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Abstract—In this work, indium selenide In,Se; thin films were synthesized by electrodeposition in potentio-
static mode from aqueous solution containing InCl; and SeO, in acid medium (pH 4.2) with sodium citrate
as complexing agent at ambient temperature with heat treatment of electrodeposited films at different tem-
peratures. Voltammetry method was used to investigate the electrochemical behavior of the electrodeposition
bath. The structural characterization of elaborate films was performed by X-rays diffraction (XRD) and
Raman spectroscopy, the morphological one was carried out by scanning electron microscopy (SEM) and
atomic force microscopy (AFM), the UV—Visible spectrophotometry was used to investigate their optical
proprieties, whereas the Mott—Schottky measurement was used also to study their semiconducting proper-
ties. The results showed that the annealed deposit at 350, 450°C and the as-deposited films take the rhombo-
hedral B-crystalline phase hRS5 of In,Ses, as-deposited and annealed In,Se; are photoactive thin films with
band-gap energies 1.33, 1.55 eV respectively and belong to n-type semiconductors with number of charge car-

riers in order of 102! /cm?. The obtained deposits have nanometric grain size and less roughness surface.
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INTRODUCTION

In,Se; is a photoactive binary compound; it has
received great interest in recent years for applications
in photovoltaic and photoelectrochemical devices
[1—5]. It may consist of at least five significant phases,
including the layered structure (o.-phase), rhombohe-
dral structure (B-phase), defect wurtzite structure
(y-phase), anisotropic structure (K-phase) and high
temperature phase (d-phase) [6, 7]. The In,Se; thin
films can be obtained by a large number of techniques
[8—15], among them the electrodeposition method
[16, 17]. The electrodeposition process of thin films is
considered as one of the promising ways due to the
ability to control the thickness, a large-area deposi-
tion, a simple process, good adhesion, reproducible
and a low cost fabrication process [18, 19]. Several
researchers have used the electrodeposition method to
make electroplated In,Se; [16, 17, 20—22]. However,
this still requires a broader study and detailed discus-
sion. Among the biggest problems that we face some-
times during the electrodeposition process, the adher-
ence problem; which depends on several factors,
among them, the grain size. The deposits with large
germs are not suitable in electroplating because the
lack of cohesion between them and the little covering
of the substrate surface, whereas the deposits with

small germs have a good adherence owing to the good
cohesion between their germs. For this reason we must
study the electrodeposition process and the deposit
morphology in more detail to elucidate the factors and
the conditions that facilitate obtaining In,Se; alloys
with small germs by optimal methods to meet the
requirements of the nanomanufacturing and the nan-
otechnology industry on the one hand and to
strengthen the adherence of the deposited films on the
other hand. In this paper, indium selenide In,Se; thin
films were synthesized by electrodeposition method
from an aqueous solution containing selenium dioxide
SeO, and indium trichloride InCl; in acid medium
with sodium citrate as complexing agent which serves
to approximate the deposition potentials of selenium
and indium ions in order to get electrodeposited
alloys. The grain size, the energy gap, the flat band
potential and the concentration of free carrier were
also investigated.

EXPERIMENTAL

Stationary electrochemical measurements were
performed by a system Voltalab PGZ 301 controlled
by a computer (software VoltaMaster 4) with a cell of
three-clectrodes. The saturated calomel electrode
(SCE) was used as a reference electrode, the platinum
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wire as counter electrode; the indium tin oxide coated
glass (ITO) in the form of rectangular sheets was used
as work electrode and substrate for the electrodeposi-
tion. These substrates were first cleaned in acetone for
5 min, in the nitric acid (30%) during 2 min and finally
well rinsed with distilled water.

