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ABSTRACT

Indium Tin Oxide (ITO) is one of the electronic materials that is widely
used as a transparent conductor in optoelectronic device applications. The
growth techniques of ITO are crucial in order to grow the best structure of
ITO for the better performance application. The main objective of this study
to investigate the effect of deposition temperature (1000 °C, 1100 °C, and
1200 °C) on their structural and crystallinity properties of self-catalyzed ITO
thin film synthesized using chemical vapor deposition (CVD) technique. The
ITO thin films were deposited onto silicon substrates using a tube furnace via
the CVD technique, utilizing a precursor mixture of indium(IIl) oxide (Inz0s)
and tin(lV) oxide (SnQ:), with argon gas used as the carrier. Scanning
Electron Microscopy (SEM) showed that thin film at 1100 °C exhibited well-
defined shapes, minimal aggregation, and an average diameter of 0.46 um,
making it the optimal temperature for synthesizing high-quality ITO thin
film. Energy-dispersive X-ray (EDX) analysis confirmed the homogeneous
distribution of indium, tin, and oxygen at this temperature, with the highest
compositional homogeneity of 56.46%. Moreover, XRD pattern confirms
the presence of peak at 20 = 31.1° corresponds to the (320) plane of cubic
indium tin oxide (In2Sn=07) across all samples. Results show that as the
deposition temperature increased, structures with well-defined shapes were
formed, and the crystallinity was enhanced. The crystallite size increased
from 35.21 nm to 103.05 nm as at 1000 °C and 1200 °C, respectively with
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a corresponding decrease in lattice strain in the structure. These findings
demonstrate how crucial the deposition temperature in determining the
ideal structural properties of ITO thin film for application in particular
optoelectronic devices.

Keywords: Indium Tin Oxide; Self-catalyzed Growth; Deposition
Temperature; Structural Properties; Chemical Vapor Deposition

INTRODUCTION

Indium tin oxide (ITO) are made up of the composition of indium, tin, and
oxygen [1]. These structures have different forms, including nanoparticles
and nanowires [2]. ITO thin films are often synthesized using various
techniques such as physical vapor deposition [3], chemical vapor deposition
(CVD) [4], and sol-gel [5]. Tin-doped indium oxide (ITO) has been
recognized as one of the most significant transparent conducting oxide
(TCO) materials and commonly used in the application of optoelectronic
devices such as light-emitting diodes (LED), solar cells, flat panel displays,
and sensors [6]. Gold (Au) is one of the most often employed catalysts for
the growth of ITO [7,8]. One disadvantage of employing a metal catalyst
is that it may react with the target materials as they are growing, resulting
in contamination and impurities.

Self-catalyzed growth is one of the methods in which ITO thin film
grow naturally without the need of external catalysts. This growth process
is commonly achieved by the vapor-phase deposition approach known as
chemical vapor deposition. The technique involves the substrate's intrinsic
features, catalyzing the creation of a catalyst and, hence, the formation of an
ITO thin film [4,9]. In other word, the material to be grown as thin film itself
acts as a catalyst. Self-catalyzed growth has several advantages, including
simplicity, less contamination caused by external catalyst materials, and
greater control over the growth process [4].

In order to grow the best ITO thin film, a lot of parameters need to
be taken for consideration such as RF-power sputtering [6], temperature
and pressure [10]. The deposition temperature has a considerable impact
on the growth of ITO in terms of their structural properties. In general,

84



VoL. 22, No.2, SEPT 2025

greater deposition temperatures stimulate the development of crystalline
phases and increase the crystallinity of the deposited material. At higher
deposition temperatures, the formation of greater crystallites with better
crystallinity, resulting in increased electrical conductivity and optical
transparency [11]. In appearance, higher temperatures could encourage the
growth of larger grains [12]. As the grain size increased, key parameters
influencing the electrical properties of the thin films, such as composition,
surface roughness, thickness, and carrier concentration, are affected [13].

This study aims to explore the effect of deposition temperature on
the self-catalyzed growth of ITO thin films to optimize structural and
crystallinity properties. The morphology, structure, and composition of
the formed ITO are analyzed using SEM and XRD. Understanding the
influence of deposition temperature is essential for optimizing the properties
of ITO thin films for high-performance optoelectronic applications, such
as transparent electrodes and photodetectors.

