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Abstract: The development of detection technologies has driven an urgent need for multispectral camouflage capabilities.
However, the requirement for multispectral camouflage, including colored visible (VIS) camouflage, adaptive infrared ca-
mouflage, and multi-band light detection and ranging (LiDAR) camouflage, challenges conventional single-design approaches
from design to fabrication. Here, we propose a simplified design strategy that enables decoupling between material and
structural regulation, thereby enhancing multiband modulation performance. From visible to near-infrared (NIR) bands, thin-
film Fabry-Pérot cavities facilitate simultaneous visible structural color and NIR laser band absorption. The calculated VIS
results are in excellent concordance with experimental ones (AE < 6). Experimental measurements further demonstrate
broadband (900—1550 nm) ultra-high absorption (4 > 90%) in the NIR band. The orders-of-magnitude difference in wave-
lengths enables structural dimensions decoupling, effectively separating the influence of the architecture on visible and mid-
infrared (MIR) performance. In the MIR region, the metadevice realizes adaptive infrared thermal camouflage (Ags 14 ym =
0.46) with LiDAR camouflage based on phase-change material. Especially, the peak absorption reaches 99.2% near the
wavelength of 10.6 pm (496 .m = 92.1%). Moreover, the metadevice exhibits independent triple-band display including VIS,
laser and MIR bands. Our study provides a theoretical framework for multi-scale optical modulation and demonstrates broad
potential for applications in multispectral camouflage, multi-band displays, information encryption, and radiative cooling.

Keywords: phase change materials, visible, infrared camouflage, display, encryption

INTRODUCTION

Multispectral manipulation technology seeks to achieve electromagnetic waves regulation covering multiple
orders of magnitude in wavelength [1-4]. This capability creates new opportunities for optoelectronic
devices and promises broad applications across science and technology, such as materials science [5-7],
thermodynamics [8-10], information science [11,12], and military applications [13—15]. In particular,
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military applications increasingly rely on detection systems that combine multiple spectral sensing mod-
alities—including visible surveillance, light detection and ranging (LiDAR), and infrared (IR) thermal
imaging [16—18]. The evolution of multispectral detection methods introduces significant new challenges for
visible-infrared-LiDAR (VIS-IR-LiDAR) multispectral camouflage technologies [19].

Recently, multispectral camouflage has increasingly concentrated on optical structure design to achieve
desired performance. Cho et al. [20] developed layered metamaterials capable of simultaneous infrared and
microwave camouflage. Hahn et al. [21] utilized a metal-semiconductor-metal (MSM) metamaterial to
integrate visible and infrared camouflage functionalities. