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Abstract

The rapid development of detection technologies has increased the demand for multispec-
tral camouflage materials capable of broadband concealment and effective thermal man-
agement. To address the conflicting optical requirements between infrared camouflage and
LiDAR camouflage, we propose a composite design combining a germanium–ytterbium
fluoride (Ge/YbF3) selective emitter with an amorphous silicon (a-Si) two-dimensional
periodic microstructure. The multilayer film, optimized using the transfer-matrix method
and a particle swarm optimisation algorithm, achieves low emissivity in the 3–5 µm and
8–14 µm infrared atmospheric windows and high emissivity within 5–8 µm for radiative
cooling, while introducing a narrowband absorption peak at 1.55 µm. Additionally, the a-Si
microstructure provides strong narrowband absorption at 10.6 µm via a grating-resonance
mechanism. FDTD simulations confirm low emissivity in the infrared windows, high
absorptance at LiDAR wavelengths, and good angular and polarization robustness. This
work demonstrates a multifunctional photonic structure capable of integrating infrared
camouflage, laser camouflage, and thermal-radiation control.

Keywords: thermal radiation; infrared stealth; photonic crystal; multi-band compatible
stealth; radiative cooling

1. Introduction
Camouflage technology [1–5], an important component of electro-optical counter-

measures, initially relied on specially engineered coatings to suppress target signatures
in the visible and infrared bands [6–22]. With the rapid development of modern recon-
naissance and guidance systems toward multimodal sensing, target detection has evolved
from single-band imaging to integrated approaches combining visible imaging, infrared
thermography, LiDAR ranging, and microwave radar [23,24]. This shift has significantly
improved detection reliability and challenged traditional single-band camouflage strategies.
As a result, next-generation camouflage materials must regulate reflection, absorption,
and thermal emission across a broad spectral range spanning the visible, near-infrared,
mid-infrared, laser, and microwave [25–27] regions. However, the distinct electromagnetic
characteristics and functional requirements of each band make it difficult for any single
material or structure to satisfy all spectral constraints simultaneously.
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Among various sensing technologies, light detection and ranging (LiDAR) has
emerged as a key high-precision detection method due to its active emission, narrowband
detection, and high spatial resolution. Typical LiDAR systems operate at 905 nm, 1550 nm,
and 10.6 µm, enabling accurate ranging and target profiling even under low-contrast or
infrared-camouflaged environments [28–35]. Effective LiDAR camouflage requires strong
absorption or low reflectance at these wavelengths, whereas infrared camouflage demands
extremely low emissivity within the 3–5 µm and 8–14 µm atmospheric windows. These con-
tradictory requirements make it challenging for conventional infrared camouflage materials
to suppress LiDAR signals without compromising infrared camouflage performance.

Recent studies have explored multispectral camouflage through multilayer selective
emitters, micro-/nano-structured surfaces, and metasurface engineering. Multilayer thin-
film selective emitters, such as the Ge/YbF3 structure developed by Huang et al. [36],
provide precise spectral control and simultaneously achieve visual camouflage, infrared
camouflage, and radiative cooling. Microstructured emitters based on metal–dielectric–
metal (MDM) resonators have also demonstrated narrowband absorption at 10.6 µm for
CO2-laser suppression [37]. However, most existing designs suffer from two limitations:
(i) laser absorption is often limited to a single wavelength and does not include the widely
used 1.55 µm LiDAR band; and (ii) incorporating microstructures may deteriorate the
low-emissivity characteristics of mid-infrared selective emitters. These challenges hinder
the realization of coordinated camouflage across visible, infrared, and LiDAR bands.

To overcome these limitations, this work proposes a composite camouflage design inte-
grating a Ge/YbF3 selective emitter with an a-Si two-dimensional periodic microstructure.
The multilayer emitter achieves low emissivity in the 3–5 µm and 8–14 µm atmospheric
windows and high emissivity in the 5–8 µm non-window region for radiative cooling.
Meanwhile, the a-Si microstructure introduces narrowband absorption peaks at 1.55 µm
and 10.6 µm through dielectric resonances, enabling effective LiDAR suppression. By
combining two structures based on distinct physical mechanisms, the proposed system
achieves simultaneous visual camouflage, infrared camouflage, and LiDAR camouflage
over a broad spectral range, offering a promising pathway for multispectral camouflage
material design.

