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ABSTRACT: In this work, we designed and optimized a one-dimensional (1D) photonic
crystal (PhC) for the application of a thermal radiation barrier. The insulation relies on the
omnidirectional bandgap to reflect electromagnetic radiation regardless of its incident angle
and polarization. As thermal radiation has a broadband spectrum that depends on both
wavelength and angle, a cascaded and differentiated waveband design was utilized. The
optimized omnidirectional reflector (ODR) is composed of germanium (Ge) and magnesium
fluoride (MgF2), consisting of 4 differentiated patterns with 2 periods each to have the
maximum insulation performance within reasonable fabrication costs. For a 1200 K blackbody
radiator, the heat retaining rate can reach 93.5% within a thickness of 13 um. We analyzed the
role of each pattern and substantiated the methodology of differentiated waveband design,
which can be generalized to other photonic designs for thermal insulation. We further assessed
potential uncertainties induced by fabrication processes and material properties. The reflector
can retain above 90% of the radiative heat from high-temperature sources when the thickness
variation is within 13% of the designed values, even incorporating the largest optical constant
differences used in this work. The broadband ODR with a differentiated design may provide
an optimal solution to insulate radiative heat for ultra-high temperature and small-scale heat
sources, surpassing conventional solutions provided by metallic coating or multilayer

insulation.
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INTRODUCTION

Driven by the rapid advancement of the modern economy, there is an increasing demand for
compact and efficient energy sources. Thermal-based power generators have gained increasing
attention because heat generation is usually simple and cost-effective. According to the second
law of thermodynamics, the efficiency of a heat engine is related to the temperature difference
between source and sink — the larger the difference, the higher the theoretical conversion
efficiency. Many cutting-edge technologies, such as high-temperature fuel cells [1], ultra-micro
scale gas turbines [2], micro-sized Stirling engines [3], and radioisotope power generators [4—
6], as illustrated in Fig. S1, all rely on high temperatures to drive reactions for electricity
generation. Among these small-scale high-temperature power generators, thermophotovoltaic
(TPV) systems have emerged as particularly promising due to several advantages, including
high efficiency, silent operation, direct DC power generation, and ease of miniaturization [5].
In particular, small-scale TPV systems are well-suited for portable power sources based on
combustion chamber and radioisotope generators, providing a reliable and long-duration
energy supply for mini-satellites and spacecraft in deep-space missions [5,6].

TPV systems typically operate at high temperatures exceeding 900 °C, consistent with the
requirements of available low-bandgap photovoltaic (PV) cells [7]. However, this presents
significant challenges for thermal insulation in small-scale systems, as their outer surfaces must
remain near room temperature to prevent thermal hazards. The large temperature gradient over
a short distance necessitates the design of an efficient thermal radiation barrier, requiring
careful engineering to retain heat while ensuring that the cold side remains safe to touch [8,9].
While thermal insulation in TPV systems remains underexplored, various reflection-based
thermal radiation barriers have been studied in aerospace and nuclear fields. Metallic coatings,
such as gold and titanium, have been employed for thermal shielding but suffer from instability
at extreme temperatures due to degradation and diffusion [10,11]. Non-contact enclosures with
reflective metal foils offer an alternative; however, most refractory metals reflect less than 80%
of infrared radiation, except for gold, which is too costly and malleable [12]. Moreover, the
high absorption of metals leads to heat buildup, causing them to function as secondary emitters.

Thermal barrier coatings (TBCs), including ceramic-based photonic crystals (PhCs) and



photonic glasses (PhGs), have shown promise for high-temperature insulation [13-18].
However, most TBCs are designed for gas turbines, where conduction and convection dominate
heat transfer, necessitating the use of high-temperature ceramic materials such as yttrium-
stabilized zirconia (YSZ) and alumina (Al203). Even with carefully engineered 1D-3D
photonic structures, their average reflectance remains around 70-80%, which is insufficient for
effective TPV insulation. Multilayer insulators (MLIs), originally developed for space
applications [19], provide reliable high-temperature thermal insulation using metallic reflectors
separated by low-conductivity spacers [20], achieving thermal conductivities as low as 0.01—
0.05 W/m-K. [21-23]. However, their bulky design, which requires millimeter-scale spacing
between layers, poses integration challenges in compact TPV system [24]. These limitations
underscore the need for new materials capable of efficient thermal radiation management in
TPV systems.

