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Design of All-Oxide Multilayers with High-Temperature
Stability Toward Future Thermophotovoltaic Applications
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Thermophotovoltaic (TPV) technology converts heat into electricity using
thermal radiation. Increasing operating temperature is a highly effective
approach to improving the efficiency of TPV systems. However, most reported
TPV selective emitters degrade rapidly via. oxidation as operating
temperatures increase. To address this issue, replacing nanostructured
oxide-metal films with oxide–oxide films is a promising way to greatly limit
oxidation, even under high-temperature conditions. This study introduces
new all-oxide photonic crystal designs for high-temperature stable TPV
systems, overcoming limitations of metal phases and offering promising
material choices. The designs utilize both yttria-stabilized zirconia (YSZ)/MgO
and CeO2/MgO combinations with a multilayer structure and stable
high-quality growth. Both designsexhibit positive optical dielectric
constants with tunable reflectivity, measured via optical characterization.
Thermal stability testing using in situ heating X-ray diffraction (XRD) suggests
high-temperature stability (up to 1000 °C) of both YSZ/MgO and CeO2/MgO
systems. The results demonstrate a new and promising approach to improve
the high-temperature stability of TPV systems, which can be extended to a
wide range of material selection and potential designs.
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1. Introduction

Thermophotovoltaic (TPV) energy con-
version is a technology that converts heat
into electricity through thermal radiation.
A TPV system is typically composed of a
heat source, a thermal emitter, and a pho-
tovoltaic (PV) cell.[1,2] Several strategies
have been proposed to enhance the effi-
ciency of TPV devices, such as utilizing
multijunction cells to efficiently convert
distinct regions of the electromagnetic
spectrum, employing low-pass filters and
reflectors to enhance radiation conver-
sion efficiency,[3] and enhancing the per-
formance of micro combustors.[4–6] Fur-
thermore, using selective emitters, which
have high emissivity in narrow wave-
length regions, is another approach to
greatly increase TPV efficiency.[7,8] Un-
like broadband emitters, selective emit-
ters utilize materials or structures that
selectively transmit, reflect, or absorb
light, resulting in thermal spectral emis-
sion selectivity. Selective emitters are di-
vided into two broad categories, which in-
clude rare-earth materials and photonic

crystals (PhCs).[9] Rare-earth materials display intrinsic spectral
selectivity and their selective peak wavelength cannot be tuned.
PhCs, on the other hand, offer more flexible emissivity spectra
by tuning the materials and microstructure.[10,11]

PhCs are periodic structured materials with different dielectric
constants (e.g., metals and oxides). Tungsten (W),[12–16] Tantalum
(Ta),[17–20] Platinum (Pt),[21] Molybdenum (Mo),[22] and Silicon
(Si)[21,23,24] are commonly used metals or semimetals in PhCs.
HfO2, Al2O3, WO𝑥, and MoO𝑥 are commonly used oxides in
PhCs. According to the Stefan–Boltzmann law, the high radia-
tive power of an emitter requires a high operating temperature.
Using refractory materials (i.e., W, Mo, Ta, HfO2, Al2O3) with
high melting temperatures has been proven to be a promising
approach to improve high-temperature stability.[8,25–27] However,
refractory metals are prone to oxidation during high-temperature
conditions, which is one of the key failure mechanisms observed
in structured selective emitters.[13,28,29] Since oxygen can origi-
nate from the external environment or the oxide phase in PhCs,
the high-temperature stability of PhCs can be further improved
by reducing oxygen in the environment (i.e., high vacuum
or inert gas environment)[13,28] and limiting oxygen diffusion
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Figure 1. Microstructure of the all-oxide multilayer designs. a) Schematic illustration of the YSZ/MgO multilayer film with equal-thickness structure; b)
cross-sectional STEM image; c) EDS mapping of YSZ/MgO multilayer; d) schematic illustration of the CeO2/MgO multilayer film with gradient-thickness
structure; e) cross-sectional STEM image and (f) EDS mapping of CeO2/MgO multilayer.

