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Indium tin oxide (ITO) is considered one of the most intriguing physical materials for
investigation. The properties of ITO materials are strongly influenced by the deposition
technique and post-deposition treatment. ITO thin films were deposited by DC sputtering,
with the oxygen partial pressure during deposition varied and different annealing
temperatures applied to the samples. X-ray analysis revealed that all samples exhibited a
maximum orientation along the (400) plane. Structural analysis showed that the lattice
constants ranged from 10.17 to 10.25A, while the grain sizes ranged from 109.10 nm to
122.81 nm. Both lattice constants and grain sizes were found to decrease with increasing
oxygen partial pressure and annealing temperature. Electrical resistivity, carrier density,
mobility, and bandgap were also observed to change with higher oxygen partial pressure
and annealing temperature. Carrier density was found to range from (2.77-6.89)x10%° cm 3,
mobility from 19.63-32.98 cm?V~'s™!, bandgap from 3.78 eV— 4.30 eV, and resistivity
from (3.67-9.7)x10™* Q cm, with the lowest resistivity achieved at an oxygen partial
pressure of 3.70% and an annealing temperature of 250°C. Optical properties were also
found to change, including refractive index (2.09-2.25), extinction coefficient (2.93-3.49),
absorption coefficient (0,036—0.072), and transmittance (81.94%—87.12%). The highest
transmittance was observed at an oxygen partial pressure of 8.90% with an annealing
temperature of 250°C.

1. INTRODUCTION

Annealing performed at appropriate temperatures and
atmospheres enhances crystallinity, reduces structural defects,

Indium tin oxide (ITO) is widely recognized as a transparent
conducting oxide (TCO) material extensively used in
optoelectronic devices such as touch screens, solar cells, and
light-emitting diodes. This material exhibits a unique
combination of high optical transparency in the visible
spectrum and good electrical conductivity. Both
characteristics are strongly influenced by fabrication
conditions, particularly the oxygen partial pressure during
deposition and the annealing treatment following layer
formation.

The oxygen partial pressure during the deposition process
plays a critical role in controlling the concentration of oxygen
vacancies within the ITO crystal structure. These oxygen
vacancies act as electron donors, increasing the free charge
carrier concentration and thereby reducing the resistivity of the
layer. However, excessive electron concentration can reduce
optical transmittance due to increased free carrier absorption
[1]. Therefore, the regulation of oxygen partial pressure is key
to achieving a balance between electrical conductivity and
optical transparency.

Moreover, annealing treatment significantly contributes to
the crystal structure and functional properties of ITO layers.
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and improves intergrain connectivity, all of which positively
affect carrier mobility and optical transparency [2].
Conversely, excessively high annealing temperatures or
unsuitable atmospheres may cause structural degradation and
performance deterioration [3].

A comprehensive understanding of the effects of oxygen
partial pressure and annealing treatment is essential for
optimizing the electrical and optical properties of ITO thin
films. Research in this area supports not only the enhancement
of optoelectronic device efficiency but also the development
of functional material technologies based on TCOs.

The electrical properties of In-Os: SnO: (ITO) thin films are
strongly influenced by deposition parameters and the
crystallinity of the resulting layer. The doping of Sn in the
crystal is affected by oxygen deficiency during deposition [4].
Sn substitutes for in atoms, acting as an extrinsic charge source.
Two key contributors to free charge in ITO thin films are
oxygen vacancies and Sn substitution for in atoms. Oxygen
vacancies generate two free electrons, while Sn substitution
produces one free electron [5].

Oxygen-deficient ITO thin films form clusters consisting of
free In and Sn atoms, along with black oxides InO and SnO.


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.430320&domain=pdf

The formation of these black oxide clusters can reduce layer
transparency [6]. Amorphous ITO layers crystallize rapidly at
150°C, with electronic structure changes occurring at 135°C
[7]. Grain size increases with annealing temperature.

The electrical and optical properties of ITO are strongly
influenced by its high degree of crystallinity. Oxygen
deficiency prior to deposition occurs because, during the
oxygen deposition process, oxygen atoms in In2Os; and SnO-
compounds are released first due to oxygen’s lower boiling
point compared to indium and tin, causing oxygen depletion.
This deficiency prevents the complete oxidation of indium and
tin atoms, which in turn affects the structure as well as the
electrical and optical properties of the resulting thin films [8].
Oxygen deficiency during deposition can prevent the complete
oxidation of indium (In) and tin (Sn) atoms. This phenomenon
affects the structure, electrical properties, and optical
properties of the resulting thin films [9]. The addition of
oxygen from an external source during deposition enables
bonding with indium (In) and tin (Sn) atoms, forming flowing
oxide compounds that generate an electric current. The
variables in this study consisted of changes in the parameters
of oxygen partial pressure during deposition and annealing
treatment after deposition. The activation of electrically
inactive indium (In) and tin (Sn) atoms in substitutional
positions can be achieved through the introduction of external
oxygen and subsequent annealing treatment. This process
enables the previously inactive atoms to become electrically
active, enhancing the material’s electrical properties.

