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Abstract: The rapid growth of renewable energy integration, particularly Concentrated Solar Power (CSP), has increased
demand for reliable and efficient thermal energy storage (TES) systems. Unlike photovoltaics, CSP can provide dispatchable
electricity using molten salt, typically an eutectic Nanos—KNOs mixture, due to its broad operating range (200-600 °C), low cost,
and scalability. However, long-term operation leads to corrosion and degradation of structural alloys such as stainless steels,
reducing component lifespan and increasing maintenance costs. Protective coating materials with high chemical and thermal
stability are therefore essential for material compatibility and TES durability. Gallium oxide (Ga20s) emerged as an interesting
candidate because of its wide band gap ranging from 4.8 to 5.3 eV, high breakdown field ca. 8 MVcem™!, offering exceptional
thermal and chemical stability, even at elevated temperature ca. 1800 °C, which can offer durable, effective, and efficient heat-
resistant materials for TES applications. In this presented work, thin films of Ga20s are synthesized with an apparent roughness
of ~1.8 nm as determined from AFM step-height profiles (mean of five measurements; 0.4 nm) on sapphire substrate using a
simple three-zone chemical vapor deposition (CVD) system, as it is cost-effective, scalable, and produces high-quality films.
The preheating strategy strongly influenced surface roughness, with moderate preheating (500 °C) yielding smoother films than
high-temperature preheating (750 °C). CVD enables precise control of film thickness, crystallinity, and microstructure,
underscoring its potential to produce Ga-Os barrier layers that resist molten-salt infiltration and thermal stress. The study provides
a controlled growth process and microstructural optimization of Ga.O;s films, which will serve as a basis for future corrosion
studies and durability testing of functional performance, which are part of the ongoing research. It is also focused on single- and
multilayer architectures and protective overlayers to further enhance the corrosion resistance and interfacial stability of TES
systems under harsh molten-salt cycling.
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1. Introduction

The rapid development of renewable energy integration into power systems has created a huge demand for effective and reliable
thermal energy storage (TES) technologies, particularly for Concentrated Solar Power (CSP) plants. In contrast to intermittent
photovoltaics, CSP can supply dispatchable power through storing the solar heat in TES systems and releasing it on demand [3].
To ensure continuous power delivery, CSP plants require storage media that can absorb large amounts of thermal energy during
periods of sunlight and release it efficiently during non-solar hours. This has driven the adoption of molten salts as the preferred
TES medium in CSP systems, since they combine high heat capacity with chemical stability over the operating temperature
window of CSP power cycles [4].

Among the molten salts, the eutectic NaNO3;-KNOs mixture (solar salt) is the most common candidate due to its 200-600 °C
high-temperature operation range, low cost, and scalability [5,6]. These properties have allowed CSP plants with molten-salt
storage to operate at higher capacity factors and levelized cost of electricity similar to traditional fossil-fueled power generation.

Despite their advantages, molten salts have compatibility issues with materials. Containment vessels, pipes, and heat exchangers
in TES equipment are typically fabricated from stainless steels or nickel alloys, which are prone to corrosion, pitting, and
microstructure degradation after prolonged exposure to high-temperature molten salts [7,8].
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Thermal cycling also leads to crack growth, oxide spallation, and phase instability, ultimately causing component lifetimes
reduction and the economic viability degradation of gas turbine power plants [9] . These issues highlight the urgent need for a
reliable protective barrier coating that reduces interfacial reaction and maintains the long-term integrity of TES containers.

In this regard, the development of a stable protective coating layer becomes both a necessity for corrosion protection and system
efficiency as well as minimizing maintenance costs. This motivation serves as the basis for exploring advanced oxides such as
Gaz0:s as protective coatings for TES systems, where stability at elevated temperatures, chemical resistance, and film uniformity
are requirements. The Ga-O; coatings are proposed as a barrier, inhibiting direct metal-salt contact and reducing corrosion.

The rapid expansion of renewable energy integration into modern power systems has created a strong demand for efficient and
reliable TES technologies, particularly for high-temperature industrial applications. Among the available TES approaches,
molten salt systems have emerged as a leading candidate due to their high operating temperature range, low cost, and scalability
[10,11]. However, molten salts often suffer from issues such as corrosion of containment materials, thermal degradation, and
phase instability during repeated cycling, which limit their long-term performance and economic viability[12]. These challenges
highlight the importance of stable interface and barrier materials that can protect TES systems and extend their durability [ 8].

Various classes of protective materials have been investigated for TES systems. Alumina (Al.Os) is chemically stable; however,
it is prone to spallation due to thermal expansion mismatch when used with metals [13]. Silica (SiO:) functions effectively as a
diffusion barrier at moderate temperatures, but its performance deteriorates at higher temperatures as it softens or devitrifies
above 900 °C[14,15]. Yttria-stabilized zirconia (YSZ) exhibits excellent thermal stability under high-temperature conditions,
though it is costly and poses challenges in achieving uniform deposition [16,17]. Nitrides and carbides, such as silicon nitride
(SisN4) and titanium carbide (TiC), provide good mechanical strength but show reduced chemical stability when exposed to
nitrate and nitrite melts [18]. While these materials address certain performance requirements, none offer the comprehensive
combination of wide bandgap stability, mechanical robustness, and chemical inertness essential for TES environments. This
limitation highlights the potential of gallium oxide (Ga20s) as a next-generation barrier material for TES environments, as recent
studies show stable Ohmic and Schottky contacts to B-Ga20s at elevated temperatures (up to ~400-600 °C) with long-term
operation [19].

Gallium oxide (Ga20:s), a wide-bandgap semiconductor (4.8-5.3 eV) with a high melting point (~1800 °C), high breakdown field
(8 MV/cm), outstanding thermal and chemical stability, and excellent mechanical strength, has recently attracted increasing
attention [20,21]. Its unique properties make it particularly promising not only for traditional electronic and optoelectronic
applications but also for emerging energy technologies[22]. In the context of TES, Ga20:s offers distinct advantages as a protective
thin film or barrier coating that can prevent salt infiltration, enhance corrosion resistance, and maintain the integrity of thermal
storage media under harsh operating conditions [23,24]. Due to its unique properties, Ga.0s is hypothesized to form a dense,
stable barrier layer, reducing direct contact between the salt and metal, thereby mitigating corrosion pathways.
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Figure 1. a) Gallium Oxide crystal structure [1] b) Container for molten salts utilized in TES systems [2]
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To date, the majority of Ga20s research has been concentrated on its application in power electronics, UV photodetectors, and
transparent conducting devices [25-30]. In contrast, very few studies have explored its potential in thermal management and TES
systems, leaving a significant knowledge gap. In particular, understanding the growth mechanisms of Ga20s thin films and how
process parameters influence their microstructure, crystallinity, and surface morphology is essential for tailoring films suitable
for TES environments. Lack of systematic studies addressing how deposition parameters influence film microstructure at scales
relevant to barrier applications, how microstructural features correlate with chemical stability in oxidative molten-salt
environments, and the absence of clear guidelines for optimizing growth conditions to balance smoothness, crystallinity, and
chemical inertness. Bridging this gap is essential to establishing Ga20s as a viable protective layer for sustainable TES systems.

A variety of deposition techniques have been employed to synthesize Ga.Os thin films, including molecular beam epitaxy
(MBE) [31], which yields high crystalline quality but suffers from high cost and limited scalability; metal—organic chemical
vapor deposition (MOCVD), which provides precise control of composition and is widely used for device-grade Ga.Os [32];
halide vapor phase epitaxy (HVPE) [33], which enables high growth rates suitable for bulk crystals; pulsed laser deposition
(PLD) [34], a flexible laboratory method, though less practical for large-scale applications [35]. Chemical vapor deposition
(CVD) stands out as a promising technique because of its scalability, cost-effectiveness, and compatibility with industrial
processes [36]. Scalable or scalability refers to the inherent adaptability of the CVD technique, which is widely used in industrial-
scale manufacturing industries, routinely employed in semiconductor fabrication, photovoltaic module production, and protective
coating industries due to its ability to produce uniform and conformal films over large areas. While MBE and PLD provide
excellent precision, but they are generally limited by high operational cost, complex vacuum requirements, restricted deposition
area, and lower throughput, which makes them less suitable for large area industrial applications.

CVD further allows fine-tuning of growth parameters - such as temperature, gas flow, and chamber pressure - to control
microstructure and surface roughness, which directly influence the protective performance of Ga20s coatings in molten salt
environments [37,38]. Despite these advantages, systematic studies linking CVD growth parameters with the structural evolution
and functional stability of Ga2Os remain scarce, particularly in the context of TES applications.

In this work, we present a detailed investigation of $-Ga-Os thin film growth by CVD, focusing on the influence of deposition
parameters on film structure, morphology, and crystallinity. A combination of SEM, EDX, AFM, Raman, and XRD analyses is
used to evaluate the films. Furthermore, we discuss the implications of these findings in the context of TES applications,
emphasizing the role of optimized Ga:Os coatings in improving the long-term stability and efficiency of molten salt systems.

It is important to clarify that the present study focuses especially on optimizing the growth parameters of Ga.Os thin film using
the CVD technique, along with a detailed analysis of the structural and morphological characteristics. Direct long-term durability
testing in a molten salt environment is beyond the scope of this work and is currently part of our ongoing research project. The
objective here is to establish control growth conditions necessary for obtaining high-quality and continuous Ga-Os thin films
suitable for potential high-temperature protective applications, and the findings reported here provide the necessary foundation
for the subsequent corrosion, high temperature stability, and future scale-up studies.

2. Experimental

2.1 Substrate Preparation

Single-crystal sapphire (Al20s, (0001) orientation, 2-inch diameter) substrates purchased from Sigma Aldrich were used for the
deposition of Ga20s thin films. Sapphire substrates were selected to enable systematic optimization of growth conditions and
under controlled laboratory conditions to ensure high thermal stability during deposition. Sapphire provides high thermal stability
and chemical compatibility, allowing precise evaluation of temperature-dependent growth behavior. Additionally, Ga20s thin
film grown on sapphire can be detached via the chemical dissolution of the substrate, allowing potential transfer to alternative
substrates in future investigations. Prior to deposition, the substrates were ultrasonically cleaned in acetone and ethanol for 10
min each, rinsed with deionized water, and dried with nitrogen gas. The cleaned substrates were then placed inside the CVD
chamber for film growth.
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2.2 Chemical Vapor Deposition Growth of Ga:0;s Films

A custom-designed chemical vapor deposition (CVD) system was employed (Figure 2) in this study, enabling independent
thermal control of precursor and substrate regions, facilitating optimized growth while maintaining a platform that is inherently
adaptable to scale up. The deposition was carried out in a horizontal quartz tube furnace with a length of approximately 1 m and
an internal diameter of 50 mm. The furnace was equipped with multiple independently controlled three heating zones, which
allowed precise adjustment of the thermal profile during the preheating, transition, and growth stages. Vacuum conditions in the
chamber were maintained in the range of 102-10 mbar using a rotary pumping system, while chamber pressure was
continuously monitored using a Pirani gauge and regulated through throttle valves to ensure stable growth conditions. High-
purity oxygen and nitrogen gases were introduced into the chamber through calibrated mass flow controllers (MFCs) capable of
delivering flow rates between 0 and 500 sccm, enabling accurate control of the oxidizing and carrier atmospheres. The gallium
precursor, metallic gallium (99.999% trace metals basis, purchased from Sigma-Aldrich), was placed in an alumina crucible
positioned in the upstream region of the furnace. At elevated temperatures, the gallium metal evaporated to form gallium suboxide
vapors, which were transported by the nitrogen carrier gas toward the substrate region. Upon reaching the substrate, these vapors
reacted with the supplied oxygen to form Ga20s films.

In the initial optimization stage, the source—substrate distance was varied between 25 and 45 cm. Based on optical microscopy,
a distance of ~38—40 cm yielded the most uniform coverage (Figure 3), where the flux of reactive species and thermal gradients
were optimized to promote reproducible nucleation and film growth. This optimized distance was then fixed for all subsequent
experiments (Sets 1-5, Table 1). This reactor configuration provided the flexibility to systematically vary deposition parameters
such as growth temperature, growth duration, oxygen and nitrogen flow rates, and preheating strategies, thereby enabling a
detailed investigation of their influence on Ga20s thin film properties.