In this study, we propose the use of a dielectric omnidirectional reflector (ODR) as a thermal
radiation barrier, specifically targeting small-scale high-temperature TPV systems. Our design
offers a broad reflection bandwidth, high reflectance, minimal thickness, and relatively simple
fabrication. Omnidirectional reflection, first introduced by Winn et al. [25] and realized by Fink
etal. [26], is widely used in photonics for dielectric mirrors and radiation control [27,28]. While
most existing ODR designs feature narrow bandgaps as summarized in supplementary Table
S1 [26,29-36], which limits their application in thermal radiation shielding, our novel ODR
design integrates cascaded 1D PhCs to achieve broader reflection and optical insulation. The
proposed design is adaptable to different heat sources, with adjustable bandgap sizes and
differentiated functions for enhanced performance. We present optimal designs for various heat
source temperatures and evaluate their performance and fabrication feasibility, with total ODR

thicknesses ranging from 10-20 pm, thereby overcoming the size limitations of MLIs.

THEORY AND METHODS
High-temperature heat sources typically exhibit a broadband spectrum ranging from near-
infrared to mid-infrared. To effectively block broadband radiation using ODRs, multiple

photonic bandgaps need to be overlapped, as illustrated in Fig. 1a. This approach shields the



entire spectrum through a cascaded design, a technique commonly employed in past research
to enlarge the overall bandgap size [37—41]. In such a design, the photonic bandgap of each
ODR pattern can be tailored by ensuring a sufficiently large refractive index contrast between
the two materials, as well as an appropriate ratio (>1) between the low refractive index and the
ambient refractive constant.[42] Fig. 1b shows the theoretical bandgap size of a 1D PhC as a
function of its central wavelength for various optical contrasts. Under ideal conditions (i.e., a
semi-infinite structure and normal incidence), an approximate analytical expression for the

extent of omnidirectional gaps can be derived from Equation 1 and 2.
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where wy, and w, are the upper and lower angular frequency boundaries of the bandgap, n,
and n, are the high and low refractive indices, n, is the ambient refractive constant, t; and t,
are the quarter-wavelength thicknesses for each dielectric material, and c is the speed of light
[26]. In this work, we chose germanium (Ge, n = 4.25) and magnesium fluoride (MgF2, n =
1.36) as the high and low refractive index materials, respectively. These two dielectric materials
provide one of the highest possible contrasts extending to mid-infrared and have been proven
compatible with fabrication processes [43]. Within the wavelengths of interest, both materials
exhibit high stability of refractive indices with nearly zero extinction coefficients, resulting in

minimal absorption losses.
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Fig. 1. Conceptual design of an ODR as a thermal radiation barrier. (a) A general blackbody
radiation spectrum is divided into four segments, each insulated by a 1D PhC composed of 2
periods. (b) Photonic bandgap size of ODRs as a function of central wavelength, shown for
different optical contrasts under ideal conditions (assuming quarter-wavelength thicknesses).
(c) Wavelength and polar angle dependence of radiation emitted from a 1200 K blackbody

radiator.

In the radiative heat transfer model, a blackbody surface has maximum emissivity and emits
non-polarized electromagnetic waves with a polar-angle dependence but no azimuthal-angle
dependence. In practice, real surfaces may deviate from this ideal model by having directional
and spectral dependence on emissivity. However, the ideal blackbody heat source represents

