S6: 03-2026

TAP CHI KHOA HOC VA CONG NGHE DAl HOC CONG NGHE DONG NAl

OPTIMIZATION OF RF-SPUTTERED ITO THIN FILMS FOR
AUTOMOTIVE DISPLAY AND HEAD-UP DISPLAY APPLICATIONS

GENERAL INFORMATION

MSc. Nguyen Huu Huy'”
'Dong Nai Technology University.
*Corresponding author: Nguyen Huu Huy, nguyenhuuhuy@dntu.edu.vn

ABSTRACT

Received date: 09/01/2026

Revised date: 16/03/2026

Accepted date: 28/03/2026

KEYWORD

Indium tin oxide (ITO) thin films are widely used as transparent
electrodes in display technologies; however, automotive display
and head-up display (HUD) applications impose additional
requirements on optical stability, electrical reliability, and
mechanical robustness. In this study, ITO thin films were
deposited on glass substrates by radio-frequency (RF) magnetron
sputtering, and the effect of sputtering power on their optical,
electrical, and mechanical properties was systematically
investigated. The RF sputtering power was varied from 40 W to
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1. INTRODUCTION

The rapid evolution of intelligent vehicles
has significantly increased the demand for

advanced in-vehicle

display

70 W while other deposition parameters were kept constant.
Optical transmittance measurements show that all films exhibit
high transparency exceeding 80% in the visible region, whereas
changes in absorption edge position and optical constants indicate
power-dependent  microstructural ~ evolution.  Electrical
characterization reveals a significant reduction in resistivity and
sheet resistance with increasing sputtering power up to an optimal
condition, beyond which electrical performance degrades due to
defect formation. Residual stress analysis demonstrates that
compressive stress strongly depends on sputtering power, with a
pronounced minimum observed at an intermediate power level.
Among the investigated conditions, an RF sputtering power of 60
W yields the most balanced performance, combining high optical
transparency, low electrical resistivity, smooth surface
morphology, and minimal residual stress. These results provide
practical guidelines for optimizing RF-sputtered ITO thin films
for automotive display and head-up display applications, where
optical quality and long-term reliability are critical.

including digital instrument clusters, center
infotainment systems, and head-up displays
(HUDs) (Das et al. 2023). These automotive

technologies, display systems are required to operate reliably
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under harsh environmental conditions, such as
wide temperature variations, mechanical
vibration, and long-term thermal cycling, while
maintaining high optical clarity and electrical
performance. Consequently, the materials used
for transparent conductive layers play a critical
role in ensuring both functional performance and
long-term reliability of automotive displays
(Wang et al. 2025).

Indium tin oxide (ITO) is widely regarded as
the industrial standard transparent conducting
oxide (TCO) due to its excellent combination of
high optical transmittance in the visible spectrum
and low electrical resistivity. ITO thin films have
been extensively employed in consumer
electronics, including flat-panel displays, touch
panels, and photovoltaic devices. In recent years,
their application has expanded to automotive
electronics, particularly in HUD systems and
vehicle dashboards, where transparent electrodes
must exhibit not only high optoelectronic
performance but also strong mechanical stability
to withstand automotive operating environments
(Hossain et al. 2024).

Among various deposition techniques,
radio-frequency (RF) magnetron sputtering has
emerged as one of the most reliable and
controllable methods for fabricating high-quality
ITO thin films. This technique offers advantages
such as uniform film thickness, good adhesion to
glass substrates, reproducibility, and
compatibility with low-temperature processing
(Panaitescu and Antohe 2023). However, the
properties of RF-sputtered ITO films are highly
sensitive to deposition parameters, including
sputtering power, working pressure, gas
composition, and substrate conditions. In
particular, sputtering power directly influences
the kinetic energy of sputtered particles, thereby
affecting film microstructure, packing density,
surface morphology, and residual stress (Lunca-
Popa et al. 2023).

