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Modern reconnaissance technologies, including hyperspectral and multi-
spectral intensity imaging across optical, thermal infrared, terahertz, and
microwave bands, can detect the shape, material composition, and tempera-
ture of targets. Consequently, developing a camouflage technique that
seamlessly integrates both spatial and spectral dimensions across all key
atmospheric windows to outsmart advanced surveillance has yet to be effec-
tively developed and remains a significant challenge. In this study, we propose
a digital camouflage strategy that covers the optical (0.4-2.5 um) hyperspectra
and thermal infrared-terahertz-microwave (thermal IR (MWIR and LWIR)/THz/
MW) tri-bands, encompassing over 80% of atmospheric windows. In the
optical band, the hyperspectral digital camouflage can simulate various
vegetational spectra as primary colors, with deviation rate less than 0.2 (can be
regarded as the same type of plant). In the tri-bands, it also produces multilevel
intensity digital camouflage within each band. The average structural similarity
among multiple digital camouflage patterns is approximately 0.52, which is
favorable for multispectral pattern-background matching. This work intro-
duces a new paradigm in ultra-broadband electromagnetic wave manipulation
by combining hyper/multi-spectra and spatial distribution, offering deeper
insights into imaging, image processing, and information encryption
technologies.

An effective camouflage technology should ideally mimic nature
across all dimensions to efficiently conceal targets from advanced
surveillance techniques. Approximately 63.52% of the Earth’s land
surface is covered by vegetation'* (Fig. 1a), comprising 28.54% wood-
land, 23.31% grassland, 7.00% shrubland, and 4.67% tundra. In this
complex background of organic substances and water, understanding
how diverse materials contribute across different wavebands is
essential. For example: (i) pigments such as carotenoids, chlorophyll,

and lutein shape the spectral characteristics in the visible (VIS) band**
(0.4-0.78 pm); (ii) plant cell structure and cellulose determine reflec-
tance in the near-infrared (NIR) band*® (0.78-1.4 pm); (iii) water
influences spectral characteristics in the short-wave infrared (SWIR)
band*®’ (1.4-2.5 pm), contributes to high radiation properties in the
thermal infrared (IR) bands®’ (3-5 pm and 8-14 pm), and affects
responses in the terahertz (THz) band®" (0.2-0.5THz); and (iv)
organic substances and water together exhibit complex responses in
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Fig. 1| Principle of hyperspectral and ultra-broad multispectral intensity
digital camouflage. a A visual representation of the threats confronting hidden

targets in jungle environments, detected by various sensors operating across dif-

ferent wavelength bands and deployed from ground-based to space-based

platforms. b Illustration of the optical hyperspectral digital camouflage and clas-
sification process (see definitions of relevant parameters in Supplementary Note 5).
¢ Depiction of the multilevel intensity digital camouflage operating across the
MWIR, LWIR, THz, and microwave MW bands.
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the microwave (MW) band (1-60 GHz) with varied textures'. On one
hand, camouflaging against this background, which contains organic
materials and water, is particularly challenging. On the other hand,
rapidly advancing imaging technologies, including high spatial and
spectral resolution as well as ultra-broadband detection across all
major atmospheric windows”, are increasingly deployed in satellites,
aircraft, and ground units, posing substantial threats to tar-
gets (Fig. 1a).