the most challenging shielding scenario without losing the generality of real surfaces and was
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therefore adopted in our design. Fig. 1c presents the radiation spectrum of an ideal blackbody
surface at 1200 K, where the wavelength dependence follows Planck's law and the angle
dependence adheres to Lambert's cosine law. To effectively shield thermal radiation, angle
dependence must be considered with equal or greater priority than wavelength dependence for
two reasons, as detailed in Fig. S2. First, both theoretical predictions and experimental results
indicate that the near-perfect reflection range of ODRs narrows and becomes less effective as
the incident angle increases. Second, blackbody intensity remains high near the peak
wavelength at large angles, whereas it is significantly lower far from the peak, even at normal
incidence. To compensate for radiation loss due to increased incident angles and material
absorption, we designed a cascaded ODR composed of four patterns with distinct functions,
i.e., differentiated waveband design. Since Ge exhibits a high extinction coefficient at short
wavelengths, the 1% pattern is optimized to suppress material absorption while reflecting short-
wavelength radiation. The middle two patterns function as conventional reflectors, maximizing
shielding in the spectral region where thermal radiation is strongest. The last pattern is
specifically designed as a compensation structure to further suppress the emission at large
angles in the mid-wavelength range. In other words, the 4 pattern enhances the performance
of the 2" and 3™ patterns by addressing their strong angular selectivity. All the patterns were
brought together into the simulation incorporated with ideal blackbody spectra and real optical
constants to achieve the highest overall reflectance.

In a TPV system, as shown in Fig. 2a, the ODR is used to encapsulate surfaces of the heat
source that do not contribute to energy conversion. These non-emitting surfaces typically
require effective insulation to raise the source temperature—an important consideration in
many TPV systems, especially with a fixed amount of heat input like radioisotopes or
combustions. In contrast, the source surface equipped with the selective emitter remains
exposed and is oriented toward the TPV cell at a mesoscale distance. As illustrated in Fig. 2b,
the ODR is positioned close to the heat source without physical contact, secured either by
localized adhesive bonding or an external support structure. A vacuum gap between the ODR
and the heat source minimizes conductive heat transfer, enabling the ODR to act primarily as

a radiative barrier (Fig. 2d). By reflecting thermal radiation back toward the source, the ODR



improves thermal confinement while maintaining a lower operating temperature, thereby
reducing the risk of degradation or delamination. To evaluate its effectiveness as a thermal
radiation barrier, it is essential to consider the framework of radiative heat transfer. Our analysis
is based on three key assumptions: (1) The ODR is an optically smooth dielectric mirror with
only specular reflection. (2) The ODR has no local emission because it is maintained at a much
lower temperature than the heat source. It has minimal absorption due to the small extinction
coefficients of dielectric materials. (3) The ODR encloses the heat source, with radiative heat
transfer as the only mode of heat exchange between the two. The heat source is approximated
as a diffuse blackbody emitter following Lambert’s cosine law, while the ODR is modeled as
a non-emissive surface with wavelength-dependent reflectivity. Thermal emission in the
direction §' originates from a differential element on the heat source and is reflected by the
ODR into the direction §. Based on this setup, the radiation loss (%), as the primary figure of

merit (FOM) for optimization, is expressed by the following equations.
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Following the convention in radiative heat transfer studies [44], Jsource 18 the radiosity, Hgpyrce
is the irradiance, I, (1, 8', 1) is the spectral blackbody intensity, p;(r, 8, 1) is the spectral
bidirectional reflection function of reflectors, 6; is the incident angle, and (2; is the incident
solid angle. Here, r and § are the position and unit direction vectors (r', 8’ for heat source; r, §
for reflector). Radiation loss is expressed as the ratio of net radiation flux q ( ¢ = Jspurce —
Hgource) to radiosity of the heat source. As the heat source is assumed to be an ideal blackbody,
its radiosity Jsoyrce 1S sSimply given by the total emissive power oT#, where o is the Stefan-
Boltzmann constant. In this setup, the radiation reflected back by the ODR is the only source
of irradiance. Thus, the heat source’s irradiance Hg,, . 1S €xpressed as the integral of the
product of spectral blackbody intensity and spectral reflection function, both of which are

wavelength-dependent. The equation can be further simplified into a calculable form,
8



considering that spectral blackbody intensity depends solely on temperature and wavelength,
while reflectivity depends only on incident angle and wavelength.