EXPERIMENTAL METHODOLOGY

Sample preparation procedure

Indium (III) oxide (99.99% trace metal base) and Tin (IV) oxide
(> 99.99% trace metal basis) were the chemicals used for the growth of
crystalline ITO thin film. The method used was Chemical Vapor Deposition
(CVD) on p-type Silicon, Si (111) substrate. In this study, sample preparation
was done in a tube furnace. Indium oxide (In20s) and tin oxide (SnO2)
powders were mechanically mixed at a weight ratio of 1:1. The mixture
was transferred to an alumina boat, which was subsequently positioned
in the hot zone of a horizontal tube furnace. To cover the alumina boat,
a silicon (111) substrate was cleaned using a standard RCA I and RCA
II procedure [14]. Initially the substrate was rinsed with deionized water
before being immersed in a solution of H>0, H202, and HCl in a 6:1:1 ratio
for five minutes which is effective in removing metal ions and inorganic
contaminants. The Si substrate was then rinsed with deionized water and
immersed for five minutes in a solution of H.0, H>O>, and NH4«OH ina 5:1:1
ratio targeting the removal of organic residues and particles. Subsequently,
it was rinsed with deionized water before being immersed for five minutes
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in a 10:1 solution of H20 and HF, followed by a final rinse with deionized
water to remove native oxide (SiO2) from silicon substrates. A vacuum pump
was adjusted to lower the pressure to approximately ~ 2 x 1072 Torr and
maintain it for about 10 minutes. Prior to the deposition, the tube furnace
was adjusted to 1000 °C with a heating rate of 60 °C/minute, with argon
(Ar) gas introduced. The pressure was set to 3 Torr and maintained for 70
minutes for the deposition. After deposition, the furnace was cooled to room
temperature, and the samples were collected for analysis. The experiment
was repeated with deposition temperatures of 1100 and 1200 °C to study
the effects of varying temperature.

Sample characterization

Scanning Electron Microscopy (SEM, Tescan Vega 3) was used to
analyze the surface morphology of ITO thin film, providing comprehensive
imaging of the structures' size, shape, and distribution. For elemental
analysis, Energy-Dispersive X-ray spectroscopy (EDX) was used, which
allowed for the identification and quantification of indium, tin, and
oxygen within the thin film. The crystal structure of the ITO thin film was
investigated using XRD Philips X’Pert Pro Model PW3040 diffractometer
equipped with Cu-Ka radiation emitted by copper with the wavelength of
1.5418 A, which provided details on their crystalline phases and crystallite
sizes. The crystallite size (D) was determined using Debye-Scherrer as in

Eq. (1):

091 1
b= pcosO M

where A is X-ray wavelength (1.5406 A), B is Full Width at Half Maximum
(FWHM) of XRD peak in radian and 0 is XRD peak position, one half of
20. Moreover, lattice strain (g) was determined using tangent as in Eq. (2):

T 4tané (2)
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RESULTS AND DISCUSSIONS

At 1000 °C, low temperature deposition creates small structures with
a diameter of around 0.39 pm, as shown in Figure 1(a). SEM analysis
revealed small, well-defined structures that are mostly isolated, with minimal
agglomeration or coalescence. At this temperature, restricted thermal energy
prevents considerable particle growth and interaction, resulting in smooth
surfaces and homogenous forms [15,16]. According to Jamnig et al. [16], at
low temperatures, the limited thermal energy restricts atomic-scale diffusion,
thereby reducing adatom mobility. This restriction hinders adatom mobility,
leading to smaller grain sizes and less coalescence, resulting in smoother
and more homogeneous films. However, while aggregation is significantly
reduced under these conditions, it is not entirely absent. According to Jiang
et al. [17], factors such as insufficient dispersion of precursor materials or
ineffective surfactants may cause localized particle clustering. Nevertheless,
the total amount of the aggregation remains constrained due to the restricted
particle interaction under this temperature.

As the temperature increases to 1100 °C, the structure offers an ideal
blend of particle size, structural regularity, and elemental distribution.
SEM analysis shows structures with well-defined shape, moderate growth,
and limited agglomeration, resulting in a diameter of approximately 0.46
pum, as shown in Figure 1(b). Agglomeration behavior at this temperature
is minimized, which enhances both compositional consistency and
morphological uniformity in the deposited films. Particle interactions and
thermal energy are key factors influencing agglomerate stability during
growth [18,19]. The moderate temperature supports controlled adatom
mobility and surface diffusion, enabling a more organized microstructure
with limited aggregation. Structures synthesized at 1100 °C exhibit better
structural morphology as it reduces the negative effects of aggregation while
sustaining homogeneity.