Three major aspects of imaging technologies that present sig-
nificant challenges to achieving effective and robust camouflage are
discussed below. First, ever-improving imaging technologies with
greater spatial resolution (e.g., a camera with higher clarity, from 720 P
to 1440 P) can detect the texture and shape of targets, necessitating
digital camouflage technology to simulate natural patterns (e.g., the
shape of the edges and contours of grass or prominent local features
of leaves in the background). Digital camouflage achieves this by
simulating background textures through spatial color mixing, out-
performing traditional camouflage methods characterized by clear
color boundaries and strong visual features. The design of digital
camouflage patterns aligns with the characteristics of the human eye
and visual psychology, effectively simulating background features
such as color and texture, which counters high spatial resolution
cameras and image processing algorithms' ¢, Most digital camouflage
primarily focuses on the VIS and infrared (IR) bands"'®. Second,
hyperspectral imaging with high spectral resolution can detect the
spectral fingerprints of targets'®*°, especially biochemical substances
and water. Specifically, in the optical band, hyperspectral imaging
excels in detecting vegetation due to the combination of high spectral
resolution and spectral characteristics of plants, including the green
peak, red edge, NIR plateau, and NIR/SWIR water absorption bands.
This capability poses a significant threat to targets in vegetational
backgrounds. This necessitates hyperspectral camouflage technology
that mimics the spectral features of plants. Existing hyperspectral
camouflage primarily employs two strategies: using pigments or
microcapsules®”* with low thermal stability and multilayer
structures®?. Third, multispectral imaging that integrates optical,
thermal IR, terahertz and microwave bands can detect the character-
istics of targets in their corresponding bands® (Fig. 1a), compelling
multispectral camouflage to cover all atmospheric windows. Multi-
spectral camouflage counters the combination of multiple intensity
imaging systems across various atmospheric ranges. In addition to the
optical band, mid-wave infrared (MWIR, 3-5um) and long-wave
infrared (LWIR, 8-14 um) thermal imaging capture the radiation
energy of targets, enhancing detection at night. The THz band is often
utilized to monitor the water content of plants'®", In the MW band,
synthetic aperture radar (SAR) is employed for electromagnetic
imaging®~°. Multispectral camouflage primarily uses nanostructures
such as metasurfaces® *® and multilayer structures*’%,

However, a robust camouflage technique that effectively inte-
grates spatial features, hyperspectra, and multispectral intensity
spanning all atmospheric windows has, so far, eluded previous
camouflage efforts and presents significant challenges (see Sup-
plementary Note 1). The two main challenges are as follows: (i)
Combining spatial features with hyper/multi-spectra, which
requires simulating various primary responses in the background,
especially for hyperspectral applications. Additionally, variations in
texture across the bands arise from different signal generation
mechanisms: the target reflects the solar spectrum in the optical
band, radiates heat from itself in the thermal IR band, and reflects
electromagnetic signals in the THz/MW band. Therefore, the cou-
pling among multiple camouflage patterns must be considered to
ensure that the patterns for each band match the background. (ii)
Achieving ultra-broadband coverage across all typical atmospheric
windows. The wavelength spans approximately six orders of
magnitude from VIS to MW (Fig. 1a), necessitating that the

structural design of the device is compatible across the ultra-
broadband range.

In this work, we propose a digital camouflage strategy encom-
passing VIS/NIR/SWIR hyperspectra and MWIR/LWIR/THz/MW multi-
spectral intensity (Fig. 1b, c), primarily functioning in vegetational
environments. This strategy achieves ultra-broadband digital camou-
flage that integrates optical hyperspectra and multispectral intensity,
covering over 80% of typical atmospheric windows (see Supplemen-
tary Note 2).

Result

Strategy of digital camouflage

Digital camouflage fundamentally relies on the manipulation of color
and pattern to counter detector arrays (e.g., complementary metal
oxide semiconductor, charge-coupled device, and SAR arrays). The
digital camouflage pattern can operate at optimal performance, with
its colors and textures starting to blend into the background after
reaching a certain distance from the detector (see Supplementary
Note 3 for maximum object distance calculation and Supplementary
Note 4 for lock-on range calculation). The method by which the digital
camouflage device operates in the optical hyperspectral and thermal
infrared-terahertz-microwave tri-bands is outlined as follows:

For optical hyperspectral digital camouflage, the primary colors
are defined based on the main vegetational regions of interest (ROI)
classification (the details of design method can be found in the Sup-
plementary Note 5 and 6). This includes LH1 (fresh green vegetation),
LH2 (fresh light-green vegetation), and LH3 (withered yellow vegeta-
tion) (Fig. 1b). Additionally, this study introduces a new theoretical
framework and relevant parameter indicators for calculating spectral
differences in digital camouflage (see Supplementary Note 5 and
Supplementary data 1 and 2). As shown in Fig. 1b, a simple deep neural
network (DNN) is trained to rapidly compute various hyperspectral
image parameters and assist in classification algorithms (see Supple-
mentary Note 5 and Supplementary data 1 and 2).

