Highly thermally stable epitaxial high-entropy fluorite oxide thin films
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ABSTRACT

While high-entropy fluorite oxides have shown promise for applications in extreme
environments, achieving epitaxial integration with high thermal stability and structural
coherence remains a significant challenge. Here, we report the synthesis of an epitaxial
chemically disordered single-phase fluorite oxide thin film, (HfZrCeGdCa)O2, on a YSZ (100)
substrate via pulsed laser deposition. Structural characterization by X-ray diffraction (XRD)
and atomic-resolution scanning transmission electron microscopy imaging and energy-
dispersive X-ray spectroscopy confirm the high crystalline quality and uniform elemental
distribution of the film, validating its chemically disordered single-phase character. In-situ
temperature-dependent XRD shows the high thermal stability without phase separation and
secondary phase formation up to 1200 °C. Reciprocal space mapping and strain analysis
indicate coherent in-plane lattice matching with the YSZ substrate, accompanied larger out-of-
plane lattice constant. Local lattice tilting, rotation, and interfacial dislocations are observed,
suggesting partial strain relaxation close to the interface. These results underscore the structural
integrity and thermal robustness of chemically disordered single-phase fluorite oxide films,

supporting their potential use in advanced functional coatings for extreme environments.
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High-entropy materials represent a cutting-edge class of materials, which as the name
suggested, relies on the entropy, rather than the enthalpy in conventional materials, to stabilize
the system. ! To achieve high entropy, multiple elements (typically four or more) are mixed in
(near-)equimolar concentrations and form a single-phase solid solution.>* This design strategy
leads to a range of unique features in high entropy materials.* For example, the random
distribution of multiple cations in the lattice creates diverse diffusion barriers, resulting in
sluggish diffusion. This heterogeneous and rugged potential energy surface significantly
impedes the mobility of irradiation-induced point defects and clusters, contributing to radiation
and corrosion resistance behavior.>® Moreover, severe lattice distortion causes phonon
broadening during irradiation cascades, reducing thermal conductivity while enhancing defect
recombination.” Furthermore, the entropy-stabilized phase provides high thermal stability,
enabling these materials to maintain structural integrity and resist melting or degradation under
extreme temperatures. High-entropy materials also benefit from solid-solution strengthening
and refined microstructures, improving their mechanical properties such as hardness, strength,
and toughness. These attributes reduce the risk of thermally induced mechanical failure,
ensuring long-term reliability in harsh environments.® Additionally, high-entropy materials
offer compositional tunability, allowing for precise control over properties like the coefficient
of thermal expansion (CTE) to match various substrates. This reduces the likelihood of
delamination, cracking, and thermal mismatch stresses—enhancing coating performance and

durability.

Due to these outstanding features, high-entropy materials have shown promise in a broad range
of applications, including batteries, catalysts, structural materials for nuclear reactors, and
thermal barrier coatings (TBCs).®”%-1? Since the first report of high-entropy alloys, the concept

has rapidly expanded to ceramics, with high-entropy ceramics (HECs) attracting significant
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attention. '¥2° And various high-entropy ceramic systems have been reported, including

silicides, rocksalt oxides, perovskites, pyrochlores, and MXenes, to name a few. 212

High-entropy oxides with a fluorite structure are among the most widely studied high-entropy
oxide systems.?*? Several exploratory studies have reported the synthesis of dense epitaxial
films by pulsed laser deposition (PLD).25?” One particularly interesting class of high-entropy
fluorite oxides is the Zr-based compositional space, which can be regarded as “high-entropy
analogues” of yttria-stabilized zirconia (YSZ).?® YSZ is currently the state-of-the-art TBC
material for gas turbine engines.?? However, YSZ suffers from limitations, such as poor phase
stability and sintering resistance at high temperatures, as well as relatively high thermal
conductivity (around 1.8 W/mK at 950 °C), which restricts its performance in next-generation
high-efficiency engines. Recent studies have shown that high-entropy fluorite oxides can
overcome many of these limitations, offering reduced thermal conductivity, enhanced thermal
stability, tunable CTEs, improved fracture toughness, and comparable hardness.?30-3* These
results suggest strong potential for high-entropy fluorite oxides as advanced TBCs. However,
all these findings are based on bulk samples, and it has shown that the properties of high-

entropy oxide might change significantly in a coating form.>

A critical first step is to determine whether thin films fabricated from these Zr-based materials
maintain the high-entropy phase. In this study, we extend our work from bulk high-entropy
fluorite oxides to thin films deposited on YSZ (100) substrates using pulsed laser deposition
(PLD), using (HfZrCe)o25(GdCa)o.12502-5 as an example. Following our previous work,
(HfZrCe)o.25(GdCa)o.12502-5 is denoted as 'GdCa' throughout this paper.>? We systematically
investigate their crystalline structure, composition, elemental distribution, and strain effects.
These insights are crucial for advancing the application of high-entropy fluorite oxides in

functional coatings, especially for high-performance thermal barrier coatings.
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(HfZrCe)o.25(GdCa)o.12502-5 thin films were deposited on YSZ (100) substrates using PLD. A
ceramic target of the same composition was synthesized via solid-state reaction of binary oxide
nanopowders. Commercial YSZ (100) substrates were ultrasonically cleaned in acetone,
ethanol and deionized water for 10 minutes to remove surface particles and contaminants,
followed by drying with a nitrogen stream. Film deposition was carried out at 720 °C under an
oxygen pressure of 3.9x102 mbar by oxygen flow of 1.75 sccm, which was determined as the
optimal condition. A KrF excimer laser (248 nm, 25 ns) was used for target ablation at a pulse
energy of 300 mJ and repetition rate of 10 Hz. The laser fluence is around 4.25 J/cm? and
produced spot size is ~7 mm?. The target-substrate distance is 10cm. These lead to a growth
rate of around 7 nm/min. After deposition, the film was cooled down to room temperature
under the same oxygen pressure to prevent further oxygen vacancy formation. Synchrotron-
based X-ray diffraction experiments for reciprocal space mapping (RSM) were performed at
room temperature using the X-ray Diffractometry and Demonstration (XDD) beamline at the
Singapore Synchrotron Light Source (SSLS). Atomic-resolution HAADF-STEM imaging was
performed on an aberration-corrected ThermoFisher Scientific Spectra 300 TEM operating at
200 kV. It is equipped with a Dual-X EDS detector and an S-CORR probe corrector. 4D STEM
was operated at STEM microprobe mode with a convergence angle of ~ 0.5 mrad and a 50 pm
aperture. Diffractions were acquired by STEMx using a GIF camera at 38 mm camera length.
Large-area strain mapping was conducted using 4D-STEM data sets. The 4D-STEM data were
acquired with Gatan DigitalMicrograph software, with the TEM operated in STEM microprobe
mode using a 50 pm condenser aperture. The convergence angle is ~0.5 mrad. The scan area
comprised 200 x 200 probe positions with a step size of 1.1 nm, yielding a total of 40,000
diffraction patterns. Diffraction patterns were collected by STEMx using a Gatan GIF camera
at a camera length of 38 mm. The measured lattice strain variation (~2%) is consistent with the

HRXRD results. Cross-sectional TEM lamellae of films were prepared using a focused ion
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beam (FIB, FEI Helios Nanolab 600). In-situ XRD was performed on a Bruker D8 Advance
diffractometer equipped with Cu Ka radiation, a position-sensitive detector, and an Anton Paar
heating stage to evaluate the thermal phase stability of the films. The samples were heated at a
rate of 5 °C/min in air, and temperature was equilibrated for 2 mins at each temperature before
data collection started. All data were collected over a 26 range of 10° to 90°, with a step size
0f 0.02° and an exposure time of 0.1 s per step with a Cu absorber. Rietveld refinements were
conducted using the TOPAS v5 software in batch mode, employing the fundamental parameters
approach. The interlayer spacings were calculated using Bruker Eva software according to
Bragg’s Law. The CTE was estimated using a linear fitting of the interlayer spacing as a

function of temperature.
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FIG. 1. Temperature dependent in-situ XRD patterns in a logarithmic scale for high-entropy
GdCa film on YSZ (100) substrate with the bulk GdCa as reference in (a) full range and (b)

range of 30° to 40°.