2. Result
Multispectral camouflage relies on the distinct detection mechanisms associated with

different wavelength regions, and the detectability at each wavelength is closely related
to the atmospheric transmittance of the corresponding electromagnetic wave. In the mid-
wave infrared (MWIR, 3–5 µm) and long-wave infrared (LWIR, 8–14 µm) atmospheric
windows, most thermal imagers and heat-seeking systems operate within these bands;
therefore, materials are required to exhibit low emissivity. In contrast, within the non-
atmospheric window (5–8 µm), the thermal radiation intensity of medium-temperature
objects (100–300 ◦C) reaches its maximum, necessitating high emissivity to enable radiative
cooling without compromising infrared camouflage. For the visible band (380–780 nm), low
reflectance is essential to ensure visual camouflage. For the LiDAR detection wavelengths
of 1.55 µm and 10.6 µm, high absorptance is required to suppress backscattered signals.

The multispectral camouflage material developed in this study consists of a germanium–
ytterbium fluoride (Ge/YbF3) selective emitter and an amorphous silicon (a-Si) two-
dimensional periodic microstructure, as illustrated in Figure 1. The Ge/YbF3 wavelength-
selective emitter achieves low emissivity in the mid-infrared atmospheric windows (3–5 µm
and 8–14 µm), high emissivity in the non-window region (5–8 µm), and high absorptance
at 1.55 µm through thin-film interference engineering. The a-Si microstructure, enabled
by grating-induced plasmonic resonance, provides strong absorption at 10.6 µm. Together,
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these components allow the proposed selective-emission structure to simultaneously sup-
press mid-infrared radiation while enhancing absorption at LiDAR wavelengths, effectively
integrating two traditionally conflicting functionalities—mid-infrared camouflage (low
emissivity) and LiDAR camouflage (high absorptance). This design overcomes the inherent
limitations of conventional infrared-only camouflage materials, which typically cannot
accommodate both requirements.

Figure 1. Schematic diagram of thermal management functionality for infrared and laser dual-
compatible camouflage. The designed photonic structure enables multi-band camouflage and thermal
management for the target equipment. The enlarged image shows the schematic diagram of the
designed photonic structure and the specific parameters of the cylindrical microstructure.

2.1. Structural Design and Measurement
Design of the Wavelength-Selective Multilayer Film Emitter

Multilayer thin-film structures are easy to fabricate and provide excellent spectral
selectivity. In this work, we employ two commonly used high-temperature-resistant
materials—Ge [38] and YbF3 [36]—to construct a coating capable of achieving visible
camouflage, infrared camouflage, and radiative cooling simultaneously. In optical thin-film
engineering, YbF3 is a widely used low-refractive-index infrared material due to its high
infrared transmittance, strong mechanical stability, and compatibility with antireflection
coatings for germanium and chalcogenide infrared glasses (YbF3: n ≈ 1.3–1.5 with low
extinction). Germanium, on the other hand, is a stable infrared material with a refractive
index greater than 4 (Ge: n ≈ 4.0, k ≈ small in the near-IR region). Its high refractive index
leads to reflection losses exceeding 50%; however, applying antireflection coatings can
significantly enhance its transmittance, reaching values above 98%. The large refractive-
index contrast between Ge and YbF3, as well as their distinct absorption characteristics,
forms the basis for strong optical interference and wavelength-selective absorption. To
design the multilayer selective emitter, the transfer-matrix method (TMM) is employed to
rapidly and accurately simulate the reflection and transmission characteristics of multilayer
films across different wavelength regions. This enables precise prediction of the absorptance
and emissivity of the structure in the corresponding spectral bands. For a multilayer system
consisting of N dielectric layers, the electromagnetic propagation within each layer and
across interfaces can be described using a 2 × 2 transfer matrix. Denoting the refractive
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index of the j-th layer as A and its thickness as B, the phase accumulation and wave
propagation within that layer can be expressed by Equation (1):

Mj =

(
cos
(

β j
) i

qj
sin
(

β j
)

iqj sin
(

β j
)

cos
(

β j
) ) (1)

where β j =
2π
λ nj(λ)dj cos θj represents the phase shift, θj denotes the refraction angle, and

qj is related to the dielectric permittivity of the medium and the polarization state (TE/TM).
By sequentially multiplying the transfer matrices of all layers, the overall transfer matrix
Mtotal of the multilayer system can be obtained. For a given incident angle and polarization
state, the complex reflection coefficient R(λ) and transmission coefficient T(λ) of the film
stack can then be derived, allowing the corresponding reflectance and transmittance at each
wavelength to be calculated. When the total thickness of the multilayer system is sufficiently
large to effectively block transmission at the wavelength of interest, the transmittance can
be approximated as T(λ) ≈ 0. Under this condition, the absorptance can be approximated
as A(λ) ≈ 1 − R(λ).