In this study, all electrochemical experiments were
carried out at room temperature using an aqueous
solution containing (50 mM) of selenium dioxide
(5€0,), (30 mM) of indium trichloride (InCl;) and
(0.25 M) sodium citrate as comlexing agent with
pH 4.2 which was adjusted by the addition of some
drops of hydrochloric acid (HCI). The heat treatment
of obtained films was performed during 20 min under
5 x 10-® mbar vacuum, the samples were put into a
quartz tube connected to a high speed vacuum pump
(Adixen-Pfeiffer, Germany). The tube was then intro-
duced into a horizontal tube furnace (Thermolyne-
Model 21100) with automatic temperature control
accuracy. After annealing, the specimens were cooled
down naturally. X-rays diffraction (XRD) measure-
ments were carried out using a Bruker D8 Advance
diffractometer with Cuk, radiation (1.5406 A). The
surface morphology of electrodeposited films was
investigated using a JSM-6360 SEM. Raman spec-
trums were obtained using renishaw inVia Raman
microscope with a wavelength of 630 nm. The UV—
VIS transmittance spectrums have been recorded with
a Shimadzu UV-1800 UV—visible Scanning Spectro-
photometer. The semiconducting properties were
studied using the Mott—Schottky measurements in
(0.1 M) KCl1 aqueous solution with 0.5 kHz employed
frequency. Surface roughness of the obtained deposits
was studied by AFM MFP 3D Asyluil Research.

RESULTANTS AND DISCUSSION

Voltammetry method was performed in order to
identify the presence of the electrodeposition pro-
cesses and to verify the electrochemical behavior of
the electrode in the electrodeposition bath. Figure 1
shows a linear voltamogram (cathodic part) of the
ITO electrode in our bath traced with a scan rate of
5mV s. As seen, this curve has two cathodic peaks
C,, and C, located at 0.9, 1.61 V vs. SCE respectively,
it is clear that the peak C, related to formation of ele-
mental selenium (Se), whereas peak C, relative to the
reduction of indium ions in metallic indium (In) accord-
ing to equations (1) and (2) [16, 23, 24]. In the same
curve, we can also see a very small peak at —0.63 V vs.
SCE, which can relate to reduction of an impurity ion,
as well as the presence of cathodic bearing at about
—1.19 V vs. SCE relate probably to formation an InSe
alloy i.e. that there is an as-deposition. At —1.68 V vs.
SCE in the vicinity of peak C, another peak observed
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Fig. 1. Vohammogram obtained on the indium tin oxide
electrode (ITO) in (0.25 M sodium citrates + 30 mM
InCl; + 50 mM SeO,) aqueous solutions with scan rate

5mVs L

which can relate to the irreversible reduction of tin
oxide SnO, [25].

HSeO; + SH" +4e” — Se + 3H,0, (1)
E" =0.778-0.0739pH + 0.0148 log [HSeo;],

InOH™ + H" +3¢” — In + H,0, (2)

E’ =-0.266—0.0197pH + 0.0197 log InOH™".

Figure 2 shows X-rays diffraction (XRD) diagram
of electrodeposited InSe alloy prepared on ITO sub-
strate at —1.3 V vs. SCE in potensiostatic mode during
10 min and annealed at different temperatures; 350,
450°C and untreated sample as a witness. Using the
match program, the obtained peaks were defined by
comparing them to the database; we have found that
the dominant phase is rhombohedral B-In,Se; crystal-
line structure hR5 (space group R-3m (166)) for peaks
marked with asterisk as shown in the figure [26].
According to the software database; other crystalline
phases of electroplated InSe alloy were formed also
during the electrodepositing process as the hexagonal
B-In,Se; hP160 (space group p63 (173)) which corre-
sponds the peaks marked by x symbol and the rhom-
bohedral InSe hR4 (space group R-3m (160)) which
translate by the peaks marked with + symbol in the
figure. The grain size D was calculated using Scherer’s
equation [27].

BcosO
Where k is the shape factor = 0.9, A is the wavelength
of Cuk,, = 1.5406 A, 0 is the Bragg’s angle and [ is the

full width at half maximum of diffraction peak mea-
sured in radians. Using the very intense peak (015) i.e
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Fig. 2. X-ray spectra of electrodeposited In,Se; prepared on indium tin oxide (ITO) substrate at —1.3 V vs. SCE during 10 min,

annealed at different heat treatment temperatures.

the peaks at around 30.26° grain size value was
obtained as D = 9.57 nm.

