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Influence of Discharge Energy on the Morphology and Optical Response of Tungsten Oxide Thin
Films Deposited by Reactive High-Power Impulse Sputtering in a Facing-Target Configuration
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Tungsten oxide thin films were deposited by reactive high-power impulse sputtering using a facing-
target configuration (HiP-FTS), and the influence of discharge energy on film morphology and hydrogen
response was investigated. The pulse width was varied at a constant repetition frequency to control the
discharge energy delivered per pulse under identical gas flow conditions. An increase in pulse width
enhanced the deposition rate and promoted smooth and compact surface morphologies, as indicated
by SEM and AFM observations. Under fixed oxygen flow conditions, changes in film appearance
and optical behavior suggested possible changes related to oxygen-deficient-like optical behavior at
longer pulse widths. The hydrogen-induced optical response of Pt-loaded films was evaluated under
4% H, in Ar at room temperature. The films exhibited limited gasochromic response despite identical
Pt loading conditions, indicating that hydrogen incorporation within the film structure may be limited
by the compact microstructure formed under HiP-FTS conditions. These results indicate that discharge
energy strongly influences film morphology, optical behavior, and hydrogen response in tungsten oxide
thin films deposited by reactive high-power impulse sputtering with a facing-target configuration.

Keywords: Tungsten oxide; High-power impulse magnetron sputtering; Facing-target sputtering;
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1. Introduction

Hydrogen is attracting increasing attention as a clean and
sustainable energy carrier; however, its wide flammability range
and low ignition energy require reliable hydrogen detection
technology. Among the various sensing approaches, optical
and electrical hydrogen sensors based on metal oxide coatings
have been extensively studied because of their chemical
stability, durability, and compatibility with vacuum-based
thin-film fabrication processes'~. Tungsten oxide (WO,)
is one of the most promising oxide materials for hydrogen
sensing owing to its reversible gasochromic behavior, in
which hydrogen insertion leads to the formation of tungsten
bronze (H WO,) accompanied by a pronounced color change
from transparent to deep blue **. Because of this distinct and
reversible optical response, WO, has been widely studied for
optical hydrogen sensors and smart window applications’.
The gasochromic and sensing performance of WO, coatings
strongly depends on their microstructure, stoichiometry,
crystallinity, and defect concentration, particularly oxygen
vacancies'’"'?. These structural features govern hydrogen
dissociation, diffusion, and charge transfer processes, and
thus determine the magnitude and reversibility of the optical
response of the material. Consequently, extensive efforts
have been devoted to tailoring WO, thin films by controlling
deposition parameters, such as the oxygen partial pressure,
substrate temperature, and post-deposition treatments*!'*'.
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Reactive magnetron sputtering is widely employed for depositing
WO, coatings because of its scalability and compatibility with
industrial coating technologies. However, conventional DC
or RF sputtering often results in limited control over film
morphology and defect structures, particularly under high
deposition-rate conditions. High-Power Impulse Magnetron
Sputtering (HiPIMS) has emerged as an advanced sputtering
technique capable of generating highly ionized metal fluxes,
enabling the growth of smooth thin films with improved
adhesion'*'"". These advantages make HiPIMS particularly
attractive for functional oxide coatings. In reactive HiPIMS
processes, the selection of pulse parameters plays a critical role
in determining the discharge characteristics, ionization degree,
and balance between the metal and reactive gas fluxes. It has
been reported that reactive HiPIMS can modify hysteresis
behavior depending on process conditions and material
systems'®. Furthermore, temporal pulse parameters, such as
pulse width, duty cycle, and off-time, strongly influence the
plasma dynamics, target oxidation behavior, and resulting film
composition and optical behavior'”'"”. Experimental studies
on oxide systems have demonstrated that inappropriate pulse
conditions may lead to insufficient oxidation or excessively
compact film structures, both of which can degrade the functional
properties™. In the facing-target sputtering configuration, the
closed magnetic field between the facing targets enhances
plasma confinement and reduces the direct bombardment
of the substrate by high-energy negative oxygen ions. This
configuration enables the formation of smooth and compact
films under relatively low substrate-damage conditions.
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Surface catalytic modification using noble metals such as
platinum (Pt) is widely employed to enhance hydrogen
dissociation and promote gasochromic responses in WO,-
based systems’'"'>. However, the formation of excessively
compact microstructures in WO, films, while beneficial for
mechanical robustness and smooth morphology, may suppress
hydrogen transport within the films and insertion into the
lattice structure. This finding suggests an intrinsic trade-off
between structural stability and functional gasochromic
activity. However, the interplay between discharge energy,
oxidation behavior, and film morphology in reactive high-
power impulse facing-target sputtering (HiP-FTS) has not
yet been systematically clarified for WO, films. Therefore,
this study aimed to establish correlations between discharge
energy, morphological evolution, optical-property-related
changes, and hydrogen-induced optical response in WO, thin
films. Particular emphasis was placed on understanding how
discharge-energy-dependent changes in film morphology
influence hydrogen response behavior.