A particle swarm optimization (PSO) algorithm is employed, in combination with the
transfer-matrix method, to perform multi-objective optimization of the multilayer structure.
The design process is shown in Figure 2.The optimization is carried out by defining an
objective function as shown in Equation (2):

F(d) = ωvisevis(d) + ω1.55e1.55(d) + ωIR1e3−5(d) + ωIR2e8−14 + ωIR3e5−8(d) (2)

where d = (d1, d2, . . . , dN) represents the vector of layer thicknesses, while evis, e1.55, and
other terms denote the deviation or residual metrics corresponding to different spectral
bands. Different weights and constraints are applied to the visible region, the 1.55 µm
band, and the two mid-infrared atmospheric windows to enable global optimization of
the multilayer system across the entire spectral range. Since the 1.55 µm LiDAR band
is particularly sensitive to high absorption, the objective function assigns an increased
weighting to the absorptive response at this wavelength, ensuring a significant reduction
in reflectance during the optimization process.

The high absorption at the 1.55 µm LiDAR wavelength originates from the care-
fully engineered refractive indices and extinction coefficients of the dielectric and
metal/semiconductor layers at this wavelength. In this work, YbF3, which exhibits a
broadband low refractive index, and Ge, a semiconductor with a medium-to-high refractive
index, are selected as the primary coating materials. When arranged in an alternating
sequence, these materials can generate a strong interference-induced absorption peak
near 1.55 µm. The underlying physical mechanisms include: (i) Resonant interference
absorption. The alternating YbF3 and Ge layers with different thicknesses form a one-
dimensional, aperiodic photonic-crystal–like structure, which establishes a standing-wave
field at a designated wavelength (e.g., 1.55 µm). By adjusting the thickness of the top and
substrate-adjacent layers, the standing wave can be tuned such that the electromagnetic
field approaches a node or antinode at this wavelength, thereby maximizing the local
field intensity and dissipation and enabling strong laser absorption. (ii) Appropriate ma-
terial loss. Compared with purely dielectric multilayers, introducing moderate optical
loss (e.g., from an ultrathin metallic component) can enhance near-infrared absorption.
Ge exhibits inherent absorption near the 1.5 µm region, and when combined with YbF3

layers containing suitable absorption loss, the attenuation at this wavelength can be further
strengthened, thereby significantly increasing the overall absorption. The strong absorption
at 1.55 µm is mainly attributed to interference-induced field localization in the aperiodic
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multilayer structure, while the intrinsic absorption of Ge provides the loss channel required
to dissipate the confined optical energy. (iii) Coupled reflection-suppression structure.

Figure 2. Multilayer film design process. (a) Ideal selective infrared emission as the optimization
objective function. (b) Flowchart of the particle swarm optimization algorithm for obtaining the
optimized film structure. (c) Schematic diagram of the ideal multilayer film structure.

After optimization using the PSO algorithm, a multilayer structure consisting of
21 alternating Ge/YbF3 layers was obtained. The optimized thicknesses of each layer are
listed in Table 1.

Table 1. Optimized multilayer configuration of the proposed YbF3/Ge thin-film stack obtained by
the PSO algorithm.

Stack Order Material Thickness (nm)

1 YbF3 633.0
2 Ge 112.0
3 YbF3 683.2
4 Ge 255.4
5 YbF3 626.9
6 Ge 130.0

https://doi.org/10.3390/photonics13010031

https://doi.org/10.3390/photonics13010031


Photonics 2026, 13, 31 6 of 14

Table 1. Cont.

