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Abstract Culn3Ss compound was prepared by direct
reaction of high-purity elemental copper, indium and sul-
phur. Culn;Ss thin films were prepared from powder by
thermal evaporation under vacuum (10~® mbar) onto glass
substrates. The glass substrates were heated from 30 to
200 °C. The powder was characterized for their structural
and compositional properties by using X-ray diffraction
(XRD) and energy dispersive X-ray (EDAX). The XRD
studies revealed that the powder exhibiting P-chalcopyrite
structure. From the XRD data, we calculated the lattice
parameters a and c. Then, the cation—anion bond lengths
Iac and [gc are deduced. The films were characterized for
their structural, compositional, morphological and optical
properties by using XRD, EDAX, atomic force microscopy
and optical measurement techniques (transmittance and
reflectance). XRD analysis revealed that the films depos-
ited at a room temperature (30 °C) are amorphous in nat-
ure, whereas those deposited on heated substrates (>75 °C)
were polycrystalline with a preferred orientation along
(112) of the chalcopyrite phase. The surface morphological
analysis revealed that the films grown at different substrate
temperature had an average roughness between 1.1 and
4.8 nm. From the analysis of the transmission and reflec-
tion data, the values of direct and indirect band gap of the
films were determined. We found that the optical band gap
decreases when the substrate temperature increases.
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Introduction

Development of thin film solar cells based on CulnSe, and
the related compounds of CuSe-In,Se; system viz.,
Cu,In,Se;, CulnsSes, CulnsSeg, etc., have made consider-
able progress in recent years [1]. Among them, Culns;Ses
has recently attracted much attention because it is expected
to play an important role in the optimization of solar cells
based on CulnSe, [2-4].

CulnS; is one of the Cu-In-VI, type semiconductors,
which crystallize in the chalcopyrite structure. Its direct
band gap of 1.5 eV, high absorption coefficient and envi-
ronmental viewpoint that CulnS, does not contain any
toxic constituents, in comparison with the frequently
studied CulnSe,, makes it suitable for terrestrial photo-
voltaic applications [5]. However, in spite of these inter-
esting properties, very little is known about the related
compounds of CuS-In,S; system. One of them is the ter-
nary compound Culn;Ss that has chalcopyrite structure and
belongs to the In-rich side of the pseudo-binary CuS-In,S;
system [6]. Since this compound has the deficiency of
one cation over the anions, it is called ‘ordered defect
compounds’. The ordered defect compounds are the off-
stoichiometric phases, located on the IVI-III, VI3 pseudo-
binary tie line [7]. At the extreme limits of structural
tolerance to off-stoichiometry of chalcopyrite phases, these
compounds stabilize due to the ordering of the neutral
defect pairs 2Ve) + In&l and 2Cuy,” + In&' in Cu-In-VI,
phase [8].

Some papers [9-13] indicated the presence of the
CulnsS5 phase in the near-surface region of CulnS, thin
films but in our knowledge, no papers dealing with the
physical properties of this compound have been reported.

In this study, we present results concerning the fabri-
cation of the Culn3Ss thin films made by the thermal
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evaporation method and the characterization of the struc-
tural, compositional, morphological and optical properties
of these films.

Experimental procedure
Synthesis of CulnsSs

The Culn;Ss crystal has been synthesized by direct reaction
of high-purity (99.999%) elemental copper, indium and
sulphur. Stoichiometric amounts of the elements Cu, In and
S, corresponding to the composition of the ternary com-
pound, were placed in a quartz ampoule about 170 mm in
length with diameter 20 mm, which were chemically cleaned
with a mixture of acids HNO3/HCI = 1:3, rinsing in distilled
water and annealing for 2 h at 300 °C. After pumping down
to 107> mbar, the ampoules were sealed off and transferred
to a programmable furnace (Nabertherm-Allemagne). For
the synthesis, the temperature of the furnace was raised to
600 °C with a rate of 10 °C/h and the temperature was kept
constant at 600 °C for 24 h. Then, the temperature was
increased with the rate 20 °C/h up to 1000 °C. A complete
homogenization could be obtained by keeping the melt at this
temperature (1000 °C) for about 48 h. Finally, the tempera-
ture was lowered to 800 °C at a rate of 10 °C/h and the
furnace was switched off until the tube reached room tem-
perature. The crystals obtained by this method had a diameter
of 12 mm and a length of around 30 mm.

