70 3.3599 3.3360 002 (CdS) 91 100
43.90 2.0580 2.0430 110 (CdS) 80 43
52.10 1.7530 1.7540 112 (CdS) 38 30

In0.6Cd0.4S 22.20 4.1680 4.0010 211 (In2S3) 25 88
26.80 3.3599 3.3238 002 (CdS) 91 100
44.40 2.0580 2.0386 309 (In2S3) 80 49

In0.8Cd0.2S 22.20 4.1680 4.0010 211 (In2S3) 25 96
26.60 3.3599 3.3483 002 (CdS) 91 98
44.40 2.0580 2.0386 309 (In2S3) 80 51

Table 4   The grain size of 
In2S3, CdS and In1 − xCdxS thin 
films

Grain Size (nm)

2θ hkl In2S3 CdS In0.2Cd0.8S In0.4Cd0.6S In0.6Cd0.4S In0.8Cd0.2S

21.10 211 34.40 23.52 25.40 22.51 22.93
26.70 002 – 69.16 24.20 27.30 21.18 20.78
43.90 110 – 36.45 28.30 28.12 – −
51.90 112 − 37.63 26.54 25.51 – −
44.40 413 36.64 – − − 18.2 19.92
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the band gap value of CdS and In2S3 and these results are 
agreement with the literature [3, 5, 14, 15].

The refractive index of a material, along with the energy 
band gap, plays a fundamental role in the use of semicon-
ductors and/or their mixed structures as electronic, optical 
and optoelectronic devices, as their properties are greatly 
influenced by the nature and magnitude of these two fun-
damental physical aspects. The fundamental correlation 
between these two factors employs the common concept of 
photoconductivity for semiconductors.

The refractive index of the films was calculated using 
Moss relation [22]:f

(4)Egn
4
= k

Fig. 2   The SEM images of 
In2S3, CdS and In1 − xCdxS thin 
films
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where k is a constant with a value of 108 eV and Eg is an 
energy band gap.

A different relation between the refractive index and 
band gap energy is presented by Herve and Vandamme [23, 
24] in the following form:

where A and B are numerical constants with values of 13.6 
and 3.4 eV, respectively.

The dielectric behavior of solids is important for several 
electron-device properties. Both static and high frequency 
dielectric constants were evaluated for all the films.

The high frequency dielectric constant (ϵ
∞

) was calcu-
lated from the following relation: [22]

where n is refractive index.
The static dielectric constant (ϵ

∞
) of the films was cal-

culated using a relation expressing the energy band gap 
dependence of ϵ

∞
 for semiconductor compounds in the fol-

lowing form: [25]

For 10  K, the calculated n, ϵ
∞

andϵ
0
values of the 

In1 − xCdxS, In2S3 and CdS thin films were presented in 
Table 6. As can be seen from the Table 6, for both Moss 
and Herve-Vandamme relations the refractive index value 
of In1 − xCdxS thin film falls between the refractive index 
value of CdS and In2S3. Noor et  al. [26] have reported 
the first principles calculations of optical properties of 
CdxZn1−xS alloys. Laref et al. [27] have also simulated the 
optical properties of GaN, InxGa1−xN, InN solar cell alloys. 
They demonstrated that the refractive indices rate follows 
the same trend as seen in Table 6. This result is consistent 
with the trend calculated here.

The refractive indices n as a function of temperature 
calculated using Eq.  (4) for Moss relation and Eq.  (5) 
for Herve-Vandamme relation is shown in Figs. 4 and 5, 

(5)n =

√

1 +

(

A

Eg + B

)2

(6)E
∞
= n2

(7)�
0
= 18.52 − 3.08Eg

respectively. As can be seen from the Fig. 4, the refrac-
tive indices values increased from 2.51 to 2.74 with 
increasing temperature. As can be seen from the Fig. 5, 

Table 5   The band gap energy values of In2S3, In1 − xCdxS and CdS 
thin films at 10, 100, 200 and 300 K