(i.e., applying protective layer, improving film quality).[30,31]

Besides oxidation, structure degradation can also re-
sult from grain growth, surface diffusion, and thermal
expansion.[8,32]

Considering the limitations of metal phases in PhCs under
high-temperature environments, exploring all-ceramic emitter
designs is a promising way to improve thermal stability from a
material perspective. In this study, we introduce two new oxide-
oxide 1D multilayer PhCs designs (i.e., Yttria-stabilized zirconia
(YSZ)/MgO, CeO2/MgO) and investigate their thermal stability
and optical properties. YSZ, CeO2, and MgO were selected in this
study due to the following reasons. First, YSZ, CeO2, and MgO
exhibit excellent thermal stability; their melting temperatures are
2700, 2340, and 2852 °C, respectively. Second, the refractive in-
dices of these three materials are different, which can provide pe-
riodic variations of refractive index using multilayer designs. In
addition, the thermal expansion coefficients (CTE) of these three
materials are comparable, and therefore the thermally induced
delamination can be mitigated. A summary of the thermal pa-
rameters of YSZ, CeO2 and MgO can be found in Table S1 (Sup-
porting Information). X-ray diffraction (XRD) and transmission
electron microscopy (TEM) analysis have been conducted to ex-
amine the microstructure of the two oxide–oxide multilayer de-
signs. Transmittance and ellipsometry measurements have been
carried out to explore the optical properties. The in situ heating
XRD demonstrated that both designs are structurally stable up to
1000 °C. The new oxide–oxide PhCs designs provide a wide selec-
tion of material candidates beyond traditional metal–oxide PhCs,
offering a new pathway toward high-temperature stable TPV sys-
tems.

2. Results and Discussion

Two sets of oxide–oxide multilayer films were fabricated us-
ing pulsed laser deposition (PLD): (YSZ/MgO)*6 with 6 lay-
ers of YSZ and 6 layers of MgO, (CeO2/MgO)*7 with 7 layers
of CeO2 and 7 layers of MgO. The structure was initially de-
signed as equal-thickness multilayers for the YSZ/MgO sam-
ple, whereas a gradient-thickness structure was implemented for
the CeO2/MgO sample to attain enhanced reflectivity across a
broader frequency range. The thickness of each layer can be pre-
cisely controlled by the number of laser pulses during the depo-
sition process, resulting in either the equal-thickness (Figure 1a)
or the gradient-thickness (Figure 1d) structure. The X-ray diffrac-
tion analysis (XRD) suggests both two films exhibit textured
growth as shown in Figure S1 (Supporting Information). More
specifically, both YSZ and MgO phases show preferred (111),
(200) growth orientations in YSZ/MgO multilayer film, while
the CeO2 phase exhibits (111), (200), (311) growth orientations
and MgO grows along (200), (220) in the CeO2/MgO multilayer
film. The detailed microstructure was characterized by (scan-
ning) transmission electron microscopy (TEM/STEM) coupled
with energy-dispersive X-ray spectroscopy (EDS) elemental map-
ping. As shown in Figure 1b, the cross-sectional STEM image
of YSZ/MgO multilayer film exhibits an equal-thickness struc-
ture on top of YSZ substrate. Since the contrast is proportional
to the atomic number (i.e., ≈Z1.7),[33–35] the YSZ phase (ZZr = 40,
ZY = 39) is brighter than the MgO phase (ZMg = 12). This
contrast difference suggests an alternative growth of YSZ and
MgO, which can be further confirmed by the element mapping
in Figure 1c. Similarly, the cross-sectional STEM images with
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Figure 2. Detailed microstructure of YSZ/MgO multilayer film. a) Low-magnification cross-sectional STEM image; b1) high-magnification TEM image
with (b2) the corresponding FFT patterns of the top area; c1) high-resolution TEM image with (c2) the corresponding FFT patterns of the middle area;
d1) high-resolution TEM image with (d2) the corresponding FFT patterns of the bottom area.

corresponding EDS mapping in Figure 1e,f reveal the multilayer
stacking of CeO2 and MgO layer with gradient thickness from
substrate to film surface.