Parameter
control system

Figure 2. CVD setup with a computerized control system
2.3 Deposition Parameters

Five distinct sets of growth conditions were investigated (summarized in Table 1). These sets were designed to isolate the effect
of each parameter on film properties: keeping the source-substrate distance 38-40 cm.



Table 1. Experimental conditions for Ga:Os thin film growth by CVD.

Journal of Energy, Materials & Sustainability, 2026, 2, 1

Set | Preheating | Transition Temp | Growth Temp | Growth Time | Cooling Time O: Flow N: Flow
°O) (°C, time) °0) (min) (min) (sccm) (sccm)
1 - - 950 120 - 50 100
2 - - 900 15 120 100 200
3 - - 950 30 120 50 100
4 500 750 (20 min) 950 120 20 20 200
5 750 850 (30 min) 950 120 20 20 200

2.4 Characterization Techniques

SEM imaging was performed using a field-emission SEM setup of 360 Sigma by ZEISS operated at 10 kV accelerating voltage,
working distance 8—10 mm, under high vacuum. Secondary electron (SE) and backscattered electron (BSE) detectors were used
for topographic and compositional contrast, respectively. Representative images are shown for each set. Surface morphology,
grain size distribution, and film continuity were analyzed. High-magnification imaging was used to resolve nucleation features,
while lower magnification provided an overview of uniformity across the substrate. EDX analysis was integrated with the ZESS
SEM setup to quantify elemental composition. The Ga:O ratio was monitored to assess stoichiometry under varying Oz flow
conditions. Mapping mode was used to detect local inhomogeneities (e.g., Ga-rich regions at low O: flow). AFM topography
was acquired in tapping mode using a silicon probe with a nominal tip radius <10 nm. Scans were collected over 5 X 5 um? and
1 x 1 um? areas at three different locations per sample, and roughness values were averaged. Both Ra and Rq values are reported
with standard deviations. 3D surface reconstructions were generated to visualize topography evolution under different preheating
and flow conditions. Raman spectra were recorded by a LABRAM setup by HORIBA using a 532 nm excitation laser at | mW
power, focused through a 50x objective lens. Each spectrum was collected with a 10 s integration time and averaged over three
accumulations, with spectral resolution better than 2 cm™. Multiple locations were measured to confirm reproducibility.

3. Results and Discussion
3.1 Effect of Growth Temperature and Deposition Time

Before systematically studying the influence of CVD parameters, initial optimization was carried out to determine the effect of
source and substrate distance on film formation. Optical microscopy revealed that the distance strongly influenced nucleation
density and surface uniformity (Figure 2). At shorter distances, the gallium flux was too high, creating non-uniform deposits and
agglomerated clusters; at longer distances, the precursor flux was insufficient, leading to sparse growth. Thus, our optimization
of source—substrate distance revealed that an intermediate spacing of approximately 38—40 cm yielded the best uniformity with
minimum defects. At this distance, precursor flux and thermal gradients were optimized, preventing both excessive clustering
and sparse growth. This optimized spacing was therefore used for all subsequent sets of experiments reported in this study.

The influence of growth temperature and deposition time on the morphology and crystallinity of B-Ga20s thin films was further
investigated. Under the optimized spacing, the baseline deposition condition (Set 1: 950 °C, 120 min, 50 sccm Oz, 100 sccm
N:) produced the Ga.Os on the sapphire. Optical microscopy (Figure 3) confirmed largely uniform grain distribution, with
isolated bright agglomerates visible in certain regions. Different morphologies are visible across the surface, including spherical
particulates, irregular crystalline flakes, agglomerated clusters, and elongated whisker-like structures. This non-uniformity
suggests that the chosen growth parameters promoted island growth and localized nucleation rather than layer-by-layer
deposition, preventing the formation of a compact thin film. These are attributed to local supersaturation, where gallium vapor
flux exceeded equilibrium growth limits. Higher-magnification micrographs (Figure 4) revealed the presence of Ga-0Os but with
cracks and disrupted patches, which can occur due to thermal mismatch between f-Ga20s and sapphire during prolonged high-
temperature deposition.
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Figure 3. Optical microscopy images of as-prepared Ga,O3; showing different morphologies along with their Raman spectra