2. Experimental Methods

2.1. HiP-FTS system

WO, thin films were deposited using a High-Power
Impulse Magnetron Sputtering (HiPIMS) system combined
with a facing-target sputtering configuration originally
designed and developed in our laboratory”'”. The system
consisted of two tungsten targets (50 mm in diameter and
5 mm in thickness) mounted face-to-face with a target-to-
target distance of 50 mm. An alkali-free glass substrate
EAGLE XG (Corning Inc.) (40 mm % 30 mm x 0.7 mm)
was positioned outside the direct plasma region, enabling
a deposition environment essentially free from energetic
negative ion bombardment. A HiPIMS pulsed power supply
(HiPSTER1, IONAUTICS) was used in combination with a
DC power supply (MDX, Advanced Energy). A schematic of
the HiP-FTS system and power supply connection is shown
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in Figure 1. Both facing tungsten targets were electrically
connected to the same pulsed power supply and operated
simultaneously during deposition.

2.2. Deposition conditions

Reactive sputtering was performed using an Ar/O, gas
mixture. The base pressure prior to deposition was approximately
1.3x 10 Pa, which was achieved using a combination of an
oil diffusion pump and a rotary pump. Argon and oxygen
gases were introduced into the chamber through mass flow
controllers to precisely regulate the desired gas flow rates
of 7 scem for Ar (99.99% pure) and 4 sccm for O, (99.9%
pure). W targets with a purity of 99.97% were used. The
pulse width was varied from 10 to 80 ms while maintaining
a constant repetition frequency of 800 Hz. The voltage pulse
waveform was fixed at 800 V, and all depositions were
performed at a working pressure of 1.3 Pa. The deposition
time was adjusted for each pulse-width condition to obtain
films with comparable thicknesses for optical and gasochromic
evaluation. The resulting film thicknesses were 255, 278,
292, 285, and 260 nm for pulse widths of 10, 20, 40, 60,
and 80 ps, respectively, corresponding to deposition times
of 57.4, 19.8, 11.2, 9.0, and 5.1 min. To prevent thermal
damage to the tungsten targets during high-power pulsed
operation, the output power of the pulsed power supply
was limited to 500 W. The oxygen flow rate was adjusted
to form tungsten oxide films, and particular attention was
paid to the time delay and persistence of the target oxidation
following changes in the oxygen flow.

2.3. Characterization

The film thickness and deposition rate were evaluated
using a stylus profilometer (Dektak3030, Sloan Technology).
The surface morphology and roughness were examined using
scanning electron microscopy (FE-SEM, S-5000, Hitachi High-
Technologies) and atomic force microscopy (AFM, Nano Scopelll,
Veeco). The optical transmittance in the visible wavelength
range was measured using a spectrometer (FilmTek system).
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Figure 1. Schematic illustration of the High-Power Impulse Facing-Target Sputtering (HiP-FTS) system used in this study, including (a)*
the arrangement of opposing tungsten targets, substrate position, and (b) power supply configuration. *Reprinted from Yasuda et al.”>.
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The gasochromic properties were evaluated by exposing the
films to a hydrogen-containing atmosphere (4% H, in Ar) at
room temperature and observing the changes in their optical
transmittance and visual appearance, as shown in Figure 2.
Surface catalytic loading of Pt was carried out using an ion
sputter coater (E-1030, Hitachi). Deposition was performed
at a working pressure of 6 Pa with a sputtering current of
10 mA for 3 s. The short deposition time was selected to
introduce a thin Pt overlayer to promote hydrogen dissociation
at the film surface.