To further explore the crystallinity of the films, YSZ/MgO
film (as illustrated in Figure 2a) has been selected for de-
tailed microstructure characterizations. Figure 2b1–d1 presents
the high-magnification STEM images of three selected areas of
the film, i.e., bottom (Figure 2d1), middle (Figure 2c1), and top
(Figure 2b1). Well-defined and distinct interfaces indicate an
abrupt change in material composition from one layer to another,
without obvious interdiffusion between the two materials. Such
sharp interfaces are maintained throughout the entire film, indi-
cating a high growth quality of the multilayered film. The selected
area electron diffraction (SAED) patterns taken in the cross-
section <100> zone axis of the three areas of the film is shown
in Figure 2b2–d2. The bottom layers exhibit an epitaxial growth
relationship with the YSZ substrate as well as good crystallinity
of the film, while the top layers tend to be polycrystalline when
the film grows thicker. This polycrystalline growth is mainly
due to the relatively large lattice mismatch between the adjacent
layers ( 𝛼YSZ = 5.143 Å, 𝛼MgO = 4.2 Å) as well as large film
thickness.

The optical response is essential for characterizing the all-
oxide multilayered design in TPV applications. To investigate the
optical behavior of the YSZ/MgO and CeO2/MgO films, angular-
dependent ellipsometry measurements were performed. The di-
electric permittivity values were obtained by fitting ellipsometry
data with a general oscillator model and plotted in Figure 3b,e

for YSZ/MgO and CeO2/MgO films, respectively. Due to the
anisotropic nature of the multilayer structure, a uniaxial model
(𝜖|| ≠ 𝜖⊥) was applied during the fitting process. As shown in
Figure 3b,e, both YSZ/MgO and CeO2/MgO designs exhibit a
normal dielectric behavior because of the dielectric optical prop-
erties of YSZ, CeO2 and MgO. Interestingly, a significant differ-
ence between the in-plane (IP) and out-of-plane (OP) permittivity
in YSZ/MgO structure can be observed, whereas the CeO2/MgO
design shows similar IP and OP permittivity. In addition, angu-
lar dependent reflectivity was measured on both films (Figure
3c,f) with incident angles of 55°, 65°, and 75°. They exhibit simi-
lar characteristics that are typical of hierarchical structures, with
some Fabry-Perot oscillations arising from stacking two differ-
ent materials. It is worth mentioning that the CeO2/MgO film
displays more absorption peaks compared to the YSZ/MgO film,
indicating that the optical properties can be tuned by altering the
materials combination or layered structure (i.e., equal thickness
or gradient thickness).

To test the thermal stability of the all-oxide PhCs designs,
in situ XRD heating measurements were conducted under at-
mospheric pressure. XRD 𝜃−2𝜃 scans were collected during
one complete heating-cooling cycle from room temperature to
1000 °C. As shown in Figure 4, both YSZ/MgO and CeO2/MgO
films maintained good crystallinity, with no new peaks or dis-
appeared peaks observed during the heating and cooling pro-
cess. The peaks in the range of 32° to 38° are from the heat-
ing stage and can be neglected in subsequent analysis. During
the heating process, YSZ (111) peak in Figure 4a exhibits a left
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Figure 3. Optical properties of the all-oxide multilayer designs. a) Schematic illustration of the ellipsometry measurements on the YSZ/MgO film; b)
real-part in-plane and out-of-plane dielectric constant of the YSZ/MgO film; c) angle-dependent reflectivity of the YSZ/MgO film; d) schematic illustration
of the ellipsometry measurements on the CeO2/MgO film; e) real-part in-plane and out-of-plane dielectric constant of the CeO2/MgO film; f) angle-
dependent reflectivity of the CeO2/MgO film.