The optimization was performed using the Stanford Stratified Structure Solver (S*) based
on Rigorous Coupled Wave Analysis (RCWA) in an iterative approach [45]. Starting with a
theoretically computed structure as the initial design, a systematic coordinate-wise search was
conducted, where each layer’s thickness was independently varied, and the corresponding
radiation loss was calculated to identify local minima across different designs. The most
promising solutions were then iteratively refined, adjusting the thicknesses collectively within
tighter parameter ranges until the lowest FOM was reached. Real optical constants of Ge and
MgF> concatenated from various sources were used in optimization, as shown in Fig. 2c
[46,47]. Additionally, the optical constants at different temperatures were substituted into the
optimized structure to evaluate the impact of temperature variations on performance. To obtain
the temperature-dependent refractive indices of MgFa, its structural and electronic properties
were calculated using density functional theory (DFT) in the Quantum ESPRESSO package
[48], and optical properties were subsequently carried out using the Yambo package [49]. A
scalar relativistic norm-conserving pseudopotential description, generated with a Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional, was used. A kinetic energy cutoff of
45 Ry was applied for the plane-wave basis of MgF2. A uniform 3x3x5 k-points mesh was
employed in the lattice for the integration over the Brillouin zone. The lattice parameters were
a=4.62A, and ¢ = 3.05 A for MgF2. Quasiparticle (QP) correction on the electronic band
structure was introduced using the non-self-consistent Green’s function/Screen Coulomb
interaction (GW) approach as implemented in Yambo software. A total of 40 bands (16
unoccupied) were considered in the static screening for MgF>. In the excited state calculations,
a 0.01 eV damping coefficient was used as the width of the Lorentzian peaks of optical spectra
under finite temperatures. The real and imaginary components of the electric permittivity were

obtained at 300 K, 500 K, and 700 K for MgF>.
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Fig. 2. Geometrical representation and material selection for an ODR as a thermal radiation
barrier. (a) Schematic illustration of the application scenario of the ODR insulator within a
complete TPV system. (b) Schematic illustration depicting the integration between the heat
source and the insulator. (¢) Optical constants of Ge and MgF2 used in this study. Data were
compiled from various sources [46,47]. (d) Geometrical illustration of the radiative interaction

between the heat source and the insulator.

RESULTS AND DISCUSSION

We optimized ODRs consisting of 4 patterns with 2 periods each (16 layers in total), for
blackbody heat sources ranging from 800 K to 1400 K. The detailed structures are provided in
Table 1. At normal incidence, each pattern in the reflector is designed to shield radiation within
a specific wavelength range. Taking the optimized design at 1200 K as an example, Fig. 3a
presents the reflectance spectrum from 0 to 20 um, while the corresponding band structure in
Fig. S3 confirms the presence of omnidirectional bandgaps. Although the ODR was simulated
and optimized as a whole, we introduced each pattern separately into the simulation as an
independent reflector to better visualize its bandgap coverage and illustrate the cascaded design.
The resulting spectra, shown in different colors, highlight each pattern’s contribution. In the

spectral range near the blackbody’s peak wavelength (primarily shielded by the 2" and 3™
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patterns), the structure exhibits high reflectance to block the majority of the energy. The
shielding effect diminishes for spectral ranges below 1 um and above 16 pm. To shield high-
energy photons in the visible regime, the photonic design must shrink the characteristic
dimension below 100 nm with layer precision in nanometers, inducing significant fabrication
challenges. The leakage above 16 pum mainly arises from the decreasing refractive index of
MgF>, as shown in Fig. 2c. Combining these results with the spectral intensity of a 1200 K
blackbody, the radiation loss through the insulator at normal direction is depicted in Fig. 3b.
The ODR with a total thickness of 12.64 um is able to effectively shield most of the energy,
allowing only 6.51% of the radiation to be absorbed or transmitted. For other temperatures, the
overall radiation loss ranges from 6.51% to 8.44%. The performance of reflectors degrades
slightly at lower temperatures compared to the higher ones, possibly due to the increased
impact of the non-ideal optical constants of MgF> at long wavelengths. Notably, the optimal
material thickness has an inverse relation to the source temperature. As the source temperature
decreases, the emission spectrum extends to longer wavelengths, resulting in thicker structures
and more costly fabrication. Therefore, ODRs are most effective for shielding heat sources

above 1000 K, which aligns with the operating temperatures of most TPV systems.

Table 1. The optimized structures of ODRs for various heat source temperatures.