The electrical and optical properties of ITO thin films are
influenced by the amount of Sn doping relative to In and the
level of oxygen deficiency in In2Os [10]. The structure,
electrical, and optical properties of ITO can be optimized by
modifying deposition parameters, such as oxygen partial
pressure, and by annealing to adjust carrier density and
mobility. Therefore, the addition of oxygen during deposition
and annealing is considered an effective method for enhancing
carrier density and mobility in ITO thin films [11]. The
transparency level of the ITO layer is determined by the
oxygen partial pressure. The observed bandgap shift in the
absorption spectrum can be attributed to variations in the
concentration of oxygen vacancies in the resulting thin films
[12].

2. EXPERIMENT

ITO thin films were fabricated using a PK 75 DC sputtering
system equipped with a Trivac D 665 B rotary pump and a
Turbotronic 1000/1500 rotary pump, as illustrated in Figure 1.
The samples were analyzed by X-ray diffraction (XRD) and
UV-Vis-NIR spectroscopy, Hall Effect measurements, and
four-point probe testing. The sputtering system shown in
Figure 1 consists of a chamber where the reaction takes place,
which is equipped with a vacuum pump used to evacuate the
chamber space. The vacuum system employs a Univex 450
model combined with a PK-75 sputtering cathode and a DCS-
558 power supply. The vacuum is generated by a combination
of a Trivac D 655 B rotary pump and a turbomolecular pump
model Turbovae, capable of pumping at a rate of 1000 liters
per second. Gas pressure within the vacuum is measured using
a Combivac IT 230, while gas flow is regulated by a Master
Flow mass flow controller type MKS 1359 C. Oxygen gas
pressure control is performed using a Combivac CM 31.
Substrate heating is provided by a radiant heater, and the
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temperature is monitored by a PT 100 resistance thermometer
with a digital temperature controller (LH). The sputtering bath
disk has a diameter of 19 cm and can accommodate eight
substrates, each measuring 2.5 cmx7.5 cmx0.2 cm.

The deposition was performed by optimizing the oxygen
partial pressure percentage and post-deposition annealing. The
deposition was carried out in a vacuum chamber at a pressure
of 10" mBarr. The sputtering process was initiated while
argon and oxygen gases were simultaneously introduced
through flow meters until the pressure reached 2x10° mBarr.
The oxygen partial pressure introduced during each deposition
was defined as the ratio of oxygen gas pressure to the total gas
pressure, with values of 2.50%, 3.70%, 5.10%, 6.15%, and
8,9% for each sample. Annealing was conducted in a vacuum
chamber at a pressure of 103 mBarr for 60 minutes at
temperatures of 175°C dan 250°C for each sample.

The thickness of the thin films was calculated based on
reflectance  measurements  obtained from  UV-Vis
spectroscopy within the wavelength range of 350-800 nm [13].
Microstructural analysis was performed using a Philips PW
3710 X-ray diffractometer equipped with a Co anode tube. The
diffraction angle (28) was scanned from 20° to 70°, and peak
positions (in degrees) along with Full Width at Half Maximum
(FWHM) values were identified as the primary indicators [14].
Crystallite size, lattice strain, grain size, and lattice constants
were determined from the XRD data [15].

Rotatabie
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Figure 2. Four-point probe instrument
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Figure 3. X-ray diffraction patterns of ITO films for different
oxygen partial pressures

Electrical properties were analyzed using a four-point probe,
as shown in Figure 2. Carrier concentration, charge carrier
mobility, and band gap were determined using various
equations. Optical properties of the ITO were measured using
UV-Vis spectroscopy, with reflectance, transmittance,
extinction coefficient, and absorption calculated from the UV-
Vis data using specific equations.

Electrical properties were measured using a four-point
probe system Figure 2 manufactured by TOA digital super
microammeter, model DSM 515 A. XRD measurements were
performed using a Philips PW 3710 diffractometer with a
cobalt anode. From the XRD measurements and analysis, the
microcrystalline structure of ITO was characterized by X-ray
diffraction, particularly in terms of grain size, lattice constants,
and crystal orientation. The crystals obtained exhibited an
(400) hkl plane orientation, as shown in Figure 3. Grain size
(G) and lattice constants were calculated at the maximum
orientation angle of 26, approximately 40.9°.