Raman spectra collected from these positions confirm the presence of B-Ga20s (phonon bands near ~143, 169, 199, 346, 416,
475, 633, and 767 cm. Raman spectra from Flake-like and whisker-like regions showed sharper, more intense phonon peaks,
indicating higher crystallinity and larger domain sizes. In contrast, densely distributed particulates and agglomerated cluster
regions showed broadened peaks, consistent with polycrystalline or partially amorphous material. Raman spectroscopy revealed
gallium oxide formation at all tested growth conditions.

Together, these observations indicate that under the chosen Set 1 parameters, growth proceeds via localized nucleation and island
(Volmer—Weber)-type growth, producing discrete crystalline domains rather than a continuous layer. The result suggests limited
lateral coalescence arising from the combination of nucleation density [39,40], adatom surface mobility at 950 °C, and the
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selected O2/N: ratio that led us to parameter optimization (e.g., altered temperature, oxygen partial pressure, precursor supply, or
longer growth time) to promote lateral growth and film continuity for barrier applications.

In contrast, (Set 2: 900 °C, 15 min, cooling time 120, 100 sccm Oz, 200 scem N:z) when the growth temperature was set to 900
°C and the add the cooling time for 120 min, resulted in incomplete and discontinuous films. SEM images (Figure 5) revealed
island-like nucleation with insufficient lateral growth to form a continuous layer. But the energy-dispersive X-ray spectroscopy
(EDX) confirms the formation of Ga,Os. The grain size was considerably smaller, and voids remained visible between islands,
indicating that the lower substrate temperature reduced the adatom diffusion length and the shorter growth time limited film
coalescence. It demonstrates that both reduced thermal energy and insufficient growth time hinder the nucleation and growth
process.
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Figure 5. SEM Morphology of Set 2 at magnification a) 350 x b) 50 K x along with the ¢) EDX %age mapping with inset d)
EDX layer image confirming the gallium oxide formation.

Based on Set 1 and Set 2, we increased the growth time from 15 min to 30 min and set the growth temperature to 950 °C. The
SEM micrograph (Figure 6) showed partial coalescence, where grains were larger than in Set 2 and more bonded together. High
temperature provides sufficient adatom mobility for grain growth, extended deposition time is necessary to allow full lateral
coverage and defect reduction, which led us to experimental condition 4 (Set 4 as in table 1), where we use the preheating later
discussed in 3.4.

These results are consistent with diffusion-limited nucleation models [41], where higher substrate temperature exponentially
increases the surface diffusivity of adatoms Dy o< e ~Fa/¥T | extending their diffusion length and enabling lateral growth. Thus,
dense, large-grain films form at higher temperature and longer time, a microstructural characteristic directly beneficial for thermal
energy storage (TES) barrier coatings since fewer grain boundaries act as diffusion pathways for molten-salt infiltration.
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Figure 6. SEM Morphology of Set 3 at magnification a) 500 x b) 5 K x c) along with EDX %age mapping with inset d) EDX
layer image confirming the gallium oxide formation.

3.2 Effect of Oxygen Flow Rate

The effect of oxygen flow rate was examined next, as oxygen partial pressure critically determines film stoichiometry and surface
morphology. At a relatively high oxygen flow of 100 sccm (Set 2), EDX confirmed near-stoichiometric Ga:O composition
(=40:60, close to the ideal 2:3 ratio) as shown in Figure 5c. However, SEM images (Figure 5a) showed rough surfaces with
secondary nucleation clusters, which suggests that excessive oxygen enhances surface supersaturation, leading to the formation
of many small nuclei that increase roughness. When the oxygen flow was reduced to 50 sccm (Sets 3), smoother surfaces with
continuous coverage were obtained (Figure 6a,b), and EDX still confirmed compositions close to stoichiometry, suggesting this
as the optimal condition.

