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Abstract f-In,_,AlS; thin films have been grown on
glass substrate by chemical bath deposition for different
value of Al concentration y = (([AID/([In]))so1 (0 <y <
5 at.%). Samples have been characterized using X-ray dif-
fraction, atomic force microscopy and by spectrophotomet-
ric measurements. The influence of the increase of y ratio in
the structural and optical properties are described and dis-
cussed in terms of crystallinity improvement. In order to
increase film thickness of -In,_ Al,S3, we have been real-
ized multi-deposition system. The structural, the surface
morphology as well as the optical properties seem to be
improved as the film thickness is of about 1200 nm.

Introduction

Indium sulfide is an important material for optoelectronic
and photovoltaic application and it is a promising candidate
for many technological applications due to its stability,
relatively wider band gap, and photoconductive behavior
[1-3]. In,S;5 is considered as a promising buffer layer in
solar cells. It can be used as an effective nontoxic substitute
for cadmium sulfide (CdS) in Cu(In,Ga)Se, based solar
cells. The important aim of research efforts on f-In,Al-
S3:Al material is to improve light transmission in the blue
wavelength region by using a material having wider band
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gap than that of CdS. Cu(In,Ga)Se, based on solar cells,
prepared with chemical bath deposition (CBD) and In,S;
used as the buffer layer, could reach efficiency (11.7%)
near to that of standard cells with CdS buffer layer [4].
Various methods such as spray pyrolysis [5], ultrasonic
dispersion [6], CBD [7, 8], physical vapor deposition [9],
etc., have been used to prepare In,S;. Among these
methods, CBD is selected in the present study to prepare
p-In,_,Al,S; CBD thin films because this technique has
many advantages such as simplicity, large area films with
good uniformity, low cost, etc.

In,S; is an n type semiconductor, existing in three
crystallographic phases o, 5, and y. Among these struc-
tures, f-In,S; which is the most stable phase at room
temperature crystallizes in a normal spinel structure with a
high degree of tetrahedral and octahedral vacancy sites
[10-13]. Due to large number of cationic vacancies indium
sulfide may be acting as a sink for aluminum incorporation.
It is previously reported that the introduction of aluminum
in f-In,S3 grown by spray pyrolysis improves the crystal-
linity, reduces the default of grains and reinforces contact
at the boundaries grains [14].

The principal aim of this work is to study the influence of
aluminum concentration y = ([Al]/[In])so; (0 <y < 5 at.%)
on physical properties of f-In,_,Al,S; prepared by CBD.
Thus, in order to increase the thickness of f-In,_,Al,Ss,
the effect of multi-depositions on the physical properties for
the layer obtained for the optimum Al atomic percentage
y = 4 at.% has been studied.

Experimental details

In,S; thin films are deposited via the CBD process
by means of an aqueous solution containing indium

@ Springer



6294

J Mater Sci (2011) 46:6293-6300

trichloride, InCl; (0.025 M) and thioacetamide, TA
(0.10 M) as indium and sulfur precursors, respectively
[15]. We introduced an amount of aluminum within the
indium sulfide. The compound source of incorporation is
aluminum chloride. The atomic percentage ratios of Al in
solution, represented by the ratio y (y = [AIT1/[In* ")),
has different atomic percentage value: 0,1, 2, 3, 4, and
5 at.%. The pH of the solution is adjusted to 2.0 and the
temperature of the reaction mixture is kept constant at
70 °C. The deposition time is #4 = 45 which cannot exceed
this value otherwise the crystallinity of thin films became
poor [15]. To study the effect of Al introduction, thin films
of In,_,Al,S; using different atomic percentage ratios
y have been prepared.

First, the layer structure is studied by X-ray diffraction
(XRD) using an automated Bruker D8 advanced X-ray dif-
fractometer with Cu Ko radiation for 20 values ranging from
20° to 70°. Second, the surface morphology of all thin layers
were investigated by electronic scanning microscopy (SEM,
EDAX XL 30 (S.E)) as well as by means of atomic force
microscopy (AFM, standard Veeco Dimension 3100, used in
tapping mode). On the other hand, the optical transmittance
was obtained using Perkin Elmer lambda 950 spectropho-
tometer in the wavelength range 250-2500 nm. Finally, the
film thickness was measured by Dektak 3 profilometer.