Residual stress in ITO thin films is a critical
yet often overlooked factor in automotive display
applications. Excessive compressive or tensile
stress can lead to film cracking, delamination, or
optical distortion, especially when films are
deposited on glass substrates subjected to
thermal expansion mismatch and mechanical
vibration. These issues are particularly severe in
HUD and windshield-integrated display systems,
where optical uniformity and mechanical
reliability are paramount. Therefore, minimizing
residual stress while maintaining high
transparency and low electrical resistance is
essential for vehicle-grade transparent electrodes
(Patel et al. 2024).

Although previous studies have investigated
the optical and electrical properties of ITO thin
films deposited under different sputtering
conditions, systematic studies focusing on the
combined optimization of optoelectronic
performance and residual stress for automotive
display and HUD applications remain limited. In
particular, the relationship between RF
sputtering power and stress-induced reliability
constraints relevant to automotive environments
has not been sufficiently addressed (Sahoo, Au,
and Pan 2024).

In this paper, RF-sputtered ITO thin films
were deposited on glass substrates under
different sputtering power conditions, and their
optical transmittance, refractive index, electrical
resistivity, surface roughness, and residual stress
were systematically characterized. Special
emphasis is placed on identifying a sputtering
power window that achieves a balanced
combination of high optical transparency,
acceptable electrical conductivity, smooth
surface morphology, and minimal residual stress.
The results provide practical guidelines for
optimizing ITO thin films intended for
automotive display and head-up display
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applications, where both performance and long-
term reliability are critical.

The main contributions of this work are
threefold. First, the study systematically
evaluates the influence of RF sputtering power
on optical, electrical, and mechanical properties
of ITO thin films under room-temperature
deposition conditions. Second, unlike many
previous studies that emphasize only
transparency and conductivity, this work treats
residual stress and surface smoothness as equally
important optimization criteria for automotive
display and HUD applications. Third, the study
identifies an intermediate sputtering power of 60
W as the condition that provides the best overall
balance between high transparency, low
resistivity, and low residual stress, which is
particularly relevant to vehicle-grade transparent
electrode design.

2. RELATED WORK

Transparent  conductive  oxides  for
automotive displays and HUDs: Automotive
display systems (instrument clusters,
infotainment panels, and HUDs) require
transparent electrodes that simultaneously
provide high visible transmittance, low sheet
resistance, and stable operation under harsh
conditions such as temperature cycling, vibration,
and prolonged sunlight exposure. Transparent
conducting oxides (TCOs) are the dominant
materials class used for this purpose because they
enable optical transparency while maintaining
electrical conductivity (Nguyen, Tran, and Bark
2023). Among available TCOs, indium tin oxide
(ITO) remains the most widely adopted in
commercial display stacks due to its mature
processing, high optical quality, and strong
compatibility with large-area glass substrates.
For HUD and windshield-related optics, the
transparent electrode layer must also maintain
uniform optical properties to avoid haze, color

shift, and distortion. Therefore, automotive-
oriented research often evaluates not only
transmittance and resistance, but also film
uniformity, surface morphology, and long-term
stability in conditions representative of vehicle
operation (Cadenas et al. 2025).

Deposition approaches for ITO thin films:
ITO thin films have been fabricated using
multiple techniques, including sol-gel spin
coating, spray pyrolysis, and electron-beam
evaporation, each offering different trade-offs in
film density, uniformity, process temperature,
and scalability. Solution-based techniques are
attractive for cost and simplicity, but may face
challenges in achieving high density and low
resistivity without high-temperature annealing
(Sumayya et al. 2025). Physical vapor deposition
methods, such as evaporation, can produce
uniform films but often require careful control to
balance optical quality and conductivity. In
contrast, RF magnetron sputtering is widely used
in industry because it provides excellent
uniformity, reproducibility, adhesion, and
compatibility with room-temperature or low-
temperature processing. These advantages make
RF sputtering highly relevant for automotive
display manufacturing, where consistent quality
across large panels is critical (Wang and Chu
2023).

Effect of sputtering power on optoelectronic
properties: Within RF sputtering, the sputtering
power is one of the most influential parameters
because it directly affects the energy and flux of
the arriving species on the substrate. Prior studies
generally show that power can strongly modify
film microstructure, which in turn impacts both
refractive index and electrical transport
(Carrasco-Hernandez et al. 2025). As power
increases, films may become denser and more
conductive up to an optimum region; however,
overly high power can introduce defects,
increase roughness, or degrade optical quality,
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depending on the process window and gas
composition. Because automotive displays and
HUDs demand a balanced set of properties, it is
not sufficient to optimize conductivity alone.
Practical  automotive-oriented optimization
typically targets a combined figure of merit,
seeking high transmittance, low sheet resistance,
and stable optical constants (Nowsherwan et al.
2025).

Surface roughness and interface
requirements in display stacks: Surface
morphology plays a key role in display device
performance. Rough ITO surfaces can lead to
non-uniform electric fields, higher leakage
currents, and increased defect density in adjacent
functional layers. In OLED-based or multilayer
optical stacks commonly used in advanced
displays, higher roughness can accelerate
degradation and reduce yield. Therefore, many
works emphasize controlling ITO roughness
through deposition conditions, where sputtering
power, pressure, and oxygen fraction are among
the most important levers. For HUD and
automotive glass optics, low roughness also
helps maintain high optical clarity and reduces
scattering that can manifest as haze or unwanted
stray light (Diletto et al. 2024).

Residual stress, mechanical reliability, and
automotive relevance: Residual stress in thin
films is a critical reliability factor, especially on
glass substrates. Excessive compressive or
tensile stress can lead to cracking, buckling,
delamination, and gradual performance drift
failure modes that become more likely under
thermal cycling and vibration. In automotive
environments, such stress-driven degradation is
particularly concerning because components
must maintain stable performance over long
service lifetimes. Stress in sputtered films is
known to depend on deposition energy,
microstructure evolution, and defect
incorporation (Petrovska et al. 2022). Since

sputtering power strongly controls particle
energy and film growth dynamics, it is frequently
linked to stress variation. However, compared
with studies focusing primarily on transmittance
and resistivity, fewer works treat residual stress
as a co-equal optimization target for automotive
display/HUD electrodes. This creates a practical
need for systematic studies that optimize
optoelectronic properties together with stress
(Alabdan et al. 2024).

Stress and roughness metrology for thin film
optimization: Reliable optimization requires
measurement methods capable of quantifying
film stress and surface texture with high
sensitivity. Interferometric  techniques are
commonly adopted to evaluate substrate
curvature, surface profile, and thin-film-induced
deformation, making them suitable for
comparing films deposited under different
sputtering conditions. By combining optical
metrology with electrical probing and optical
spectroscopy (UV-Vis, ellipsometry),
researchers can build a comprehensive
understanding linking deposition parameters —
microstructure — performance and reliability
(Seyhan and Kartal 2023).

Previous research establishes that RF
sputtering is a practical route to high-quality ITO,
and that sputtering power significantly
influences optical constants, conductivity, and
morphology. Nevertheless, for automotive
display and HUD applications, there remains a
need for systematic optimization that treats
residual stress and surface roughness as core
constraints alongside transmittance and sheet
resistance. Motivated by this gap, the present
work focuses on identifying a sputtering power
window that achieves a balanced combination of
high  transparency, acceptable electrical
performance, smooth surface, and low residual
stress, which is essential for vehicle-grade
transparent electrodes (Nisha and Sahu 2024).
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3. METHODOLOGY
Materials and deposition procedure

ITO thin films were deposited on glass
substrates using a radio-frequency (RF)
magnetron sputtering system to evaluate their
suitability for automotive display and head-up
display (HUD) applications. Commercial B270
glass substrates were selected because of their
high optical transparency and compatibility with
vehicle-grade display systems. Before deposition,
the substrates were sequentially cleaned in
acetone, ethanol, and deionized water using
ultrasonic agitation, followed by nitrogen drying
to ensure a contamination-free surface.