The XRD measurement patterns obtained from the ITO thin
films exhibited a crystalline nature, with a tendency to show
(400) orientation [16]. The coating plate orientation in the
diffraction patterns was found to be consistent across all
variations of oxygen content, indicating significant
compatibility with the cubic bulk structure of In2Os. The
highest intensity was observed at a diffraction angle (26) of
40.9°, corresponding to the (400) reflection of the body-
centered cubic (bee) structure. The intensities of the (400) and
(222) reflections were prominent relative to the background
intensity, indicating that the material structure had crystallized,
as evidenced by the smaller FWHM. It is believed that this
diffraction pattern shape resulted from the annealing
temperature, which induced a transition of the material from
the amorphous region [17].

The XRD patterns indicate that the maximum intensity
occurs at the (400) plane, with a tendency to increase alongside
the oxygen content. The increase in diffraction pattern
intensity and the reduction in FWHM are associated with an
increased concentration of oxygen vacancies and the diffusion
rate resulting from annealing in the deposited layers. These
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changes are attributed to the reduction of free indium (In)
atoms and tin (Sn) impurities due to oxidation by the oxygen
introduced during deposition. Oxygen from the In.Os and
SnO2 compounds is initially deposited because the boiling
point of oxygen is lower than that of In and Sn, leading to
oxygen deficiency.

The diffraction pattern intensity was observed to increase,
while the FWHM decreased in samples annealed at 250°C,
resulting in enhanced peak intensity and peak narrowing [18].
The peak with maximum intensity was obtained at the (222)
plane, with a coating orientation of (400) at a deposition
temperature of 150°C using the electron beam method.
Furthermore, it has been reported that amorphous indium
oxide generally crystallizes rapidly at 150°C with HDPE on
the (222) plane.

In general, peak broadening in the X-ray diffraction patterns
of crystalline samples is influenced by crystallite size and
microstrain effects [19]. The diffraction peak broadening is
assumed to be caused by small crystallite size rather than
lattice strain [20].

Crystallite size was calculated from the XRD patterns using
the Debye-Scherrer formula [21].

091
" BcosO

(1)

where, 4 is the X-ray wavelength, £ is the FWHM in radians,
and 6 is the Bragg angle.

This equation states that the grain size depends on the ratio
of the wavelength to the peak width and the diffraction angle,
with an efficiency factor of 0.9. A narrow peak width (small f)
at a larger wavelength (1) will increase the grain size, provided
that the measurement is taken near the principal direction (6)
approaching 0°.

The crystallite size formed was analyzed using Eq. (1),
which describes the relationship between grain size (G) and
other physical parameters. Grain size represents the
strengthening effect produced in a specific direction compared
to isotropic behavior. A higher G value indicates a more
oriented and efficient direction in optical properties,
particularly in transmittance and absorption. The parameter
represents the beamwidth. As the beamwidth narrows and
grain size increases, the crystallinity of the formed crystals in
the layer improves. The elevation angle factor () indicates a
decrease in grain size as the elevation angle moves away from
the principal axis. Maximum grain size occurs at 6=0°,
corresponding to the perpendicular direction.

Changes in grain size were associated with the level of
oxygen vacancies and the diffusion rate resulting from the
annealing temperature. The entire layer was perfectly
crystallized into fine grains with sizes ranging from 68.99 to
122.76 nm. The average grain size increased to 112.09 nm at
an annealing temperature of 175°C and to 117.06nm at 250°C.
The change in grain size between 175°C and 250°C was not
significant due to most free atoms having already undergone
diffusion.

The results obtained indicate that amorphous indium oxide
generally crystallizes rapidly at 150°C. During the
crystallization process, the entire layer becomes filled with
grains that are nearly perpendicular to the surface [22]. The
annealing temperature allows the crystals to grow larger and
reach the surface, eventually contacting each other on the
surface and eliminating amorphous regions.



The grain size was found to be comparable to that reported
by Sobri et al. [23], Values ranging from 100 to 460 nm were
observed at temperatures between 423 and 473 K, and grain
sizes of 35 to 50 nm were obtained at 350°C with 5% Sn. The
lattice constant was determined to be 11.9nm at a substrate
temperature of 600°C [24].

The conversion of the lattice constant can be analyzed using
the Cohen method [25].

Ad Aa
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where, the lattice size is denoted as a, the lattice constant is
represented by K, which is a constant equal to 0.9, and hkl
indicates the preferred crystal orientation formed. Ad
represents the change in the parameter d, which is the
interplanar spacing between crystal planes, Aa represents the
change in the parameter a, which is the spacing between the
formed crystal lattice points, and K denotes the lattice constant
of the formed crystal. The smallest lattice constant of 10.17 A
was observed at an oxygen partial pressure of 6.15% and
annealing at 175°C. Lattice analysis results indicated lattice
distortion, including contraction and expansion, due to the
influence of oxygen partial pressure and annealing
temperature. The lattice constant of the sample was found to
be comparable to the ITO value from the ASTM card, which
is 10.118 A. The contraction of the lattice parameter obtained
was considered acceptable due to its relatively small range,
approximately between 0.052 and 0.212 A.