Source Pattern 1 Pattern 2 Pattern 3 Pattern 4

Radiation
temperature tMeF2 tGe tMeF2 tGe tmgr2 tGe tMgF2 tGe loss
(XK) (nm) (m) (mm) (@m) (mm) (@m) (nm) (nm)
800 804.4 150.8 1407.8 280.1 21452 646.4 3687.0 1228.2 8.44%
1000 533.1 102.8 959.6  205.7 14393 4456 2612.1 857.0 6.91%
1200 487.3 85.1 841.7 1843 12847 382.8 2303.7 7514 6.51%
1400 4533 72.5 7932 1572 1171.0 350.6 21153 677.1 6.84%
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Fig. 3. Performance evaluation of the ODRs optimized for 1200 K heat sources. (a) Normal-
incidence radiation loss spectrum (i.e., 1 — reflectance) of an ODR consisting of 4 patterns,
with each reflection band highlighted in different colors. (b) Normal-incidence spectral
intensity of a blackbody emitter before and after filtering through the ODR. (c¢) Angle-
dependent radiation loss spectra of the ODR (using the average of TE and TM waves). (d)
Angle-dependent spectral intensity of a blackbody emitter before and after filtering through the
ODR.

For an omnidirectional reflector, angle-dependent analysis provides key insights into the
shielding effect in terms of the directional bandgap and heat leakage rate. Fig. 3c shows the
angle-dependent radiation loss spectra of the ODR optimized for 1200 K. We used the average
of TE and TM waves as the incident radiation since typical thermal radiation is non-polarized,
with half energy stored in each polarization. The ODR exhibits a behavior similar to that of a
conventional Bragg mirror, maintaining high reflectance at small incident angles while

gradually diminishing at larger ones. Given that most heat source surfaces can be approximated
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as Lambert surfaces with emission intensity following a cosine dependence, the energy loss
through the reflector at oblique angles results from both reduced source emission and decreased
reflector effectiveness, as shown in Fig. 3d. While radiation loss at larger angles contributes
less to the overall leakage, it remains non-negligible based on our previous analysis of the angle
dependence of blackbody radiation. In fact, the 4" pattern was specifically designed to
minimize radiation loss due to reflector degradation at large incident angles.

To substantiate the effectiveness of the differentiated waveband design, we analyzed the
roles of the 1*t and 4" patterns in our reflector. Fig. 4a compares the absorptance spectra with
and without the 1% pattern, demonstrating that its presence significantly reduces material
absorption up to 2 pum. Since absorption is the primary cause of radiation loss at short
wavelengths, the differentiated design of the 1% pattern substantially enhances overall shielding
performance. The compensation effect of the 4™ pattern is illustrated in Fig. 4b. As the incident
angle increases, the near-perfect reflection range of the reflector (without the 4™ pattern)
narrows down and shifts toward shorter wavelengths, consistent with omnidirectional bandgap
theory, as highlighted by the yellow-filled blocks. This effect is mitigated by adding a 4™
pattern. At small incident angles (<45°), the 4™ pattern primarily shields long-wavelength
radiation (10—16 um), functioning as a conventional reflector. As the incident angle increases,
it begins to assist the 2" and 3™ pattern in shielding mid-wavelength radiation (4-12 pm),
while its effectiveness at long wavelengths diminishes. Due to the high energy concentration
in the mid-wavelength region even at large polar angles, this spectral shift plays a crucial role
in enhancing overall reflectance. This phenomenon is further observed in Fig. 4c and d, where
the boundary of the 4™ pattern (~16 pum at 0°) noticeably moves toward shorter wavelengths
(~12 um at 70°) with increasing incident angles. These results indicate that the 4™ pattern not
only shields long-wavelength radiation at small angles but also compensates for radiation loss

in the mid-wavelength range caused by large angles of incidence.
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For an ODR designed for 1200 K, the ideal effective thermal conductivity is calculated to
be only 0.000108 W/m-K, significantly lower than that of conventional radiation barriers. We
calculated the effective thermal conductivity using Fourier’s Law of Heat Conduction [50] and

" L MincidentL oT*L
the Stefan-Boltzmann law kypr = (IC"A% = nmdq”‘Z% = Naa—5 Where

q" conduct represents the heat flux conducted through the barrier, q"';,,cigent is the incident heat
flux from the heat source, ¢ is the Stefan—Boltzmann constant, T is the heat source temperature,
AT is the temperature difference, L and 1,.,4 represent the thickness and radiation loss of ODR

separately. Table 2 provides a comparative analysis of the effective thermal conductivity, heat
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retaining rate, and thickness of our ODR relative to other technologies, further highlighting the
great potential of this design.

