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Abstract

Infrared stealth for high-temperature targets is of considerable significance. Multilayer-
film-based selective thermal emitters can effectively regulate thermal radiation, thereby
offering a promising solution to stealth challenges. In this work, a novel selective thermal
emitter based on a multilayer thin film is designed. The film consists of ten layers con-
structed from five materials: TiO2, Al2O3, HfO2, Ge, and SiO2. Experimental measurements
show that, at room temperature, the multilayer film exhibits an emissivity of 0.199 in the
mid-infrared band and 0.219 in the long-wave infrared band, demonstrating excellent
infrared stealth performance. In the non-detection band (5–8 µm), an emissivity of 0.774 is
achieved, enabling effective heat dissipation. At elevated temperatures up to 500 ◦C, the
multilayer film still maintains favorable infrared stealth and radiative cooling performance.
Furthermore, experiments demonstrate that the film possesses outstanding radar-wave
transparency in the 2–18 GHz band, making it suitable for subsequent integration with
radar-absorbing materials to form composite structures and achieve compatible stealth.
The designed and fabricated multilayer film provides a new reference for the realization of
high-temperature-resistant selective thermal emitters.

Keywords: infrared stealth; high-temperature resistance; radiative cooling; selective thermal
emitter; radar transparency

1. Introduction
In modern battlefields, reconnaissance measures are diverse, among which infrared

reconnaissance is one of the most widely applied. According to the Stefan–Boltzmann law,
the infrared radiation of a target is proportional to the fourth power of its temperature
and its surface emissivity; the higher the temperature and the greater the emissivity, the
stronger the infrared radiation energy of the target, and the more readily it can be detected
by infrared reconnaissance equipment. Numerous high-temperature heat sources exist on
the battlefield, such as the heat-generating regions of weapon systems during operation—
including aircraft tailpipes, tank tracks, and shipborne radar antennas—which can easily
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become tracking targets for infrared reconnaissance devices. Therefore, effective high-
temperature-resistant infrared stealth measures must be adopted to reduce the probability
of detection by infrared reconnaissance [1–6].

Various infrared stealth schemes have been developed to lower the target’s own
temperature and reduce its surface emissivity. However, reducing infrared radiation
by cooling generally requires complex cooling devices, entailing high economic costs
and a certain response time. In contrast, reducing the surface emissivity in the relevant
detection bands is considerably more convenient to implement and has therefore been more
widely applied [7–10]. Selective thermal emitters based on multilayer thin films can vary
their emissivity in a band-selective manner, thereby regulating infrared radiation energy.
Specifically, in the mid- and long-wave infrared bands (3–5 µm and 8–14 µm) commonly
used by infrared reconnaissance equipment, the multilayer film can exhibit low emissivity,
allowing the target coated with the film to blend into the low-temperature background
and achieve stealth; in the non-detection band (5–8 µm), the multilayer film can exhibit
high emissivity, enabling radiative cooling through heat dissipation [11–16]. The 5–8 µm
band was specifically chosen as the radiative cooling window because it lies between
the two primary atmospheric transmission windows (3–5 µm and 8–14 µm) where most
military infrared reconnaissance systems operate. Owing to strong atmospheric absorption
by water vapor and CO2 in the 5–8 µm region, high emissivity in this band does not
significantly increase the target’s long-range detectability while enabling efficient radiative
heat dissipation. This represents an optimal trade-off between infrared stealth performance
and thermal management capability. Numerous related studies have been conducted. Fu
et al. designed a multilayer film structure based on the principles of thin-film interference
and impedance matching; the spectral emissivity of this multilayer film was below 27%
in the mid-wave infrared band and below 14% in the long-wave infrared band, while its
spectral absorptivity exceeded 98% in the non-atmospheric-window band [17]. Qian et al.
proposed a selective thermal emitter with emissivities of 0.16 in the 3–5 µm band and 0.23
in the 8–14 µm band within the atmospheric windows, satisfying the requirements for
infrared stealth, and an emissivity as high as 0.78 in the non-atmospheric-window band
(5–8 µm), enabling efficient heat dissipation. Moreover, this selective emitter maintained
excellent stealth performance at temperatures up to 350 ◦C [18].