Stack Order Material Thickness (nm)

7 YbF3 778.1
8 Ge 287.8
9 YbF3 352.8
10 Ge 286.7
11 YbF3 321.9
12 Ge 373.6
13 YbF3 594.9
14 Ge 84.9
15 YbF3 844.1
16 Ge 692.5
17 YbF3 1880.7
18 Ge 685.7
19 YbF3 1977.4
20 Ge 692.0
21 YbF3 801.0

2.2. Design of the Periodic Microstructure
2.2.1. Material Selection and Morphology Design of the Microstructure

At the wavelength of 1.55 µm, Ge [38] exhibits a very high refractive index and dielec-
tric constant, making it well suited for precise spectral manipulation through interference
effects in a multilayer thin-film structure. This property enables the realization of strong
narrowband absorption, which is essential for LiDAR camouflage. By carefully engineering
the thicknesses and stacking sequence of Ge and other dielectric layers (such as YbF3),
the laser absorptance in the near-infrared region can be significantly enhanced, thereby
reducing the reflected LiDAR signal intensity. However, when the wavelength extends to
the long-wave infrared region at 10.6 µm, the refractive index of Ge decreases markedly.
Under these conditions, the simple multilayer configuration of Ge/YbF3 becomes insuf-
ficient to achieve strong narrowband absorption. Therefore, for this long-wave infrared
band, it is necessary to introduce micro-grating or other resonant structures to enhance
absorption through localized surface plasmon resonances or grating-coupling effects. Such
micro-grating designs can induce strong local electromagnetic-field enhancement at the
material surface, substantially improving the spectral selectivity at 10.6 µm and further
strengthening the LiDAR-camouflage capability of the structure.

The selection of a-Si as the microstructure material is primarily motivated by its fa-
vorable optical properties. Specifically, a-Si exhibits a relatively low absorption coefficient
in the mid-infrared region, ensuring that it does not introduce significant additional ab-
sorption or emission (a-Si ≈ 3.4–3.8 in near-IR with low k in mid-IR). a-Si is chosen instead
of crystalline silicon because it provides comparable optical constants in the long-wave
infrared, while offering improved fabrication uniformity, isotropic optical response, and
practical robustness for large-area microstructured coatings. Moreover, the designed mi-
crostructure thickness is much smaller than the mid-infrared wavelengths, which further
guarantees that the a-Si microstructure layer does not generate noticeable extra radiative
signals. The proposed microstructure can produce a pronounced narrowband absorption
peak at specific wavelengths—such as 10.6 µm commonly used in LiDAR systems. This
effect originates mainly from the local electromagnetic field enhancement and resonant
modes induced by the grating structure under wavelength-specific excitation, rather than
from the intrinsic material absorption of a-Si. Consequently, incorporating the a-Si mi-
crostructure does not introduce unwanted radiative interference or absorption loss across
the broader mid-infrared range, nor does it adversely affect the spectral performance in
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other bands. This ensures the overall functionality and spectral compatibility required for
efficient multispectral camouflage.

In designing a multispectral camouflage device compatible with both infrared and
LiDAR camouflage, the use of a cylindrical two-dimensional (2D) array offers several
important advantages: (i) Symmetry and isotropy. Cylindrical structures naturally possess
rotational symmetry, resulting in an approximately isotropic in-plane optical response. This
allows the structure to maintain stable electromagnetic behavior under variations in inci-
dent angle and polarization; (ii) Resonance control and narrowband absorption. Cylindrical
geometries efficiently excite grating-resonance modes at laser wavelengths such as 10.6 µm,
enabling strong narrowband absorption. Their smooth shape and uniform edge curvature
provide precise control over local electromagnetic field distributions and enhancement
effects, thereby achieving the desired absorption peak at the target wavelength. (iii) Mature
and stable fabrication processes. Cylindrical microstructures are well supported by existing
micro/nanofabrication techniques, including lithography, etching, and deposition, which
can reliably realize high-precision cylindrical arrays. (iv) Simplified numerical modeling
and high simulation accuracy. In numerical simulations such as FDTD, cylindrical 2D
arrays allow simplified modeling with boundary conditions that are easier to handle. Their
isotropic properties further improve simulation robustness and reproducibility.

Therefore, choosing a cylindrical 2D array enables effective excitation and control of
narrowband absorption at specific wavelengths (e.g., 10.6 µm), while also offering isotropy
and compatibility with mature fabrication processes. These advantages give the design
high robustness and practical applicability, making cylindrical arrays a favorable choice for
multispectral camouflage devices.

