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Effect of Annealing on the Physical Characteristics of In2O3 Nanoparticle Films
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Indium (III) oxide film was deposited on glass by the thermal evaporation method to
study the change in optical and structural characteristics as the annealing temperature
varied from 100 to 300°C. The measurement of (XRD) revealed that the prepared and
annealed films had a polycrystalline structure. Additionally, the results in terms of grain
size and roughness were consistent with the results obtained from studying the surface
topography of all films (before and after annealing) using an atomic force microscope
(AFM). The optical characteristics also varied with changing annealing temperature,
represented by the absorbance, transmittance, and reflectance spectra, and the optical
constants, represented by the absorption coefficient, refractive index, and extinction

coefficient. The energy gap was found (3.45-3.541) eV.

1. INTRODUCTION

Indium oxide is a chemical compound composed of indium
and oxygen elements. It exists in two main forms: indium(I)
oxide (In20) and Indium (III) oxide (In20s) Indium (I) oxide
(In20) solid, gray or black opaque crystals, unsolvable in water
but dissolves in strong acids, it is uncommon and relatively
unstable because it is easily oxidized to In.Os when exposed
to air or high temperatures [1, 2].

While indium (IIT) oxide (In20s) is the more stable and
common form, it has properties as it is a yellow to light brown
powder, transparent material in the visible range, making it
suitable for optoelectronic applications. The electrical
conductivity is relatively high in In2Os if it is impure or low in
oxygen. The amorphous indium oxide is unsolvable in water
but dissolves in strong acids, whereas crystalline indium oxide
is unsolvable in both water and acids [2, 3].

Indium oxide (In20s) thin films play a pivotal role in today's
and future technology such as (transparent conductive material
in displays in Electronic devices, gas sensors and solar cells)
due to their smooth and homogeneous surface when prepared
using advanced deposition methods, in addition to their high
transparency in the visible light range, low infrared absorbance,
and good resistance to heat and chemical corrosion [4, 5].
Electrically, Indium Oxide (In2Os) is an n-type semiconductor
with a wide bandgap energy of 2.7 - 3.7 eV [4, 6].

Due to its thin-film properties, Indium Oxide (In20s) is used
in many advanced technological applications, especially in
displays, solar cells, and smart electronics. With continuous
development, its performance is expected to improve, and its
cost will be reduced, making it more widespread in modern
industries [7, 8].
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Dua’a et al. [9] in their study, concluded that the optical
properties of laser-deposited indium oxide/quartz films change
depending on the laser power used in deposition, as they found
that the energy gap increases with increasing laser power. In
the study, Faisal and Salman [10] prepared gas sensors from
indium oxide and studied the effect of oxidation time on the
membrane's sensitivity to gas, where they found that the
sensitivity increased with increasing oxidation time.

Finally in future studies, we propose using indium oxide to
manufacture smart, small sensors that can be coupled to smart
devices, it can be used on plastic or organic substrates to
produce foldable and wearable medical screens and devices
and due to its low toxicity, it can be used in biomedicine to
manufacture a drug delivery to the target organ.

2. EXPERIMENTAL PART (IN:Os THIN FILMS

PREPARATION)

Thermal oxidation was used to deposit indium oxide
nanoparticles on glass substrates with a volume of (2 cm, 2 cm,
400 nm) (length, width, thickness) away from the
molybdenum boat about 18 cm. The deposition process was
carried out in two stages.

The first stage included the vacuum thermal evaporation of
the indium metal on the substrates as mentioned earlier at a
deposition rate of about 1.33 + 0.2 nm per second and under
pressure close to 2x105 m bar.

In the second stage, the oxidation reaction of the indium
films was carried out as shown in the equation below by using
a thermal system with the effect of oxygen present in the
system (a flat electric heater to provide heat to the material)
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for 60 minutes on the sequence at a constant temperature of
350 degrees Celsius.

2In(s) + 30 = In, 05

Indium oxide films were annealed at different temperatures
(100,200,300) degrees Celsius for one hour at each
temperature.

The change of the crystal structural and crystalline phases
of the prepared and annealed films vs change in annealing
temperature was studied using an X-ray diffraction device
(XRD-6000, Cu, Ko and wavelength = 1.5406 A)
manufactured by the Japanese company Shimadzu.