In the aforementioned studies on selective thermal emitters, the film structures all
contain ultrathin metal layers, which significantly degrade radar-wave transparency. This
is unfavorable for the subsequent compatibility of such infrared stealth materials with
radar stealth materials, and constrains the feasibility of compatible stealth. Meanwhile,
owing to their small thickness, ultrathin metal layers are highly susceptible to thickness
errors during practical fabrication, which can cause the stealth performance to fall short of
expectations. Very recently, significant progress has been made in infrared and multispec-
tral camouflage. Hierarchical metamaterials integrating infrared stealth with microwave
absorption have been demonstrated [19], and metasurface-based selective thermal emitters
with engineered spectral responses have been developed for infrared camouflage [20].
Multi-dimensional camouflage strategies have been developed to counter hyperspectral,
intensity, and polarization imaging simultaneously [21], and digital camouflage systems
spanning optical hyperspectra, thermal infrared, terahertz, and microwave bands have
been demonstrated [22]. Adaptive visible-infrared camouflage with wide-range radiation
control for extreme ambient temperatures has been reported [23], and multispectral camou-
flage integrating infrared, visible, laser, and microwave bands with radiative cooling has
been achieved [24]. These recent advances highlight the growing importance of achieving
simultaneous infrared stealth, radiative cooling, and microwave transparency in a single
integrated structure, which is the focus of the present work.
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In this work, a novel multilayer thin film structure is designed and fabricated to ad-
dress the above issues. Based on the transfer matrix method, the film structure is designed
using multiple dielectric materials and a physical sample is prepared. Experimental mea-
surements show that the film sample achieves low emissivity in the mid- and long-wave
infrared bands (3–5 µm and 8–14 µm), realizing infrared stealth, and high emissivity in the
non-detection band (5–8 µm), realizing radiative cooling. As the temperature is increased
up to 500 ◦C, the multilayer film maintains favorable infrared stealth and heat dissipation
performance under various high-temperature conditions. In radar-wave transmission
tests, the film exhibits almost no attenuation of radar waves, providing a basis for sub-
sequent integration with radar stealth materials. This work provides a new scheme for
high-temperature infrared stealth based on selective thermal emitters.

2. Materials and Methods
2.1. Theoretical Design

The multilayer thin films in this study were initially designed using the transfer matrix
method. The method is an analytical approach for computing the optical response of
one-dimensional multilayer thin-film structures. Its core idea is to relate the electric and
magnetic field components across each layer via a 2 × 2 characteristic matrix, then sequen-
tially multiply these matrices to obtain the total transfer matrix of the entire multilayer
system, from which spectral properties such as reflectance, transmittance, and absorptance
can be derived.

Let the complex refractive index of the jth layer be
∼
n j = nj + ik j, its thickness dj, the

vacuum wavelength of the incident light λ, and the angle of incidence θ0. By Snell’s law,
the refraction angle θj within the jth layer satisfies

∼
n0sinθ0 =

∼
n jsinθj (1)

The phase thickness of the jth layer is defined as

δj =
2π

λ

∼
n jdjcosθj (2)

For TE polarization and TM polarization, the optical admittance of the jth layer is
respectively

ηj =
∼
n jcosθj TE (3)

ηj =

∼
n j

cosθj
TM (4)

The characteristic matrix of the jth layer is

Mj =

[
cosδj − isinδj

ηj

−iηjsinδj cosδj

]
(5)

For a multilayer structure composed of N thin films, the total transfer matrix is the
sequential product of the characteristic matrices of all layers.

M = M1M2 · · · MN =

[
m11 m12

m21 m22

]
(6)
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Let the optical admittance of the substrate be ηsub; the equivalent optical admittance Y
of the multilayer system is then determined by

Y =
C
B

(7)

B = m11 + m12ηsub (8)

C = m21 + m22ηsub (9)

The reflectance between the incident medium (admittance η0) and the multilayer stack is

R = |
η0 − Y
η0 + Y

|
2

(10)

The transmittance is

T =
Re(ηsub)

η0
|

2η0

η0B + C
|

2
(11)

By the law of energy conservation, the absorbance of the multilayer film is

A = 1 − R − T (12)

According to Kirchhoff’s law, the relationship between emissivity and absorbance at
thermal equilibrium is

ε = A (13)

Without considering the transmission, the reflectance can be expressed as

R = 1 − A = 1 − ε (14)

The layer parameters are input to Equations (1)–(6) to obtain the total transfer matrix,
from which the reflectance and absorbance are computed via Equations (10)–(12), and the
emissivity is finally obtained via Equation (13) for use in the objective function.