A ceramic ITO target composed of 90 wt%
In20s and 10 wt% SnO: with a purity of 99.99%
was employed. The sputtering chamber was
evacuated to a base pressure of approximately
2x10°% Torr to minimize residual gas
contamination. During deposition, argon was
used as the primary sputtering gas, while a
controlled oxygen flow was introduced to
regulate film stoichiometry. The working
pressure was maintained at 2.1x10> Torr, and all
films were deposited at room temperature to
ensure compatibility with automotive glass
substrates. To investigate the effect of sputtering
power, RF powers of 40 W, 50 W, 60 W, and 70
W were applied, while other parameters were
kept constant to isolate the influence of power on
film properties.

Assumptions and constraints

To ensure a controlled comparison of the
effect of RF sputtering power, several
assumptions and constraints were adopted in this
study. First, all films were deposited on the same
B270 glass substrate type to eliminate substrate-
dependent variability. Second, except for
sputtering power, all other deposition parameters,
including  chamber  pressure,  substrate

temperature, target composition, and gas-flow
conditions, were maintained constant. Third, the
films were assumed to be laterally uniform over
the measured region, allowing point-based
measurements to represent the overall sample
behavior. Fourth, the stress analysis was
performed using Stoney’s equation, which
assumes that the film thickness is much smaller
than the substrate thickness and that the substrate
behaves elastically. Fifth, optical and electrical
measurements were interpreted under the
assumption that the deposited films were
continuous and sufficiently homogeneous for
comparative analysis. Finally, the automotive
applicability discussed in this study is limited to
material-level transparent electrode performance
and does not yet include full device-level
validation under environmental reliability tests.

The optical transmittance of the deposited
ITO thin films was measured using a UV—visible
spectrophotometer over the wavelength range of
300-1000 nm, covering the visible and near-
infrared regions relevant to automotive display
optics. The average optical transmittance Tavg in
the visible region was calculated as (Cadenas et
al. 2025):

1 A
Tve = —f T(A)dA
g ;\2 _ )” A ( :I

(1)

In Equation (1), T(A) denotes the optical
transmittance as a function of wavelength. The
parameters A1 and A represent the lower and
upper bounds of the wavelength range used for
averaging.  Optical  measurements  were
conducted in the range of 300—-1000 nm, while
the visible region was mainly considered for
evaluating the suitability of the films for
automotive display and head-up display
applications.
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To further analyze the optical behavior,
spectroscopic ellipsometry was employed to
determine the refractive index nnn and extinction
coefficient & of the ITO films. These optical
constants are related to the complex refractive
index 71 by (Cadenas et al. 2025)

n—mn-+ ik,
2
Where n reflects the film density and
microstructure, while £ is associated with optical
absorption losses. Variations in these parameters
provide insight into how sputtering power
influences film compactness and optical quality.

Electrical properties were evaluated using a
four-point probe method to measure sheet
resistance and resistivity. The sheet resistance Ry
was directly obtained from probe measurements,
and the electrical resistivity p was calculated
using (Cadenas et al. 2025)

— R, -1
T )

Where ¢ denotes the film thickness. Low
resistivity and sheet resistance are essential for
transparent electrodes in automotive displays to
ensure efficient current spreading and stable
luminance performance.

Surface morphology was characterized using a
Linnik-type optical interferometric microscope
combined with fast Fourier transform (FFT)
analysis. The average surface roughness R, was
extracted from the height profile z(x) according
to (Hossain et al. 2024)

1 L
Ra——/ \z(x)| d,
z) (z)

“4)
Where L represents the evaluation length.
Maintaining low surface roughness is critical for
automotive display stacks, as excessive

roughness can induce optical scattering and
degrade adjacent functional layers.