The crystal lattice constant was observed to exhibit a
decreasing trend with increasing oxygen partial pressure [26].
This change is attributed to distortions occurring in the crystal
due to point defects caused by oxygen atoms, which are
relatively small compared to the radii of In and Sn atoms,
approximately 1.509 A [27]. This local distortion acts as an
additional scattering center for the electron current flowing
through the crystal, resulting in increased resistance.

The lattice structure is altered due to strain, which is
influenced by the contribution of oxygen vacancies. The effect
of oxygen partial pressure during deposition is significant,
with consistent changes observed in the lattice, while the
lattice constant decreases with increasing annealing
temperature due to a reduced Sn/In ratio [28]. The decrease in
the lattice constant is attributed to the effects of microstrain

and elastic strain caused by impurities and vacancies. The
results of the thin film ITO structural analysis are presented in
Table 1.

2.1 Electrical properties

ITO is a compound in which Sn is used as a dopant. The Sn
atoms can be incorporated either by substituting one of the
atoms in the primary In.O; crystal or by occupying interstitial
sites. Bonds with oxygen, such as SnO or SnO., can also be
formed by Sn atoms, depending on their valence states of +2
or +4. The Sn*" state in SnO: is known to act as an n-type donor,
with electrons being released into the conduction band. The
stabilization of the valence state of Sn depends on the
synthesis conditions, where Sn*" in SnQO: is involved as an n-
type electron donor through the release of electrons into the
conduction band of In.Os [29].

An increase in the concentration of Sn atoms in In20s
induces the overlap of electron wave functions at the donor
level (Sn*"), thereby modifying the periodic potential of the
crystal lattice [30]. The occurrence of this overlap effect
causes changes in the energy level potential of each electron,
resulting in the formation of an energy band in the region. The
impurity energy band will broaden and merge into the intrinsic
band as the impurity concentration continues to increase.

The band tailing effect is caused by the disruption of lattice
periodicity by dopant atoms, which leads to increased electron
scattering and reduced mobility [31]. This impedance causes
the lower energy band to expand, resulting in the narrowing of
the energy band (band tailing effect).

The estimated critical donor density can be determined
using the Mott criterion, where is the static dielectric constant
of the host lattice (the effective mass in the conduction band is

considered with the Bohr
2 M
B0f MM = ¢lna0s (g5 = 0) = 8.9). (my = 0.35m,)aj; ~

me?m;
1,33nm. This value is consistent with experimental
observations of the electron transport transition from doping
mechanisms to band conduction [32].

The energy band structure of ITO with high doping density
is presented.

radius). nia(*) ~ 0.25aj =

Ec(K) = E2 +h (k) @
E,(k) = E;) + hZ,(k)
E, (k) represents the valence band energy with doping, and
E.(k) represents the conduction band energy with doping.

Table 1. Structural parameters of ITO thin films prepared under different oxygen partial pressures and annealing conditions

Annealing

Oxygen Partial Intensity FWHM Lattice Grain Size
Pressure (%) Tem?,eé;l ture 20 (Degree) (Max) (Degree) HKL Constant (A) (hkl) (nm)

250 175 41.065 400 0.16 400 10.25 122.81

' 250 40.955 729 0.16 400 10.23 122.76

370 175 40.880 745 0.18 400 10.24 109.44

' 250 41.250 686 0.16 400 10.21 122.80

510 175 41.060 729 0.18 400 10.21 109.51

' 250 40.910 226 0.18 400 10.21 109.10

6.15 175 41.180 325 0.18 400 10.17 109.55

) 250 35.345 350 0.16 222 10.19 120.70

3.90 175 41.060 747 0.18 400 10.20 109.16

) 250 41.135 1102 0.18 400 10.21 109.95

1022



Eq. (4) holds physical significance within the context of
solid-state physics, particularly in the theory of electronic
energy bands. E, (k) represents the conduction band energy at
the wave vector k. corresponding to the energy possessed by
an electron in the conduction band for a given momentum. E?
denotes the conduction band energy without considering
interaction effects, while Z.(k) is the self-energy function
representing energy corrections due to electron interactions
with the surrounding environment, such as electron-electron
and electron-phonon interactions, at conduction band and
momentum k. This equation expresses that the actual electron
energy in the conduction band E, (k) is the sum of the base
conduction band energy E? and the energy correction hZ, (k).
arising from interactions. These corrections cause shifts and
changes in the bandwidth from their ideal values.