Further increasing the deposition temperature to 1200 °C results in
substantial aggregation, agglomeration, and coalescence, leading to irregular
morphologies and dense clusters with a diameter of approximately 0.58
um, as shown in Figure 1(c). Excessive thermal energy enhances atomic
mobility, resulting in significant particle growth and advanced Ostwald
ripening dominates the growth process, causing smaller particles to dissolve
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and contribute to the creation of non-uniform structures.

Figure 1: SEM images of the growth of ITO thin film by CVD at
varying deposition temperatures of (a-c) 1000, 1100 and 1200 °C,
with insets of high magnification images.
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The Ostwald ripening mechanism takes place in solid or liquid settings,
where small nanoparticles dissolve into monomers and subsequently
redeposit onto bigger nanoparticles over time [20]. As the solubility of gases
in solids diminishes with increasing temperature, so does the equilibrium
concentration, restricting growth through Ostwald ripening [21]. Based on
the structural morphology findings, the behavior of aggregated nanoparticles
under various deposition temperature emphasizes the need of reaching the
right thermal energy during deposition. This connection illustrates that the
deposition temperature has an influence not only on the physical properties
of ITO structures, but also on the interaction dynamics of particles.
Therefore, 1200 °C is an extremely high deposition temperature at which
the synthesis process becomes difficult to control, highlighting the need to
optimize the deposition temperatures for producing excellent ITO thin films.

The self-catalytic ITO process, which involves the Vapor Solid Liquid
(VLS) mechanism, is a well-studied method for producing high-quality
nanostructures. A technique for condensing vaporized precursor materials
like SnO- and In20s onto catalytic indium-tin alloy droplets produced during
synthesis was proposed in [4]. These liquid droplets act as self-catalysts,
allowing material to diffuse from the vapor phase into the droplet. As the
droplet becomes supersaturated, ITO structures precipitate and develop from
its base, generating well-defined one-dimensional structures. The process
takes place within a tube furnace, which provides the high temperature
required for vaporization, catalytic droplet production, and thin film
development. Carbothermal reduction of precursors in the presence of
carbon creates metal vapors, which are carried to the substrate by carrier
gases for deposition.

Energy-dispersive X-ray spectroscopy (EDX), integrated with SEM,
provides a thorough approach to analyze the elemental composition
and distribution inside ITO thin film synthesized at various deposition
temperatures. EDX confirms the success of the synthesis process by
determining the presence of indium (In), tin (Sn), and oxygen (O) in the
appropriate stoichiometric ratios. The elemental analysis, as shown in Figure
2 (a-c), validates the inclusion of these components into the structure.
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Figure 2: EDX spectrum of ITO thin film at various deposition
temperatures (a-c) 1000, 1100 and 1200 °C.

As temperature increase, the EDX analysis reveals distinct
compositional trends suggest an early stage of film nucleation at
1000 °C with limited incorporation of metal species. This may be attributed
to reduced surface diffusion and lower reactivity at this temperature, which
restricts effective precursor decomposition and atomic mobility [16]. At
1100 °C, a significant increase in all elements; O (31.03 at.%), Sn (24.39
at.%), and In (1.04 at.%) indicates enhanced precursor decomposition and
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surface diffusion. This temperature appears optimal for promoting the
growth of well-formed ITO thin film with higher Sn and In incorporation,
resulting in a more complete oxide matrix formation. At 1200 °C, although
the In content continues to slightly increase (1.16 at.%), both Sn (10.81 at.%)
and O (25.07 at.%) contents decrease compared to 1100 °C. This may be
due to thermal desorption or re-evaporation of volatile species at elevated
temperatures. Additionally, higher temperatures might alter the kinetics of
growth, leading to partial decomposition or non-stoichiometric incorporation
of elements [8, 16, 22]. The combination of SEM and EDX gives precise
insights into how deposition temperature affects both the structural and
compositional properties of the ITO thin film.

Figure 3 shows the XRD patterns of ITO thin film synthesized at
different deposition temperatures. The structure consists of orthorhombic
SnO, rhombohedral In20s, and cubic In2Sn207 phases. Peaks of
orthorhombic SnO are found at 20 values of 26.0°, 28.8°, 32.4°, 38.4°, and
78.2°, indicating the crystallographic planes (110), (112), (021), (202), and
(208), respectively [JCPDS card No. 01-077-2296]. Additionally, a peak at
20 = 65.0° is attributed to the (208) plane of rhombohedral In.Os [JCPDS
card No. 01-072-0683] and a peak at 20 = 31.1° corresponds to the (320)
plane of cubic In2Sn207 [JCPDS card No. 00-039-1058] remains present
throughout all samples.
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Figure 3: XRD patterns of ITO thin film synthesized at
different deposition temperatures.

The XRD patterns of the samples produced at 1100 °C and 1200 °C
change noticeably. A new peak of orthorhombic SnO at 45.2° rises which
corresponds to the (021) crystallographic plane. Furthermore, at 1200°C,
the peaks of orthorhombic SnO at 26.9°, 32.4°, and 44.6°, associated
with the (111), (021), and (024) crystallographic planes, have diminished.
Meanwhile, new peaks of orthorhombic SnO which appear at 55.8°, 59.2°,
and 73.5°, corresponding to the (116), (224), and (136) planes, suggesting
changes in phase composition. A new peak at 72.8° of rhombohedral
In20s, corresponding to the (312) crystallographic plane, suggesting the
growth of In2Os with increasing deposition temperatures. The change in
crystal orientation with deposition temperature is attributed to variations
in adatom mobility and thermodynamic driving forces. Aforementioned
earlier, higher temperatures might alter the kinetics of growth, allow
reorganization into more thermodynamically stable orientations [22].
Disappearance or emergence of certain planes reflects thin film evolution and
preferred orientation changes at different growth conditions. For calculating
the crystallite size and lattice strain of the sample using Eq. (1) and (2),
respectively, the peak at 20 = 31.1°, which corresponds to the (320) plane
of In2Sn>0~ was analyzed. The FWHM, crystallite size and lattice strain
are tabulated in Table 1.
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Table 1: FWHM, crystallite size, D (nm) and lattice strain (€) of ITO thin film
at various deposition temperatures 1000, 1100 and 1200 °C.

Deposition FWHM Crystallite Size, D | Lattice Strain, ¢
Temperature (°C) (°) (nm) (x 10®%)
1000 0.2448 35.17 3.84
1100 0.1224 70.32 1.93
1200 0.0836 102.93 1.31

As temperature increases, the crystallite size increased by 35.17 nm,
70.32 nm, and 102.93 nm for 1000 °C, 1100 °C, and 1200 °C, respectively.
Lattice strain decreased correspondingly, with values of 3.84 x 103, 1.93 x
107, and 1.31 x 1073, indicating enhanced crystallinity at higher temperatures.
The examinations revealed that the size of the crystallite increased with the
higher deposition temperature. Moreover, a decrease in FWHM of the peaks
can be defined by the increase in crystallite size with temperature, indicating
that more growth of the crystallite size is associated with a decrease of peak
width [23]. The calculated lattice strain values for the samples decrease with
an increase of deposition temperature. According to Ghamari et al. [23],
this trend in lattice strain is associated with an increase in peak intensity
and a decrease in peak width, which result in increased crystallite sizes and
enhanced crystallinity. It is obvious that during the deposition of ITO thin
film, the microstructure of a film has a significant impact on the evolution
and development of the inherent stress. The Volmer-Weber mode of film
growth states that adatom attachment to surface areas at the grain boundaries
and grain growth during deposition (at homologous temperatures) compete
with one another in the stress evolution [24,25].

CONCLUSION

The self-catalyzed growth of ITO thin film is achieved using CVD technique
with varying deposition temperatures. SEM analysis shows that the average
diameter of the thin film is 0.39 um, 0.46 pm, and 0.58 um for temperatures
of 1000 °C, 1100 °C, and 1200 °C, respectively. At 1100 °C, the deposition
temperature offers the best conditions for synthesizing indium tin oxide
(ITO). SEM analysis reveals the thin film with well-defined shapes, moderate
growth, and minimal aggregation. ITO synthesized at 1100 °C exhibit better
structural morphology as they reduce the negative effects of aggregation
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while sustaining homogeneity, as EDX validated the even distribution of
indium, tin, and oxygen, with the greatest homogeneity of 56.46% observed
at this temperature. Additionally, the XRD pattern confirms the presence
of cubic In2Sn207 across all samples at 26 = 31.1° corresponds to the
(320) plane. Overall, as the deposition temperature increases, well-defined
structures are formed. The average diameter and crystallite size of the thin
film also increase, while the lattice strain decreases indicating enhanced
crystallinity. In summary, this study analyzes and explains the dependence
of structural properties, lattice strain and crystallite size in the development
of self-catalyzed ITO structures under different deposition temperatures.
To further advance this work, future studies could focus on the electrical
and optical performance of these ITO films for the selective optoelectronic
device application.
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