Residual stress in the ITO thin films was
evaluated using a Twyman—Green interferometer
to measure substrate curvature before and after
film deposition. The residual stress o was
calculated using Stoney’s equation (Wang and

Chu 2023):
E,t? 1
6(1 — J'{g}ff R)’

)

Where E; and v, are the Young’s modulus
and Poisson’s ratio of the substrate, respectively,
tst_sts is the substrate thickness, # is the film
thickness, and R is the radius of curvature
induced by the film. Residual stress is a critical
reliability parameter for automotive display and
HUD systems, as excessive stress can lead to
cracking, delamination, or optical distortion
under thermal cycling and vibration.

T =

Experimental setup and measurement conditions

The ITO thin films were deposited using an
RF magnetron sputtering system equipped with a
99.99% purity ceramic ITO target with a
composition of 90 wt% In,O3 and 10 wt% SnO,.
Commercial B270 glass substrates were used as
deposition substrates. The base pressure of the
chamber was approximately 2x107 Torr, while
the working pressure during sputtering was
maintained at 2.1x107> Torr. Argon was used as
the primary sputtering gas, and oxygen was
introduced at a controlled flow rate to regulate
the film stoichiometry. The RF sputtering power
was varied from 40 W to 70 W. Optical
transmittance was measured using a UV-Vis
spectrophotometer over the wavelength range of
300-1000 nm. The refractive index and
extinction coefficient were determined using a
PSA ellipsometer. The sheet resistance was
measured by a four-point probe system. Surface
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roughness was characterized using a Linnik
interferometric microscope with FFT-based
analysis, while residual stress was evaluated
using a Twyman—Green interferometer. The
experimental conditions were kept unchanged
except for sputtering power to ensure that the
observed changes could be attributed primarily to
the variation in deposition power

Experimental Workflow

The overall experimental workflow consists
of five main steps. First, glass substrates were
cleaned to remove contamination and ensure
uniform film growth. Second, ITO thin films
were deposited under different RF sputtering
powers while maintaining constant chamber
pressure and gas-flow conditions. Third, the
deposited films were optically characterized by
UV-Vis spectroscopy and ellipsometry. Fourth,
electrical conductivity, surface roughness, and
residual stress were measured using a four-point
probe, a Linnik interferometric microscope, and
a Twyman—Green interferometer, respectively.
Finally, all measured parameters were
comparatively analyzed to identify the sputtering
power that provides the best balance between
transparency, conductivity, smoothness, and low

residual  stress for automotive display
applications

For each sputtering condition,
measurements were repeated at multiple

positions on the sample surface to evaluate
repeatability and spatial uniformity. The values
shown in Figures 2 and 3 are presented as mean
+ standard deviation. The refractive index and
extinction coefficient were extracted from
ellipsometry fitting, while the residual stress was
calculated from curvature measurements using
Stoney’s equation. The observed deviations are
attributed to local thickness non-uniformity,
small variations in film density, and

measurement  sensitivity  associated  with
interferometric and optical fitting procedures.

4. EXPERIMENTAL RESULTS

The optical transmittance spectra of the RF-
sputtered ITO thin films deposited at different
sputtering powers are shown in the wavelength
range of 300—-1000 nm. All samples exhibit high
optical transparency, with average transmittance
exceeding 80% across the visible spectrum,
which satisfies the basic optical requirements for
automotive display and head-up display (HUD)
applications. As the RF sputtering power
increases from 40 W to 70 W, a gradual red-shift
of the absorption edge is observed, indicating
changes in film microstructure and carrier
concentration. These results suggest that
sputtering power plays a significant role in
modifying the optical band structure and density
of the deposited ITO films.