The optical hyperspectral digital camouflage pattern, composed
of primary color pixels, replicates to the texture of vegetation in the
hyperspectral image within the optical band (Fig. 1a). Therefore,
optical hyperspectral camouflage pattern (spanning VIS, NIR, and
SWIR bands in Fig. 1b) can be designed by integrating hyperspectral
classification, background texture detection, pixelation, and patch
templates (see Supplementary Note 6).

For thermal infrared-terahertz-microwave tri-bands digital
camouflage, the primary color is referenced from Supplementary
Note 7 and mapped to a color bar". Here, the MWIR band is divided
into 4-level (LM1-4), the LWIR band into 3-level (LL1-3), the THz band
into 4-level (LT1-4), and the X-band into 3-level (LX1-3) (Fig. 1c).

The thermal infrared-terahertz-microwave camouflage patterns
for the three bands are not fully optimized in this study. Due to the
greater variability of signals in these bands (see Supplementary Note 7
for reference vegetational spectra and complex levels in real envir-
onment), obtaining accurate and effective background textures is
challenging. To further improve and achieve optimal camouflage
performance, the digital camouflage patterns should be independently
designed according to the distinct signals in each band. This requires
that the patterns for each band remain independent and decoupled
from one another. For example, in Fig. 1c, the LWIR band pattern is
designed in the shape of the letter “F” to preliminarily demonstrate the
decoupling performance of the device. The coupling and decoupling
methods for each band are discussed in detail in the Supplemen-
tary Note 5.

Structure of the digital camouflage device

The digital camouflage device consists of 64 (8 x 8) pixels which are
configured into three different types: (i) fresh green vegetation simu-
lation (GS), composed of ZnS (45nm)/Ge (14 nm)/ZnS (130 nm)/Ti
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Fig. 2 | The pixel and multilayer structures. a lllustration of the various compo-
nents and basic functions of the device. b Partial SEM overhead view of the device
showing the effects of laser etching. ¢ VIS image of the device captured using an

ordinary camera. d The illustration depicts the multilayer structures of GS/LGS and

YS, highlighting variations in layer thicknesses between GS and LGS, along with
simulated electric field distribution (|E|) and resistive loss (Q) across wavelengths in
the VIS, NIR, SWIR, MWIR, and LWIR bands for both GS and YS structures.

(30 nm)/Ge (524 nm) layers; (ii) fresh light-green vegetation simulation
(LGS), made up of ZnS (37 nm)/Ge (20 nm)/ZnS (125 nm)/Ti (30 nm)/Ge
(520 nm) layers (based on the same layer distribution. The thicknesses
(t1, t2, etc.) in Fig. 2d were further optimized based on the plant spectra
in Supplementary Note 7 using the method described in Supplemen-
tary Note 8; and (iii) withered yellow vegetation simulation (YS), con-
sisting of ZnS (25nm)/Ti (35nm)/Ge (70 nm)/Ti (70nm) layers
(Fig. 2a-d). These three pixels are used to implement the primary

colors of optical hyperspectral digital camouflage: LH1, LH2, and LH3,
respectively.

Designing hyperspectral camouflage is challenging, as it requires
the simultaneous optimization of numerous structural parameters and
materials. To address this, a machine learning method based on the
quadratic unconstrained binary optimization model is used to deter-
mine the optimal layer distribution®**? (see Supplementary Note 8 for
details).
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Each GS, LGS, and YS pixel contains 400 (20 x 20) rectangular sub-
pixels (Fig. 2a). The dimension of each pixel is 20 x 20 mm? (Fig. 2b),
which makes them indistinguishable to the human eye from a distance
greater than 28 m (see detailed maximum object distance calculation
in Supplementary Note 3). The period of the sub-pixels, denoted as p,
is 1mm (Fig. 2a, b). The sub-pixels have three variants with linewidths,
8, measuring 10 um, 77 pum, and 150 pm, corresponding to areal duty
cycles of 98.01%, 85.19%, and 72.25%, respectively (Fig. 2a, b). All these
structures are deposited on a 125 pm thick polyimide (PI) film, which is
placed on top of an MW absorbing substrate (Fig. 2a).