Results and discussions
Al concentration effect on structural properties

XRD measurements are performed to investigate the change
in the crystal structure of the film grown by CBD for different
value of y (y = ([Al)/[In])s01 0, 1, 2, 3, 4, and 5 at.%). Fig-
ure 1 showsthe XRD patterns of the indium sulfide thin films
deposited on glass substrates for different atomic percentage
y(0 <y <5 at.%). From this figure, it can be seen that for
y = 0,4, and 5 at.%, the corresponding film diffractograms
reveal two small peaks at approximately 33.6° and 48.0°
assigned to (400) and (440) reticular planes, respectively,
which characterize in cubic phase of f-In,_,Al,S; material
(PDF-32-0456) and the best crystallinity is especially
obtained for y =4 and 5 at.%. Similar behavior was
observed by Kamoun et al. [14] who reported that Al
improves the crystallinity in same f-In,_,Al.S; compounds.
However, at y = 1, 2, and 3 at.% of Al, the spectra shows
clearly that the crystallinity of f-In,_,Al,S3 is amorphous
(Fig. 1). This phenomenon was observed by Couzinié-Devy
et al. who reported that ff-In,_,Al,S5 thin films grown by co-
evaporation become amorphous when x increases from 0.06
to 0.2 at.% [16]. For thin layers grown for different y value
the thickness is found lying in (315, 410) nm domain,
Table 1. We point out the fact that the increase of y is the
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origin of increasing film thickness of f-In,_,Al,S;. More-
over, the average grain ‘D’ calculated using Debey-Scherrer
formula [17] is also shown in Table 1. One can then notice
that there is a considerable variation of ‘D’ with aluminum
introduction. This parameter increases from 11.2 nm for
y = 0 at.% to 28.9 nm for y = 4 and 5 at.%, which can be
explained that introducing Al atoms can occupy substitution
in crystalline. If Al atom is similar in size to the atom of the
recipient, then it is likely to be soluble and it is essential for
this atom to have a moderate solubility to be an effective
substitute. However, when y = 1, 2, and 3 at.% the intro-
duction of aluminum within In,S; thin films hinders the
crystallite size so in this case Al element might not occupy
the appropriate sites inside the indium sulfide. It can rather
occupy interstitial positions and then deforms the crystal
structure. Similar behavior was reported by Couzinié-Devy
et al. who found that the decrease of the grain size of
B-In,_ Al S5 with the increase of Al concentration is due to
the formation of stress induced by different ion size [16].

The surface topography of f-In,_,AlS; thin films is
investigated by atomic force microscopy (AFM). Figure 2
shows AFM images of f-In,_,Al,S; obtained for different
atomic percentage ratios of Al content “y”. For values
y=1, 2, and 5 at.%, the surface topographies show
irregular grain sizes, we can notice the presence of islands
on the surface. At y = 4 at.%, the surface homogeneity of
the layers is practically covered with equal sized grains that
are uniformly distributed and the grains on the film surface
seem more homogenous and have dense structure. We
can observe that RMS roughness values (listed in Table 1)
vary with the increase of y ratio [Al]/[In] especially for
flIn,_ AlS; thin film prepared using y = 5 at.%. For this
film, it can be seen an obvious reappearance of big islands.
These observations are interesting and can inform us on the
nucleation during the growth. The correlation between
structural and morphological analysis allow us to conclude
that the best crystallinity and the better homogeneity are
obtained for pf-In,_,Al,S; thin film deposited with
y =4 at.%.

Al concentration effect on optical properties

Transmission measurements in the wavelength range,
250-2500 nm is performed to investigate the effect of
Al content on the optical performances of window layers
B-In,_ Al S5 thin films deposited on glass. Figure 3 shows
that all obtained layers reveal good transmission in trans-
parency region. A high transmission (T =~ 78%) is reached
for f-In,_,Al.S; thin film prepared using y = 4 at.%.
However, the transmission value decreases to 63% for
y = 3 at.% and vary between these two values for other
ratios (0, 1, 2, and 5 at.%). We note the presence of a broad
peak in the range of 450-650 nm for films prepared using
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Fig. 1 X-ray spectra of monolayer f-In,S; thin films deposited on glass for different atomic percentage ratios y (y = [Al3 a/ [In3+])sol

Table 1 Film thickness,

. . y Thickness (nm) D (nm) RMS (nm) Direct band Indirect band
particle size, average roughness, ap E, (eV) ap E, (V)
and band gap energies for £4P % £aP Be
monolayer f-In;_ ALS3ALS; g, 315 112 35.9 2.50 -
deposited on glass and realized
for different atomic percentage 1% 340 - 38.7 230 1.97
ratios y (y = [APYV/[In* )t 2% 365 - 432 2.32 1.95

3% 385 - 42.8 2.60 -
4% 400 28.9 41.8 2.90 -
5% 410 28.9 64 2.38 2.08

y = 3 and 4 at.%, it can be assigned to the excitonic peak
which is more pronounced for y = 4 at.%. This can be
revealed a good purity of thin layer grown on glass sub-
strate using y = 4 at.% as an appropriate doping. Conse-
quently, the introduction of aluminum (for y = 4 at.%) in
the monolayer of f-In,S; shows an increase of the trans-
mission value as well as in the intrinsic absorption edge.
The band gap energy E, of all films was determined from
their transmission spectra. We applied the models for both
direct and indirect allowed transitions between parabolic
energy bands [18]. We plotted in Fig. 4 the spectra (athv)?

