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Cd1�xInxTe (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) samples have been synthesized chemically using wet chem-
ical method from precursor compounds, CdSO4, InCl3, and TeCl4. The hydroxide form of the solution mix-
ture was obtained by using ammonia solution and the pH of the mixture was adjusted to 9. A suitable
amount of NaBH4 solution was added to reduce the hydroxide phase to the metalloid alloy. The crystal
structure has been studied using powder X-ray diffraction (XRD) and scanning electron microscopy
(SEM) measurements. The 300 �C annealed samples revealed a cubic crystal structure. The morphology
of the prepared samples is very fine and the average diameter is between 1 and 2.5 lm. The optical
properties were determined using UV–vis–NIR spectrophotometer and band gap energy of 1.37 eV for
Cd0.6In0.4Te was obtained. The best photovoltaic conversion efficiency of 1.89% was obtained for the
Cd0.6In0.4Te sample with a short circuit current density (Jsc) of 15.3 mA cm�2, an open circuit voltage
(Voc) of 0.668 V, and a filling factor (FF) of 69.31%.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The growth of the high quality cadmium telluride (CdTe) fine
crystalline powder has been well-studied because of its potential
applications in semiconducting devices, photovoltaic optoelec-
tronic devices, radiation detectors, laser materials, thermoelectric
devices, solar energy converters, Videocon devices, sensors, medi-
cal imaging and nanodevices [1–11]. CdTe is an interesting mate-
rial with technologically important physical properties, used to
produce various high-performance electro-optical and infra red
detectors. It has a direct band gap of 1.56 eV at room temperature,
allowing direct transitions between the valence and conduction
bands and allows efficient radiative transitions. There are contin-
ued interests in CdTe thin films due to interests in their photovol-
taic properties, optical properties and also on their alloy’s
nanostructures [12–14]. Particularly, the recent surge of interests
in using mercaptosuccinic acid (MSA) caped CdTe quantum dots
as highly fluorescent sensor for biological applications, and as tem-
perature sensor, or using mercaptopropinonc acid (MPA) caped
CdTe quantum dots as chemical sensor or as oxygen sensor [15–
18]. Also, mechanical alloying for CdTe was reported [19].

Several ternary and quaternary semiconductors are currently
investigated for their potential in photovoltaic applications
[20,21]. The study of these materials is important due to the fact
that the band gap and lattice parameters can be varied by changing
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the cation composition. CuInGaSe2 (CIGS) chalcopyrite thin film
absorber material is one of the most promising candidates for its
high efficiency and low cost thin film solar cell. Recently, some
II–III2–VI4 ternary compounds such as CdIn2Te4 have attracted
attention both from fundamental and applied point of view.
CdIn2Te4 is a semiconducting compound with energy band gap
1.1 eV and its structure is basically a chalcopyrite structure with
half of one of the cations removed [22]. Furthermore, a complete
range of solid solution is possible in (CdTe)1_x(In2Te3)x system for
the compounds formed by mixing CdTe and In2Te3. Hence,
Cd–In–Te offers a system in which the optical band gap could be
varied in a wide range of interest. Indium is one of the interesting
candidates as n-type dopants in CdTe. One of the methods for the
incorporation of In atoms at low concentrations to CdTe has been
achieved by co-evaporation of CdTe and metallic indium [23,24].
Therefore, the aim of this work is to improve the semiconducting
properties of CdTe by indium addition. The change in the crystal
structure, crystallite size and microstructure was investigated by
using XRD analysis and SEM. Moreover, the optical properties were
determined and the efficiencies of the photoelectrochemical cell by
substitution of In ion were measured.
2. Experimental

2.1. Materials and methods

Cd1�xInxTe (where; x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0) samples have been prepared
chemically from stoichoimetric ratios of Cd2+, In3+ and Te4+ using CdSO4, InCl3 and
TeCl4 solutions, respectively. The pH solution was adjusted at 9 using ammonia
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Table 1
Unit cell parameters for CdxIn1�xTe samples.

CdxIn1�xTe samples a (Å) V (Å3) L (nm)

CdTe 6.51 275.98 22.97
Cd0.8In0.2Te 6.497 274.26 20.61
Cd0.6In0.4Te 6.483 272.56 18.60
Cd0.4In0.6Te 6.43 265.89 16.09
Cd0.2In0.8Te 6.313 251.65 15.25
InTe 6.101 227.1 18.08
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solution. Therefore, the hydroxide phase was precipitated. A suitable amount of
NaBH4 solution was added to the mixture to reduce the hydroxide phase to the
metalloid alloy. After that, the mixture was stirred with heating at around 85 �C
for 2 h. The solution mixture was left overnight to cool and precipitate the metalloid
alloy compound by decantation. Then, the precipitant was filtered out and washed
by 1% of NaBH4 solution followed by distilled water. Finally, the prepared powders
were annealed at 300 �C for 2 h in argon atmosphere.

