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Indium oxide (InyO3) thin films have been deposited by sol gel spin coating technique for different molar
concentrations on glass substrates. X-ray diffraction spectra confirmed that the films have a polycrystalline
nature with high preferred orientation along (222) plane corresponding to In,O3 cubic structure. Scanning
electron microscope images show that the films have homogenous, uniform and dense surface without any pin
holes and cracks. The Energy dispersive X-ray spectra confirm the presence of In and O elements in the deposited
films. The optical analyses show that the films exhibit an optical transparency that reaches up to 90% in the

visible range and optical band gap decreases from 4.04 to 3.88 eV. Photoluminescence spectra show mainly three
emissions peaks (ultraviolet, blue and green), which decrease in the intensity with the raise of molar con-
centration. FTIR spectroscopy confirmed the presence of In-O and In-O-H absorption bands. Electrical mea-
surements reveal that prepared films have a good conductivity (2.5 X 10" (Q em) ™).

1. Introduction

Indium oxide (Inp,O3) is very interesting semiconducting material
exhibiting a wide band gap (> 3.5 eV), high transparency, considerable
chemical stability, high mobility and electrical conductivity. It is
commonly used for extent applications in the fields of electronic,
photovoltaic and optoelectronic devices such as gas sensors [1], surface
acoustic wave devices, light emitting diodes (LED) [2] and anti-re-
flecting coatings [3].

In,03 thin films have been prepared by a variety of thin films de-
position techniques such as pulsed laser deposition (PLD) [4], dc
magnetron sputtering [5], spray pyrolysis [6], spray ultrasonic [7,8],
sol gel process [9]. Of all the above techniques, the sol gel process has
many merits compared to other well known methods such as; simplicity
of the technique, the easy control of chemical components, low cost of
the equipment, low temperature deposition and by this method we can
produce high quality films with a variety of shapes and sizes. In the
present work, In,O3 thin films were deposited by sol gel spin coating
process on glass substrates by varying molar concentration from 0.05 to
0.25 M. The structural, surface morphological, optical and electrical
properties of prepared In,O5 films were investigated in detail.

* Corresponding author.
E-mail address: ab_attaf@univ-biskra.dz (A. Attaf).
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2. Experimental details
2.1. Preparation of In,03 films

Indium oxide thin films were prepared by sol gel spin coating
method using indium (III) nitrate hydrate [In(NOs)s;.xH,0], absolute
ethanol (C,HgO) and acetylacetone (CsHgO,) as precursor, solvent and
stabilizer, respectively. The volume ratio of acetylacetone to ethanol
was maintained at 1:10. Five different precursor concentrations from
0.05 to 0.25M were prepared by taking different amounts of indium
(III) nitrate hydrate into a fixed volume of ethanol. The solutions were
then stirred for 2 h using a magnetic stirrer at 50 °C and they were aged
for 48 h at room temperature. The prepared solutions were deposited on
glass substrates and rotated for 30 s at 4000 rpm using a spin coater
(bought from Holmarc) to get well coated films. To dry the films, the
samples were placed in furnace for 10 min at 250 °C. The spin coating
process was repeated six times to achieve the desired thickness. After
that, the annealing process was carried out at 500 °C for 2h to obtain
good crystalline films.

The overall process used for the preparation of In,Os thin films
based on the sol gel spin coating process is shown in Fig. 1:
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Fig. 1. Steps of thin film preparation in sol gel spin coating process.

2.3. Films characterization

The prepared films were characterized by an X-ray diffractometer
(X'PERT PRO) to define the crystallite state and structural properties,
scanning electron microscope (SEM) to analyze the surface morphology
and energy dispersive X-ray (EDX) (attached to SEM) to evaluate films
elemental composition. UV-visible spectrophotometer (Perkin Elmer
LAMBDA 950 UV/VIS) to investigate the optical properties (gap energy,
Urbach energy, refractive index, real and imaginary dielectric con-
stant), fourier transform infrared (FTIR) spectrometer (BRUKER
VERTEX-80V) was used to obtain information about the chemical
bonding in In,03 films, photoluminescence (PL) spectrometer (Perkin
Elmer LS 55) to detect luminescence regions and defect types. Four
probe method to estimate the electrical conductivity (o).