2.2.2. Optimization of the Microstructure Parameters

The narrowband high absorption observed at the 10.6 µm LiDAR wavelength origi-
nates from grating resonance. Grating resonance is a phenomenon that occurs in periodic
structures and is closely related to both the wavelength of the incident light and the peri-
odicity of the structure. In one-dimensional or two-dimensional grating systems, a strong
optical resonance can be excited when the wavelength of the incident light matches the
structural period, leading to pronounced absorption, scattering, or reflection within a
specific spectral region.

For a periodic structure, the resonance wavelength is closely related to the grating
period. As a simplified illustration, the free-space diffraction condition can be written as:

m λ = p sin θ (3)

where m is the diffraction order (typically 1, 2, 3, . . .), λ is the wavelength of the incident
light, p is the grating period, and θ is the incident angle.

Which qualitatively reflects the dependence of the resonance wavelength on the
grating period. However, for grating resonances coupled into dielectric materials or
guided/localized modes, the resonance condition should more generally incorporate the
effective refractive index of the supported mode. In such cases, the resonance condition
can be expressed as:

β = k0ne f f = k0 sin θ +
2πm

p
(4)

where ne f f is the effective refractive index of the resonant mode supported by the
a-Si microstructure.

Therefore, in this work, the exact resonance position at 10.6 µm is determined by
full-wave FDTD simulations, which inherently account for material dispersion, effective
mode index, and geometric parameters.
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In the designed two-dimensional periodic microstructure, the strong absorption at
10.6 µm arises from the excitation of a grating-resonance mode. This indicates that the
grating period is matched to the incident 10.6 µm wavelength, enabling efficient energy
coupling and producing a sharp absorption peak at this band. The effects of the period p,
pillar height h, and fill factor f on the absorption peak were investigated individually, and
FDTD simulations were employed to analyze and optimize their influence.

(1) Effect of the period p.

Since the grating resonance is strongly dependent on the structural period, tuning
the period allows the resonance wavelength to shift accordingly. Simulations show that
when the period increases from 9.5 µm to 10.8 µm, the absorption peak exhibits a redshift
from 10.2 µm to 11.1 µm. To precisely match the 10.6 µm LiDAR wavelength, the optimal
period is selected as P = 10.1 µm, at which the center of the absorption peak is located near
10.6 µm, as illustrated in Figure 3a.

Figure 3. Absorptance variations under different microstructure configurations and pillar heights.
(a) Effect of the period on the position of the absorption peak. (b) Effect of the pillar height on the
absorptance at the 10.6 µm wavelength.

(2) Effect of the pillar height h.

The pillar height affects both the standing-wave energy distribution and the intensity
of the absorption peak. As shown in Figure 3b, when H < 0.6 µm, the resonance absorption
is relatively weak, whereas for H > 1.0 µm, the absorption bandwidth increases while the
peak absorptance decreases, which may compromise the LiDAR-camouflage performance.
Considering both peak strength and bandwidth, the optimal pillar height is determined to
be H = 0.8 µm, at which the absorption peak reaches 96.5%.

(3) Effect of the fill factor f .

The fill factor defines the area ratio occupied by the micro-pillars within the unit cell,
and it can be calculated as:

f =
πr2

p2 (5)

where r denotes the radius of the micro-pillars. Simulation results show that when the fill
factor increases from 40% to 70%, the bandwidth of the absorption peak expands signifi-
cantly, whereas the peak absorptance decreases. An excessively large fill factor enhances
the coupling between resonance modes, which in turn reduces the spectral selectivity at
the target wavelength. After optimization, a fill factor of f = 58% (corresponding to a
pillar radius of r ≈ 5.8 µm) is selected to achieve the optimal narrowband absorption
performance at 10.6 µm.
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By optimizing the period, pillar height, and fill factor, the a-Si two-dimensional peri-
odic microstructure achieves high absorptance at the 10.6 µm wavelength. The optimized
geometric parameters of the cylindrical array are as follows: pillar radius r = 5.8 µm, pillar
height h = 0.8 µm and array period p = 10.1 µm. The proposed 2D periodic microstruc-
ture produces a sharp narrowband absorption peak at 10.6 µm, enabling compatibility
between infrared camouflage and LiDAR camouflage. This microstructure design not only
enhances the applicability of the camouflage material but also provides new insights for
the development of future multispectral camouflage technologies.