Eg (eV)

Sample 10 K 100 K 200 K 300 K

CdS 2.22 2.21 2.19 1.92
In0.2Cd0.8S 2.38 2.33 2.30 1.94
In0.4Cd0.6S 2.46 2.36 2.34 2.22
In0.6Cd0.4S 2.52 2.43 2.37 2.27
In0.8Cd0.2S 2.56 2.50 2.42 2.30
In2S3 2.72 2.68 2.62 2.45

Table 6   The refractive indices (n), optical static dielectric constant 
(ε0), and optical frequency dielectric constant (ϵ

∞
) values of thin 

films at 10 K (MR: Moss Relation, HV: Herve_Vandamme Relation)

10 K ε0 n (MR) ϵ
∞

(MR) n (HV) ϵ
∞

(HV)

CdS 11.68 2.641 6.97 2.618 6.85
In0.2Cd0.8S 11.18 2.595 6.73 2.557 6.53
In0.4Cd0.6S 10.94 2.574 6.62 2.527 6.38
In0.6Cd0.4S 10.75 2.558 6.54 2.506 6.27
In0.8Cd0.2S 10.63 2.549 6.49 2.491 6.20
In2S3 10.14 2.51 6.30 2.437 5.93

0 40 80 120 160 200 240 280 320
2,50

2,52

2,54

2,56

2,58

2,60

2,62

2,64

2,66

2,68

2,70

2,72

2,74

R
ef

ra
ct

iv
e 

In
di

ce
s 

(n
)

T (K)

 CdS
 In0.2Cd0.8S
 In0.4Cd0.6S
 In0.6Cd0.4S
 In0.8Cd0.2S
 In2S3

Fig. 4   Refractive indices n calculated from Moss Relation as a func-
tion of temperature

0 40 80 120 160 200 240 280 320

2,43

2,46

2,49

2,52

2,55

2,58

2,61

2,64

2,67

2,70

2,73

2,76

2,79

)n( secidnI evitcarfe
R

T (K)

 CdS
 In

0.2
Cd

0.8
S

 In
0.4

Cd
0.6

S
 In

0.6
Cd

0.4
S

 In
0.8

Cd
0.2

S
 In

2
S

3

Fig. 5   Refractive indices n calculated from Herve&Vandamme Rela-
tion as a function of temperature



5814	 J Mater Sci: Mater Electron (2017) 28:5807–5816

1 3

the refractive indices values increased from 2.43 to 2.74 
with increasing temperature.

However the rate of increase seems to be dependent on 
the used models. Since n is strongly connected with band 
gap energy. Therefore, smaller band gap energy has a larger 
value of n.

Figure  6 shows the dependence of refractive indices 
on the Cadmium content for In1 − xCdxS (x = 0.2, 0.4, 0.6, 
0.8) thin films. The refractive indices values are increasing 
with increasing Cadmium content. The refractive indices is 
dependent nonlinearly on the concentration.

3.4 � Photoluminescence measurement

Measurement of PL emission at room temperature was 
made with Shimadzu RF-5301 PC spectrofluorimeter. 
The room-temperature PL emission spectrum of CdS, 
In1 − xCdxS and In2S3 thin films is presented in Fig. 7 where 
the excitation wavelength was 500 nm. As shown in Fig. 7, 
the PL emission spectrums are very broadening and exhibit 
a high energy broad’s band with maximums for CdS, 
In0.8Cd0.2S, In0.6Cd0.4S, In0.4Cd0.6S, In0.2Cd0.8S and In2S3 
thin films were 2.221  eV, 2,308  eV, 2.289  eV, 2.261  eV, 
2.222 eV, and 2.378 eV, respectively. Since CdS, In2S3 and 
In1 − xCdxS thin films have some defect such as sulfur and 
indium vacancies, interstitial Cd atoms etc., the PL emis-
sion spectrums are very broad and differ from the absorp-
tion spectrum [1, 8]. The presences of defects are supported 
from XRD and electrical measurements.

