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Abstract: Thin films of copper indium telluride were electrodeposited on indium doped tin oxide coated conducting glass (ITO) sub-
strates at various bath temperatures and deposition potentials from an aqueous acidic bath containing CuSO,, Iny(SO,); and TeO,. The
deposited films were characterized by x-ray diffraction, scanning electron microscopy, energy dispersive analysis of x-rays and optical
absorption techniques, respectively. The film structure was found to be cubic with preferential orientation along (200) plane. Using x-ray
diffraction data the microstructural parameters such as crystallite size, strain, dislocation density and stacking fault probability were cal-
culated. The variation of microstructural parameters with bath temperature and deposition potential were studied. The experimental obser-

vations are discussed in detail.
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1. INTRODUCTION

Thin films of chalcopyrites find numerous applications in a
variety of solid state devices such as visible and infrared light
emitting diodes, solar cells, IR detectors and photovoltaic devices
[1-6]. Among them, copper indium telluride (CulnTe,) is a direct
band gap semiconductor with a band gap value in the range be-
tween 0.92 and 1.06 eV which make them quite interesting for
solar energy conversion [7]. Polycrystalline thin films of CulnTe,
are usually crystallized in cubic structure (PDF-89-2380) with
lattice constant (a=6.080 A) and in the tetragonal structure (PDF-
81-1937) with lattice constants (a= 6.194 A; c= 12.415 A). There
are several techniques reported for the preparation and characteri-
zation of CulnTe, crystals and thin films. Some examples are:
Bridgmann method [7], co-evaporation technique [5], thermal
evaporation [8]. Electrodeposition and chemical bath deposition
are the alternative methods that are particularly adapted for the
preparation of chalcogenide materials. Chemical deposition of
chalcogenides are already used for producing interfacial layers in
high efficiency thin film solar cells. The chalcopyrite compounds
have been the objects of numerous studies concerning thin film
deposition from aqueous solution. Recently, electrodeposition has
now emerged as a simple, economical and viable technique to
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synthesize good quality films for device applications. The attrac-
tive features of this method are: low cost synthesis, low tempera-
ture growth, convenience for producing large area devices and the
possibility to control the film thickness and morphology by readily
adjusting the electrical parameters as well as the composition of
the electrolytic solution [9, 10]. Structural, morphological, compo-
sitional and electrical properties of In rich CulnTe, thin films pre-
pared using electrodeposition technique were investigated by Orts
et al [11]. Ishizaki et al have prepared CulnTe, thin film from an
acidic bath by electrodeposition and studied their structure, mor-
phology, composition and optical properties [1]. All the research
workers have dealt with the determination of structure type and
qualitative observation of defects and grain size of CulnTe, thin
films. No quantitative measurements were made on the micro-
structural parameters of electrodeposited CulnTe, thin films. The
microstructural parameters such as crystallite size, strain, disloca-
tion density and stacking fault probability are found to influence
the physico chemical properties of electrodeposited CulnTe, thin
films. In addition to this, the reduction of stress, dislocation den-
sity and increase in crystallite size of CulnTe, thin films may be
useful for opto-electronic applications. To our knowledge, no re-
port is available concerning the microstructural parameter evalua-
tion of electrodeposited CulnTe, thin films.
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In the present work, we describe the preparation of CulnTe, thin
films on indium doped tin oxide coated conducting glass (ITO)
substrates at various bath temperatures and deposition potentials
using electrodeposition technique. The microstructural parameters
were evaluated and the effect of bath temperature and deposition
potential on the above properties of the films were studied. Also,
the morphological, compositional and optical, properties of the
films are studied and the results are discussed .