3. Results and discussion
3.1. Structural analysis

The XRD patterns of indium oxide thin films grown at different
molar concentrations are illustrated in Fig. 2. As can be seen, all the
films have a polycrystalline nature corresponding to cubic structure
according to JCPDS card no. 06-0416 with preferential (222) peak.
Films show other peaks corresponding to (211), (400), (440) and (622)
planes. The growth along the (222) plane is due to the low free surface
energy found in this direction for In,O3 cubic structure [10]. The in-
creasing intensity of all peaks is attributed to the degree in crystalline
state of the films. However, reduction in the intensity and appearance
of new growth direction corresponds to (321) plane was observed for
0.25 M sample. This can be due to the deviation from cubic symmetry;
which means that the composition (stoichiometry) of the In,O3 films is
changing as a function of molar concentration.

Table 1 summarizes the structural parameters: Bragg's angle (20)
and the inter-planar distance (dyy) for the predominant (222) peak. It
has been observed that the calculated values of the inter-planar distance
(dpig) were smaller than the standard values (JCPDS card 06-0416).
This indicated that the crystalline cells submit to a compressive stress.

In order to calculate the crystallite size (D) and the strain (¢) of the
films from the preferred orientation (222) plane at different molar
concentrations, we have used the following equations [11,12]:
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Fig. 2. XRD patterns of In,O5 thin films at different molar concentration.

D= K
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where D is the crystallite size, ¢ is the strain, K is a constant (K = 0.9),
is the full width at half maximum (FWHM), A is X-ray wavelength
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Table 1
The structural parameters of In,O3 films corresponding to (222) plane.
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Preferred plane (hkl) Molar concentration (M) Standard 26 (%)

The observed 26 (°)

Standard d (A) The observed dpq A JCPDS card no.

0.05 30.71 2.910
0.1 30.67 2.909
(222) 0.15 30.58 30.60 2.921 2.920 06-0416
0.2 30.63 2.917
0.25 30.65 2.910
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Fig. 3. Crystallite size and the strain as function of molar concentration.

(Acuka = 1.54060 A) and 0 is the angle of diffraction peak (Bragg's
angle). The deconvolution of linewidth () was accomplished by
Gaussian function [13]:

2 —
obs

B=B— B ®3)
where 3,35 is the measured peak width and f3,, is the beak broadening
due to the machine.

The crystallite size and the strain of In,O5 films grown at different
molar concentrations are shown in Fig. 3. It is easy to note that the
crystallite size and the strain have an opposite variation. The observed
decrease in the crystallite size is commonly due to the augment in the
internal strain [14]. Prathap et al. [15] reported that the decrease in
crystallite size with increased molar concentration is attributed to the
short time taken for the formation of crystallite.

The dislocation density (8) is defined as the length of dislocations
lines per unit of volume of the crystal and was estimated using

Williamson and Smallman's relation [16]:

5=E

@
where D is the crystallite size. This equation is derived on the as-
sumption that the material has a block structure similar to that found in
microbeam studies and that the dislocations lie along the block surfaces
[17].

The dislocation density of In,Os films is illustrated in Fig. 4. As may
be seen below, the dislocation density was about the range of
1.6 x 10'°-1.7 x 10'® line/m? at low molar concentrations, then it
increased and stabilized about 4.6 x 10'° line/m? beyond 0.10 M. The
increase in the dislocation density can be attributed to the decrease in
crystallite size. Moreover, dislocations naturally become longer as dis-
location lines extend to avoid micro-structural barriers that enhance by
the decrease of crystallite size. May be that is the reason of the abrupt
increase of dislocation density beyond 0.10 M. This result can be con-
firmed by the crystallite size variation.

160

Molar concentration (M)

Fig. 4. The dislocation density of In,O3 films.

3.2. Surface morphological analysis

The surface morphology of films depends on the deposition tech-
nique, its parameters and it may influence mechanical, electrical and
optical properties of the films. Fig. 5 shows the scanning electron mi-
crographs of In,Oj films for different molar concentrations prepared by
sol gel spin coating process. It is obvious that all the films have
homogenous, uniform and dense surface without any pin holes and
cracks. Moreover, the film deposited at 0.25M show more roughness
than the other films. The more roughness is probably due to a change in
the surface structure of the film by the appearance of new growth in the
[321] direction over the film surface, which was confirmed by XRD
results.

The Energy dispersive X-ray (EDX) spectra of In,05 films are shown
in Fig. 6. As may be seen below, all EDX spectra reveal the presence of
In and O elements in the deposited films. The peaks of other elements
such as Si, Na, Mg and P are attributed to constituents of glass substrate.
In addition, the EDX spectra also analyzed both of the weight percen-
tage (Ww%) and atomic percentage (at%) of the indium and oxygen
compounds. As can be seen, the weight percentage and atomic per-
centage of In and O elements vary with the precursor molar con-
centrations. It implies that the indium oxide compound could be In,03
(x could be positive or negative), this confirm the presence of oxygen
vacancies.