3. Results and Discussion

3.1. Discharge characteristics

Figure 3 shows the discharge current and target voltage
waveforms for various pulse widths. A large discharge
current region was obtained when the pulse width was
20 ms or less, which indicated efficient plasma generation.
As the pulse width increased, the discharge duration was
extended, leading to a higher total sputtered flux but also
an increased sensitivity to target oxidation. It was also
observed that the oxidation induced by the reactive oxygen
gas persisted for a relatively long time after changes in the
oxygen flow rate, requiring careful control of the process
parameters. In HiPIMS discharges, it should be noted
that the physical conditions at the cathode surface evolve
dynamically during each HiPIMS pulse. In the early stage
of the discharge, the plasma is primarily sustained by the
working gas, whereas at later stages, sputtered metal species
increasingly contribute to the discharge. Simultaneously,
changes in cathode surface conditions, including local
heating, oxidation state, and secondary electron emission
behavior, may alter the discharge characteristics during
the pulse. Such transient plasma—surface interactions are
characteristic of HiIPIMS processes and can influence the
effective sputtering behavior under reactive conditions®.
In the facing-target HiPIMS configuration, the plasma is
strongly confined between the opposing cathodes, which
enhances interactions between sputtered metal species and
the discharge plasma. During each pulse, the discharge
conditions may evolve dynamically from an Ar-dominated
ignition stage to a metal-rich plasma state as sputtered
tungsten accumulates in the confined plasma region, but
this has not yet been clearly elucidated. A high peak current
is directly associated with an increased ionization fraction
of the sputtered metal species. The elongated pulse width
in the present study increased the total energy delivered
per pulse, thereby increasing both the time-integrated
ion flux and the average discharge power. Although the
repetition frequency was kept constant, a longer pulse-
on time inevitably resulted in a higher discharge energy
density. Under reactive conditions, this enhanced metal
ion flux influences the oxidation kinetics at the growing
surface. When the tungsten arrival rate exceeds the available
oxygen supply under a fixed O, flow, oxygen-deficient-like
film formation is likely to occur. Thus, the pulse width
variation in the HiP-FTS system simultaneously modifies
the plasma ionization characteristics and metal-to-oxygen
flux balance.

3.2. Deposition rate and film appearance

Figure 4 shows the deposition rate and average discharge
power as a function of pulse width. Both the deposition rate
and the average discharge power increased monotonically
with increasing pulse width under the fixed voltage (800 V)
and repetition frequency (800 Hz) conditions. Increasing the
pulse width extended the pulse-on time, resulting in a larger
time-integrated discharge current and consequently higher
average discharge power. The increased average discharge
power enhanced the total sputtered flux, leading to a higher
deposition rate. Under the fixed oxygen flow condition,
this increase in sputtered tungsten flux is expected to have
influenced the effective balance between sputtered metal
species and supplied oxygen, resulting in pulse-width-
dependent changes in film appearance and optical behavior.
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Figure 2. Schematic diagram of the optical transmittance
measurement system used to evaluate the gasochromic response
to hydrogen exposure.
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Figure 3. Typical discharge waveforms of target voltage and target

current for different pulse widths (10-80 ms) under reactive Ar/O,
sputtering conditions.
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In HiPIMS plasmas, ionized metal species can return to the
target (self-sputtering) or contribute to the sustained discharge
current, further increasing the sputtering yield. Photographs
of the as-deposited WO, films prepared at different pulse
widths are shown in Figure 5. At pulse widths of 10 and 20 ps,
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Figure 4. Dependence of deposition rate and average power on
pulse width for WO, thin films deposited by HiP-FTS.
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the films appeared nearly colorless and transparent, indicating
relatively sufficient oxidation under the present oxygen flow
conditions. As the pulse width increased to 40 and 60 ps, the
films gradually changed from pale yellow to greenish.

At the longest pulse width of 80 ps, the film exhibited
a pronounced blue coloration that was clearly distinct
from the weaker color variations observed at shorter pulse
widths. This behavior suggests increased defect-related
optical absorption under insufficient oxidation conditions.
Such behavior is consistent with oxygen-deficient-like
optical characteristics reported for tungsten oxide systems,
although direct compositional or chemical-state confirmation
was not performed in the present study. In addition, slight
differences in film thickness and refractive index could also
contribute to the observed color variations through thin-film
interference effects. Therefore, the weaker color variations
observed for the 10-60 ps samples should not be attributed
solely to compositional changes.