Film preparation

Thin films of Culn;Ss were prepared by thermal evapora-
tion from a Tungsten boat on heated and non-heated glass
substrates (Corning 7059) of rectangular shape (2.5 x
1.5 sz) under vacuum (10_6 mbar) using a high vacuum
coating unit Alcatel. The substrates were placed directly
above the source at a distance of 15 cm and were heated by
an insulator heater system, and the substrate temperature
(T;) was measured using a thermocouple embedded in the
substrate holder underneath the substrates. The glass sub-
strates were previously cleaned with washing agents
(commercial detergent, acetone, ethanol and deionized
water) before being introduced into the vacuum system. The
base pressure of the vacuum system was kept between 10~°
and 10™° mbar.

Characterization of powder and the thin films
The crystalline phase and crystal orientation of the powder
and the prepared films were examined using Philips X’ Pert

X-ray diffractometer. CuKo (4 = 1.54056 A) radiation
was used. The high tension and current were 40 kV and
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30 mA, respectively. Normal incidence transmittance (7)
and reflectance (R) spectra were recorded at room tem-
perature in the range from 300 to 1800 nm using a double-
beam spectrophotometer, model SHIMADZU UV 3100S.
The films’ thickness was calculated from the positions of
the interference maxima and minima of reflectance spectra
using a standard method [14]. The composition of the films
and the powder were determined by means of energy dis-
persive X-ray analysis (EDAX) using a JEOL 6700F. The
surface morphology of the films was probed with the
atomic force microscopy (AFM). The hot probe method’s
measurements were carried out in order to determine the
conductivity types of the samples.

Results and discussion
Characterization of powder

X-ray diffraction (XRD) pattern obtained for the powder of
Culn;Ss is presented in Fig. 1. The sharp peaks present in
the pattern indicate the polycrystalline nature of the sample
[7]. The analysis of this pattern showed that the peak at
20 = 27.88° due to the (112) plane has the highest inten-
sity. Comparing the XRD pattern (Fig. 1) of the Culn;Ss
single crystal powder with this of CulnS, [15], we notice
that the XRD pattern of the Culn;Ss is very similar to this
of CulnS, with a chalcopyrite structure, except the pres-
ence of four additional peaks at 20 = 23.74°, 30.53°,
32.56° and 36.88°. These additional reflections due to
(110), (200), (202) and (114) planes are characteristic of
ordered defect chalcopyrites (ODC) [16], with spatial
group P-42c¢ called P-chalcopyrite. The main difference
between the chalcopyrite (CulnS,) and the P-chalcopyrite
(Culn3Ss) structures is an ordered exchange of two Cu
atoms by two In atoms in the 2d positions of the unit cell
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Fig. 1 XRD spectra of CulnzSs powder
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Table 1 Structural parameters of the prepared powder of Culn;Ss

Table 2 Chemical composition of Culn;Ss powder

Composition

Cuy 13102 7855 00

Peak no. Ik (%) 26 (°) dg (A) hkl Cu (at.%) In (at.%) S (at.%)

1 ) 23.74 3.74 110 Cal Obs Cal Obs Cal Obs

2 43 2541 3.50 OO3/TIL 1111 1265 3333 3075 5555 56.59

3 100 27.88 3.20 112

4 10.5 29.14 3.06 103

> 28 3053 2.93 200 is fairly close to the ideal theoretical value of the starting
6 3.1 32.56 275 202 composition. On the other hand, EDAX analysis made at
7 45 33.75 2.65 211 several zones of the powder did not show any observable
8 3.2 36.88 2.44 114 variation of the stoichiometric constituents of the elements,
9 73 41.58 2.17 213/105  thereby suggesting the homogeneous nature of the powder.
10 32 44.22 2.05 204/220