2.2. Physical characterization

The crystalline phases were identified by X-ray diffraction (XRD) on a Brucker
axis D8 diffractometer with crystallographic data software Topas 2 using Cu Ka
(k = 1.5406 nm) radiation operating at 40 kV and 30 mA. The angle scan rate was
set at 2 �/min. The particles morphology was studied with a scanning electron
microscope (JEOL, model JSM-5040). Elemental compositions of the various
Cd1�xInxTe samples were analyzed by inductively coupled plasma (ICP, Perkin–
Elmer Optima 2000 DV). The UV–vis transmission spectrum was measured by a
UV–vis–NIR spectrophotometer (Jasco-V-570 spectrophotometer, Japan).

2.3. Electrochemical measurements

The electrochemical impedance spectra (EIS) measurements were carried out
using cell holder of two electrodes. The samples powders were pressed into pellets
of 12 mm diameter and 3 mm thickness. The amplitude was 20 mV and the fre-
quencies varied from 105 Hz to 10 mHz. For photo electrochemical cell, the working
electrode prepared from Cd1�xInxTe sample materials was painted on conducting
borosilicate glass substrate (dimensions: 2.5 cm � 1.1 cm � 7 cm) coated with a
thin film of indium tin oxide (ITO). The conducting glass was purchased from SPI
Company, USA.

The active area was 2.5 cm � 2.5 cm. Counter electrode was Pt. The cell config-
uration was fabricated: Glass/ITO/Cd1�xInxTe/0.5 M Na2S + 0.5 M S + 0.5 M NaOH/Pt
and characterized through current–voltage (I–V) measurements using silver halo-
gen filament light source of 500 W [25]. The open circuit potential (Voc) and the
short circuit currents (Isc) were recorded for the coated active material.

3. Results and discussion

The XRD patterns of the annealed Cd1�xInxTe (x = 0, 0.2, 0.4, 0.6,
0.8 and 1.0) powder samples are shown in Fig. 1. CdTe and Cd0.8

In0.2Te samples (samples ‘‘a and b’’) display well defined XRD pat-
terns with six diffraction peaks. These peaks are corresponded,
respectively to the diffraction lines produced by the (111),
(220), (311), (331), (422) and (511) crystalline planes. The lattice
parameter ‘a’ for cubic samples was calculated using the relation:
a = d(h2 + k2 + l2)0.5, where h, k, l are the lattice planes and ‘d’ is
the interplanar spacing, measured using Bragg’s equation. The ob-
tained results for these samples are in agreement with cubic
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Fig. 1. XRD patterns of annealed compounds: CdTe (a), Cd0.8In0.2Te (b), Cd0.6In0.4Te (c),
structure of CdTe with space group Fm3m [19]. Samples c, d, and
e show more than one phase for In2Te3, InTe and CdIn2Te4 [26–
28]. The obtained phase of InTe is cubic (Fm3m). The unit cell
parameters are recorded in Table 1. It is observed that the lattice
parameter ‘‘a’’ decreases by the increase of the indium substitu-
tion. This is due to the smaller ionic radius of In3+, which is
9.2 nm while Cd2+ is 9.9 nm. Similar data were reported by Faita
et al. [29]. The high reactivity of In with Te results in stronger
bonding which helps in getting a highly crystalline structure. The
crystallite size of the formed Cd1�xInxTe was determined from
the most intense peaks for Cd1�xInxTe and InTe based on Debye–
Scherrer equation [30,31]. It is observed that the crystallite size de-
creases by the indium substitution.

The surface morphology of annealed Cd1�xInxTe samples inves-
tigated by SEM is shown in Fig. 2. The SEM micrographs clearly
show structure homogeneities and remarkably different morphol-
ogies for different values of x (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0). It is
observed that the particles have very fine morphology. The average
diameter is about 2 lm for Cd0.2In0.8Te and InTe, while the average
particle size of Cd0.6In0.4Te is about 1 lm.

The UV–Vis transmission spectra of Cd1�xInxTe are shown in
Fig. 3. Mainly, the transmission spectra are occurred between
wavelength range 675 and 800 nm for these samples. The spec-
trum of Cd0.6In0.4Te has maximum peak at wave length 800 nm.

The optical absorbance A and the optical the absorption coeffi-
cient ‘‘a’’ is give by the following relations [32,33]:

Logð1=TÞ ¼ at ð1Þ

The absorbance A ¼ LogðI�=IÞ ¼ at ð2Þ
d
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Fig. 2. SEM of Cd1�xInxTe (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1) samples chemically prepared from Cd, In and Te ions solutions using NH4OH and NaBH4.
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Fig. 3. Transmission spectra of Cd1�xInxTe (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1) samples
chemically prepared from Cd, In and Te ions solutions using NH4OH and NaBH4.
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Transmittance % T ¼ 100ðI=I�Þ ð3Þ

where T is the transmittance of the spectra, t is the film thick-
ness, I� and I are the intensities of the incident and passed light
through the sample. Analysis of optical absorption spectra is one
of the most productive tools for determining optical band gap of
the film.