2.3. FDTD Simulation

Lumerical FDTD Solutions was employed to systematically simulate the electromag-
netic responses of the designed photonic structures across different wavelength bands,
focusing on their absorption, emission, and reflection characteristics. To ensure the accuracy
and reliability of the simulation results, the refractive index (n) and extinction coefficient
(k) of Ge [38], YbF3 [36], and a-Si [38] within the target spectral range were obtained from
experimental measurements or authoritative literature and imported into the FDTD en-
vironment with high fidelity. The modeled a-Si microstructure used in the simulations is
shown in Figure 4.

 
Figure 4. Simulated a-Si microstructure.

Meanwhile, multiple rounds of testing and convergence verification were performed
for key simulation parameters, including the geometric thickness of the layers, the meshing
strategy at material interfaces, and the incident angle. By progressively refining the mesh,
optimizing boundary conditions, and conducting sensitivity analyses on the incident-wave
parameters, the simulation data achieved high reproducibility and numerical stability.
These procedures provide a solid theoretical foundation for subsequent structural optimiza-
tion and for comparison with experimental results.

From the simulation results shown in Figure 5a–c, several key features can be observed:

(1) Low emissivity in the MWIR and LWIR bands

Within the atmospheric windows of 3–5 µm and 8–14 µm, the structure exhibits low
thermal emissivity (ε3–5 µm = 0.03; ε8–14 µm = 0.05). This indicates that the designed
multilayer thin-film stack combined with the surface microstructure effectively suppresses
infrared radiation from the target, thereby reducing the probability of detection by infrared
imaging systems or IR-guided weapons.
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(2) Broad emission peak in the 5–8 µm non-atmospheric window

In contrast to the detection windows noted above, the 5–8 µm range is not a typical
military surveillance band and exhibits relatively low atmospheric transmittance. In
this work, a high emissivity in this non-detection band is intentionally introduced to
enhance radiative cooling, thereby balancing thermal management and infrared camouflage
requirements. The significant broadband emissivity peak in this region (ε5–8 µm = 0.84)
validates this design strategy.

(3) Low reflectance in the visible spectrum

In the visible range, the structure maintains a low overall reflectance, as shown in
Figure 5b. This contributes to visible-light camouflage by reducing detectability against natural
backgrounds such as vegetation, desert, or ocean environments. A lower reflectance minimizes
the likelihood of noticeable specular highlights that could reveal the target’s location.

(4) Strong narrowband absorption at the short-wave infrared wavelength of 1.55 µm

The 1.55 µm wavelength is widely used in fiber-based LiDAR systems and certain
optical communication channels. By incorporating tailored interference-absorption layers
and material loss into the multilayer design, a sharp and strong absorption peak appears
near 1.55 µm, effectively reducing the reflected LiDAR return signal. The simulation curve
shows an average absorptance of approximately 0.91 at this wavelength, as illustrated in
Figure 5c, confirming the effectiveness of our design for LiDAR camouflage.

Moreover, the high selectivity of the absorption peak ensures minimal interference with
adjacent infrared camouflage performance, enabling coordinated multispectral camouflage
across multiple wavelength regions.

(5) Narrowband high absorption near 10.6 µm

For the widely used CO2-LiDAR wavelength of 10.6 µm, the proposed two-dimensional
periodic microstructure achieves “narrowband” absorption enhancement through localized
resonance coupling. The simulation results show a significant increase in absorptance near
10.6 µm (average absorptance of 0.9), while maintaining low emissivity across the remaining
mid- and far-infrared regions. This enables the structure to simultaneously satisfy both LiDAR
camouflage and mid-infrared thermal-camouflage requirements.

Figure 6 illustrates the magnetic-field intensity (|H|) and electric-field vector dis-
tributions of the cylindrical microstructure at the wavelength of 10.6 µm in the X–Y and
X–Z cross-sections, revealing its electromagnetic resonance characteristics. In the X–Y
cross-section, the magnetic field forms a ring-shaped high-intensity region around the pillar
edges, indicating the presence of a magnetic dipole resonance. This resonance corresponds
to a localized magnetic field confined within the structure and enhanced at the edges.
Meanwhile, the electric-field vectors exhibit a vortex-like circulating pattern, a feature
widely associated with magnetic metamaterials and wavelength-selective absorbers, and
highly relevant to infrared camouflage applications.