3.3. Surface morphology and roughness

Combined SEM—AFM analysis revealed that all films
deposited at different pulse widths exhibited smooth and
featureless surfaces and uniformly low surface roughness
(Figure 6). The surface roughness Ra ranged from
approximately 0.4 nm (10 ms) to 1.5 nm (60 ms), with
no significant roughening even at longer pulse widths.
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Figure 5. Photographs of as-deposited WO, thin films deposited at different pulse widths of 10, 20, 40, 60, and 80 ms under identical

reactive sputtering conditions.
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Figure 6. Combined SEM and AFM surface morphologies of WO, thin films deposited at different pulse widths. (a—e) SEM images and
(a-e) corresponding AFM images showing smooth surfaces with low roughness.
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This suggests that the HiP-FTS configuration effectively
suppresses columnar growth and promotes the formation
of smooth and compact surface morphologies. The smooth
and featureless morphology observed across all pulse widths
suggests that ion-assisted growth dominates shadowing-
driven columnar growth. The high ion-to-neutral flux ratio
characteristic of HiPIMS enhances surface diffusion and
atomic rearrangement, leading to compact microstructures,
even without substrate heating. Such smooth and compact
morphologies are considered advantageous for mechanical
stability; they may reduce the number of diffusion pathways
required for hydrogen insertion.

3.4. Optical transmittance and gasochromic response

Figure 7 schematically illustrates the gasochromic
mechanism of Pt-loaded WO, films and an example of
their optical responses to hydrogen exposure. As shown in
Figure 7, hydrogen molecules were dissociatively adsorbed
on the Pt catalyst and subsequently inserted into the WO,
lattice, leading to the formation of tungsten bronze (H WO,),
which is responsible for the blue color'**. However, in
the present study, the gasochromic response remained
limited, suggesting that hydrogen transport within the film
structure contribute to the limited response behavior. The
limited gasochromic response observed in our HiP-FTS
films is attributed, at least in part, to the limited presence
of interconnected diffusion pathways such as pores or grain
boundaries. In tungsten oxide, these structural features
typically act as fast diffusion paths for hydrogen ions (H").
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Figure 7. Schematic of the gasochromic mechanism in Pt-loaded
WO,, showing hydrogen insertion and tungsten bronze (H WO,)
formation.

The dense and compact films formed via HiP-FTS may
reduce effective hydrogen transport within the bulk of the
film, thereby constraining the coloration kinetics despite the
presence of the Pt catalytic layer.

Figure 8 shows the optical transmittance spectra of the
WO, thin films deposited at different pulse widths before
and after exposure to hydrogen. Prior to hydrogen exposure,
all films exhibited high optical transparency in the visible
region, with only a moderate decrease in transmittance
of approximately 10% above 500 nm, regardless of the
pulse width. This result indicates that variations in pulse
width had a limited influence on the optical transparency
of the as-deposited films under the present conditions.
Gasochromic coloration in WO, is associated with the
formation of tungsten bronze (H WO,), where hydrogen
insertion leads to the partial reduction of W to W** states.
The resulting small polaron absorption typically increases
optical absorption in the visible and near-infrared regions.
In the present films, the limited optical response suggests
that the hydrogen diffusion into the bulk WO, lattice was
restricted. Since Pt loading was identical for all samples,
surface catalytic dissociation of hydrogen is unlikely to
be the dominant limiting factor***. Pt was deposited under
identical conditions for all samples to minimize variations in
catalytic loading, although its distribution may be influenced
by surface morphology. Instead, the dense microstructure
formed under HiP-FTS conditions likely suppresses bulk
proton transport. This interpretation is consistent with the
observed smooth morphology and low surface roughness
of the films. To further examine the optical behavior of the
deposited WO, films, the optical bandgap was estimated
using the Tauc relation, (ahv)" = A(hv—Eg ), where o is
the absorption coefficient, /v is the photon energy, A is a
proportionality constant, and E, is the optical bandgap.
Since WO, exhibits indirect optical transitions, an exponent
of n = 1/2 was adopted, an(ll E, was determined from the

linear extrapolation of (ahv)2 plotted as a function of photon
energy to the horizontal axis (Figure 9)**’. The estimated
optical bandgap values were 3.10, 3.05, 3.05, 3.05, and
2.87 eV for films deposited at pulse widths of 10, 20, 40, 60,
and 80 s, respectively. Only modest variations in optical
bandgap were observed among the 10-60 ps samples,
whereas the 80 us sample exhibited a more pronounced
decrease. This trend is consistent with the distinct blue
coloration observed for the 80 us film and suggest increased
defect-related optical absorption under longer pulse conditions.
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Figure 8. Optical transmittance spectra of WO, thin films deposited at different pulse widths measured before and after exposure to 4% H, in Ar.
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However, because direct compositional or chemical-state
analyses were not performed in the present study, these
optical changes should be interpreted cautiously. In addition,
slight variations in film thickness and refractive index cannot
be excluded as a contributing factor to the observed optical
differences through thin-film interference effects. Therefore,
although HiP-FTS enables mechanically stable coatings
with smooth and compact morphologies, such compact
microstructures are likely to compromise the functional
gasochromic activity.