The layer thicknesses were optimized using a hybrid algorithm combining a genetic
algorithm (GA) for global search and a local simplex method for refinement. The objective
function was defined as F = w1·ε_MWIR + w2·ε_LWIR − w3·ε_5–8 µm, where ε_MWIR,
ε_LWIR, and ε_5–8 µm are the band-averaged emissivities in the 3–5 µm, 8–14 µm, and
5–8 µm bands, respectively, with weighting factors w1 = w2 = 1.0 and w3 = 0.8. Each layer
thickness was constrained between 20 nm and 1500 nm. The GA was used to explore
the parameter space broadly, and the best solution was refined using a local simplex
method with a convergence tolerance of 10−6. The transfer-matrix method described in
Equations (1)–(14) was used as the forward solver. The number of layers was determined by
incrementally evaluating the performance improvement; ten layers were found to provide
an optimal balance between spectral performance and fabrication complexity.

The optimal reflection spectrum of the multilayer thin film is shown in Figure 1. The
design objective is to maximize the reflectance in the mid-infrared band (3–5 µm) and the
long-wave infrared band (8–14 µm), i.e., to achieve low emissivity for infrared stealth,
while minimizing the reflectance in the non-detection band (5–8 µm), i.e., to achieve high
emissivity for radiative cooling.

The multilayer thin film structure designed in this work is shown in Figure 2. The film
consists of ten layers constructed from five materials: TiO2, Al2O3, HfO2, Ge, and SiO2. The
designed thickness of each layer is determined through multiple optimization iterations
using the aforementioned transfer matrix method in accordance with the optimal spectral
design objective. The specific thickness and positional arrangement of each layer are listed
in Table 1.
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Figure 1. Optimal reflection spectrum.

 

Figure 2. Schematic diagram of the multilayer film.

Table 1. Thickness parameters of the layer material.

Layer Number Material Thickness/[nm]

10 HfO2 300.05
9 Ge 150.13
8 TiO2 120
7 Al2O3 438.84
6 SiO2 150
5 Ge 779.2
4 TiO2 1222
3 HfO2 80
2 Al2O3 100
1 TiO2 70

Substrate Si /

The selection of the five materials was guided by multiple criteria. First, a sufficient
refractive index contrast is required to establish strong thin-film interference; Ge and TiO2

were chosen as high-index materials (n ≈ 4.0 and 2.4, respectively), while SiO2 and Al2O3

serve as low-index materials (n ≈ 1.45 and 1.7, respectively). Second, all selected materials
possess high melting points and good thermal stability for operation at temperatures up to
500 ◦C. Third, the coefficients of thermal expansion are reasonably matched to minimize
interfacial stress during thermal cycling. Fourth, HfO2 was selected as the top encapsulation
layer owing to its excellent chemical inertness and oxidation resistance. Finally, all five
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materials are compatible with electron-beam evaporation deposition, ensuring practical
fabrication feasibility.

2.2. Sample Preparation

The total thickness of the ten-layer functional stack is 3410.22 nm (approximately
3.41 µm), as calculated from the individual layer thicknesses listed in Table 1. The physical
sample of the multilayer thin film was fabricated by vacuum electron beam evaporation
deposition. The film can be deposited on various substrates as required; considering the
convenience of subsequent performance testing and the requirements for microstructural
characterization, a silicon wafer was selected as the substrate in this work. The silicon wafer
was processed following a standard cleaning procedure and then placed into the vacuum
chamber. After evacuating the chamber to a vacuum level of 5 × 10−4 Pa, the layer materials
were deposited sequentially. The deposition rate of each material is listed in Table 2. After
the deposition of the final layer, substrate heating was maintained for approximately 10 min.
The substrate heater was then turned off, and the sample was allowed to cool naturally to
room temperature in a vacuum before the chamber was backfilled with air and the sample
was retrieved, thereby preventing oxidation or cracking of the film.