While the optical characteristics of the thin films and the
extent of the effect of annealing on them, the absorbance and
transmittance of all prepared and annealed films were
measured using UV-visible 1800 spectroscopy over a wide
range of wavelengths.

3. RESULTS AND DISCUSSION
3.1 The X-ray diffraction (XRD) measurement

The X-ray diffraction pattern in Figure 1 shows several
peaks, all of which are related to indium oxide. This indicates
that the prepared thin films' crystal structure is polycrystalline
of the cubic type and the prevailing orientation before
annealing (222). After one hour of annealing, the films
exhibited enhanced stability along the dominant
crystallographic direction (321), while the intensity of peaks
corresponding to other crystallographic directions diminished.
The rise in intensity for this direction with increasing
annealing temperature suggests the presence of certain
preferred levels for crystal growth. As a result, the intensity of
this peak increases, indicating that the film structure has
improved crystallization. In other words, annealing at high
temperatures enhances the degree of crystallization of the film
material and reduces crystal defects, these changes directly
affect the physical and chemical properties of the film, and
thus its performance in various applications, as the crystal
orientation affects the arrangement of atoms and electronic
paths within the crystal, leading to an increase or decrease in
electrical conductivity. As for the optical properties, the
transparency value in the visible range and the width of the
optical energy gap change slightly depending on the
orientation. Changing the crystal to the 321 orientation leads
to a change in light absorption or scattering, which is a crucial
factor in solar cells and displays. The film's surface becomes
rougher when the crystal orientation changes to the 321

direction, leading to improved sensitivity of some gases in gas
sensors, which is consistent with the results reported in
previous studies [8, 11].
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Figure 1. The X-ray diffraction

When comparing the pattern obtained from X-ray
diffraction, including the surface area (duw), the diffraction
angles (20), and the lattice parameter at the locations of the
distinctive peaks of the prepared film models, we find that the
results are identical to the values stated in the standard card of
the American Institute for Materials Testing. This is illustrated
in Table 1.

We obtain structural parameters such as strain, crystalline
size C.S, dislocation density 6 and number of crystallites per
area are calculated by using the following equations.
respectively [12-15] and listed in Table 2 and influence of
increase annealing temp. on the structural parameters.

Table 1. The parameters of interest obtained from X-ray diffraction for (In,O3), which annealed at different temperatures

Annealing T (c)Position (20)d Spacing (A°)Orientation (hkhDFWHM (Deg)Crystallite Size (nm)Lattice Parameter (A°)

un annealing 30.5 2.9203 222 0.763 11.27 10.12
100 33.0964 2.7045 132 0.634 13.65 10.12
200 33.0194 2.7106 132 0.629 13.75 10.14
300 33.0194 2.7106 132 0.629 13.75 10.14

€ =3 Cosb /4 (D 6 =1/(C.S)2 3)

C.S = 0.94 A /B CosB 2) N =t/ (C.S)3 4)
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3.2 AFM measurements

Atomic force microscopy (AFM) surface morphology study
provides a two-dimensional and three-dimensional view of the
grain arrangement. It provides accurate statistical values
regarding the average grain size, distribution, and surface
roughness, including essential information based on the square
root of the average surface roughness. Figure 2 shows the

AFM image at different annealing temperatures. It is observed
that the film exhibits better uniformity and crystal structure
after annealing. (RMSE) and (R) values of the surface
roughness and grain size are detailed in Table 3. Notably,
annealing results in increased surface roughness, indicating a
rise in grain size and a reduction in grain boundaries. These
findings are consistent with the results obtained from X-ray
diffraction analysis.
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Figure 2. Atomic force microscopy (AFM) surface morphology

Table 2. XRD results for (In,O3) films

Annealing T Position  Crystallite

() (20) Size (nm) 3 N

un annealing ~ 30.5 11.27 0.0032120.0078710.279323
100 33.0964 13.65 0.0026520.0053640.157141
200 33.0194 13.75 0.0026310.005283 0.15358
300 33.0194 13.75 0.0026310.005283 0.15358