Spectral performance

To illustrate the mechanisms of optical hyperspectral camouflage, the
modal field analysis of GS/LGS and YS is performed (Fig. 2d), revealing
that the optical spectra are generated by a combination of anti-
reflection, Fabry-Pérot (F-P) resonance, and intrinsic properties of
materials in the multilayer structures (Figs. 2d and 3a). For GS/LGS,
they have similar structures and exhibit comparable spectral perfor-
mance (a detailed physical analysis is shown in Supplementary Note 9):
(i) The green peak is precisely aligned at 0.55 pm, formed by the F-P
resonance and antireflection effects of the four-layer ZnS/Ge/ZnS/Ti
structure. (i) The red edge and NIR plateau (-1.1 pm) meet military
specifications®®, which is formed by the high reflectance of the Ti layer
and the decreasing intrinsic loss of Ge. (iii) The four water absorption
bands in the NIR/SWIR exhibit increasing absorption from shortwave
to longwave, resulting from the resonances of all layers. For YS: (i) the
green edge (~0.55 pm) and the NIR plateau (-1.1 pm) effectively simu-
late withered yellow leaves; (ii) the SWIR water absorption band at
1.94 um is used to simulate weak water absorption.

Optical hyperspectral digital camouflage can be generated after
classifying the spectra of GS, LGS, and YS as LH1, LH2, and LH3,
respectively. The digital camouflage exhibits the effect of spatial color
mixing (spectral mixing) when observed from a distance. Following the
spectral mixing of GS, LGS, and YS, the average optical spectrum meets
military specifications (black solid line in Fig. 3a, the spectra of com-
mon plants can be found in Supplementary Note 10).

The MWIR/LWIR/THz multilevel spectra and MW transparency are
generated by sub-pixels (Figs. 2a, b, and 3b-d). In the MWIR and LWIR
bands, the device shows 4-level spectra (LMI-4 in Figs. 3b) and 3-level
spectra (LL1-3 in Fig. 3b), respectively. These levels are primarily
formed due to the duty cycle of the sub-pixels (see Supplementary
Note 11 for thermal infrared decoupled method). The LM4 spectrum is
created by the total structural resonance between GS and LGS pixels,
which is evident from the electric field distribution and resistive loss
plots at approximately 4 um wavelength (Fig. 2d). For the thermal IR
dual-band digital camouflage pattern, the emissivity difference
between each level exceeds 0.08. In the THz band, the 4-level spectra
(LT1-4 in Fig. 3¢c) are produced by the combination of the sub-pixels
and PI substrate, simulating the reflectance of plants with varying
water content (see Supplementary Note 7 and 9). For the THz digital
camouflage pattern, the reflectance difference between each level is
greater than 1dB.

The X-band digital camouflage pattern is formed by the MW
absorbing substrate (Fig. 2a), which is completely decoupled from
other bands (see Supplementary Note 5 and 12). In the X-band, the
3-level reflectance spectra (LX1-3 in Fig. 3d) are generated by various
types of MW absorbing materials (see Supplementary Note 12). For the
X-band digital camouflage pattern, the reflectance difference between
each level exceeds 0.6 dB, and the average reflectance is lower than
-7 dB, demonstrating radar camouflage capabilities.

The average structure similarity index measure (SS/M) among
optical hyperspectral pattern and MWIR/LWIR/THz/MW pattern is 0.52
(Fig. 1c). The low average SS/M indicates the low coupling and high
design freedom of this digital camouflage strategy, allowing it to
match background textures across multiple bands.