Table 2. The deposition rate of the layer material.

Material Deposition Rate/[nm/s]

TiO2 0.15
Al2O3 0.05
HfO2 0.12

Ge 0.4
SiO2 0.3

2.3. Experimental Characterization

High-temperature spectral emissivity measurements were performed using a Fourier
transform infrared spectrometer coupled with a custom-built vacuum heating chamber. The
sample was mounted on a boron nitride heater with an embedded K-type thermocouple,
and the surface temperature was independently calibrated using a two-color infrared
pyrometer (accuracy ±5 ◦C at 500 ◦C). The spectral emissivity was determined via the
radiation comparison method: at each temperature, the spectral radiance of the sample
was measured and ratioed to that of a reference blackbody cavity at the same temperature,
after subtracting the background radiation from the chamber walls and heater [25]. At each
setpoint, the sample was held for 30 min to ensure thermal equilibrium, and each spectrum
was averaged over 64 scans at a resolution of 4 cm−1.

3. Results and Discussion
3.1. Microstructure and Room-Temperature Infrared Performance

After fabrication, a physical sample of the multilayer thin film was obtained. The
surface morphology and cross-sectional microstructure of the sample are shown in Figure 3.

The visible-light photograph reveals that the film sample exhibits an intact, smooth,
and clean surface with no signs of peeling or cracking. The scanning electron microscopy
(SEM) image shows that the film structure possesses well-defined layers, and the thickness
variation is consistent with the design scheme, with the actual thickness values closely
matching the theoretically designed values. Subsequently, the spectral characteristics of
the sample at room temperature were measured using a Fourier transform infrared (FTIR)
spectrometer, and the results are presented in Figure 4.
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Figure 3. Surface morphology and microstructure image of the sample.

Figure 4. Simulated and measured emittance of the multilayer film.

In the figure, the pink curve represents the theoretical simulation result of the spectral
emissivity of the multilayer film structure, while the black curve represents the experimental
measurement result. The calculated average emissivities are as follows: in the mid-infrared
band (3–5 µm), the theoretical value is 0.136 and the experimental value is 0.199; in the
long-wave infrared band (8–14 µm), the theoretical value is 0.157 and the experimental
value is 0.219; and in the non-detection band (5–8 µm), the theoretical value is 0.852 and
the experimental value is 0.774. Although the experimental average emissivities in the
mid- and long-wave infrared bands are higher than the theoretical values, all of them
remain below 0.23, indicating that the film exhibits favorable infrared stealth performance
at room temperature. The experimental average emissivity in the non-detection band is
lower than the theoretical value, but the difference between the two is small, and the film
still demonstrates favorable heat dissipation performance in practice.

It is worth noting that at approximately 6.5 µm, the simulated spectrum exhibits a
local peak while the measured spectrum shows a local trough. This discrepancy is at-
tributed to a combination of factors: (i) residual atmospheric absorption by water vapor
and CO2 near 6.2–6.5 µm in the FTIR measurement, which can introduce a systematic
depression despite background subtraction; (ii) deviation of the actual optical constants of
electron-beam-evaporated amorphous Ge from tabulated values, particularly near its multi-
phonon absorption edge in the 5–8 µm region, which shifts the interference fringe positions;
(iii) film stress-induced thickness non-uniformity in the thicker Ge and TiO2 layers; and
(iv) minor interfacial diffusion not accounted for in the ideal simulation. A sensitivity
analysis confirms that a 3–5% deviation in the Ge refractive index shifts the interference
fringes by 0.3–1.0 µm, sufficient to alter the local trend at 6.5 µm.