2. EXPERIMENTAL DETAILS

The electrochemical deposition of CulnTe, thin films on indium
doped tin oxide (ITO) coated conducting glass substrates were
carried out potentiostatically containing 0.001 M CuSOy, 0.005 M
Iny(SOy4); and 0.0005 M TeO,. All the electrochemical experiments
were carried out in a standard three electrode system using a scan-
ning potentiostat (EG & G, Model 362, Princeton Applied Re-
search, USA) with ITO substrate as working electrode and graphite
plate as counter electrode. A saturated calomel electrode was im-
mersed into the bath and kept very nearer to the working electrode.
Both working and counter electrodes are brought close to each
other to obtain good quality films. The two surfaces facing each
other were kept parallel, so that the released ions will be attracted
and deposited exactly perpendicular to the cathode surface. During
the time of deposition the electrolytic bath was stirred slowly using
magnetic stirrer cum heater set up. The plating experiments were
carried out at various bath temperatures ranging from 35°C to 80°C
with different intervals of time. Series of films were prepared in the
potential range between -500 and -1100 mV versus SCE. Smooth,
uniform and well adherent films of CulnTe, were obtained under
optimized condition.

Thickness of the deposited films was estimated using stylus pro-
filometer (Mitutoyo SJ-301, USA). X-ray diffraction studies was
carried out using a (X’Pert PRO PANalytical, Netherlands) x-ray
diffractometer with CuK,, radiation with A=1.5418 A. Optical prop-
erties was carried out at normal incidence at room temperature
using an UV-Vis-NIR spectrophotometer (HR-2000, M/S Ocean
Optics, USA). Surface morphological studies was carried out using
a scanning electron microscope (JEOL JSM 840). The film compo-
sition was analyzed using an energy dispersive x-ray analysis set up
attached with SEM.

3. RESULTS AND DISCUSSION

3.1. Film thickness

The deposition of CulnTe, thin films was controlled by two inde-
pendent variables such as (i) film thickness and its uniformity (ii)
surface morphology [12]. Thickness of the deposited films was
estimated using stylus profilometer. The average thickness of the
deposited layers can be directly controlled by controlling the plat-
ing current and the plating time. During deposition, it was observed
that at higher bath temperature (such as 65°C and above) the film
formation is hindered due to hydrogen evolution. At lower bath
temperatures (such as below 50°C) an irregular growth with rough
surface was obtained. Fig. l.a,b,c. shows the variation of film
thickness with deposition time for films deposited at various bath
temperatures from 35 to 65°C. It is observed from Fig. 1 that the
film thickness increases linearly with deposition time and tend to
attain saturation. The bath temperature is expected to influence the
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Figure 1. Variation of film thickness with deposition time for Cu-
InTe, thin films electrodeposited at various bath temperatures (a)
35°C, (b) 50°C (c) 65°C.

deposition rate by: (i) increase of precursor solubility and (ii) in-
crease of diffusion coefficient and decrease of viscosity [12]. The
solubility of TeO, increases exponentially with raising temperature
and at pH 4.5 a 20- fold increase of solubility from room tempera-
ture to 99°C was estimated by Cheng et al [13]. Due to the increase
in solubility of TeO, with bath temperature, higher thicknesses
were obtained for films deposited at higher bath temperature such
as 65°C. It could be observed from Fig. 1 that maximum value of
film thickness was obtained from a single deposition within 60
minutes for all bath temperatures from 35 to 65°C. Further, at lower
pH (3.0+0.1), free tellurium was deposited alone and at compara-
tively higher pH (4.0+0.1), the solution became cloudy due to the
precipitation of TeO,. Increasing the tellurium ion concentration in
the solution by adding TeO, is limited by the solubility of TeO, at
given pH and temperature [14]. Since, tellurium is less electroposi-
tive than copper, indium, Te could be more likely to deposit as the
element from its ions in an electrolytic bath than Cu and In from its
ions. Hence, very low concentration of Te in the electrolytic bath
must be maintained when compared to Cu and In ions.

3.2. Structural studies

X-ray diffraction patterns were taken out in order to identify
crystallinity and phases of the deposited films. From x-ray diffrac-
tion data, the interplanar spacing dyq was calculated using the
Bragg’s relation [15]

dhkl =n)M 2 Sinf (1)

The lattice constant of cubic CulnTe, cell was calculated using the
relation

1/d* = h*+k*+1%/a’ )

where A is the wavelength of the x-rays used, d the interplanar
spacing, n the order number. The factor d is related to (hkl) indices
of the plane and the dimension of the unit cell.

From x-ray diffraction profiles, the crystallite size of the films
was calculated using FWHM data and Debye-Scherrrer formula
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[9,16].
D= 0.93/B Co 05 3)

where )\ is wavelength of x-rays used ( A=1.5418 A) , B is Full
Width at Half Maximum of the peak in radians, 0 is Bragg’s dif-
fraction angle at peak position in degrees.

The strain € was calculated from the slope of B Cos 0 versus Sin
0 plot using the relation [16]

B=[A/D Cos 0] - [¢ tan 0] 4)

The dislocation density is defined as the length of dislocation lines
per unit volume of the crystal (Williamson and Smallman) [17].
The dislocation density is given by

5=1/D* ®)

The stacking fault probability a is the fraction of layers undergo-
ing staking sequence faults in a given crystal and hence one fault is
expected to be found in 1/ o layers. The presence of stacking se-
quence fault in peak position of different reflections with respect to
ideal positions of a fault-free well annealed powder sample. A well
annealed powder sample reference is used to compare the shift in
the peak position of different reflections and hence to evaluate the
stacking fault probability. The relation connecting stacking fault
probability (o) with peak shift A(20) was given by Warren and
Warekois [18]. The stacking fault probability a is given by

o = [21%/45\3] [A(20)/tan6)] (6)

From the above expression (6) stacking fault probability was
calculated for CulnTe, thin films.

3.2.1. Effect of bath temperature on structural
properties

X-ray diffraction patterns recorded for the electrodeposited Cu-
InTe, thin films on ITO substrates with bath composition of 0.001
M CuSOy4, 0.005 M Iny(SO4); and 0.0005 M TeO, are shown in
Fig. 2.a,b,c,d. The observed diffraction peaks of CulnTe, are found
at 20 values of angles 25.31, 29.33, 41.96, 49.65, 52.04,
60.86,68.98, 76.70 corresponding to the lattice planes (111), (200),
(220), (311), (222), (400), (420) and (422), respectively. XRD stud-
ies revealed that the films of CulnTe, are polycrystalline in nature
with cubic structure with lattice constant (a= 6.080 A). The differ-
ent peaks in the diffractogram were indexed and the corresponding
values of interplanar spacing “d” were calculated and compared
with standard JCPDS values [19]. It is observed from Fig. 2 that the
films deposited at bath temperature above 50°C are found to be
poorly crystallized and the films deposited above 50°C are found
to be well crystallized with preferential orientation along (200)
plane. It is also observed from Fig. 2 that the height of the preferen-
tial peak increases and some new peaks of CulnTe, begins to ap-
pear while increasing bath temperature from 35 to 65°C, thereafter
the height of the preferential peak slightly decreases. Hence, the
bath temperature is fixed as 65°C for all depositions. The films
deposited at 65°C have good crystallinity and well adherent to the
substrates. Similar behaviour is noted for ZnHgTe thin films re-
ported earlier [15].

3.2.2. Effect of deposition potential on structural
properties
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Figure 2. X-ray diffraction patterns of CulnTe, thin films electro-
deposited at various bath temperatures (a) 35°C (b) 50°C, (c) 65°C,
(d) 80°C.
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Figure 3. X-ray diffraction patterns of CulnTe, thin films electro-
deposited at different deposition potentials (a) -700 , (b) -900 , (c)
-1100 mV versus SCE.