11 8.8 46.55 1.95 301 Culn;Ss thin films characterization

12 434 48.35 1.88 312/116

13 3.4 50.72 1.80 224 Structural properties

14 4.1 55.27 1.66 323

15 7.6 56.65 1.62 400 The X-ray diffractograms corresponding to the Culn3Ss
16 39 57.37 1.61 410

[17, 18]. These structural properties are very important.
Indeed, the chalcopyrite phase and (112) orientation are
reported to be beneficial to efficient solar energy conver-
sion [19]. The Miller indices (hkl), the diffraction angles
(20), the interplanar spacings (d) and relative intensity
(I/lax) for the diffractogram of the powder of Culn;Ss
were presented in Table 1. The lattice parameters a and ¢
of CulnzSs powder were calculated by using the following
relation:

1 n+i P

-2 TZ M

where d is interplanar spacing determined using Bragg’s
equation and h, k, [ are the miller indices of the lattice
planes. We found 5.82 and 11.58 A, respectively. From
these values and by using the following relationships [20],

6=105-025(c2/2a>— 1)"?
2
Iac = 0.125a[640 + 4 + (c/a)’] Y 2)

2 5 1/2
lsc = 0.125a [64(0.5 — 6)%44 + (c/a) }

We calculated the positional parameter ¢, which charac-
terizes the position of C atoms with respect to A and B
atoms in the chalcopyrite structure the A'B™'CY" and the
nearest neighbour anion—cation bond lengths (/5c) and
(Igc) [21]. We found 0.252, 2.52 and 2.50 A, respectively.
The atomic ratios of elements quantitative analysis using
EDAX were employed in this study to analyze the atomic
ratios of Cu, In and S in the prepared powder. The atomic
ratios of elements and the composition of Culn3Ss powder
are shown in Table 2. The composition of Culn3Ss powder

thin films deposited at different heated substrates are
showed in Fig. 2. It is clear that the film deposited on no
heated substrate (75 = 30 °C) is amorphous in nature,
whereas those deposited on heated substrates (=75 °C) are
polycrystalline in nature with a preferred orientation along
the Culn3Ss (112) plane, which indicates that the crystal-
lites are oriented preferentially parallel to the plane of the
glass substrate. The amorphous nature of the film formed at
low substrate temperature is due to the non-availability of
sufficient thermal energy for the diffusion of adatoms on
the substrate surface for the nucleation [22]. It is observed
that crystallinity of the films increases by increasing the
temperature growth.

The average grain size (L) of the films was evaluated
from the XRD peak of (112) by using Scherrer’s relation
[23]:

1100
[ 1000
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(b) Ts=75°C 800 &
12 (¢) Ts=100°C 700 5
(d) Ts=150°C [ 600 ‘7
() Ts=200°C (500 5
400 £
[ 300
[ 200
[ 100
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Bragg angle 26 (°)

Fig. 2 XRD patterns of Culn;Ss films deposited at different substrate
temperatures
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Fig. 3 Roughness and grain size of Culn;Ss films deposited at
different substrate temperatures

0.94
~ Bcos0 (3)

where / is the X-ray wavelength, /5 is the full-width at half-
maximum of the (112) diffraction line and 0 is the dif-
fraction angle of the XRD spectra. The average grain size
increases from 15 to 24 nm by increasing the temperature
growth from 30 to 200 °C, respectively (Fig. 3), which is
due to improvement in the crystallinity of the films. It is
clear that the substrate temperature has a great effect on the
crystallinity of the films.