The discrepancy between the experimental and designed performance is mainly
attributed to two factors. First, during the actual fabrication of the sample, thickness errors
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arise because the instrument cannot precisely control the layer thickness; these errors
accumulate layer by layer, ultimately causing a deviation in the overall performance of
the film. It is worth noting that thickness errors have a particularly significant impact on
the performance of film structures containing ultrathin metal layers. This is because the
designed thickness of ultrathin metal layers typically ranges from a few nanometers to
over ten nanometers, and even a slight error can substantially alter the actual thickness,
thereby affecting the performance. The multilayer film structure proposed in this work
was designed with full consideration of the balance between fabrication feasibility and
performance, and appropriate layer thicknesses and materials were ultimately determined.
Second, the refractive indices of the layer materials used in the fabricated sample may
deviate from the theoretical refractive indices employed in the simulation, which also
contributes to the performance discrepancy.

To quantitatively assess the fabrication tolerance, we performed a systematic thickness
variation analysis. When all layer thicknesses are uniformly varied by ±5%, the MWIR
and LWIR emissivities change by ±12% and ±10%, respectively; for ±10% variation, the
changes are ±23% and ±19%; and for ±15% variation, the changes are ±34% and ±28%.
A Monte Carlo simulation with independent random thickness errors of ±5% per layer
(1000 trials) yields a standard deviation of ~18% in the MWIR emissivity and ~15% in the
LWIR emissivity, with 95th-percentile deviations of ~35% and ~29%, respectively, consistent
with the observed deviations. The LWIR deviations are slightly smaller owing to the longer
wavelengths. The remaining discrepancy is attributed to the refractive index deviation of
electron-beam-evaporated Ge films (at 3–5% lower than bulk values due to porosity), which
alone can cause an 8–10% increase in the MWIR emissivity and 6–8% increase in the LWIR
emissivity. It should be noted that while the proposed structure is not “insensitive” to
thickness errors, it exhibits a more predictable and approximately linear response compared
to metal-containing structures, where, for example, a ±2 nm error in the 7 nm Ag layer
of the Ag/ZnS/Si/Ag/Si emitter reported by Qian et al. [18] causes a 20–35% change
in the MWIR emissivity and a 15–25% change in the LWIR emissivity (transfer-matrix
calculation), with potentially larger variations in actual discontinuous Ag films near the
percolation threshold.

3.2. High-Temperature Infrared Performance

The infrared performance of the multilayer film sample at elevated temperatures was
measured using an optical platform coupled with a spectrometer. The heating temperature
was increased sequentially to six high-temperature settings: 50 ◦C, 150 ◦C, 250 ◦C, 350 ◦C,
450 ◦C, and 500 ◦C. The spectral emissivity at each temperature was investigated, and the
average emissivities in different bands were calculated; the results are shown in Figure 5a,b.

As can be seen from Figure 5a, the spectral emissivity at different temperatures overall
maintains selective radiation characteristics similar to those at room temperature. This indi-
cates that, under high-temperature conditions, the multilayer film still possesses low emis-
sivity in the mid- and long-wave infrared bands and high emissivity in the non-detection
band. As observed in Figure 5b, with increasing temperature, the average emissivities in
all bands increase slightly, but the increments are small; the average emissivities in the
mid- and long-wave infrared bands remain below 0.27, and those in the non-detection
band remain above 0.75, demonstrating that the multilayer film can still maintain favorable
infrared performance at high temperatures.
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(b)
Figure 5. (a) Measured spectral emittance of the multilayer film at different temperatures; (b) average
emittance across different bands.
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It should be noted that the present high-temperature tests were conducted under
sequential isothermal heating conditions; systematic thermal cycling tests and long-term
aging experiments were not performed in this study. Nevertheless, several factors support
the long-term stability of the proposed structure. First, all constituent oxides possess high
Tamman temperatures (>1000 ◦C) and low interdiffusion coefficients at temperatures below
500 ◦C, and the HfO2 top layer serves as a protective encapsulation against oxidation
and interlayer diffusion [26,27]. Second, the potential crystallization of the amorphous
Ge layers and its impact on the optical performance are analyzed in detail below. Future
work will include systematic thermal cycling, prolonged isothermal exposure, and detailed
microstructural characterization to fully evaluate the long-term durability of the film for
practical high-temperature applications.