The gasochromic properties were evaluated by
exposing the films to a hydrogen-containing atmosphere
(4% H, in Ar) at room temperature, which was selected to
simulate realistic operating conditions for practical hydrogen
sensing applications.” However, no significant or reversible
change in optical transmittance was observed for any of the
films after hydrogen exposure, indicating weak gasochromic
responses, as shown in Figure 10. Although the WO, films were
surface-loaded with Pt to promote the dissociative adsorption
of hydrogen, the gasochromic response remained weak.
This result suggests that hydrogen insertion into the WO,
lattice was kinetically limited, most likely because of the dense
microstructure and limited defect-related transport pathways
of the WO, films deposited by the HiP-FTS process, rather
than insufficient surface catalytic activity. The present results
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Figure 9. Tauc plots of WO, thin films deposited at pulse widths of
10, 20, 40, 60, and 80 ps, assuming an indirect optical transition.
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suggest a trade-off inherent to the HiP-FTS deposition of WO,
films. Increasing the discharge energy promotes the formation
of smooth and compact surface morphologies, which are
beneficial for mechanical durability and optical uniformity.
However, the formation of compact morphologies is expected
to reduce accessible diffusion pathways and defect-mediated
transport channels necessary for efficient hydrogen insertion.
Thus, optimization of WO,-based hydrogen-sensing coatings
requires balancing discharge energy, oxygen supply, and defect
engineering. Pulse-width-controlled HiPIMS provides a powerful
processing parameter for tuning this balance. These findings
indicate that Pt loading alone is insufficient to achieve a strong
gasochromic response when hydrogen insertion is limited by
bulk transport processes. Therefore, further enhancement of
the gasochromic and sensing performance requires deliberate
control of the film density and defect structure, such as
controlled modification of defect-related structures, controlled
nanoporosity, or multilayer architectures, while maintaining the
benefits of HiP-FTS deposition. From a processing perspective,
pulse-width-controlled HiPIMS provides a promising route to
tuning the balance between film compactness and functional
performance. Optimization of pulse parameters in combination
with Pt loading is expected to enable the fabrication of
WO,-based coatings that simultaneously exhibit mechanical
robustness and enhanced hydrogen sensitivity. It should be
noted that the compactness of the film microstructure and
possible stoichiometry changes were inferred indirectly from
deposition behavior and optical properties.

4. Conclusions

Tungsten oxide thin films were deposited by reactive
high-power impulse sputtering using a facing-target
configuration, and the influence of pulse width on deposition
behavior, film morphology, optical properties, and hydrogen
response was investigated. Increasing pulse width increased
both the average discharge power and deposition rate under
fixed voltage and repetition frequency conditions, indicating
that discharge energy strongly affects the deposition process.
All films exhibited smooth surface morphologies with low
roughness, while distinct pulse-width-dependent differences
were observed in film appearance and optical behavior.
Optical bandgap analysis based on Tauc plots showed only
modest variations for films deposited at pulse widths between
10 and 60 ps, whereas the 80 ps sample exhibited a more
pronounced decrease in bandgap to 2.87 eV, consistent with
its distinct blue coloration. This optical trend may suggest
increased defect-related absorption under longer pulse
conditions, although direct compositional confirmation was
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Figure 10. Photographs of WO, thin films (a) before and (b) after exposure to 4% H, in Ar, demonstrating a weak gasochromic response.
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not performed. The Pt-loaded films exhibited only limited
gasochromic response under 4% hydrogen exposure at room
temperature. This result suggests that the compact film
structures formed under the present deposition conditions
may limit hydrogen incorporation into the WO, films.
These results indicate that discharge energy is an important
parameter governing the balance between film structure and
functional gasochromic behavior in tungsten oxide thin films
deposited by reactive high-power impulse sputtering with a
facing-target configuration.

5. Data Availability

The entire dataset supporting the results of this study
was published in the article itself.
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