Compositional and morphological studies

EDAX measurements were carried out on different zones
of the film surfaces to confirm the presence of Cu, In and S
atoms and to determine their average content. Figure 4
shows the typical composition profile of Cu, In and S
versus variation of substrate temperature growth. It is clear
that the average atomic composition is near the stoichi-
ometric formula Culn3Ss. This analysis revealed that the
substrate temperature has not significant effect on the film
compositions. The small deviation of Culn3Ss films’
compositions compared with that of powder composition
might be due to the slight decomposition of the starting
material during the evaporation or due to the difference in
the vapour pressures of the constituent elements of the
compound [24]. Figure 5 shows AFM images of the
Culn;S5 films deposited at room temperature and at 75,
100, 150, 200 °C. The films exhibited a different mor-
phology of surface grains, which are dependent on the
substrate temperature. The surfaces of the films deposited
at room temperature and at 75 °C are smooth due to poor
crystallinity. Indeed, from XRD analysis it has been shown
that the films in this case are globally amorphous.
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Fig. 4 Chemical compositions of Culn;Ss films deposited at different
substrate temperatures

However, the films with 7 equal to 100, 150 and 200 °C
are homogeneous and are constituted of densely packed
grains. The root mean square (RMS) values of surface
roughness were found between 1.1 and 4.8 nm (Fig. 3).
The roughness of the films shows distinct increase by
increasing the substrate temperature. It has been shown that
rougher surfaces constituted by larger grains can advance
optical scattering making to increase the absorption coef-
ficient [25].

Optical properties

Figures 6 and 7 show the typical transmission (7) and
reflection (R) spectra of Culn;Ss films, in the wavelength
range of 300-1800 nm, grown on different temperatures
substrates. It is clear from Fig. 6 that the transmittance
spectrum shows interference fringes with a sharp fall at the
band edge in the region of 900-1800 nm, whereas the
interference effects disappear in the region of very strong
absorption, maximum amplitude is obtained in the trans-
parent region. The appearance of interference maxima and
minima at the same wavelength position indicates the
optical homogeneity of the deposited films. The optical
transmittance of the films (at wavelength >900 nm)
increased from 77 to 88% with the increase in substrate
temperature from 30 to 150 °C and then decreased to 62%
when T is equal to 200 °C. This decrease is probably due
to the increase in surface roughness of films with substrate
temperature shown in the AFM images [26]. The optical
absorption coefficient was evaluated from the transmit-
tance (7) and reflectance (R) data by using the following
formula [27]:

1. ({(1-R)?
a:EIn<T> (4)
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(a)

Fig. 5 AFM images of Culn;Ss films deposited at different substrate temperatures: a 30 °C, b 75 °C, ¢ 100 °C, d 150 °C and e 200 °C
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Fig. 6 Optical transmittance spectra of CulnsSs films deposited at
different substrate temperatures

where o is the absorption coefficient and d is the film
thickness. It is clear from Fig. 8 that the absorption coef-
ficient increases by increasing the substrate temperature in
the visible spectral range. The increase in the absorption
coefficient can be explained by the increase in roughness of

100
90 ]| = Ts=30°C
1| o Ts=75°C
8041 4 Ts=100°C
70]| v Ts=150°C
1| & Ts=200°C
60

Reflectance (%)

T T T T T T T T T
300 600 900 1200 1500 1800
Wavelength A (nm)

Fig. 7 Optical reflectance spectra of CulnsSs films deposited at
different substrate temperatures

the films by increasing the substrate temperature. This
result is very important because we know that the spectral
dependence of the absorption coefficient affects the solar

cell conversion efficiency for photovoltaic applications
[28].
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Fig. 8 Absorption coefficient spectra of CulnsSs films deposited at
different substrate temperatures