As noted above, the crystallization of the amorphous Ge layers is the primary microstruc-
tural concern for high-temperature operation. Akl et al. [28] reported that 790 nm PVD Ge
films—nearly identical to our 779.2 nm layer—crystallize at 450–500 ◦C upon 30 min annealing
in air, with the refractive index decreasing from 5.18 to 4.80 (a 7.3% reduction) and the band
gap from 0.86 to 0.65 eV. Khan et al. [29] reported similar crystallization in thinner (~110 nm)
electron-beam-evaporated Ge films, comparable to our 150.13 nm layer, with severe oxidation
at 500 ◦C in air; their reported band-gap widening (1.1 → 1.35 eV) arises from quantum
confinement in 8–20 nm nanocrystals and is not directly applicable to our 150.13 nm layer,
which is far thicker than the quantum-confinement regime. The 7.3% refractive index decrease
upon crystallization, however, is relevant for both Ge layers.

In contrast to these air-annealed free-standing films, our high-temperature tests were
performed in vacuum where Ge oxidation is suppressed, and both Ge layers are sandwiched
between dielectric layers rather than exposed at a free surface. These differences—including
the elimination of oxidation-induced nucleation sites and the introduction of interface
constraints from thermal-expansion mismatch—may influence the crystallization kinetics
compared with the cited studies.

To assess the potential impact of full Ge crystallization, a room-temperature transfer-
matrix simulation was performed in which the refractive index of both Ge layers was
reduced by 7.3% (from the as-deposited amorphous value to the fully nanocrystalline value).
The results indicate that complete crystallization would increase the MWIR emissivity by
25–35% and the LWIR emissivity by 15–25%, with the thicker 779.2 nm layer dominating
the optical response due to its larger optical thickness.

Experimentally, the in situ emissivity at 500 ◦C increases by approximately 36% in the
MWIR (from 0.199 to below 0.27) and 23% in the LWIR (from 0.219 to below 0.27) relative to
the room-temperature values. This increase includes two physically distinct contributions:
(i) the reversible thermo-optic effect—the temperature dependence of the refractive indices
of all layers—which dominates the in situ measurement and recovers upon cooling; and
(ii) an irreversible component due to Ge crystallization, which persists after cooling.

To separate these contributions, the sample was heated to 500 ◦C, held for 30 min,
and then naturally cooled to room temperature in vacuum before re-measurement. The
post-heating room-temperature emissivities were 0.205 (MWIR), 0.224 (LWIR), and 0.768
(5–8 µm), representing cumulative changes of +3.0%, +2.3%, and −0.8%, respectively, rel-
ative to the pre-heating values (0.199, 0.219, and 0.774). These small cumulative changes
indicate that the majority of the high-temperature spectral variation is reversible (thermo-
optic effect), while a small irreversible component likely reflects partial Ge crystalliza-
tion. Comparing the observed cumulative MWIR change (+3.0%) with the simulated
full-crystallization impact (+25–35%) suggests a crystalline fraction of approximately 10%
under the tested conditions.
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Figure 6a presents the spectral irradiance of the film at different temperatures, which
was calculated from the results in Figure 5a. It can be observed that the spectral irradiance of
the film increases rapidly with rising temperature overall, with a particularly pronounced
increase in the non-detection band. Figure 6b shows the integrated irradiance of the
film in different bands at the corresponding temperatures, compared with the integrated
irradiance of a standard blackbody in the same bands at the same temperatures. The
integrated irradiance of the blackbody exceeds that of the film structure in all bands, and
the difference between the two gradually increases with rising temperature. In the non-
detection band, the difference in integrated irradiance between the blackbody and the
film at the same temperature is relatively the smallest. To further demonstrate the stealth
and heat dissipation performance of the multilayer film from multiple perspectives, mid-
and long-wave infrared thermal imagers were used to capture the radiation of the film at
the aforementioned temperatures, with a high-emissivity reference sample included for
comparison; the results are shown in Figure 7a,b.