versus (hv) (direct transitions) for all layers and (othv)

172

versus (hv) (indirect transitions) for y = (1, 2, and 5 at.%)
where « is the absorption coefficient and Av is the photon
energy. The optical band gap energy can be determined by
extrapolating the linear part to the region of the absorption
edge. It can be observed that for curves corresponding
toy = 0, 3, and 4 at.%, one slope that varies with y which
corresponds to the value of the direct absorption in
p-In,_,Al,S3. On the contrary, for other fIn,_,Al.S; thin
films deposited with y equal to 1, 2, and 5 at.%, we note the
presence of a second slope which may be due to another
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Fig. 2 AFM pictures of monolayer f-In,_,Al,S; deposited on glass for different atomic percentage ratios of Al (y = [APT)/[In**])s1

band gap. In fact, for films prepared at y equal to 1, 2, and
5, this slope is well represented by the curves (Fig. 4),
similar behavior was observed by Sandoval et al. [19].
From Table 1, it is clearly shown that the direct band gap
does not linearly increase with y; it varies from 2.30 to
2.90 eV. The wider direct band gap E, is obtained for
y=4at% (E;, ~ 2.90 eV), this is a good value for use of
p-In,_,Al,S; material as an optical window in photovoltaic

@ Springer

devices like f-In,_ Al,S3/CulnS, or f-In,_, Al S3/SnS,
where the compounds CulnS, and SnS can act as an
absorber material in solar cell.

However, for allowed indirect transition, a slightly
variation of the band gap with Al concentration y (1, 2,
and 5 at.%) is observed in Table 1, it varies from 1.95
to 2.08 eV. Similar result was also observed by
Couzinié-Devy et al. [17] who reported that the band gap
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Fig. 3 Transmittance (7) spectra of monolayer f-In,_,Al.S; depos-
ited on glass and realized for different atomic percentage ratios
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Fig. 4 a (ahv)? versus (hv) spectra and b (ahv)'? versus (hv) for

monolayer f-In,_,Al,S; deposited on glass and realized for different
percent concentration ratios of Al (y = [APT)/[In*])sor)

of f-In,_,Al,S; compound for indirect transition does not
linearly increase with Al concentration. So the variation of
the value of band gap for the direct transition and indirect
transition can be due to Al doping which plays an impor-
tant role in the optical and the structural properties of such
films.

The effects of multi-layers on structural properties

The analyses being made previously allow us to conclude
that f-In,_,Al,S3; material grown on glass substrate using
Al doping in starting solution y = 4 at.% has a best crys-
talline state, a dense surface morphology, a higher trans-
parency as well as a wider band gap. For all values of y, the
thickness ‘e’ of f-In,_, Al S5 is quite low and it is desirable
to increase it for the better use of the f-In,_,Al.S; as an
optical window in a solar cell. In order to increase the
thickness and to obtain a good window layer in solar cell,
multi-depositions of f-In,_,Al,S3 (y = 4 at.%) have been
prepared for three deposits. Otherwise, the layer will
collapse. We also study the effect of the realization of
multi-deposition thin layers on the physical properties of
f-In,_ Al S; material. The film thickness of layer grown
after one, two, and three deposition runs measured by Dektak
3 profilometer are 400, 700, and 1200 nm, respectively.
XRD patterns of f-In,_,Al,S; obtained for concentration
ratio y = ([AP)/[In*"])s,; = 4% and obtained after one
(1D), two (2D), and three (3D) deposition runs are shown in
Fig. 5. The spectra clearly show that the crystallinity seems
to be improved as the film thickness increases. The peak
intensity increases with increasing deposition number and
the maximum peak intensity is observed after three deposi-
tion runs. The film diffractograms (Fig. 5, 3D) displays three
relatively high, sharp and well defined peaks at approxi-
mately 27.7°, 33.4°, and 48° assigned, respectively, to
reticular planes (311), (400), and (440), which characterize
the cubic phase of f-In,S; (PDF-32-0456). The layer
exhibited (400) as the preferred orientation at 26 = 33.4;

311
250 — @1 (400)

(440)

(511)
(3D)

Intensity [counts]

20 30 40 50 60 70
2 0(°
Fig. 5 X-ray patterns of f-In,_,AlLS; realized for y = ([A’*)/

[In3+])sol = 4% after one (1D), two (2D), and three (3D) deposition
runs
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similar behavior was observed by Akkari [20] for SnS thin
film, who reported that the best crystallinity is obtained after
six deposition runs and by Revathi et al. [21] who reported
that the intensity of In,S; grown by evaporating increased
with the film thickness.