X-ray diffraction patterns recorded for electrodeposited CulnTe,
thin films on ITO substrates with electrolyte concentration of
0.001 M CuSOy, 0.005 M Iny(SO4); and 0.0005 M TeO, prepared
at different deposition potentials is shown in Fig. 3.a,b,c. X-ray
diffraction results revealed that the films prepared at different depo-
sition potentials exhibit cubic structure with a preferential orienta-
tion along (200) plane. All the peak intensities are found to increase
when the deposition potential decreased down to -700 mV versus
SCE indicating the polycrystalline morphology of good quality
films. The stoichiometric films of good quality are obtained at a
deposition potential closer to -900 mV versus SCE. This study
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Figure 4. Variation of (a) Crystallite size and Strain, (b) Disloca-
tion density and Stacking fault probability with bath temperature
for CulnTe, thin films.

shows that the deposition potential does not change the structural
phase of CulnTe, thin films. However, an increase in crystallinity
of the films with deposition potential upto -1100 mV versus SCE is
indicated. Hence, the deposition potential is fixed as -900 mV ver-
sus SCE used to deposit CulnTe, thin films. Similar behaviour is
noted for FeSe, thin films reported earlier [20].

3.2.3. Effects of bath temperature and deposition
potential on microstructural parameters

X-ray diffraction pattern of CulnTe, thin films prepared at vari-
ous bath temperatures between 35 and 80°C are recorded. Using
FWHM data and Debye-Scherrer formula, the crystallite size of the
films were calculated. The strain € was calculated from the slope of
B Cos 6 versus Sin 0 plot using equation (4). The variation of crys-
tallite size, strain with bath temperature for CulnTe, thin films
deposited at 35,50,65,80°C is as shown in Fig. 4a. It is observed
from Fig. 4a that the crystallite size increases with bath temperature
and the films deposited at 65°C are found to have maximum value
of crystallite size. Due to the removal of defects in the lattice with
increase in bath temperature the strain in the film gets released and
attained a minimum value at 65°C. Using equation (5) and (6) the
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Figure 5. Variation of (a) Crystallite size and Strain, (b) Disloca-
tion density and Stacking fault probability with deposition poten-
tial for CulnTe, thin films.

dislocation density and stacking fault probability were calculated.
The variation of dislocation density and stacking fault probability
with bath temperature for CulnTe; thin films is shown in Fig. 4b. It
is observed from Fig. 4b that both dislocation density and stacking
fault probability are found to decrease while increasing bath tem-
perature from 35°C to 65°C, thereafter both of them are slightly
increases. A sharp increase in crystallite size and decrease in strain
with bath temperature is indicated in Fig. 4a. Such a release in
strain reduced the variation of interplanar spacing thus leads to
decrease in stacking fault probability and dislocation density of
CulnTe, thin films and minimum values are obtained for films
deposited at 65°C. CulnTe; thin film with lower strain, dislocation
density and stacking fault probability improves the stoichiometry of
the films which in turn causes the volumetric expansion of thin
films. Crystallinity improvement with bath temperature enhances
the concentration and mobility of Cu, In ion vacancies within the
lattice and hence reduces the resitivity of the deposited films. The
studies on functional dependency of microstructural parameters on
bath temperature indicates that the strain, dislocation density and
stacking fault probability decreases with bath temperature whereas
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Figure 6. SEM picture of CulnTe, thin films deposited at bath
temperature 65°C and at a deposition potential -900 mV versus
SCE.
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the crystallite size increases. Similar functional dependency of
microstructural parameters with bath temperature for FeSe, thin
films have been reported earlier [10].

The variation of crystallite size, strain with respect to deposition
potential was studied and shown in Fig. 5a. It is observed from Fig.
5a the maximum value of crystallite size, minimum value of strain,
dislocation density and stacking fault probability are noted for
films obtained at a deposition potential of -900 mV versus SCE.
Fig. 5b shows the variation of dislocation density and stacking fault
probability with deposition potential for CulnTe, thin films. It is
observed from Fig. 5b that both dislocation density and stacking
fault probability are found to decrease while decreasing deposition
potential to -900 mV versus SCE, thereafter both of them are
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Figure 8. (ahv)* versus hv plot for CulnTe, thin film electrodepos-
ited at various bath temperatures (a) 35°C, (b) 50°C (¢) 65°C .

slightly increases. X-ray diffraction and deposition kinetic studies
showed the formation of CulnTe, films with larger crystallite size
at a deposition potential -900 mV versus SCE. It is observed from
above Fig. 5.a,b, that the strain, dislocation density, stacking fault
probability are decreased while decreasing deposition potential,
whereas the crystallite size increases. Similar bahaviour is noted for
FeSe thin films reported earlier [9].