Figure 1 shows the temperature-dependent X-ray diffraction (XRD) patterns of the GdCa thin
film deposited on a YSZ (100) substrate. The wide-range 6260 scans reveal two sets of peaks
centered around 35° and 72°, corresponding to the (200) and (400) reflections, respectively.

These two peaks align well with that of the bulk GdCa. A pair of closely spaced peaks
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originating from the GdCa film and the YSZ substrate can be observed, indicating that the two
materials share the same crystal structure but slightly different lattice constants. The YSZ peaks
appear at higher diffraction angles, suggesting it has smaller lattice constants than that of the
GdCa film. No additional reflections corresponding to the secondary phases were observed,
which is confirmed by the XRD in the zoomed-in view around 002 peak [see Figure 1(b)].
These results reveal the formation of a single-phase cubic fluorite structure in both the thin film

and the substrate.

At room temperature, the (200) and (400) diffraction peaks for the GdCa thin film are located
at 34.5° and 72.4°, respectively—slightly higher than those of bulk GdCa, which are reported
at 34.1° and 72.0°.32 This shift indicates a slightly smaller out-of-plane lattice parameter for
the single-crystalline film (~5.20 A) compared to the bulk value (~5.24 A). Considering that
bulk GdCa has a larger lattice parameter than YSZ (5.24 A vs. 5.14 A), epitaxial growth on
YSZ is expected to induce in-plane compressive strain in the GdCa film, and correspondingly,
out-of-plane tensile strain due to the Poisson effect. Therefore, one would expect the out-of-
plane lattice parameter of the film to be larger than that of the bulk. However, the slightly
smaller measured value for the film might suggest that the bulk polycrystalline GdCa contains
more defects such as grain boundaries and dislocations, which can artificially expand the

average lattice parameter.

The in-situ temperature-dependent XRD measurements show that the fluorite structure of the
GdCa film remains stable at least up to 1200 °C, with no signs of phase separation or secondary
phases. To further assess thermal robustness, a separate sample was annealed at 1200 °C for
one hour. The ex-situ XRD and TEM analyses confirm that the film preserves its epitaxial
single-crystalline structure with only minimal interfacial diffusion, demonstrating good high-
temperature structural stability (see Figure. S1 in the supplementary material). This high

thermal stability is a critical advantage for applications in extreme environments. With
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increasing temperature, the diffraction peaks shift to lower angles due to thermal expansion.
The calculated coefficient of thermal expansion (CTE) is approximately (5.2+0.3) x 10°%/°C
(95% confidence interval) (see more details in the supplementary material), closely matching
that of YSZ (100) (~5.3 x 107%/°C), indicating good thermal compatibility between the film

and substrate.

Atomic-scale High-angle annular dark-field (HAADF)-STEM coupled with energy-dispersive
X-ray spectroscopy (EDS) was employed to investigate the local structure, particularly at the
film—substrate interface. As shown in Fig. 2(a), the GdCa/YSZ (100) interface displays a single
crystalline GaCa film and a fully coherent interface, in line with the XRD results. The EDS
maps in Fig. 2(b) confirm the uniform distribution of all constituent elements within the thin
film. Quantitative large-area mapping of the Hf-M, Zr-L, Ce-L, Gd-L, and Ca-K edges
yielded atomic percentages of approximately 20.3 % Hf, 27.7 % Zr, 27.2 % Ce, 17.3 % Gd, and
7.5 % Ca—values close to the nominal bulk composition (HfZrCe)o.25(GdCa)o.12502-5. It is
noted, however, that such slight deviations from target stoichiometry are common in PLD-

grown multi-cation oxides.>
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FIG. 2. TEM characterization of the chemically disordered single-phase GdCa film (top) on
the YSZ (100) substrate (bottom). (a) High-resolution HAADF-STEM image showing the
epitaxial growth of the GdCa film on the YSZ substrate with a coherent interface. (b) Elemental
mapping confirming the homogeneous distribution of the constituent elements throughout the
chemically disordered single-phase GdCa film. (c) Selected area electron diffraction (SAED)
patterns obtained from the substrate, the interface, and the GdCa film, respectively.