Figure 7a,b correspond to the thermal images in the mid-infrared and long-wave
infrared bands, respectively. Clearly, under various high-temperature environments, the
color difference between the film sample and the reference sample is distinct. Owing to its
low infrared emissivity, the radiation temperature of the film sample is consistently lower
than that of the reference sample, demonstrating favorable infrared stealth performance.
The variation trends of the radiation temperature with the heating temperature in the
mid- and long-wave infrared bands are plotted in Figures 7c and 7d, respectively. As is
evident from the results, with increasing heating temperature, the radiation temperature
in both bands exhibits a rising trend consistent with that observed in the thermal images.
Meanwhile, the rate of temperature increase in the film sample is lower than that of the
reference sample, reflecting favorable heat dissipation performance.

 

Figure 6. Cont.
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(b)
Figure 6. (a) Spectral irradiance of the multilayer film at different temperatures; (b) integrated
irradiance across different bands.

3.3. Radar Wave-Transmission Performance

Similar to infrared reconnaissance, radar reconnaissance is also one of the most widely
applied measures [30–35]. In numerous studies on high-temperature-resistant selective
thermal emitters, the film structures generally contain ultrathin metal layers, which serve
as the functional layers closely related to the infrared stealth performance. As mentioned
above, film structures containing ultrathin metal layers are highly susceptible to thickness
errors in their infrared performance and, moreover, impair radar-wave transmission. The
multilayer film structure proposed in this work contains no metal layers and can subse-
quently be integrated with radar-absorbing materials to form compatible stealth materials,
achieving multiband stealth performance under high-temperature conditions. The theoreti-
cal radar-wave transmission performance of the proposed film structure was simulated,
and the resulting curves of the reflection coefficient and transmission coefficient are shown
in Figure 8.

Figure 8a presents the reflection coefficient curve of the multilayer film, and Figure 8b
presents the transmission coefficient curve; both are simulated over the 2–18 GHz band.
Clearly, both the reflection coefficient and the transmission coefficient exhibit smooth,
monotonic variations over the 2–18 GHz band, with the reflection coefficient gradually
increasing and the transmission coefficient gradually decreasing as the frequency increases.
The minimum reflection coefficient occurs at 2 GHz, with a value of −49.8736 dB, corre-
sponding to a reflectance of 0.00103%, while the maximum occurs at 18 GHz, with a value
of −30.8572 dB, corresponding to a reflectance of 0.0821%. The minimum transmission
coefficient occurs at 18 GHz, with a value of −0.00747 dB, corresponding to a transmittance
of 99.828%, while the maximum occurs at 2 GHz, with a value of −0.00345 dB, correspond-
ing to a transmittance of 99.921%. These results indicate that the multilayer film exhibits
extremely weak reflection of radar waves and a transmission performance close to the ideal
state. The radar-wave transmission performance of the multilayer film was experimentally
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measured using a vector network analyzer, and the measurement configuration is shown
in Figure 9.

 

(a) 

 

(b) 

Figure 7. Cont.
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(c) 

(d) 

Figure 7. (a) Thermal images in the mid-infrared band; (b) thermal images in the long-wave infrared
band; (c) radiation temperature in the mid-infrared band; (d) radiation temperature in the long-wave
infrared band.

(a)

Figure 8. Cont.
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(b)

Figure 8. (a) Simulated reflection coefficient; (b) simulated transmission coefficient.

Figure 9. Scheme of radar performance testing.

The electromagnetic wave emitted from the transmitting antenna reaches the multi-
layer film, where a portion is reflected, a portion is absorbed, and the remaining portion
transmits through the film structure to the receiving antenna. After internal processing
and calculation by the instrument, the actual transmission performance of the film sample
is obtained, as shown in Figure 10. The measurement results show that the S21 curve
essentially coincides with the reference level, with minimal loss, confirming that the film
sample possesses favorable radar-wave transmission performance.

Quantitatively, the simulated S11 exhibits a mean value of −37.6 dB across the 2–18 GHz
frequency band (corresponding to an average reflectance of approximately 0.017%). The
simulated S21 demonstrates minimal variation, with an average insertion loss of merely
0.0052 dB (average transmittance ≈ 99.88%). Experimentally measured S21 values in-
dicate an average insertion loss of less than 0.1 dB within the 2–18 GHz band (average
transmittance > 97.7%). This ultra-low insertion loss ensures that the thin film can be inte-
grated with radar-absorbing materials without significantly compromising their absorption
performance [36,37].
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Figure 10. Measured transmission coefficient.