At very low oxygen flow (20 sccm, Sets 4 and 5), the SEM images (Figure 7) revealed localized gallium-rich regions, confirmed
by EDX with Ga:O ratios of =45:55, indicative of oxygen-deficient films. Such oxygen vacancies (V) are well known to act as
shallow donors in B-Ga:0s [42], increasing carrier concentration but also introducing chemical instability and phonon
scattering[43]. These observations can be explained in terms of nucleation thermodynamics: at very low pO-, incomplete
oxidation of gallium suboxide species yields sub-stoichiometric films, whereas at very high pO., the critical nucleus size is
reduced due to high supersaturation, causing excessive secondary nucleation and roughness[44,45]. For TES applications, the
presence of oxygen vacancies is particularly undesirable, as they serve as preferential sites for chemical attack in nitrate/nitrite
molten salts. Therefore, an intermediate oxygen flow of ~50 sccm provides the best compromise between stoichiometry,
smoothness, and stability.
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3.3 Effect of Carrier Gas Flow

Carrier gas flow was also found to strongly influence film uniformity. Nitrogen was used as the carrier gas, and the flow rate was
varied from 50 to 200 sccm to optimize the flow rate. At the higher flow of 200 sccm, the SEM images (Figure 5a) revealed
uniform film thickness across the substrate, and atomic force microscopy (AFM) analysis showed root mean square roughness
(=2.5 nm, Figure 9c¢).
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While at the lower flow rate of 50 sccm, localized thickness gradients and still roughness were observed, as shown in Figure 10
a-c, but in parallel at this condition, we also decreased the O, flow rate as mentioned in section 3.1 (Figure 6a-c). For continuous
formation of the film on the substrate, we optimize the combination of less O2 and higher N2 flow rates along with the preheating
strategy set 4 and 5. The effect of carrier gas flow can be understood using mass transport theory [46,47]: the flux of precursors

to the substrate surface is controlled by the boundary layer that develops in the gas phase. The Sh = % (where h,, is the mass

transfer coefficient, L is the characteristic length, and D diffusion coefficient) increases with gas flow, leading to more efficient
and uniform transport of reactive species[47].

At low carrier flow, precursor depletion occurs locally, resulting in uneven deposition and thickness variations.
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Uniformity of barrier coatings is crucial for TES applications, as weak spots in the coating layer could allow localized molten-
salt penetration, initiating corrosion pathways. Thus, higher carrier gas flows (~200 sccm) are advantageous for producing
consistent films with reduced roughness.

3.4 Effect of Preheating Strategy

The preheating strategy of the substrate prior to growth had a marked effect on nucleation density and surface roughness. When
the substrate was preheated at 500 °C and transitioned through 750 °C for 20 min before reaching the growth temperature of 950
°C (Set 4), SEM images (Figure 7a, b) revealed nucleation with fine grains, and AFM confirmed a low roughness of ~1.8-2.3
nm Figure 11) as compared to Set 2 where the O, flow rate was high.
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Preheating at 750 °C with a transition stage at 850 °C for 30 min (Set 5) produced coarser, columnar grains (Figure 8) with higher
roughness (Ra = 4.2 nm, Figure 12). These differences can be rationalized by classical nucleation theory N « exp(—AG*/kT)
where nucleation density decreasing as supersaturation increases. At moderate preheating (500 °C), surface adsorbates such as
hydroxyl groups are desorbed, cleaning the substrate and allowing high supersaturation when nucleation commences, thus
producing a high density of nuclei and smoother films [45,48].
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At higher preheating (750 °C), adatom mobility is too high at the onset, reducing supersaturation and yielding fewer nuclei,
which grow into larger, rougher grains via a Volmer—Weber growth mode [49].

Films grown under optimized conditions (950 °C, 120 min, 50 sccm O:) exhibited the sharpest peaks with reduced linewidths,
indicative of improved crystallinity and lower defect density. This combination was essential as it promoted adatom mobility
and allowed island coalescence, resulting in a continuous, uniform film. By contrast, films grown at oxygen-deficient conditions
(20 sccm O2) exhibited broadened peaks, consistent with high oxygen-vacancy concentrations.