Spectroscopic ellipsometry measurements
were used to extract the refractive index and
extinction coefficient of the films as a function of
sputtering power. The refractive index initially
increases slightly when the power is raised from
40 W to 50 W, indicating improved film
densification due to increased adatom energy.
However, at higher powers, particularly at 60 W
and 70 W, the refractive index decreases,
suggesting the formation of a more porous
microstructure or increased defect incorporation.
The extinction coefficient exhibits a similar
power-dependent  trend, where moderate
sputtering power enhances absorption due to
increased carrier concentration, while excessive
power leads to reduced optical quality. For
automotive HUD systems, maintaining a stable
refractive index and low extinction coefficient is
critical to minimize optical distortion and
absorption losses.



TAP CHI KHOA HOC VA CONG NGHE DAI HOC CONG NGHE PONG NAI

S6:03-2026

100
90 |
80 | —

= 7o)

=

g 60 |

£ sof — 40W
E aof — 50W
£  a0f — 60W
= 20 — 70W

10

0 i 1 1 i i 1
300 400 500 600 700 800 900 1000

Wavelength(nm)

Figure 1. Schematic illustration of RF magnetron
sputtering deposition of ITO thin films on glass
substrates for automotive display applications.

Figure 1 shows the optical transmittance
spectra of ITO thin films deposited at different
RF sputtering powers in the wavelength range
from 300 to 1000 nm. All samples exhibit high
optical transparency, with visible transmittance
exceeding 80%, confirming their suitability for
automotive display and head-up display (HUD)
applications. As the RF power increases from 40
W to 70 W, a gradual red-shift of the absorption
edge is observed. This shift is attributed to
changes in carrier concentration and
microstructural evolution caused by increased
kinetic energy of the sputtered species. Among
the investigated conditions, films deposited at
intermediate RF powers (50—-60 W) exhibit more
stable and uniform transmittance across the
visible region, which is critical for reducing color
distortion and ensuring uniform luminance in
HUD optical paths.
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Figure 2. Application of RF-sputtered ITO thin
films in automotive display systems, including
instrument clusters and center infotainment panels.

The variation of refractive index and
extinction coefficient with RF sputtering power
is presented in the Figure 2. The refractive index
increases slightly when the power is raised from
40 W to 50 W, indicating improved film
densification and packing density due to
enhanced adatom mobility. However, further
increasing the power to 60 W and 70 W results in
a decrease in refractive index, suggesting the
formation of a less compact microstructure or the
introduction of defects. The extinction
coefficient shows a pronounced increase at 60 W,
followed by a significant decrease at 70 W,
revealing a trade-off between optical absorption
and carrier concentration. Such variations in
optical constants are particularly important for
automotive HUD systems, where refractive
index stability and low optical loss are essential
to minimize ghost images and optical distortion.
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Figure 3. Conceptual diagram of head-up display
(HUD) integration using transparent ITO electrodes
deposited on automotive glass.

Figure 3 illustrates the dependence of
residual stress on RF sputtering power. All
deposited ITO films exhibit compressive residual
stress, which is commonly associated with
atomic peening effects in sputtered oxide films.
The magnitude of compressive stress increases
from 40 W to 50 W, decreases markedly at 60 W,
and then increases sharply at 70 W. The
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minimum residual stress observed at 60 W
indicates a balanced growth condition in which
sufficient adatom mobility allows stress
relaxation without excessive defect formation.
This reduction in residual stress is highly
advantageous for automotive applications, as it
enhances mechanical stability and reduces the
risk of cracking, delamination, and optical
deformation under thermal cycling and vibration.

The error bars in Figure 2 indicate that the
variation in refractive index is relatively small,
suggesting acceptable optical uniformity among
the deposited samples. The larger deviation
observed at some sputtering powers may be
associated with differences in film packing
density and fitting uncertainty in the ellipsometry
model. In Figure 3, the deviation in residual
stress reflects the sensitivity of curvature-based
measurement to local stress distribution and
microstructural non-uniformity. The lowest
stress obtained at 60 W is not only lower in
magnitude but also indicates a more stable
growth regime compared with the higher-stress
conditions at 50 W and 70 W.
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Figure 4. Key optimization targets of RF-sputtered
ITO thin films for automotive displays, highlighting
optical transmittance, electrical conductivity, and
residual stress control.