To study micro-structural surface topography, SEM
images have been obtained for multi-layers f-In, ,Al,S;
deposited on glass. Figure 6 represents micrographs of the
surface of the sample deposited on glass after: one, two,
and three deposition runs. These images show that the

Fig. 6 Surface morphology of f-In,_,AlSs, grown for y = ([A**)/
[In3+])501 = 4%, deposited on glass after: one (1D), two (2D), and
three(3D) deposition runs

@ Springer

surface morphology of the films is strongly dependent on
the layer number. In fact, after one deposition run (Fig. 6,
1D) sphere-like In,S; grains are formed on glass substrate
in an irregular spatial distribution and more voids can be
observed, which means that some of the grains are not well
developed. After two deposition runs (Fig. 6, 2D), a sub-
stantial change in surface architecture was noticed. The
surface relief is indeed more compact but the spherical
crystallites are uniformly distributed on the surface with
the appearance of clusters. The surface morphology of
p-In,_,Al,S; thin film prepared using content y = 4 at.%,
after three depositions runs (Fig. 6, 3D), shows more
compact structure, uniform, densely packed and continuous
without any gaps or cracks. It is assumed that the surface
morphology of three deposition runs is then more uniform
than that of one and two deposited layers. This result is
consisted with the XRD analysis which shows that the best
crystalline state is therefore obtained after three deposition
runs.

The effect of multi-layers on optical properties

The optical transmission (7) in the wavelength range
(250-2500) nm of multi-layers f-In,_,Al,S; deposited on
glass and realized for the concentration ratio y = ([A13+]/
[In**])s1 = 4% is shown in Fig. 7. All samples reveal
good transmission in the visible region. The optical trans-
mittance of the films varies with the number of deposition
runs. It is clearly show in the transparency and visible
domain (550-900) nm that the grown film obtained after
three deposition runs is more transparent (7' & 73%) than
that obtained after two deposition runs (7' = 65%) this
result may be correlated with the surface morphology
which shows the appearance of clusters in the surface of
thin film deposited after two deposition runs (Fig. 6, 2D)
also XRD study show that the best crystallinity is obtained
in the case of three deposition runs. Figure 7 shows a

100
90 1
80
70
60
50 A
40 ~
30 |
20 A
10 1

0 f T T T T
0 500 1000 1500 2000 2500

Lambda (nm)

Transmission (%)

Fig. 7 Transmittance (7) of f-In,_,AlS3 realized for y = (APHY
[In3+])501 = 4% after one (1D), two (2D), and three (3D) deposition
runs
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broadening and/or a shift of short-wavelength absorption
edge for one deposition run which can be assigned to a
disturbed state of the crystallinity of 5-In,_ Al S; material.
The calculated of band gap energy value E, of f-In,_,
ALS; multi-layers shows that E, values are 2.9, 2.6, and
2.7 eV, respectively for (1D), (2D), and (3D). This varia-
tion may be justified by the increase of structural order
Fig. 8.

Conclusion

p-In,_ Al S5 thin films were prepared by CBD for different
percentage ratios (0 <y = ([A13+]/[In3+])sol < 5 at.%).
The obtained results confirm that the variation of Al con-
centration has an effect on the growth of layer, on the
structure and especially on the value of band gap. So two
energy band gap were determined: one direct for all layers
and other indirect only for y = 1, 2, and 5 at.%. The XRD
analyses show that the best crystallinity was obtained for
ratio y =4 and 5 at.%. However, the optical analysis
revealed that the higher transmission (7' & 75%) and the
wider bad gap (E, ~ 2.9 eV) were obtained for the ratio
y = 4 at.%, these results allow us to conclude that the
optimum level is obtained for y = 4 at.%. So in order to
improve the thickness and the physical properties of -In,_,
ALS; we study the multi-depositions system. The X-ray
analysis revealed that the better crystallinity was obtained
after three deposition runs, the morphological analysis
approves those obtained by XRD. The evaluation of the
optical properties of thin films f-In,_,Al,S; obtained after

three deposition runs showed a well transmission at about
73% and the optical gap is of around 2.7 eV which justifies
its utilization as optical window layer in the solar cell in
photovoltaic system such as Au/CulnS,/f-In,_ Al S3/SnO,
in which CulnS, is used as an absorber material and
SnO,:F as an ohmic contact. CulnS, and SnO, have been
grown in our laboratory by Spray pyrolysis technique
[22, 23].

It is important to conclude that the CBD technique
allows the synthesis of good f-In,_,Al.S; thin films.
Moreover, we are intend to improve the physical properties
of this material by carrying out either heat treatment under
different temperatures or by doping f-In,S; by different
other elements to reach the best performance of window
based on doped In,S; binary materials for future thin film-
solar cell.
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