From these spectral data, the absorption coefficient (a) for di-
rect band semiconductors is given by:

ahm ¼ Aðhm� EgÞ0:5 ð4Þ
The relation between the direct transition (ahm)2 and the
absorption energy hm is plotted in Fig. 4.

The energy gap (Eg) is determined by extrapolation. It is varied
between 1.00 and 1.51 eV. The lowest Eg, 1.01 eV was achieved
with Cd0.6In0.4Te. Therefore, the addition of In to substitute Cd me-
tal seems to decrease the energy gap and facilitates the transition
of electrons between the valence and conduction bands.

It was reported that the band gap energy of CdTe electrodepos-
ited from the sulfate or chloride electrolyte was evaluated as 1.45–
1.55 eV [34,35]. It was also reported by Garadkar et al. [36] that for
CdTe powder synthesized by wet chemical route at pH 10.5 using
CdSO4 and Na2TeSO3 as starting materials, the energy gap values
varied from 1.38 to 1.47 eV.

The EIS graph is given in Fig. 5. The values of the real impedance
(Z0) are 1.14 � 107, 5.6 � 105, 1.18 � 105, 1.24 � 106, 1.05 � 107

and 3.26 � 107 X for Cd1�xInxTe (x = 0, 0.2, 0.4, 0.6, 0.8 and1.0)
samples, respectively. It is observed that Cd0.6In0.4Te and Cd0.8In0.2-

Te have the lower resistance (Z0) in comparison with the other
samples.

The I–V curves as shown in Fig. 6 were further analyzed to eval-
uate power conversion efficiency (g%) and fill factor (FF%).

F ¼ ðVmaxImax=VocIscÞ � 100% ð5Þ
g ¼ ðVmaxImax=Pin � AÞ � 100% ð6Þ

where Voc is the open circuit potential for CdTe electrode, Isc is the
short circuit current measured at zero voltage, Vmax and Imax are
the optimum maximum voltage and current at the tangent point
of the I–V characteristic relation as observed in Fig. 5, and A is the
working area of the active material electrode.
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Table 2
Photo electrochemical cell (PEC) parameters for CdxIn1�xTe samples.

CdxIn1�xTe
samples

Voc

(V)
Isc (mA/
cm2)

Vmax

(V)
Imax (mA/
cm2)

FF
(%)

g
(%)

CdTe 0.63 14.22 0.545 7.68 46.72 1.12
Cd0.8In0.2Te 0.65 16.24 0.450 13.09 55.80 1.57
Cd0.6In0.4Te 0.67 15.31 0.50 14.22 69.31 1.9
Cd0.4In0.6Te 0.61 13.49 0.45 12.26 44.17 1.43
Cd0.2In0.8Te 0.75 16.24 0.49 10.98 48.06 0.95
InTe 0.59 12.50 0.51 6.95 67.04 1.47
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The highest photo-conversion efficiency of 1.9% was achieved
under simple laboratory conditions with Cd0.6In0.4Te as shown in
Table 2. It was reported that CdTe/CdS solar cell gave an efficiency
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Fig. 5. EIS of Cd1�xInxTe (x = 0.0, 0.2, 0.
of about 0.89% on total area of flexible substrates [37,38]. Also, it
was reported that the efficiency of electrodeposited CdSe was
0.34% [39]. Therefore, our results are considered promising in com-
parison with the reported ones.
2.4x107 3.2x107 4.0x107

1x105 2x105 3x105 4x105 5x105 6x105

 Cd0.8
 Cd0.6

 CdTe
 Cd0.8In0.2 Te
 Cd0.6In0.4 Te
 Cd0.4In0.6 Te
 Cd0.2In0.8 Te
 InTe

4, 0.6, 0.8 and 1) powder samples.
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4. Conclusions

The effect of In doping on CdTe have been studied. Cd1�xInxTe
(x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0) samples were prepared chemically
from stoichoimetric ratios of Cd2+, In3+ and Te4+ using CdSO4, InCl3

and TeCl4 solutions, respectively. The pH value of the solution was
adjusted at 9 using ammonia solution. A suitable amount of NaBH4

solution was added to the mixture to reduce the hydroxide phase
to the metalloid alloy. The energy gap (Eg) varied between 1.0 and
1.5 eV. The lowest Eg, 1.01 eV was achieved with Cd0.6In0.4Te. The
highest photovoltaic response was achieved by a power conversion
efficiency of 1.9% with Cd0.6In0.4Te with Jsc of 15.3 mA cm�2, Voc of
0.67 V and 69.31% FF.
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