Table 2. Roughness of Ga-0s thin film growth by CVD for each Set of experiments.

Set Roughness
Set 1 (950 °C, 120 min) Ra~=2.3 nm
Set 2 (900 °C, 15 min) Ra~=2.50 nm
Set 3 (950 °C, 30 min) Ra=3.5
Set 4 (preheat 500 °C) Ra=1.8 nm
Set 5 (preheat 750 °C) Ra=4.2nm

4. Conclusions and Future Prospects

This study demonstrates the successful growth of f-Ga20s thin films on sapphire substrates using a custom-designed CVD
system, systematically evaluating the effects of growth temperature, deposition time, oxygen and nitrogen flow rates, and
preheating strategies. The consolidated results show that the optimized deposition window for Ga.Os barrier coatings correspond
to growth at 950 °C for 120 min, with 50 sccm Oz, 100 sccm N2, and a preheating stage at 500 °C. Under these conditions, films
exhibited smooth surface topography (Ra = 1.8 nm), dense morphology, and stoichiometric composition, minimizing grain
boundaries and reducing ionic diffusion pathways. These characteristics are critical for improving chemical stability and
corrosion resistance when films are applied as protective barrier coatings in thermal energy storage (TES) systems.

The study further highlights that non-optimized conditions significantly compromise film quality. At lower growth temperature
and shorter deposition time (Set 2), films remained discontinuous with incomplete coalescence. Excessive oxygen flow enhanced
surface roughness through secondary nucleation, while insufficient oxygen introduced oxygen vacancies that reduce chemical
stability. Similarly, lower carrier gas flow produced non-uniform deposition due to precursor depletion. Preheating emerged as
a decisive factor: moderate preheating (500 °C) enabled desorption of surface contaminants, enhanced supersaturation at the
onset of growth, and yielded smoother films (Ra = 1.8 nm), whereas higher preheating (750 °C) promoted large-grain Volmer—
Weber growth with higher roughness (Ra = 4.2 nm).

Raman spectroscopy revealed gallium oxide formation at all tested growth conditions, but the absence of continuous films at
lower temperatures or shorter times. Thus, the precise film continuity emerged only when both temperature and time reached the
optimal combination (950°C for 120 min). This is a critical finding: while the reaction formed gallium oxide under all conditions,
the combination of high temperature and extended time was uniquely required to achieve a uniform thin film.

Collectively, these results demonstrate that fine control over CVD growth parameters enables tailoring of Ga2Os thin films with
properties ideally suited for TES barrier applications. The scalability of our process is supported by the use of a three-zone CVD
system that itself is inherently a scalable and practical technique. Optimized Ga.Os coatings can extend the operational lifetime
of TES systems by providing stable diffusion barriers against molten-salt penetration and enhancing resistance to thermal stress.

Looking ahead, two main directions for future work emerge. First, a more detailed structural validation is required, particularly
XRD characterization of the deposited films, to complement Raman data and confirm phase purity. Raman confirms the
formation of Ga,0s vibrational modes. XRD would provide detailed information regarding crystallographic phase identification,
lattice parameters, preferred orientation, and overall structural ordering of the deposited films. Such analysis would further clarify
the relationship between growth parameters and crystallographic evolution of the coating. Secondly, the ongoing work establishes
a single-layer coating as a foundational step towards the protective barrier development. However, a single ceramic layer may



Journal of Energy, Materials & Sustainability, 2026, 2, 1

be susceptible to stress accumulation and crack initiation during prolonged thermal cycling due to thermal expansion mismatch.
To further enhance this strategy, Ga.Os coatings should be integrated into multilayer architectures or hybrid protective stacks,
where Ga.0s can act as the primary barrier layer coupled with top layers designed to suppress crack propagation or stabilize
against oxygen vacancy formation. Current efforts in our group are focused on exploring protective over-layers and multilayer
stacks, which are expected to further improve corrosion resistance and interfacial stability under prolonged molten-salt cycling.
This progress would move Ga.0Os-based coatings closer to practical deployment in next-generation TES systems.
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