3.3. Optical studies

Fig. 7 represents the transmittance (T) and reflectance (R) spectra of
In,O5 thin films measured by Perkin Elmer LAMBDA 950 UV/VIS
spectrophotometer in the wavelength range from 250 to 2000 nm. It is
found that the In,O3 films deposited at different molar concentrations
exhibit a high optical transparency about 80-90% in the visible range
while the reflectance is found inside a confined interval 10-25%. Most
of the samples show the presence of interference fringes in both re-
flectance and transmission spectra in the visible region; this can be
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Fig. 5. Scanning electron microscopy images of prepared In,O3 thin films.

attributed to the homogenous and smooth surface of the films [18].
Furthermore, the transmittance spectra reveal a strong absorbance for
all films in the range between 290 and 380 nm due to the excitation and
the transition of electrons from the valence band (VB) to the conduction
band (CB). This last phenomenon is very important characteristic for a
semiconductor corresponding to the optical band gap energy (Eg).

Consider Fig. 8, which plots (ahv)? against hv for In,O3 films pre-
pared at several precursor concentrations. The optical band gap (E,) is
determined by the extrapolation of the linear region of the curves to
intersect at hv axis following Tauc's formula [19]:

(ahv) = A(hv — Ep)™ 5)

where a is the absorption coefficient, hv is the photon energy, A is an
energy independent constant, E, is the optical band gap energy and m
assumes values of 1/2 and 2 for allowed direct, allowed indirect tran-
sitions, respectively. In our case, the value of m was selected to be 1/2
(for allowed direct band gap) as illustrated in Fig. 8, because we noticed
a sudden steep rise (strong absorbance) for all films in transmittance
spectra in the range of 290-380 nm.

The Urbach energy (E,) is the band tail width and characterizes the
disorder in film network, it is estimated from the plots of Ln(a) vs hv

(Fig. 9) by taken the inverse of the slope of the linear part using the
following expressions [20]:

]

where o is a constant and E, is Urbach energy.

The variations of the optical band gap energy and Urbach energy of
In,05 films at different molar concentration are given in Fig. 10. From
this figure it can be seen that the energy band gap was narrowing (from
4.04 to 3.88 eV) with increasing molar concentration. Whilst, Urbach
energy changed inversely (increases from 249 to 285 meV). Increasing
molar concentration causes an increase in the density of charges and
then every electron is effectively surrounded by an exchange and cor-
relating hole that lowers the energy level of the electrons, and the
conduction band is shifted downwards [21]. Moreover, the calculated
band gap of prepared In,Os3 films is higher than that of In,O3 bulk. This
is because of the quantum confinement effect due to small crystallite
size of the polycrystalline In,O3 films [22].

(6)

dLn(c)
dhy

u =

)
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k=—
ar
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where a is the absorption coefficient and A is the wavelength.

The variation of extinction coefficient (k) with the wavelength (\)
for the grown films at various molar concentrations is shown in Fig. 11.
As can be seen from Fig. 11 (inset), extinction coefficient shows high
values that reach to 2.25 for 0.05 M in the low wavelengths (< 350 nm).
Whilst, in the high wavelengths (> 350 nm), the extinction coefficient is
very low (less than 0.25). The rise and the fall in the extinction coef-
ficient (k) are directly related to the absorption of the light [24].

The refractive index (n) was determined from the reflectance (R)
data using [25]:
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Fig. 6. Energy dispersive X-ray (EDX) spectra of In,O3 films.
The extinction coefficient (k) of In,Os films is related to the ab- 1+ R)?
sorption coefficient a through the following relation [23]: (1 - R)? 9

The plots of refractive index (n) as function of the wavelength (A)
for In,O3 films deposited at different molar concentrations are given in
Fig. 12. From these spectra it can be seen that n values of In,O3 films
vary in the range of 1.7-2.9. All films show that the maximum of re-
fractive index (n) is in the UV-visible region except the films deposited
at 0.10 and 0.15M, which had the maximum refractive index in the
near IR region. Panneerdoss et al. [26] said that the maximum re-
fractive index in the near IR region is possibly due to the stoichiometric
form of the films.