Optical hyperspectral digital camouflage

The performance of hyperspectral digital camouflage is verified in a
simulated jungle scenario by two hyperspectral cameras operating in
wavelength ranges 0.4-1.0 pum and 1.0-2.5pum (Fig. 4a, NIR/SWIR
images of the device are shown in Supplementary Note 13). The
references, which consist of green, light green, and yellow colors,
include dyed fabrics and painted aluminum plates. The two types of
references are used to represent camouflage uniforms/paint com-
monly used in equipment. In the background, the green leaf, light-
green grass, and withered yellow leaf serve as the ROIs in the spectral
information divergence (SID) classification (Fig. 4b, c). Furthermore,
for spectral analysis and comparison, Fig. 4d presents the spectra of
the device, references, and plants, with corresponding VIS colors
(green, light-green, and yellow marked points in Fig. 4a).

In the band of 0.4-1.0 pm, the device displays a hyperspectral
digital camouflage pattern with three labeled colors, LH1-3 (Fig. 4b).
For GS, the green peak is lower than 10%, and the red edge meets the
specifications, forming a green VIS color. The NIR plateau of GS is
around 60%, which is consistent with the range of vegetation. For LGS,
the green peak s slightly higher (-15%), and the red edge also meets the
specifications, forming a light-green VIS color. The NIR plateau for LGS
is slightly elevated to around 65%. For YS, the spectrum lacks the green
peak feature and rises directly from the green edge to the NIR plateau
of about 50%, forming a yellow VIS color. In contrast, for fabric and
paint references, the mismatch of spectral features leads to local
misidentified or unidentified regions, thus compromising the camou-
flage (Fig. 4b). Their green peak cannot align with 0.55 um, and the red
edge does not meet the detection specifications, showing a meta-
merism effect. Additionally, the NIR plateau of the fabric and paint
references is excessively high.

In the band of 1.0-2.5 um, which is primarily for water monitoring,
the device exhibits a variety of water contents and retains texture
features (Fig. 4c). Although the device has few misidentified regions
due to ambient light, it can still maintain camouflage. For GS and LGS,
the 1.46 pym and 1.94 pm dips clearly exhibit water absorption features,
and the spectral trend aligns with the specifications (Fig. 4d). The YS
shows almost no water absorption while the spectrum still aligns with
the specifications. In contrast, for fabric and paint references, their
spectra lack water absorption bands and contain many noise peaks due
to fabric fibers or paint solvents, failing to meet the specifications. As a
result, there is a complete loss of texture features, which directly
exposes the underlying object (Fig. 4c).

To summarize the performance in the experimental scenario, the
deviation rate between the digital camouflage device and the back-
ground vegetation is less than 0.2 (can be regarded as the same type of
plant, see detailed discussion in Supplementary Note 5). Specifically,
for more detailed spectral metrics calculations, see Supplementary
Note 5 and 13. The long distance optical hyperspectral digital camou-
flage results can be found in Supplementary Note 6.

Thermal IR-THz-MW intensity digital camouflage

The thermal IR-THz-MW tri-bands experiments are performed to
demonstrate the multispectral intensity digital camouflage perfor-
mance in a simulated grassy background (Figs. 5 and 6). The device
shows 4-level and 3-level thermal digital camouflage patterns at 100 °C
through MWIR (Fig. 5a, b) and LWIR (Fig. 5¢, d) imaging, respectively.
In contrast, the fabric and paint references exhibit the black body
radiation property with no patterns. In the MWIR and LWIR bands, the
device reduces the radiation temperature by about 40 °C compared to
the fabric and paint, and the radiation temperature difference between
each level is about 2 °C. At longer distances (10 m, approximately equal
to the maximum object distance; see Supplementary Note 3 for the
calculation of the maximum object distance and Supplementary
Note 14 for detailed thermal IR experiments), the digital camouflage
device exhibits a blending performance with the background,
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of the three structures in the THz band, showing four levels (LT1-4). d Experimental
reflectance spectra of the whole device (including the structures and the MW-
absorbing substrate) and average transmittance spectra of the microwave-
absorbing substrate. The inset shows the zoomed-in X-band spectra and the cor-
responding three levels (LX1-3).

effectively camouflaging a 100 °C target to appear close to ambient
temperature (Fig. 5b, d), whereas the fabric and paint references
remain exposed against it. The MWIR pattern presents an additional
level due to the emissivity difference of withered vegetation (see
Supplementary Note 7). The LWIR pattern of the letter “F” demon-
strates the ability to design independent patterns across multi-
ple bands.