The density and mobility of charge carriers in extrinsic
semiconductors are influenced by the availability of free
electrons.

e ()@ ®

4 represents the carrier mobility, and n represents the
electron density. The electrical conductivity, o, can be
expressed by the equation. This equation is used to estimate
the mobility in crystals where electron-electron interactions
and other effects can be neglected. The equation demonstrates
the theoretical relationship between electron mobility and
electron concentration within the free electron gas model.
Mobility is decreased as the carrier concentration increases,
which is important for understanding the electrical transport
properties of crystalline materials.

1
o = el + typp) ’ (6)

o represents the electrical conductivity, and p represents the
electrical resistivity.

The total conductivity in crystals formed in thin films is
given by the sum of the contributions from electrons and holes,
each multiplied by their respective charge and mobility.

The resistivity of the thin films as a function of oxygen
partial pressure and annealing is shown in Figure 4. The lowest
resistivity of the ITO thin films was obtained at an oxygen
partial pressure of 3.7% with annealing treatment at 250°C.
This resistivity is associated with a carrier density of
6.89x10*° cm™, a carrier mobility of 29.64 cm?*V's, and a
band gap of 3.92 eV.

ITO thin films fabricated at the same oxygen partial
pressure but subjected to different annealing treatments exhibit
varying resistivities. Meanwhile, the resistivity of the ITO thin
film prepared at an oxygen partial pressure of 3.7% and
annealed at 175°C was found to be higher than that of the thin
film annealed at 250°C.

Based on the analysis of Figure 4, it can be concluded that
a clear relationship exists between oxygen partial pressure and
electrical resistivity in thin films. The material’s resistivity,
which represents the ability of a material to inhibit electric
current flow, was found to be significantly dependent on

variations in oxygen partial pressure and annealing parameters.

Under low oxygen pressure conditions, an increase in
oxygen vacancies, which act as electron donors, was observed
to cause a decrease in resistivity. Conversely, at high oxygen
partial pressures, a reduction in oxygen vacancy concentration
was noted, leading to a decrease in charge carriers and
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consequently an increase in resistivity.
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Figure 4. Resistivity as a function of oxygen partial pressure
and annealing

The annealing process was shown to exert additional
influence on resistivity through mechanisms involving the
filling or formation of oxygen vacancies. Annealing in
oxygen-rich environments was observed to fill existing
vacancies, while annealing at elevated temperatures under
oxygen-deficient conditions was found to promote the
formation of new vacancies, thereby enhancing conductivity.

The observed effects are related to the crystallinity level.
This is evidenced by the lower carrier density obtained, which
is 4.86x10%° cm 3, and a mobility of 34.02 cm?/Vs.

Changes in carrier density and mobility are attributed to the
contribution of free electrons to ITO, originating from the
diffusion of Sn*" dopant atoms substituting Sn*" atoms in the
host In20s lattice, as described by Eq. (4). The electron
contribution from Sn, due to its bonding with oxygen and
substitution for in atoms in the In2O:s lattice, is correlated with
the carrier density, which leads to changes in electrical
resistivity. These changes are also caused by free electrons
from In and Sn atoms that cannot be oxidized due to an
increased concentration of oxygen vacancies during
deposition. During annealing, the In:Os compound releases
some oxygen, resulting in a non-stoichiometric composition
initially represented as InoOs-x (Vo")xe2x, Where V,'" denotes
oxygen vacancies with two electrons and e2x' denotes
electrons required to neutralize the vacancies. Similarly, SnO:
releases some oxygen, producing a composition initially
represented as SnOxx (Vo")x e,,'. Generally, the thin film
samples are estimated to have the formula,

Inz_ySn;,03"‘ " xe;(;y sny! , with Sn substituting for In,
resulting in one free electron per substitution.

Oxidation conditions result in changes in the concentration
of oxygen vacancies, which in turn can cause variations in
carrier density. An increase in oxygen content in the ITO layer
can also enhance the orientation of carrier mobility. On the
other hand, oxygen content may induce changes in carrier
density without causing significant alterations in carrier
mobility. The effect of increased oxygen density at insertion
sites within grain boundaries and oxides was not observed.

Table 2 presents the characterization of electrical and
optical properties of indium tin oxide (ITO) thin films
deposited under varying oxygen partial pressures and annealed
at two distinct temperatures 175°C and 250°C. Key parameters
evaluated include resistivity 10 Q cm, charge carrier
concentration 10?° cm™3, mobility and optical bandgap.