The reduced Ca concentration is likely due to its higher volatility during film growth, where
Ca species may not fully condense or may re-evaporate prior to incorporation. Conversely, Hf
is refractory and has a high cohesive energy, making it more difficult to ablate. In multi-cation
systems, the laser plume often diverges by mass and energy; heavier species such as Hf can
ablate less efficiently or exhibit different angular distributions, leading to lower incorporation
rates in the film. The calculated configuration entropy decreases marginally from 1.56 R/mol
in the bulk to 1.53 R/mol in the thin film, still satisfying the high-entropy oxide criterion

(>1.5 R/mol).”’
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Figure 2(c) presents SAED patterns collected from the substrate, the interface, and the film.
The sharp spots in both the film and substrate regions confirm their single-crystalline cubic
fluorite structures. At the interface, however, the appearance of double spots perpendicular to

the substrate suggests localized double diffraction and slight lattice difference between the film

and substrate—due to overlapping lattice planes or interface strain.

FIG. 3. Strain mapping of the chemically disordered single-phase GdCa film grown on a YSZ
(100) substrate is shown in the middle and right panels for the in-plane (XX) and out-of-plane
(YY) directions, respectively. The strain values are calculated using the lattice parameters of
the YSZ substrate as the reference. The left panel presents a HAADF-STEM image of the
corresponding region analyzed for strain, clearly depicting the interface between the GdCa thin
film (top) and the YSZ substrate (bottom).

To evaluate the presence of strain, localized strain mapping was obtained on the chemically
disordered single-phase GdCa film grown on a YSZ (100) substrate. As shown in Fig. 3, the
in-plane (XX) strain in the film is minimal, indicating that the film is relatively well lattice-
matched to the substrate in the lateral direction, though slight relaxation may occur further from
the interface. In contrast, the out-of-plane (YY) strain shows a pronounced red-orange
contrast—approaching +3%—across the film thickness, suggesting significant tensile strain
along the growth direction. The interface is sharp but exhibits a gradual transition zone,
indicating how the lattice mismatch is primarily accommodated out-of-plane. Overall, the film
retains a coherent interface with the substrate while exhibiting partial relaxation, particularly

away from the interface.
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FIG. 4. RSM around (002) of chemically disordered single-phase GdCa/YSZ (100) (left panel)
and RSM around (204) (middle panel). The right panel is the ¢-scan of the 204 diffractions for
GdCa/YSZ (100).

X-ray reciprocal space mapping (RSM) was further conducted to evaluate the epitaxial
coherence and strain state of the chemically disordered single-phase GdCa film on the YSZ
(100) substrate, as shown in Fig. 4. In the (002) RSM (left panel), the YSZ substrate exhibits a

sharp, symmetric diffraction peak centered at H = 0 and L = 2.01, indicative of a high-quality,

strain-free single crystal. In contrast, the GdCa film peak is broader, centered at a slightly lower

L = 1.97 nm™ and offset along H =~ —0.02. The broadening of the film peak suggests the

presence of mosaicity or dislocations, while the downward L shift implies an expanded out-of-
plane lattice parameter compared to YSZ—consistent with the tensile strain observed in strain
mapping. The shift in L is also consistent with vertical lattice expansion via Poisson’s effect.
The lateral (H) offset between film and substrate peaks indicates that the film is not fully

pseudomorphic and has undergone partial in-plane strain relaxation.

The asymmetric (204) RSM (middle panel) further confirms the tensile strain and partial
relaxation. The diffraction peak centres for YSZ and GdCa in the (-204) RSM are around (-
2.00, 4.00) and (-1.98, 3.91), respectively. Using the in-plane scattering vector positions, the
in-plane lattice parameter of the GdCa film is estimated to be ~5.19 A, giving a relaxation level

of around 50% relative to the full mismatch between GdCa (5.24 A) and YSZ (5.14 A). The
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film and substrate peaks are clearly separated in both L and H, reinforcing the conclusion that

the film has relaxed from the lattice-matched state.