In the THz and MW bands, a steel plate is placed under the sam-
ples as a target. The device demonstrates 4-level and 3-level digital
camouflage patterns through THz and X-band imaging, respectively. In
contrast, the fabric reference appears almost transparent. The paint
reference also exposes the target due to the aluminum plate substrate.

In the THz band, the grassy background displays differences in plant
water content, and the maximum background reflectance exceeds
6 dB (Fig. 6a, b). The maximum intensity difference of the digital
camouflage device exceeds 7dB, demonstrating the simulation of
varying water content. At longer distances (0.4 m, approximately equal
to the maximum object distance), the digital camouflage device also
exhibits a blending performance with the background (Fig. 6b, d, due
to experimental limitations that prevent long-distance imaging,
simulation images are provided instead). The THz pattern presents an
additional level due to the transmission of vegetation spectra (see
Supplementary Note 7). In the MW band, under X-band SAR, the grassy
background is also non-uniform due to biochemical substances. The
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LWIR images captured at distances of (c). 0.5 m and d 10 m. For the MWIR and LWIR
bands, the samples are placed on a hot plate at 100 °C. The corresponding optical
images of the device and the references are shown in Fig. 4a.

intensity difference of the digital camouflage is greater than 0.6 dB,
and the average reflectance is less than -7 dB, demonstrating MW
absorbing performance (Fig. 6¢, d).

Additionally, it should be noted that in Fig. 5a and Fig. 6a,
camouflage patterns do not blend well with the background at a
short distance. As mentioned earlier, passive camouflage cannot per-
fectly adapt to all background environments (factors such as tem-
perature and moisture can affect the background’s reflectance or
emissivity response). The patterns still maintain camouflage effec-
tiveness, although they require greater distance than perfect pattern
(Figs. 5b and 6b), to escape detection by the sensor (see Supplemen-
tary Note 3 for maximum object distance calculation, Supplementary
Note 4 for lock-on range calculation). Furthermore, there are potential
improvements, such as decoupling and independently designing pat-
terns for the thermal IR and THz bands (see Supplementary
Note 10 and 11), which would allow them to perfectly align with the
background.

Discussion

A digital camouflage strategy that incorporates optical hyperspectra and
thermal IR-THz-MW tri-bands based on multilayer structures is devel-
oped. Firstly, this work advances (i) digital camouflage from mere color
or intensity to hyperspectral applications and (ii) improves previous
camouflage methods by extending coverage to over 80% of typical
atmospheric windows (see Supplementary Note 2). Thereby, the pro-
posed digital camouflage strategy features capabilities and performance
metrics that either exceed or match the state of the art in passive digital
camouflage and hyper/multi-spectral camouflage technologies (see
Supplementary Note 1). Secondly, the optical hyperspectral pattern of
the device can adapt to various backgrounds and seasonal variations
(e.g., maple forests, sapium sebiferum forests, and metasequoia glyp-
tostroboides forests) by adjusting the proportions of different types of
digital pixels (see Supplementary Note 7 and 9). Thirdly, the coupling
among the device’s multispectral patterns can be eliminated, allowing
each band’s pattern to be designed more independently. In this work, a
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d X-band simulation images captured at distances of 0.4 m. The THz digital
camouflage mimics water characteristics. The X-band digital camouflage is pre-
sented under SAR imaging, along with MW absorption camouflage. The corre-
sponding optical images of the device and the references are shown in Fig. 4a.