Table 2. Electrical parameters of ITO thin films prepared under different oxygen partial pressures and annealing conditions

Oxygen Partial Pressure (%)  Annaeling (°C) (XRle;l_S:lcv;r?_’3) Ca”"(’;(i‘(’)';ﬁi’:lr_a;)“’“ @) (lz/ln(:;) ll/h_tfs(_ul)) Band Gap (eV)
250 175 5.50 5.39 21.49 3.92
’ 250 3.67 6.03 28.24 3.81
370 175 4.89 6.51 19.63 4.29
’ 250 3.06 6.89 29.64 3.92
510 175 7.34 3.38 25.19 4.20
’ 250 4.89 3.88 32.94 3.78
615 175 9.17 3.05 22.35 4.30
’ 250 6.11 3.25 31.47 4.10
8.90 175 9.78 2.77 22.86 435
) 250 6.72 2.82 32.98 4.20

At lower pO; levels 2.5%-3.7%, lower resistivity was
observed in the films 3.67x10™ Q cm at 2.5% pO,, 250°C
annealing, attributed to increased oxygen vacancies acting as
electron donors, which elevated charge carrier concentration
(n). However, this condition was also associated with slightly
reduced mobility () and a narrower optical bandgap 3.81 eV
at 2.5% pO», 250°C annealing due to the Burstein-Moss effect.
In contrast, higher pO, levels 5.1%-8.9% resulted in increased
resistivity 9.78%x10* Q cm at 8.9% pO,, 175°C annealing,
caused by diminished oxygen vacancies that reduced charge
carrier density. Nevertheless, mobility was significantly
enhanced 32.98 cm?/ Vs at 8.9% pO, 250°C annealing owing
to fewer defects, while the optical bandgap widened 4.35 eV
at 8.9% pO,, 175°C annealing, improving optical
transparency.

Superior electrical performance was consistently obtained
with 250°C annealing compared to 175°C. For instance, at
2.5% p0O,, resistivity decreased from 5.50x10™* Qcm to
3.67x10* Qcm, carrier concentration increased from
5.39x10%* cm™to 6.03x10% cm™3, and mobility improved from
21.49 cm?/Vs to 28.24 cm?/Vs. These trends were attributed to
enhanced crystallinity and defect passivation at higher
annealing temperatures. An optimal balance between low
resistivity and high mobility was achieved at 3.7% pO, with
250°C annealing, resistivity 3.06x10™* Qcm; mobility 29.64
cm?/V s.

Changes in carrier density and mobility are caused by
several processes during annealing, including oxygen
absorption and diffusion within the thin film. Oxygen
diffusion can lead to a reduction in oxygen vacancies. During
annealing, dopant Sn atoms are diffused from grain boundaries
and interstitial lattice sites to normal lattice sites, enabling Sn
to act as an active donor due to its higher atomic valence
compared to In. This annealing process enhances crystallinity
or crystal growth, thereby minimizing scattering at grain
boundaries.

The change in electrical resistivity of ITO layers after
annealing is caused by opposing processes of oxygen
absorption and Sn diffusion. Oxygen diffusion causes oxygen
atoms to be absorbed into the ITO thin film, resulting in a
reduction of oxygen vacancies during the annealing process.
Conversely, Sn diffusion involves the movement of Sn atoms
from grain boundaries and interstitial sites to In-Os lattice sites,
forming SnO- oxide. In general, Sn donors are activated upon
reaching specific temperatures, leading to a significant
increase in free electron density within the ITO thin films, as
demonstrated in Figure 5.

The decrease in the density of ITO material by 3.7% at an
oxygen partial pressure (pO2) of 3.70% is associated with the
formation of suboxide compounds such as InO and SnO, as
well as free In and Sn atoms that act as ionic scattering centers
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[33]. An increase in the concentration of in° (0.8%) and Sn°
(1.2%) under these conditions was detected through X-ray
photoelectron spectroscopy (XPS) analysis, revealing a
reduction in the periodicity of the crystal lattice and an
increase in interfacial defects [34].

The minimum resistivity (3.06x10~* Q-cm) was achieved at
a pO: 3.70% due to the optimization of oxygen vacancy
concentration (Vo) at approximately ~2.1x10% cm3, resulting
in an increase in carrier density (n) to 9.5x10?° cm™. However,
an increase in pO: to 8.90% caused excessive oxidation with
the formation of secondary SnO: and a reduction of (Vo) to
1.3x10* cm™, which led to an increase in resistivity to
6.72x10* Q-cm [35].

The annealing process at 250°C was utilized to facilitate
grain recrystallization, during which the electron mobility ()
was increased from 18.7 cm?/V:s to 24.5 cm?/V-s through the
reduction of grain boundary scattering [36]. This effect was
limited to p0.<3.70% because external oxygen diffusion led
to the filling of oxygen vacancies (Vo) and the suppression of
charge carrier generation.
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Figure 5. Resistivity, carrier density, and mobility at an
annealing temperature of 250°C

3. OPTICAL PROPERTIES

Reflectance (R) is defined as the ratio of the reflected energy
flux to the incident energy flux.