shift from 29.3° to 29.2°, corresponding to 3.35% thermal expan-
sion of lattices. Similar peak shifting related to thermal expan-
sion has been observed in YSZ (200) and MgO (200) peaks. Ide-
ally, thermal expansion-driven peak shifting can be completely
recovered after cooling. However, YSZ (111) does not return to
its original peak position, instead showing a 1.64% shrinkage af-
ter the cooling process, suggesting potential strain relaxation dur-
ing the heating-cooling cycle. Similar lattice expansion and peak
shifting has been observed in the CeO2/MgO system (Figure 4b).
In addition, the photos taken on both two samples before and
after the heating-cooling cycle (Figure S2, Supporting Informa-
tion) suggest the multilayer films remain structurally stable with-
out any thermally induced delamination. The CeO2/MgO sample

was selected to perform an extreme heat treatment (1500 °C for
1 h.). The photos in Figure S3a,e (Supporting Information) reveal
an obvious change of the sample surface, from a highly reflec-
tive surface to a non-reflective state., which suggests microstruc-
ture modification. STEM and EDS images in Figure S3 (Sup-
porting Information) show that the layered structure has been
altered by 1500 °C heat treatment while the two phases are still
well separated. Considering the samples with 1000 °C heat treat-
ment still remains their highly reflective surfaces (as shown in
Figure S2, Supporting Information), the microstructure was be-
lieved still maintain its layered structure, indicating both designs
(YSZ/MgO and CeO2/MgO) exhibit good thermal stability up to
1000 °C.

Figure 4. In situ heating XRD of the all-oxide multilayers. Stacked 𝜃−2𝜃 scans of the heating–cooling cycle (RT to 1000 °C, 1000 °C to RT at ambient
atmosphere): a) YSZ/MgO; b) CeO2/MgO multilayers.
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Figure 5. TPV system using all-oxide stacking layers. a) Schematic illustration of TPV system with CeO2/MgO multilayers on ErAG substrate; b) cross-
sectional STEM image with (c) corresponding EDS mapping of the top films. d) Cross-sectional STEM image with (e) corresponding EDS mapping of
the bottom film.

To demonstrate the relevance of these emitters to practical ap-
plications, we consider that a TPV system working at 1573 K
has a peak blackbody emission value at 1.84 μm. To select a
PV cell bandgap approximately matched to that emission, an
arsenide-doped GaSb PV cell with a bandgap energy of ≈0.75 eV
(1.65 μm) is proposed.[36,37] Considering that rare-earth emit-
ters have narrow emission peaks in the IR region, Erbium-
doped Aluminum Garnet (ErAG) is chosen as the substrate to
achieve selective emission and reasonable tolerance for oxidiz-
ing environments.[8,38] The PV cell is assumed to be positioned
on the top side of the emitter. To suppress long-wavelength emis-
sion to the PV cell that degrades the performance, a quarter-wave
stack with reflection centered at 2.5 μm is used as the top di-
electric mirror. The mirror consists of alternating layers of high-
and low-index materials, in this case, CeO2 and MgO. The thick-
ness of high-index material layer is dH = 𝜆/4nH, and the thick-
ness of low-index material layer is dL = 𝜆/4nL,where nH and nL
are the refractive indices of CeO2 and MgO at 2.5 μm , respec-
tively. Further improvement can be made by constructing an ex-
ponentially chirped multilayer structure to achieve a wide band of
strong reflection.[39] On the bottom side of the TPV cell, a quarter-
wave stack with reflection centered at 1.47 μm is used to min-
imize waste energy. A schematic illustration of this TPV cell is
described in Figure 5a and a detailed structure design with layer
thickness can be found in Figure S4 (Supporting Information).
Following this TPV cell design, two CeO2/MgO multilayer films
were deposited on both top and bottom side of ErAG substrate,
and the microstructure of the films were characterized by STEM
with EDS mapping. As shown in Figure 5, both sides exhibit
multilayer structures as designed, with very sharp and chemi-
cally clean interfaces. The thermal stability was investigated by

XRD with in situ heating throughout one heating cycle; the re-
sults can be found in Figure S5 (Supporting Information). The
thermal stability test suggests very robust phase stability of all-
oxide multilayer designs, which highlights their potential uses
in high-temperature TPV. Increasing operating temperature and
adding cold-side filters can further enhance the efficiency of a
TPV system (see Figure S6, Supporting Information). Note that
since cold-side filters typically are not placed in high-temperature
environments, the material choice is more relaxed. Nonetheless,
tolerance for temperature cycling can be beneficial in real-world
TPV experiments given the potential source temperatures, espe-
cially at pressures exceeding ultra-high vacuum conditions.