strategy is employed to further decouple the digital camouflage: in the
thermal IR band, the radiation energy patterns are formed by controlling
the average emissivity through sub-pixels with different duty cycles,
which is equivalent to the emissivity pattern. Another temperature pat-
tern can be generated by incorporating an insulating layer that utilizes
materials with different thermal conductivities (see Supplementary
Note 10). The radiation energy patterns are modulated by varying the
emissivity and the temperature without affecting the patterns of other
bands. In the case of complete decoupling with m levels of patterns for
each of n spectral bands, a total of mn structural designs would be
required, which poses a significant challenge for structural optimization.
Additionally, the strategy has the potential for large-scale manufactur-
ability and straightforward integration, making it applicable for indivi-
dual combat technology (see Supplementary Note 14) for the following

reasons: (i) optical hyperspectral and thermal IR functions are achieved
through a simple flexible multilayer structure; (ii) THz function is rea-
lized by laser-etched sub-pixels; and (iii) MW functions are achieved
using commerecially available flexible absorbing materials produced on a
large scale, and are compatible with communication (e.g., 2.4 GHz).
Lastly, the device increases the upper temperature limit for hyperspec-
tral camouflage operations and facilitates targets with electrical com-
ponents or engines through its thermal stability, with the multilayer
structure capable of withstanding high temperatures up to 350 °C (see
Supplementary Note 15). Ultimately, this research opens opportunities
for the simultaneous manipulation of hyperspectral or multispectral
electromagnetic waves and spatial features, thereby advancing hyper/
multi-spectral imaging, image processing, and information encryption
technologies®*** 7,
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Methods

Simulation

The simulation of the absorptivity/emissivity spectra are accom-
plished by leveraging the transfer matrix method and COMSOL
Multiphysics. Additionally, COMSOL Multiphysics is employed to
simulate the distribution of the electric field intensity.

Fabrication

The multilayer structures are prepared by electron beam evaporation
(EBE) with deposition rates of 4 A/s (ZnS), 4 A/s (Ge), and 1 A/s (Ti). The
heating operation commences once the vacuum degree reaches
2x107°Torr. Following the creation fabrication of the multilayer
structure, laser etching is processed performed by Hangzhou Silver-
Lake Laser Technology Co., Ltd. The MW absorbing materials are
purchased from Shenzhen Schutt Technology Co., Ltd.

Optical characterization

The optical reflection spectra are measured using a universal mea-
surement spectrophotometer (Cary7000, Agilent) equipped with a
universal measurement accessory (UMA). The incident angle of the
light source onto the samples is about 6°. The optical hyperspectral
images in the range of 0.4-1.0 um are captured using a hyperspectral
camera (GaiaField-ProR10, Dualix Spectral Imaging) with a spectral
resolution of 2.5 nm. The optical hyperspectral images in the range of
1.0-2.5pum are captured using a hyperspectral camera (GaiaField-
ProR25-HSW, Dualix Spectral Imaging) with a spectral resolution
of 10 nm.

Thermal IR characterization

The thermal IR spectra spanning from 2.5 to 14 pm is measured by
exploiting an FTIR spectrometer (Vertex 70, Brucker). A Jenoptik
camera is employed to measure the radiative temperature in the LWIR
band. A Telops camera is used to measure the radiative temperature in
the MWIR band. The absolute temperature is measured using ther-
mocouples (5TC-TT-K-30-36, Omega).

THz characterization

The THz spectra are measured by exploiting a compact and multi-
purpose terahertz spectroscopic (TAS7500SP, Advantest). The THz
images are captured using a spectrometer (TAS7500SP) with multi-
point scanning calibration. The field scanning area is 360 x 240 mm?
(the invalid regions are cut off) with a spatial resolution of 5x 5 mm?

MW characterization

The MW reflection/transmission spectra are measured using the arc
method and free-space method in Wuzhen Laboratory, respectively. In
the X-band imaging, an X-band standard horn antenna was used to
generate the desired incident waves. A short monopole (a small loop
antenna) was used as the field probe to detect the electric fields (the
magnetic fields) in the space, for TE (TM) polarization. The probes’
movement is driven by a mechanical scanner, and the point-to-point
field scanning in the xz-plane is realized. The horn antenna was placed
around 50cm away from the sample. The field scanning area is
560 x 240 mm? (the invalid regions are cut off) with a spatial resolution
of 8 x 8 mm?.

Data availability
The optical, thermal infrared, terahertz, and microwave spectra data
generated in this study are provided in the Supplementary data 3.
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