Table 2. Comparison of some thermal radiation barriers with the ODR in this study.

Material Thickness Heat source Heat Thern?al.
Refs. composition (um) temperature e conductivity
P K (K) & (W/m-K)
Reflective 14 YSZ-Al0; stack 132.8 1589 73% 1.2
TBCs 16 ZrO, 3D PhG 100 1173 70%-90%" 0.14
23 Steel Foil + Al 15,000 1273 - 0.033°
silicate fiber-acrogel
MLIs TiN-coated sili
1IN-coated silicon 0 *
24 wafer - Silica fiber 3,680 1400 91.57% 0.053
This Ge + MgF» o
ODRs dy 1D Phe 13 1200 93.5% 0.0001

“Experimental results

In practical applications, the feasibility of an ODR is influenced by several factors, including
fabrication costs, process uncertainties, material optical constants, variations in heat source
temperature, and material thermal stability. We investigated the potential impact of these
factors on the reflector’s performance. The current ODR consists of 4 patterns, with each
pattern consisting of 2 periods of materials with high and low refractive indices. The four-
pattern structure ensures that the cascaded reflection bandwidth adequately covers the
blackbody radiation spectrum at around 1200 K. Increasing the number of periods within each
pattern can enhance performance but also raises fabrication costs and the risk of structural
failure. To assess this trade-off, we conducted simulations based on the ODR optimized for
1200 K, maintaining the number of patterns while varying the period number from 1 to 4. The
total number of layers is then 8, 16, 24, and 32. Fig. 5a shows the performance of these
reflectors with different layer counts. A significant improvement is observed when increasing
from 1 to 2 periods, reducing radiation loss from 12.22% to 6.51%. However, the improvement
becomes less pronounced beyond 2 periods, with only a marginal 1.02% reduction from 2 to 3
periods and a minimal 0.05% reduction from 3 to 4 periods. These results indicate that a two-
period ODR almost approaches the performance limit without the need for additional periods.

Process uncertainty refers to the thickness variation induced by fabrication. In
microfabrication, the layer thickness can deviate from the designed value and thus impact

performance. To quantify this effect, we performed Monte Carlo simulations by introducing
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relative thickness uncertainties based on a fixed Gaussian standard deviation. These
uncertainties were applied to the optimized 16-layer structure (1200 K), and simulations were
run 100,000 times for each standard deviation. The resulting radiation loss distributions are
presented in Fig. 5b. The results confirm that any deviation in layer thickness leads to an
increase in radiation loss beyond the optimal value (6.51%). When a process has a tighter
tolerance in thickness, the thermal leakage is closer to the optimal value with a narrower
distribution. A relatively small uncertainty (5%) results in leakage values centered around
6.84%, while larger uncertainties lead to increased thermal leakage. Nevertheless, even with a
process uncertainty as large as 13%, the mean thermal leakage remains below 8%,
demonstrating that the shielding performance of our ODR is still superior to that of most
thermal radiation barriers with similar dimensions.

The variation in material optical constants was also analyzed, but the impact on overall
performance was found to be secondary. Fig. Sc and d present the refractive indices of Ge and
MgF2 used in optimization (labeled in red) alongside values obtained from other sources
[46,47,51-54]. Due to the limited experimental data for MgF2, DFT computations were
performed and incorporated into the analysis. These optical constants from various sources
were fed into the optimized structure, with the resulting radiation losses shown as green
markers in Fig. Sa. A temperature rise from 293 K to 500 K leads to only a 0.33% reduction in
performance, while the maximum refractive index variations (labeled in purple in Fig. Sc and
d) cause a mere 1.16% decrease.