Table 3. The parameters of interest obtained from AFM for
(Inx03) which annealed at different temperatures

Annealing T RMSE Average Roughness (R)  Grain
(c) (nm) (nm) Size

un annealing 6.16 4.85 22.96
100 10.654 7.2227 54.018
200 16.105 12.584 58.015
300 32.5 22.628 147.85

3.3 Optical properties

Figure 3 illustrates the absorbance and transmittance spectra
in the range of 300 to 1100 nm. For all prepared and annealed
films, the absorbance peaks at shorter wavelengths and
decreases as the wavelength increases. While the
transmittance spectrum behaves inversely to the absorbance
spectrum, Figure 3 illustrates that transmittance begins at the
wavelength that represents the boundary between the
absorbance and transmittance of the thin film material, or the
so-called cutoff wavelength. Transmittance then generally
increases with increasing wavelength of electromagnetic
radiation incident on the thin film, i.e., at wavelengths with
lower energies.

This behavior in the absorbance and transmittance spectrum
occurs because the energy of the incident photons is less than
the optical energy gap, which prevents the excitation.

Observing Figure 3, we can see that the absorbance
increases and transmittance decreases at annealing
temperatures of 100°C and 300°C, this suggests that annealing
at 100°C and 300°C generates local energy levels between the
valence band and the conduction band, which facilitate the
transfer of electrons from the valence band to the conduction
band. In contrast, the absorbance decreases and transmittance
increases at annealing temperatures of 200°C, indicating that
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this temperature results in the removal of structural defect
levels associated with the preparation process and a reduction
in the local energy levels.
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Figure 3. Illustrates the absorbance and transmittance spectra

Reflectivity (R) was calculated from the absorbance and
transmittance spectra using the law of conservation of energy
and according to Eq. (5) [16]. Figure 4 shows that reflectivity
increases with increasing wavelength for short wavelengths,
while for long wavelengths, it decreases with increasing
wavelength.



A+R+T=1 (5)

Figure 4 notes the effect of annealing on the films'

reflectivity. Where films annealed at temperatures 100 and 300°C

increased their reflectivity.
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Figure 4. Reflectivity of In,Os films

In contrast, films annealed at temperature 200°C decreased
their reflectivity compared to the reflectivity of films prior to
annealing. It is important to note that reflectivity is largely
influenced by the morphology of films surface.

A
a= 2.303? (6)

Figure 5 shows the change in (a) for annealed and
unannealed indium oxide films which is calculated from Eq.
(6) [17]. It is low at low photon energies, where the probability
of electronic transitions is low. However, as the photon energy
increases, the absorption coefficient rises significantly,
exceeding a value of 10* This increase indicates the
occurrence of direct electronic transitions.
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Figure 5. The absorption coefficient

Figure 6 shows the extinction coefficient (k) for annealed
and unannealed indium oxide films which is calculated from

Eq. (7) [18].

_a/1
T 4m

(7)

By using the Tauc model according to the Eq. (8) [19, 20]
calculated the optical energy bandgap for the allowed direct
electronic transitions of indium oxide thin films.
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ahv = P(hv — Eg)" (8)
where, the value of (r=1/2), by drawing the linear relationship
between (ozv) and the incident photon energy (4v) and taking
the straight line extension from the curve (fitting) to intersect
the photon energy axis at the point (a/v) = 0, which represents
the value of the optical energy gap for the allowed direct
transition, and its values ranged between (3.44-3.54) eV as

shown in Figure 7, these results are consistent with research [8,
10].
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Figure 8 shows the optical conductivity is calculated from
the following relationship (9) [19].

Oop = aQNC/4 T
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Figure 8. The optical conductivity



4. CONCLUSIONS

In,O3 thin films was prepared by vacuum thermal
evaporation on glass substrate at R.T and these films to
annealing at 100, 200 and 300°C. The annealing temperature
changes the various properties of the In,Os thin films. The
crystallite size of films annealed increased with increase
annealed temp and change orientation of crystalline planes
from 222 to 132 plane, the absorbance increases and
transmittance decreases at annealing temperatures of 100°C
and 300°C, the optical energy gap for the allowed direct
transition, and its values ranged between 3.44-3.54 eV.
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