3.5 � Electrical properties

A thermoelectric (hot point probe) study was carried out 
for all prepared samples in order to identify the type of 

electrical conductivity of the deposited material. It was 
found that all of the films prepared in this work show 
n-type electrical conductivity. The electrical resistivity (ρ) 
of the films deposited with different concentrations of Cd 
has been measured in the temperature range 300–450  K. 
Plots of ln(ρ) vs. 1/T for different Cd percentages are 
shown in Fig.  8. From the slopes of these plots, we have 
calculated the values of activation energies. The variation 
of room-temperature resistivity and activation energy (Ea) 
with different concentrations of Cd is shown in Fig.  8. It 
is observed that the resistivity is decreasing with increas-
ing temperature and this is confirming the semi conducting 
behavior and this variation is non-linear. Consisting of the 
film with discontinuous clusters and ionizing the impurity 
levels are two reasons of this non-linear behavior. The elec-
trical resistivity is decreasing with in increasing tempera-
ture. The electrical resistivity values which were calculated 
at 300 K have been given in Table 7. Because In1 − xCdxS 
thin films have different phases from CdS and In2S3, the 
electrical resistivity values of these films are higher than 
CdS and In2S3 thin films. The foreseen reasons for high 
resistivity are; nanocrystalline nature, crystallite bound-
ary discontinuities, presence of defect states. As shown in 
Fig. 8, the activation energies were calculated for low and 
high temperature linear regions.

4 � Conclusions

In1 − xCdxS, CdS and In2S3 thin films were grown by SILAR 
method a glass substrate at room temperature. These films 
are characterized by XRD and SEM. In1 − xCdxS thin films 
composed of cubic and hexagonal phases of In2S3 and CdS. 
Optical band gap of In1 − xCdxS thin film was found to be in 
between band gaps of In2S3 and CdS. The optical absorp-
tion studies show that these thin films have direct band gap 
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and band gap energies for CdS, In0.8Cd0.2S, In0.6Cd0.4S, 
In0.4Cd0.6S, In0.2Cd0.8S and In2S3 thin films were found 
by 2.22 eV, 2.56 eV, 2.52 eV, 2.46 eV, 2.38 eV, 2.72 eV, 
respectively. As seen in Fig. 7, the PL measurement results 

are compatible with absorbance measurements. The energy 
values are increasing with increasing Indium content. The 
PL emission spectrums are very broad because CdS, In2S3 
and In1 − xCdxS thin films have some defect such as sul-
fur and indium vacancies, interstitial Cd atoms etc.,. The 
presences of defects are supported from XRD and electri-
cal measurements. The electrical resistivity of In1 − xCdxS 
thin films were about 107 Ω-cm. As a result, we can say 
that SILAR technique is suitable technique to deposit CdS, 
In1 − xCdxS and In2S3 thin films.

The refractive indices values increased from 2.43 to 2.74 
for all thin films with increasing temperature. However, the 
rate of increase seems to be dependent on the used mod-
els. Since n is strongly connected with band gap energy, 
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Table 7   The resistivity of 
In2S3, In1 − xCdxS and CdS thin 
films at 300 K

Sample Resistivity (Ωcm)

CdS 1,4 × 106

In0.2Cd0.8S 2,1 × 107

In0.4Cd0.6S 4,3 × 107

In0.6Cd0.4S 5,4 × 107

In0.8Cd0.2S 6,2 × 107

In2S3 7,5 × 106
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one may conclude that the smaller band gap energy mate-
rial has a larger value of the n. The refractive indices values 
are increasing with increasing Cadmium content. Also, we 
studied static and high frequency dielectric constants (ϵ

0
,ϵ
∞

). As a result, we can say that SILAR technique is suitable 
technique to deposit CdS, In1 − xCdxS and In2S3 thin films.
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