The Matthews—Blakeslee model is applied to estimate the critical thickness critical thickness
for the onset of strain relaxation, yielding ~10.4 nm (see more details in supplementary
material).’® As widely reported, this model is known to underestimate critical thickness in many
oxide systems.>* Nonetheless, since partial relaxation is observed in this ~63.6 nm-thick film,
the actual critical thickness lies below this value for our system. We note that the critical
thickness observed here is relatively smaller than those reported for other high-entropy
oxides.***! However, direct comparison across studies is not straightforward, as critical
thickness is strongly influenced by composition, crystal structure, lattice mismatch, elastic
constants, oxygen-vacancy chemistry, interface quality, PLD growth conditions, and post-
growth cooling method. In our case, the relatively large tensile mismatch, possible defect-
assisted strain relaxation associated with energetic PLD growth, and high oxygen-vacancy
concentration that may accelerate dislocation nucleation likely contribute to the earlier onset

of relaxation.

The @-scan of the (204) reflection (right panel) reveals sharp, periodic peaks at 90° intervals (—
180°, -90°, 0°, +90°, +180°) for both film and substrate, characteristic of four-fold symmetry.
The close alignment of the @-scan peaks between film and substrate confirms cube-on-cube
epitaxial growth with a well-defined in-plane orientation relationship. Although the film peaks
are slightly broader and weaker—indicative of some mosaic spread or domain misalignment—
their sharpness attests to high crystallinity and good epitaxial quality. Together, these results
confirm that the chemically disordered single-phase GdCa film is epitaxially grown on YSZ

(100) with coherent interface and partial strain relaxation.
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FIG. 5. Strain mapping for the chemically disordered single-phase GdCa film on YSZ (100)
substrate along XY direction (upper left panel) and rotation (upper right panel). High-resolution
HAADF-STEM image showing the perfect interface atomic alignment (lower left panel) and
interface with atomic dislocation (lower right panel).

As shown above, the chemically disordered single-phase GdCa film grows epitaxially on the
YSZ (100) substrate, resulting in matched in-plane lattice parameters. However, due to the
intrinsic lattice mismatch between the GdCa film and the YSZ substrate, in-plane strain is
introduced into the film. This strain is partially relieved through multiple relaxation
mechanisms. As illustrated in Fig. 5, strain mapping along the in-plane (XY) direction (upper
left panel) and local rotation analysis (upper right panel) reveals that portions of the film exhibit
slight lattice distortion and tilting, indicative of strain relaxation processes. The high-resolution
HAADF-STEM images further support this observation: while many regions show a well-

aligned, coherent interface (lower left panel), dislocations are observed at certain locations
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along the interface (lower right panel), serving as another mechanism to relieve the strain

accumulated during epitaxial growth.

In summary, we have synthesized an epitaxial chemically disordered single-phase fluorite
oxide thin film, (HfZrCeGdCa)O:, on a YSZ (100) substrate using pulsed laser deposition
(PLD). X-ray diffraction (XRD) and high-angle annular dark-field (HAADF) atomic-
resolution scanning transmission electron microscopy (STEM), combined with energy-
dispersive X-ray spectroscopy (EDS), confirm the high crystalline quality of the epitaxially
grown film and the uniform elemental distribution, affirming its chemically disordered single-
phase nature. In-situ temperature-dependent XRD measurements reveal no secondary phase
formation up to 1200 °C, indicating good thermal stability of the epitaxial chemically
disordered single-phase GdCa film. Reciprocal space mapping (RSM) and strain analysis show
that the in-plane lattice of the film is coherently matched to that of the YSZ substrate, while a
tensile strain develops in the out-of-plane direction. Furthermore, local lattice tilting, rotation,
and interfacial dislocations are observed, which likely contribute to partial strain relaxation.
These findings highlight the structural robustness and epitaxial integrity of chemically
disordered single-phase fluorite oxide films, paving the way for their application in advanced

functional coatings, including thermally and structurally demanding environments.

Supplementary Material

See the supplementary material for the TEM and XRD characterization of the post-annealed
sample, the procedure for the CTE evaluation, and the method used to estimate the critical

thickness of the coating.
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