The X–Z cross-section shows that the magnetic field is primarily concentrated near
the top of the microstructure, producing a localized field-enhancement effect similar to a
Fabry–Perot-type resonance. This confinement leads to the accumulation of electromagnetic
energy in that region. Such localized enhancement demonstrates that the microstructure
can effectively manipulate the electromagnetic-field distribution in the infrared, thereby
improving the selectivity of absorption or reflection at specific wavelengths. This property
is of significant importance in thermal-radiation control, infrared camouflage, and pho-
tothermal conversion, offering theoretical support for optimizing multispectral camouflage
coatings, selective radiators, and IR detectors.
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Figure 5. Simulated camouflage performance of the designed structure. (a) Simulated emissivity
spectrum (3–14 µm) of the multispectral camouflage photonic structure under normal incidence.
(b) Simulated reflectance spectrum in the visible range. (c) Simulated absorptance spectrum in the
1.5–1.6 µm wavelength range.

Figure 6. Magnetic−field intensity (|H|) and electric-field vector distributions of the cylindrical
microstructure at the wavelength of 10.6 µm in the X–Y and X–Z cross-sections.

The absorption at 10.6 µm is mainly governed by a localized grating-resonance mode,
which exhibits practical robustness for near-normal and moderate incidence angles. While
a resonance shift may occur at large oblique angles, the laser-suppression functionality
under typical illumination conditions is preserved.

Overall, the simulation results clearly demonstrate the multispectral camouflage ca-
pability of the proposed design—maintaining low emissivity inside infrared detection
windows while introducing narrowband, high absorptance at specific laser wavelengths
to suppress active LiDAR probing. Through the careful integration and optimization of
material selection and micro/nanostructure engineering, the proposed structure achieves
coordinated camouflage over a broad spectral range, laying a solid theoretical and tech-
nological foundation for future applications in military camouflage, spacecraft thermal
management, and multispectral camouflage devices.
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3. Conclusions
In this work, we developed a multispectral camouflage photonic structure that rec-

onciles the spectral conflict between high absorptance at LiDAR wavelengths and low
emissivity in the mid-infrared atmospheric windows. To address the distinct require-
ments of the two key LiDAR wavelengths (1.55 µm and 10.6 µm), we adopted a hybrid
design that integrates a Ge/YbF3 multilayer selective emitter with an a-Si two-dimensional
periodic microstructure.

The multilayer stack enables strong interference-enhanced absorption at 1.55 µm
by tailoring the refractive-index contrast and layer thicknesses to form a pronounced
standing-wave field, maximizing energy dissipation. Meanwhile, the surface micro-grating
introduces a narrowband absorption peak at 10.6 µm through localized resonance coupling,
further enhancing suppression of laser return signals from CO2-based LiDAR systems. This
dual-mechanism design overcomes the limitations of single-layer strategies and ensures
targeted absorption at both LiDAR wavelengths.

FDTD simulations confirm that the proposed structure maintains low emissivity in the
MWIR (3–5 µm) and LWIR (8–14 µm) atmospheric windows while enabling high emissivity
in the 5–8 µm non-detection band for radiative cooling. The structure also exhibits low
reflectance in the visible spectrum and demonstrates robustness against variations in
incident angle and polarization, supporting its potential for practical deployment.

Overall, the presented multilayer–microstructure approach provides a comprehen-
sive solution for multispectral camouflage compatible with LiDAR camouflage, infrared
suppression, and thermal management. This strategy offers a promising pathway toward
next-generation camouflage materials and provides useful guidance for future develop-
ments in multispectral protection technologies for military defense, aerospace thermal
control, and advanced energy systems.

4. Simulations
Simulations were performed using Lumerical FDTD Solutions v8.13. The relative

permittivities of Ge, YbF3, and a-Si were obtained from Ref. [38], Ref. [36], and Ref. [38],
respectively. According to Kirchhoff’s law of thermal radiation, the simulated emissivity
can be replaced by the simulated absorptivity, and the observation angle can be replaced
by the incidence angle.
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