The electrical resistivity and sheet resistance
as functions of RF sputtering power are shown in

the Figure 4. At low RF power (40 W), the films
exhibit high resistivity and sheet resistance,
which can be attributed to insufficient energy for
effective film densification and carrier activation.
Increasing the RF power leads to a significant
decrease in both resistivity and sheet resistance,
reaching minimum values at 60 W. This
improvement is associated with enhanced
crystallinity and increased carrier mobility.
However, when the power is further increased to
70 W, electrical performance deteriorates, likely
due to increased defect density and stress-
induced scattering. The observed -electrical
trends highlight the existence of an optimal
sputtering power window rather than a
monotonic improvement with increasing power.

Figure 4 shows that both resistivity and sheet
resistance decrease sharply when the RF
sputtering power increases from 40 W to 60 W,
indicating a rapid improvement in electrical
transport in this power range. This steep slope
suggests that increasing sputtering power
initially provides sufficient particle energy to
enhance film densification, reduce voids, and
improve carrier mobility. However, when the
power is further increased from 60 W to 70 W,
the resistivity rises again, and the slope changes
direction. This reversal indicates that the
beneficial effect of increasing deposition energy
is no longer dominant; instead, defect generation
and stress-related scattering begin to degrade
charge transport. Therefore, the electrical
behavior is not monotonic, and the change in
slope clearly identifies 60 W as the optimal
operating point

The observed trends can be explained by the
energy-dependent growth mechanism of RF-
sputtered ITO films. At low sputtering power, the
kinetic energy of sputtered particles is
insufficient to promote dense packing and defect
reduction, resulting in a porous microstructure,
lower carrier mobility, and higher resistivity. As
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the sputtering power increases, enhanced adatom
mobility improves film densification and
electrical transport. However, excessive power
also increases bombardment-induced damage
and atomic peening effects, which generate
defects and elevate compressive stress. Therefore,
the optimum sputtering power is determined by a
balance between densification and defect-
induced degradation

The obtained results are consistent with the
general trends reported in previous RF-sputtered
ITO studies, where sputtering power strongly
influences optical transparency, electrical
conductivity, and film microstructure. In
comparison with earlier works that mainly
emphasize transmittance and resistivity, the
present study additionally considers residual
stress as a key optimization criterion. This is
particularly important for automotive display and
HUD applications, where thermal cycling,
vibration, and glass—film mechanical
compatibility significantly affect long-term
reliability. Therefore, the present work extends
the conventional optimization framework by
incorporating optical, electrical, and mechanical
criteria simultaneously

S. CONCLUSION

In this study, the effect of RF sputtering
power on the optical, electrical, and mechanical
properties of ITO thin films was systematically
investigated with the aim of identifying suitable
deposition conditions for automotive display and
head-up display (HUD) applications. ITO thin
films were deposited on glass substrates at
different RF powers, and their optical
transmittance, optical constants, electrical
resistivity, surface roughness, and residual stress
were comprehensively evaluated.

The experimental results demonstrate
clearly that RF sputtering power has a significant
influence on film performance. All deposited

films exhibit high optical transparency exceeding
80% in the visible region; however, variations in
absorption edge position, refractive index, and
extinction coefficient reveal that excessive
sputtering power may degrade optical quality.
Electrical measurements show that increasing
sputtering power improves conductivity up to an
optimal point, beyond which electrical
performance deteriorates due to defect formation
and stress-induced scattering. Residual stress
analysis further indicates that compressive stress
is strongly dependent on sputtering power, with
excessive stress observed at both low and high-
power conditions.

Among the investigated parameters, an RF
sputtering power of 60 W provides the most
balanced performance, yielding high optical
transparency, low electrical resistivity, smooth
surface morphology, and minimal residual stress.
This optimized condition is particularly
advantageous for automotive applications, where
transparent electrodes must maintain optical
clarity and mechanical stability under thermal
cycling, vibration, and long-term operation.