The dependence of the absorption coefficient on photon
energy is analysed in the high absorption regions to obtain
detailed information about the energy band gaps. The
absorption coefficient o and photon energy can be related
by applying the model postulated by Davis and Mott [29]:

horizontal photon energy axis. Two direct allowed transi-
tions for each sample: E,; and E,», due to p—d hybridization
of the valence band in chalcopyrite compound, were found.
E, corresponds to the valence band—conduction band
transition (the optical band gap), the transition with E,; is
associated with valence band splitting under the influence of
the crystal field of lattice Acg. This type of behaviour was
also observed in other chalcopyrite compounds [30, 31]. All
the values determined for the samples were summarized in
Table 3. Figure 9 and Table 3 show a decrease in the values
of the direct and indirect energy gaps of CulnzSs thin films
by increasing the substrate temperature.

However, this decrease in these optical band gaps can be
attributed to the improvement of crystallinity and the
increase in particle size by increasing the substrate tem-
perature. Lower band gap values are often related to higher
optical absorption coefficient [32, 33]. On the other hand,
the conductivity type is determinate by the hot probe
method and all samples are N-type conductivity except that
which was deposited at 7y = 200 °C. This sample is highly
compensated. Figure 10 shows the variation of film

Table 3 The estimated values of optical parameters for Culn;Ss thin

oahy = A(hy — Eg)" (5) fim
. . T, (°C) Thickness (nm) Eg Efg"d
where A is a constant that depends on the transition prob-
ability, & is the Planck constant and 7 is a number that Eqg) Eg
characterizes the optical absorption process (n = 1/2 fora 5, 520 2.04 217 181
direcF .allowed transition a;nd n=72 f]o/g an i.ndirect al?owed 75 515 1.88 1.99 1.63
transition). We'plot (ochv.) 'flnd (ochv.) against hv (F;%. 9). 100 410 1.83 1.93 1.57
Vialllgues of the direct and 1pd1rect optical energy gaps £, and |5 450 178 186 1.54
E, . for films are (2)bta1ned by1 /;:xtrapolatmg the linear 200 350 152 177 135
regions of the (xhv)” and («hv) '~ versus hv curve to the
Fig. 9 Plot of (athv)? versus hv 5.0x10"
for Culn3Ss films deposited w
100 °C. The inset shows the of 4.5x10" -
(othv)”2 versus hv for Culn;Ss 15w
films deposited at 100 °C 4.0x10° 4 %
o 35x10" Fw .
g 3.0x10" .
E Z‘SXIOH) __ 15 1.6 17 l.?::;“elr.;y htu(e\f).l 22 23 24
,;\ 10 _-
< 20510
~ 1 n
1.5x10" Eg=183eV
1.0x10" Eg,=1.93eV
5.0x10°
[ R T e 2 e e S E e
1.6 17 1.8 19 2.0 2.1 2.2 23 24
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Fig. 10 Electrical resistivity of Culn;Ss films deposited at different
substrate temperatures

resistivity with deposition temperature. The resistivities
drastically increase from 30 to 200 °C by increasing the
substrate temperatures. One of the reasons may be that the
increase in grain size by increasing the substrate temperature.

Conclusion

Ingot of Culn;Ss material was obtained by the horizontal
Bridgman method. Crushed powder of this ingot was used
as raw material for the vacuum thermal evaporation.
Therefore, CulnzSs thin films were deposited by vacuum
thermal evaporation method on heated glass substrates. The
as deposited CulnsSs thin films at substrate temperatures
lower than 75 °C are amorphous, whereas those deposited
on heated substrate higher than 75 °C shows a polycrys-
talline structure with a preferred orientation along the (211)
plane. In addition, improvement in the crystallinity was
observed for the films deposited at high substrate temper-
atures. Surface topologies studied by AFM imaging show
that grain size and surface RMS are affected by the sub-
strate temperature. The analysis of the optical absorption
spectra revealed two direct allowed transitions, which
attributed to the fundamental edge and band splitting by
crystal field, respectively. All these properties confer to the
material interest perspectives for its application in many
physical domains such as optical, photovoltaic conversion
and others.
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