The real (e;) and the imaginary (e,) parts of dielectric constant are
determined by the relations bellow [27]:

& = n? — k? (10)
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& = 2nk an
where A is the wavelength, ¢; and ¢, are the real and imaginary parts of
the dielectric constant. Fig. 13 presents the variation of the real (¢;) and
imaginary (eo) parts of the dielectric constant with various molar con-
centrations. The values of ¢ and ¢, as function of wavelength are
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around of 1-8.5 and 0.8-12, respectively. Most studies reported that
using low solution molar concentrations enhance the dielectric re-
sponse of thin films due to the crystallite size modification, porosity and
preferred orientation [28,29].

Fig. 14 shows the room temperature photoluminescence (PL)
spectra of In,O3 films grown at various molar concentrations.
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Photoluminescence spectra show mainly three emission peaks (ultra-
violet, blue and green). The broad ultraviolet luminescence peak
310-420 nm is assigned to the near band edge (NBE) emission, which is
attributed to the free exciton recombination between the conduction
band (CB) and the valence band (VB) [30]. As shown in Fig. 14, a
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decrease observed in the broad ultraviolet emission peak could be due
to the increased number of trap states in the mid-band gap region for
non-radiative transition [31]. A blue emission band at 485nm is re-
ferred to the new defect level that introduced into the band gap by the
indium (In) atoms. The origin of green emission at 532 is generally
ascribed to deep level defects such as surface defects and singly ionized
oxygen vacancies [32].

FTIR technique is used to obtain information about the chemical
bonding and the presence of certain functional groups in the films. The
FTIR spectra of indium oxide films with various molar concentrations
are shown in Fig. 15. The absorption bands shown by the films at 410,
565 and 600 cm ™! are referred to the In-O bond [33]. Return to the
heavy mass of In atoms, the In-O stretching vibration modes are usually
observed in the region of 800-300 cm~'. We can also recognize ab-
sorption band at 1186 cm ™" related to In-O-H bending vibration [34].
It is obvious that the In-O and In-O-H absorption bands intensity in-
creases with the increase of the molar concentration. This can be at-
tributed to the enhancement of In atoms on the substrate surface which
in turn leads to an increase in the probability of forming In-O and
In-O-H bonds. However, the intensity of FTIR spectra reduced con-
siderably for 0.25M due to the degradation of the crystal state. These
results are supported by the variation of XRD data.

3.4. Electrical studies

The electrical conductivity (o) of indium oxide thin films was
achieved using the following formula:

1(ln21)
o=—|—=—
t\ 7 U

where t is the film thickness, I is the current flowing through the outer
tips of the probe and U is the voltage drop measured on the inner tips.

The conductivity of In,O3 films measured by four probe method at
various molar concentrations can be found in Fig. 16. As can be seen,
the electrical conductivity of In,Os; films increases from 0.58 to
2.5 x 10" (Q cm) ~'. The maximum conductivity value obtained in this
work is 2.5 x 10! (Q ecm) ! for the film deposited at 0.25M. Many
researchers claimed that the increase of the electrical conductivity is
due to the enhancement of free carrier concentration [35]. In this work
and in related references it was observed that the raise of electrical
conductivity may be resulted from the interstitial indium atoms, which
act as charge carrier donors to the conduction band.

(12)
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4. Conclusion

Indium oxide thin films with different molar concentrations have
been successfully deposited by sol gel spin coating method on glass
substrates. Effect of molar concentration on structural, morphological,
optical and electrical properties was investigated. XRD patterns re-
vealed that prepared films have a polycrystalline nature with strong
orientation along (222) plane corresponding to In,O3 cubic structure.
We observed an increase in the preferential growth in the (222) plane
for films. Furthermore, we noticed emergence of new growth orienta-
tion for 0.25M sample corresponding to (321) plane, which confirms
the change in the composition (stoechiometry) at the film surface and
the reduction of the preferential orientation. SEM images showed the
homogenous and uniform distribution without any voids or cracks. The
EDX spectra revealed the presence of In and O elements in the prepared
films with their weight (w%) and atomic (at.%) percentage. Films ex-
hibited a high optical transparency that reaches up to 90% in the visible
range. In addition, we observed that the optical band gap energy (E)
decreases from 4.04 to 3.88 eV. The decrease in PL peak intensity was
indicating the increased number of trap states in the mid-band gap
region for non-radiative transition. The presence of In-O and In-O-H
absorption bands was confirmed by FTIR. Electrical measurements
showed that molar concentration effectively increases the electrical
conductivity from 0.58 to 2.5 X 10' (Q ecm) L. From these findings, we
conclude that the prepared In,O3 films can be used in optoelectronic
applications such as buffer layer and transparent electrodes in solar
cells. Also, the sol gel spin coating technique is suitable for producing
homogenous and uniform thin films with good quality.
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