One of the primary challenges in optimizing
ITO thin films for automotive applications lies in
the conflicting effects of sputtering power.
Increasing sputtering power can improve
conductivity through enhanced densification and
carrier transport, but it can also induce defect
formation, higher optical loss, and elevated
compressive stress. Therefore, the optimization
process requires balancing multiple
interdependent ~ properties  rather  than
maximizing a single performance metric.

Future work will extend this study in three
main directions. First, thermal cycling, humidity
exposure, and vibration tests will be conducted to
evaluate the long-term reliability of the
optimized ITO films wunder automotive
environmental conditions. Second, the optimized
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films will be integrated into prototype
automotive displays or HUD structures to verify
device-level optical and electrical performance.
Third, additional deposition parameters, such as
oxygen flow rate, substrate temperature, and
post-deposition annealing, will be investigated to

further —improve the balance between

transparency, conductivity, and mechanical

stability.
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TOI UU HOA MANG MONG ITO PHUN XA RF CHO CAC UNG DUNG
MAN HINH O TO VA MAN HINH HUD
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TU KHOA

Indium thiéc oxit (ITO);

Phun phu magnetron tan so vo
tuyén,

Man hinh 6 to6;
Man hinh hién thi trén kinh chdn
gio (HUD),

Toi wu hoa vng sudat.

ThS. Nguyén Hiru Huy'”
"Truwong Pai hoc Céng nghé Pong Nai
*Téc gia lién hé: Neuyén Hitu Huy, nguyenhuuhuy@dntu.edu.vn

TOM TAT

Mang moéng Indium Tin Oxide (ITO) dugc sur dung rong rai lam
dién cuc trong sudt trong cac cong nghé hién thi; tuy nhién, cac ing
dung man hinh 6 t6 va man hinh hién thi trén kinh 14i (HUD) datra
nhitng yéu cAu khét khe hon vé d 6n dinh quang hoc, d6 tin cay
vé dién va do bén co hoc. Trong nghién ctru nay, cic mang mong
ITO d3 duoc ling dong trén dé thiy tinh bing phwong phap phun
xa magnetron cao tan (RF), dong thoi anh huong ciia cong suat
phun xa 1én cac tinh chét quang, dién va co hoc cia mang da duogc
khao sat mot cach hé thong.

Cong suat phin xa RF duoc thay d6i trong khoang tir 40 W dén 70
W trong khi cac thong s6 ling dong khac dugc giit nguyén. Két qua
do do xuyén thiu quang hoc cho thay tit ca cic mang déu c6 do
trong sudt cao, vugt qua 80% trong ving anh sang nhin thiy; trong
khi d6, nhitng thay d6i vé vi tri bd hap thu va cac hing sé quang
hoc cho thay sy bién d6i cdu trac vi md phu thuc vao mirc cong
suét. Phan tich dic tinh dién cho théy dién tré sudt va dién tré mat
giam dang ké khi ting cong suat phun xa dén mot diéu kién téi wu,
vuot qua muc do hiéu suét dién s& suy giam do sy hinh thanh cac
khuyét tat cdu tric.

Phén tich tmg suét du cho thiy tmg suét nén phu thuéc manh mé
vao cong suat phun xa, voi gia tri cuc tiéu rd rét duge quan sat théy
& murc cong suat trung gian. Trong sb cac didu kién duoc khao sat,
cong suat phun xa RF 60 W mang lai hiéu suit can bang nhat, két
hop dugc d6 trong subt quang hoc cao, dién trd sut tha‘ip, hinh thai
bé mit min va tng suat du t6i thiéu. Nhitng két qua nay cung cp
cac hudng dan thyc té dé toi vu hoa mang mong ITO phin xa RF
cho céc tmg dung man hinh 6 t6 va man hinh HUD, noi chét lugng
quang hoc va do tin cdy dai han 14 nhitng yéu t6 then chdt.
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