3.3. Morphological and compositional analyses

The surface morphology of CulnTe, thin film electrodeposited at
bath temperature 65°C and at a deposition potential -900 mV versus
SCE is shown in Fig. 6. The surface is observed to be smooth, uni-
form and covered with spherically shaped grains. The grains are
distributed uniformly over the entire surface of the films. The
grains are visible in the SEM picture thus represent aggregates of
very many small crystallites. Several smaller crystallites are
grouped together to form a larger grain. The sizes of the grains are
found to be in the range between 0.14 and 0.62 um. The average
sizes of the grains are found to be 0.36 pm.

The film composition was analyzed using EDAX microanalytic
unit attached with SEM. A typical EDAX spectrum of CulnTe, thin
film coated on ITO substrate at bath temperature 65°C and at a
deposition potential -900 mV versus SCE is shown in Fig. 7. It is
observed from Fig. 7 that the emission lines of Cu, In and Te was
present in the investigated energy range indicates the formation of
CulnTe, thin films. The atomic percentage of CulnTe, thin film
deposited at bath temperature 65°C and at a deposition potential
-900 mV versus SCE was found to be 26.72 % for Cu, 28.61 %
for In and 44.67 % for Te. The atomic molar ratio of Cu:In:Te
was found to be 1:1.03:1.67. This result is consistent with x-ray
diffraction analysis of the sample with phase corresponding to Cu-
InTe,. Therefore the film deposited at bath temperature 65°C and at
a deposition potential -900 mV versus SCE are nearly stoichiomet-
ric. This result is in agreement with the result reported earlier [1].

3.4. Optical properties
Optical transmission spectra of electrodeposited CulnTe, thin
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films were recorded as a function of wavelength in the range be-
tween 300 and 1200 nm. Substrate absorption, if any was corrected
by introducing an uncoated ITO substrate in the reference beam.
The absorption coefficient rises sharply owing to the band-to-band
transitions, and levels off later. The nature of transition is deter-
mined from the absorption coefficient using from the following
relation [9]
ahv = A (hv-E,)"

where A is a constant (slope) and E, is the energy gap, n=1/2 for
allowed direct transition and n=2 for allowed indirect transition.
From the calculated values of the absorption coefficient a plot of
(ahv)? against hv is drawn for films obtained at various bath tem-
peratures and the linear portion of the graph is extrapolated to the
energy axis as shown in Fig. 8. The intersection point gives the
direct band gap energy of the material and is found to be 1.04 eV. It
is found that the band gap value of the samples obtained in the
present work is closer to the value reported earlier [3].

4. CONCLUSIONS

Thin films of CulnTe, were deposited on indium doped tin oxide
coated conducting glass substrates at various bath temperatures and
deposition potentials using an electrodeposition technique. Struc-
tural studies shows that the deposited films possess cubic structure
with preferential orientation along (200) plane. The microstructural
parameters such as crystallite size, strain, dislocation density and
stacking fault probability were evaluated and are found to depend
upon the deposition conditions. The optimized condition to yield
larger crystallite size, lower strain, dislocation density and stacking
fault probability are obtained. The surface morphology reveals
spherically shaped grains with smooth surface for films deposited
at 65°C. Optical transmission measurements indicates that the de-
posited films has a direct band gap of 1.04 eV which in turn con-
firms the better crystallinity of CulnTe, thin films. The band gap
value of CulnTe, thin films obtained in this work is quite closer to
the value reported earlier.
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