(le - 1)2 + kZ

R=—“2
(np + 1)2 + k2

(7

Reflectance R, defined as the fraction of light intensity
reflected when light is incident from air, depends on the real
refractive index n, of the material and the extinction



coefficient £ which is the imaginary part of the complex
refractive index describing the material’s light absorption
strength. Eq. (7) is used to calculate the surface reflectivity of
thin-film optics. This equation indicates how much light is
reflected from the surface of a material based on its optical
properties, specifically the real refractive index n, and
extinction coefficient £.
Transmission (7) of thin films can be determined by:

2ny

®)

Transmittance T indicates the extent to which the amplitude
of a wave successfully penetrates the boundary between two
media. When ni and n: differ significantly, most of the wave
is reflected, and only a small portion is transmitted, meaning
that the entire wave is transmitted without reflection. This
equation describes the efficiency of amplitude transmission of
light at the boundary between two media with different
refractive indices and is highly important in the design and
analysis of optical systems.

The relationship between the absorption coefficient () and
the extinction coefficient (k) can be expressed by:

_ 4k

=77

)

This equation has a physical meaning as the absorption
coefficient a in optics. The absorption coefficient represents
the rate of light absorption by the material at a specific
wavelength. The extinction coefficient &, which is the
imaginary part of the material's complex refractive index,
indicates the level of light absorption by the material.

The absorption coefficient (a), extinction coefficient (k),
and wavelength (1) are related, and the transmission of
electrons undergoing direct transitions can be mathematically
described.

ahv=(hv-E)" (10)

With E, representing the energy band gap of the transition,
photon energy, and n=1/2 for direct transitions and n=3/2 for
indirect transitions.

This equation indicates that a quantitative relationship
exists between the available energy (hv) and the energy
required for the transition (E;). When the available energy
(h v) exceeds the energy gap (E, ), energy transitions can occur,
and vice versa. This equation is used to understand the
phenomena of light absorption, photon emission, and electron

transitions in atoms, as well as how the energy gap influences
energy transitions.

Table 3 presents the characterization of the optical
properties of indium tin oxide (ITO) thin films deposited under
varying oxygen partial pressures (pO:) and subjected to
annealing at two distinct temperatures (175°C and 250°C). The
measured parameters include reflectance (%), refractive index,
extinction coefficient (k), absorption coefficient (), and
maximum transmittance (%). These deposition conditions
were found to significantly influence the optical performance
of the ITO films.

Critical trends were identified from the data. An increase in
oxygen partial pressure from 2.5% to 8.9% was observed to
induce changes in optical transmittance, with maximum
transmittance values rising from 81.94% to 87.12% at the
highest pO: and annealing temperature. This enhancement in
transparency correlated with reduced reflectance, particularly
at higher pO: levels, where reflectance decreased from 11.96%
to 6.61%. The refractive index remained relatively stable
across all conditions (2.18-2.25), indicating consistent film
density, while the extinction coefficient exhibited greater
variability, ranging from 1.93 to 3.49. The absorption
coefficient maintained low wvalues (0.03-0.07), reflecting
favorable optical quality. Annealing at 250°C consistently
produced superior optical performance compared to 175°C
under identical pO: conditions, as evidenced by higher
transmittance percentages and lower reflectance values.

These results demonstrate that both oxygen partial pressure
during deposition and post-deposition annealing temperature
critically influence the optical characteristics of ITO films.
The optimal combination was identified as 8.9% pO: with
250°C annealing, achieving the highest transmittance
(87.12%) and lowest reflectance (6.61%). The data confirm
that precise control of oxygen partial pressure during
deposition and annealing temperature can effectively
modulate the optical properties of ITO films.

Transmission is altered by partial oxygen pressure and
annealing level, as shown in Figure 6.

Changes in the energy band gap of the ITO coating are
influenced by variations in partial oxygen pressure and
annealing, as shown in Figure 5. The band gap changes
because the concentration of Sn doping atoms begins to
decrease due to the bonding of Sn atoms with oxygen
introduced from the outside. Consequently, the electron wave
functions at the impurity levels no longer overlap, affecting the
changes in the potential energy levels of each electron, which
may lead to the formation of an energy band in that region.
Another effect arising from the reduced impurity
concentration is the expansion of the lower energy band,
causing the band gap energy to experience a band tailing effect.