To confirm the obtained results in XRD analysis,
we characterized also these three elaborated samples
by RAMAN scattering spectroscopy. The Raman
spectrum characteristic of electrodeposited In,Se;
films is shown in Fig. 3 where we can see a broad peak
at 253 cm™! is distinctive of the In,Se; phase. The
strongest feature at 253 c¢cm™' and a shoulder at
235cm™! in the Raman spectrum of In,Se; film are
attributed to Seg rings and Se,, molecules [ 16, 28].
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2
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Fig. 3. Raman spectroscopy of electrodeposited In,Se;
prepared at —1.3 V vs. SCE during 10 min on ITO sub-
strate, annealed at different heat treatment temperatures.
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Determination of energy gap as well as the transi-
tion type of a semiconductor material can be per-
formed using UV—Visible spectrophotometry accord-
ing to the flow equation [29]:

ahv = A(v - E,)". @)

A s a constant which also depends on the refractive
index of the material, the reduced mass and the light
speed in the vacuum. The exponent n depends on the
transition type: for a direct gap (rutile) » = 0.5 and for
an indirect gap (anatase) n = 2. o is the reverse of the
absorption length (the optical absorption coefficient)
which is a function with the thickness d, the transmit-
tance ¢ and the reflection coefficient of the semicon-
ductor R, it’s given by the following formula [30—33].

Lin (1=RY + £(1 —R)' + RZJI/Z .

d 2 4¢°

The transmittance spectrums UV—Visible for the
electrodeposited In,Se; alloy on ITO substrate at
—1.3V vs. SCE applied potential during 10 min,
annealed at 350, 450°C and untreated with the trace
(0hv) 2 vs. (hv) for each sample are represented in the
Fig. 4. The thicknesses of obtained films at this poten-
tial were estimated as 2 um, which were used to get the
absorption coefficient values o from the transmittance
values t. This figure shows that the In,Se; alloys are
photoactive films in the UV—Visible range, which
translates by the transmission bands, the plot (cthv)?
vs. (hv) is valid to estimate the energy gap value

(5

o=
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In,Se; thin films electrodeposited on ITO substrates at —1.3 V'vs.

SCE during 10 min, (a) treated at 350°C, (b) 450°C and (c) untreated.

according to equation (4) (n = 0.5 for the In,Se; thin
layers), from this equation when ahv tends towards
zero hv tends towards E,, which leads that extrapola-
tion on the axis (Av) gives us directly the energy gap
value, in the plotted curves extrapolation gives values
of energy gap equal to £, = 1.55 and 1.60 eV for the
deposited In,Se; treated at 350 and 450°C respectively.
In the case of untreated deposit we can see that the
energy gap take a small value (about 1.33 eV) com-
pared with the annealed samples. In addition, as we
can see, the plots (0thv)? vs. hv for the treated samples
at 350 and 450°C have shapes far from the ideal shape
(spectrum better aligned) this can be explained by the
decrease of refractive index with the increase of heat
treatment temperature, which increases relatively the
value of the energy gap [34—38] and effects to the
value of the constant A also. In other hind the decrease
of the tensile strain in the films due to the increase of
heat treatment temperature could have an impact on
the increase of energy gap value [39].

Figure 5 presents the Mott—Schottky measure-
ment of indium selenide thin films electrodeposited
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Fig. 5. Mott—Schottky plots traced in (0.1 M) of KCl aque-
ous solution with employed frequency 0.5 kHz for electro-
deposited In,Se; thin films at —1.3 V vs. SCE during
10 min on ITO substrate, annealed at different heat treat-
ment temperatures.
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Fig. 6. SEM images of electrodeposited In,Se; films on ITO substrates with applied potential —1.3 V vs. SCE during 10 min.
(a, a') Annealed at 350°C, (b, b') at 450°C and (c, ¢') as-deposited (without heat treatment).

on ITO substrate at —1.3 V vs. SCE applied potential
during 10 min examined on (0.1 M) KCl aqueous solu-
tion with employed frequency (0.5 kHz). The basis of
this method is the formation of Schottky barrier
between the semiconductor material and electrolytic
solution [37—39]; it involves measuring the capaci-
tance of the space charge region (C,) according to
electrode potential [40]:

A2 (pp M)
Ce €8 NyS €

Where €, is the space permittivity (8.85 X 1074 F cm™"),
¢ is the relative dielectric of In,Se; (7.2), N, is the con-
centration of the free carrier in the semiconductor, S'is
the area in contact with the electrolytic solution, F is
the electrode potential, Ey, is the flat band potential,
k is the Boltzmann constant (1.38 x 102 J K1), T'is
the absolute temperature (298 K), and ¢ is the charge
of electron. In this figure, we can observe that the
three samples exhibited positive slopes, indicating the

Table 1. Variation of flat band potential and free carrier
concentration values according to the heat treatment tem-
perature of electrodeposited In,Se; thin films

Heat treatment | 3500 | 4500c | Untreated
temperature
Eq, (Vvs. SCE) 060 | —054 | —0.66
102! x Ny (cm™3) 6.56 33.00 4.14

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 57

N-type characteristic of the (In,Se;) obtained semi-
conductor. The slope of the tangent line in Mott—
Schottky plots is proportional to the 1/Ny; also the
intersection of this tangent line with the abscissa axis
gives us the flat band potential. Values of flat band
potential £y, and concentration of free carrier N, relat-
ing to each sample are outlined in Table 1.

SEM pictures of the three samples are presented in
Fig. 6. We can see that the obtained films on each
sample formed by nanosized particles, homogeneous
and very dense. In the case of 350°C annealing tem-
perature we can observe that the deposit formed is
dense with very small grain size where the formed
grains in the form of grass and close between them
which can give a great adhesion to the formed film in
this case. The annealed deposit at 450°C is less dense
with spherical grains relatively big and spaced between
them. In the case of as-deposited In,Se; (untreated
sample i.e without heat treatment); it’s clear that the
obtained deposit is denser compared with deposits
annealed with small spherical grain seize and binding
in each other which leads to a good adhesion to the
formed film on the substrate.

In this research, atomic force microscopy (AFM)
was used also in order to investigate the surface rough-
ness of In,Se; films. AFM images of the same three
simples are presented in the Fig. 7. From the 2D and
3D obtained images. We can note that the deposit
treated at 350°C exhibits a relatively low surface
roughness where we can say that we have very smooth
surface of electrodeposited In,Se; alloy (Fig. 7a). The
same thing can be observed for the deposit annealed at
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(a) RMS = 18.343 nm

Fig. 7. AFM images of electrodeposited In,Se; films on ITO substrates with applied potential —1.3 V vs. SCE during 10 min.
(a) Annealed at 350°C, (b) at 450°C and (c) as-deposited (without heat treatment).

450°C with significant roughness surface compared to Figure 8 shows the variation of root mean square
the previous sample (Fig. 7b). Whereas the untreated (RMS) roughness of the electrodeposited In,Se; thin
sample has a certain roughness as the (Fig. 7c) shows, films deposited at 1.3 V vs. SCE according to heat
this is due to the small size of the grains and fully com-  treatment temperature. It is found that the surface
patible with what we saw in the SEM pictures. roughness is strongly dependent to annealed tempera-
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Fig. 8. Variation of the RMS roughness of electrodeposited
In,Se; thin films with heat treatment temperature.

ture where we can see that the maximum values of
RMS roughness is in the case of untreated sample,
which confirms that the thermal annealing of the elec-
trodeposited film increases its surface smoothness due
to the increase of cohesion between the grains and their
fusion into each other at times, as well as the increase in
their adhesion onto the surface substrate also.

CONCLUSIONS

Electrodeposition of indium selenide thin films
have been studied in thin paper, obtained films were
synthetized from an aqueous solution containing
InCl; and SeO, in acid medium (pH 4.2) at ambient
temperature using sodium citrate as complexing agent
which serve to approximate the deposition potentials,
synthesis process was followed by vacuum annealing of
elaborated films. It was concluded that electrodepos-
ited In,Se; annealed at 350, 450°C and untreated,
have the rhombohedral B-phase crystalline structure
hRS5. As-deposited and annealed In,Se; are photoac-
tive thin films with band-gap energies 1.33, 1.55 eV
respectively and belong to n-type semiconductors with
number of charge carriers in the order of 10%' /cm? and
composed mainly of In,Se; nano-grains with low
roughness surface.

The recorded results would help us understand the
process and the good conditions for electrodeposition
of In,Se; thin films with nano-grains, good adhesion
and smooth surface and open up prospects for
research on the same axis.
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