When the ODR operates under off-design conditions, subject to varying source temperatures
as seen in many TPV systems, we simulated its performance over a range from 1000 K to 1500
K, using the structure optimized for a 1200 K heat source. The results, shown in Fig. S4,
indicate that while radiation loss increases slightly as the heat source temperature deviates from
1200 K, it remains below 7.5% across the 500 K variation range, demonstrating the ODR’s
robust immunity to source temperature fluctuations. Additionally, the high-temperature
stability of the ODR has been preliminarily confirmed. The optical constants of both Ge and
MgF> are consistent across various literature sources (as shown in Fig. 5¢ and d) and remain

stable at elevated temperatures [54,55]. Experimentally, we validated the stability of Ge and
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MgF: films by comparing their optical performance before and after annealing at 700°C for 2
hours, as shown in Fig. S5 and Fig. S6.

In future work, we will focus on overcoming material fabrication challenges and integrating
ODRs into TPV systems. A key challenge for layered materials is preserving structural integrity
at high temperatures, which can be potentially addressed through tri-phase fabrication or stress-
relief coatings [56]. At a system level, integrating the material into a TPV system will require
addressing challenges related to structural support, chemical compatibility, and maximum

survival temperatures.

(a) (b)
13
12 ® Period number # ] Thickness Uncertainty 5%
1? 22 & L Thickness Uncertainty 9%
11 _1 sriod Refractive index source Thickness Uncertainty 13%
X107
(7)) | Maximum ]
8 9 . Difference
= Current DFT* Lictal. 7.67
8 8 (293K) (500 K) A
T 71 651 6'81
A
6F 6.51
2 Periods
5} (Current N 75749 ) 5.44
3 Periods 4 Periods "
6.0 7.0 8.0 9.0 10.0
Heat loss (%)
(c) (d)
Current data
Current data 1.5 Rodriguez-de Marcos et al. (523K)
437 Burnett et al. (295K) Zheng ot ?; 0(::)1 K)
A ata
c 15| Li et al. (300K) c DFT data (500K)
<& Li et al. (500K) < 147} DFT data (700K)
[} 4.2 Li et al. (550K) Ge [} —
© 3 ©
£ ' £ 13+ 1.3501
[ L o E—
._E 4.15 ; 1‘5_2 1.359
[&) &)
g 417 © 1.2 -::2 1.3589
[0) “q_) 144 14.95 15 15.05
v 405 B x 142
11 g
1.38 \
4 1.36 b e — Mng
3.95 : . - 1 : :
0 5 10 15 20 0 5 10 15 20

Wavelength (um) Wavelength (um)
Fig. 5. Performance of ODRs subject to fabrication and material properties uncertainty. (a)
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losses of the optimal structure calculated using refractive indices from various sources (marked
in green). (b) Monte Carlo simulation demonstrating the performance influenced by layer
thickness uncertainty in fabrication. (¢) and (d) Temperature-dependent refractive indices of

Ge and MgF> from DFT simulations and other sources [46,47,51-54].
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CONCLUSION

In this study, we investigated the potential application of a 1D PhC with the omnidirectional
bandgap as a radiative thermal insulator. We designed the insulator based on Ge and MgF> for
their desirable optical contrasts and fabrication compatibility. A cascaded and differentiated
waveband design was adopted to maximize overall reflectance across a broadband spectrum.
For a heat source at 1200 K, the optimized photonic design with 16 layers (4 patterns with 2
periods each) can retard roughly 93% of thermal radiation, which is potentially more effective
than a refractory metallic shield. The total thickness of such a structure is around 13 pm,
significantly more compact than a MLI with similar performance. For heat sources from 800
K to 1400 K, the thermal leakage of the optimized structures is 6.51%—8.44%, while the
maximum total thickness does not exceed 21 um. The differentiated design method was
substantiated and can be extended to other broadband photonic designs with similar purposes.
An optimal practical solution was proposed with consideration of fabrication costs, thickness
uncertainties and variations in material properties. With the continuous shrinking down of
thermal-based power generators to portable sizes, the microscale insulator offers a new
approach to insulating radiative heat transfer across a small distance with a large thermal

gradient, enabling the development of more compact and efficient systems.
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