Table 3. Optical parameters of ITO thin films for different oxygen partial pressures and annealing conditions

Oxygen Partial Annaeling  Wave Lenght Ref Refractive Extinction Absorpsi Maximum
Pressure (%) (°O) (nm) (%) Index Coefficient (K) () Transmission (%)
250 175 686 11.96 2.18 3.30 0.061 81.94
’ 250 598 10.38 2.20 3.34 0.070 82.65
370 175 664 9.65 2.20 3.36 0.063 84.05
’ 250 615 8.39 2.18 3.36 0.069 84.71
510 175 591 8.40 2.20 3.38 0.072 84.41
’ 250 615 7.70 2.20 3.40 0.072 85.05
6.15 175 727 9.61 2.09 3.08 0.053 85.07
’ 250 664 10.76 222 1.93 0.036 85.59
3.90 175 668 7.00 222 3.44 0.065 86.60
) 250 700 6.61 2.25 3.49 0.062 87.12
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The shift in the energy band gap can also be associated with
the annealing temperature, which is related to the diffusion
rate of oxygen atoms at the grain boundaries. An increase in
partial oxygen pressure can cause an increase in transmission,
as shown in Figure 7, due to changes in the crystallization of
the ITO thin film, with the FWHM increasing as indicated in
Figure 3. The ITO-coated grains begin to transition from an
amorphous structure to fine grains with sizes ranging from
68.99 nm to 122.76 nm at temperatures between 150°C and
250°C.

Changes in the transmission pattern of the ITO layer in
response to partial oxygen pressure and annealing variations
are shown in Figure 7. The high transmission observed in
several samples up to a certain range appears to correspond to
the properties of the ITO material, which has a wide band gap
ranging from 3.78 eV to 4.35 eV.

The band gap shift due to vacancies is formulated by
Burstein-Moss [37].

E) = Ego + ASBM + h3(k) (11)
where, the contribution of electron scattering is caused by
impurities. To reduce the contribution of electron impurities
from In and Sn, the addition of partial oxygen pressure causes
a decrease in electron impurities, resulting in an increase in the
energy band gap [38]. This equation indicates that the energy
gap does not depend solely on the intrinsic value (Ey), but is
also influenced by many-body interactions and quantum
effects related to the electronic states within the material. The
interaction functions AZE™ dan h¥ (k) which represent
electron-electron interactions and quantum effects, can affect
the electrical and optical properties of the material.
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4. CONCLUSION

Optimization of ITO thin films as transparent conductors
was conducted using the sputtering technique, focusing on the
effects of variations in partial oxygen pressure and annealing
temperature on the electrical and optical characteristics. The
crystal structure of the thin films, dominated by the (400) plane
orientation, was shown to depend on the partial oxygen
pressure and thermal conditions. Changes in lattice constants
and reductions in grain size were observed with increasing
partial oxygen pressure, while high-temperature annealing
treatment induced recrystallization that improved the
structural order.

Significant resistivity reduction of up to 3.70% was found
in ITO thin films when the partial oxygen pressure was
optimized. Electrical conductivity was further enhanced by
annealing treatment at 250°C through the reduction of crystal
defects and the increase of charge carrier mobility. Meanwhile,
the optical properties of the ITO thin films were also
influenced by these parameters. Optical transmission
increased with rising partial oxygen pressure, reaching a
maximum value of 87.12% at the optimal combination of
partial oxygen pressure and annealing at 250°C. This
phenomenon was attributed to the reduction of light scattering
due to improved surface homogeneity and decreased optical
defects.

These findings indicate that control of the partial oxygen
pressure during deposition and manipulation of the annealing
temperature are critical innovations in engineering the
electrical and optical properties of ITO thin films. The
combination of these two parameters not only influences the
crystal structure but also opens opportunities for optimizing
material performance for optoelectronic applications such as
solar cells and transparent displays.

5. SUGGESTIONS

Systematic exploration of the combination of parameters
within the partial oxygen pressure range (2-5%) and annealing
temperature variation (200-300°C) can be performed to
identify the optimal point that balances electrical properties
(low resistivity) and optical properties (high transmission).

The interaction mechanism between oxygen partial pressure
during deposition and annealing temperature dynamics needs
to be further investigated, including its effects on crystal defect
distribution, charge carrier concentration, and recrystallization
processes.

Advanced characterization techniques such as high-
resolution TEM or X-ray photoelectron spectroscopy (XPS)
are recommended to be employed in order to map the
relationships between oxygen pressure, grain size, surface
composition, and oxygen defects that influence the electrical-
optical performance.
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NOMENCLATURE

B XRD peak half-width, degree

(S} scattering angle, rad

A wave length, nm

A unit layer thickness

o thin film absorption

R reflectance, %

T transmission, %

m wavenumber

n refractive index

G grain size, nm

h Planck constant

k extinction coefficient

n charge carrier mobility

c electrical conductivity

p electrical resistivity

Subscripts

ITO indium tin oxide

UV-Vis ultra violet visible

XRD X-ray diffraction
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