All-oxide multilayer design offers several advantages for im-
proving the operating temperature of TPV systems. Compared
to metals, refractory oxides with ultra-high melting temperatures
are ideal for enhancing thermal stability while avoiding oxida-
tion issues associated with metals. Additionally, most refractory
oxides have similar thermal expansion coefficients, which help
minimize structure degradation due to thermally induced delam-
ination. This study has demonstrated two all-oxide multilayer de-
signs with tunable optical response and high-temperature stabil-
ity. This all-oxide design can be extended to various selections
of refractory oxides, such as BaZrO3, SrTiO3, Y3Al5O12, etc. Be-
yond oxides, refractory nitrides with high-temperature stability,
and, mechanical and chemical stability, could also be considered
as potential candidates in high-temperature layered emitter de-
sign. Future studies could focus on designing other nanostruc-
tures beyond multilayer including triphase or vertically-aligned
nanostructures,[40–42] exploring the spectral efficiency of all-oxide
TPV systems, and investigating structural stability in temper-
atures higher than 1000 °C and/or for longer testing periods.
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Overall, our results highlight the potential of all-oxide multilayer
structures for efficient TPV selective emitters and provide in-
sights into the design and optimization of refractory oxide ma-
terials for a broader range of high-temperature applications.

3. Conclusion

In conclusion, our work demonstrates the potential of mul-
tilayered all-oxide designs for future high-temperature TPV
applications. Two material systems have been investigated,
i.e., YSZ/MgO and MgO/CeO2, both with equal-thickness and
graded-thickness structures. The layered structure was achieved
by alternatively depositing two materials by pulsed laser depo-
sition (PLD), and the thickness of each layer was precisely con-
trolled by the number of laser pulses. Highly textured growth was
revealed by X-ray diffraction analysis and detailed microstructure
analysis shows high-quality growth with clean and very sharp in-
terfaces. The optical characterization revealed the dielectric opti-
cal properties and the tunable reflectivity of both designs. Promis-
ing thermal stability results suggest that both designs exhibited
reasonable thermal stability measured up to 1000 °C. Addition-
ally, a TPV cell test structure was designed by depositing two
CeO2/MgO films on both sides of a double-side polished ErAG
substrate, demonstrating the feasibility of integrating these all-
oxide designs. Overall, these innovative all-oxide designs real-
ize excellent thermal stability by incorporating refractory oxides
which avoid the typical failure mechanisms in PhCs, e.g., oxi-
dation, diffusion, and delamination. This work opens up a new
direction for highly efficient, high-temperature-tolerant, experi-
mentally relevant TPV systems.

4. Experimental Section
Thin Film Growth: The YSZ/MgO multilayer thin film was deposited

on YSZ(001) substrates by alternative ablation of YSZ and MgO targets,
using pulsed laser deposition (PLD) method with a KrF excimer laser
(Lambda Physik Compex Pro 205, 𝜆 = 248 nm). Similarly, the CeO2/MgO
multilayer thin film was deposited on MgO(001) substrates by alterna-
tive ablation of CeO2 and MgO targets. Before deposition, the chamber
was pumped down to a high vacuum condition (2.0 × 10−6 mbar). During
deposition, the substrates were heated and kept at 600 °C and 20 mTorr
O2 partial pressure was induced to minimize oxygen vacancy. After depo-
sition, the chamber was naturally cooled down to room temperature in
20 mTorr O2 environments.

Structural Characterization: The crystallinity was characterized by
X-ray diffraction (XRD, Panalytical X’Pert X-ray diffractometer with a Cu
K𝛼1 radiation source, 𝜆 = 0.15406 nm). The microstructure of the films
was investigated by TEM (FEI TALOS 200X operated at 200 kV). TEM sam-
ples were prepared by standard manual grinding, dimpling and ion milling
process.

Optical Characterization: Angular-dependent ellipsometry measure-
ments were conducted by using a RC2 spectroscopic ellipsometer (J.A.
Woollam Company). The dielectric constants were retrieved by fitting the
ellipsometry data in CompleteEase software.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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