To assess the compatibility of the proposed film with radar-absorbing materials
(RAMs), we note that the infrared and microwave responses are inherently decoupled ow-
ing to the large difference in penetration depth. Infrared radiation (3–14 µm) interacts only
with the top multilayer film (skin depth ~micrometers) and does not reach the underlying
RAM, whereas microwave radiation (2–18 GHz) penetrates through the electrically thin
dielectric film into the RAM. A preliminary transfer-matrix calculation with an absorbing
substrate (infrared reflectance = 0.5) beneath the film confirms that the band-averaged
infrared emissivities change by less than 2% compared to the standalone film. Experimental
verification with actual RAMs will be conducted in future work.

To quantitatively evaluate the advancement of the proposed design over the state
of the art, we propose a combined figure-of-merit (FOM) integrating stealth efficiency,
heat dissipation, and radar transparency: FOM = (ε_cooling/ε_stealth) × T_radar, where
ε_cooling is the 5–8 µm emissivity, ε_stealth is the average MWIR and LWIR emissivity,
and T_radar is the average 2–18 GHz transmittance. Table 3 compares the proposed work
with representative metal-containing multilayer selective emitters. The radar transmittance
values for the metal-containing structures are estimated based on the standard transmission-
line model for ultrathin metal films. The proposed all-dielectric design achieves a combined
FOM of approximately 3.6, compared to 0.20–0.24 for metal-containing structures. The
ε_cooling/ε_stealth ratios are comparable across all works (3.70 for this work vs. 4.0–4.78
for prior work), so the FOM improvement arises almost entirely from the exceptional radar
transparency (>97.7% vs. <5%).

Table 3. The comparison of the proposed work with representative multilayer film selective thermal emitters.

Work Metal Layer ε_MWIR ε_LWIR ε_5–8 µm T_Radar (%) FOM

Fu et al. [17] Ag (10 nm) <0.27 <0.14 >0.98 <5 ~0.24
Qian et al. [18] Ag (7 nm) 0.16 0.23 0.78 <5 ~0.20

This work None 0.199 0.219 0.774 >97.7 ~3.6

In terms of insertion loss, the samples reported by Fu et al. [17] and Qian et al. [18]
exhibited estimated insertion losses exceeding 13 dB. In contrast, the measured average
insertion loss of the sample proposed in this work is less than 0.1 dB across the 2–18 GHz
frequency band. Consequently, the insertion loss of the proposed all-dielectric thin film is
more than two orders of magnitude lower (i.e., over 130 times lower) than that of metal-
containing structures. This significant improvement arises because free electrons in metallic
layers cause strong absorption and reflection of electromagnetic waves in the microwave
regime, whereas dielectric materials, lacking free carriers, are inherently transparent to
microwave radiation.

https://doi.org/10.3390/photonics13100897

https://doi.org/10.3390/photonics13100897


Photonics 2026, 13, 897 17 of 19

4. Conclusions
In summary, a novel high-temperature-resistant selective thermal emitter based on a

multilayer thin film is proposed in this work. Compared with film structures containing
ultrathin metal layers, the proposed all-dielectric structure exhibits a more predictable
and approximately linear response to thickness errors compared with metal-containing
structures, owing to the absence of ultrathin critical layers, and is more fabrication-friendly.
Meanwhile, owing to the absence of metal layers, the film exhibits excellent radar-wave
transmission performance and can subsequently be integrated with radar-absorbing mate-
rials to achieve compatible stealth [38–41]. Through computational simulation and perfor-
mance testing, the multilayer film exhibits an average emissivity of 0.199 in the mid-infrared
band and 0.219 in the long-wave infrared band at room temperature, demonstrating favor-
able infrared stealth performance; its average emissivity in the non-detection band is 0.774,
demonstrating favorable heat dissipation performance. Under various high-temperature
conditions up to 500 ◦C, the film still maintains selective radiation characteristics simi-
lar to those at room temperature, indicating that infrared stealth and radiative cooling
can be achieved at high temperatures. The film possesses broad application prospects
and provides a new scheme for the realization of high-temperature-resistant selective
thermal emitters.
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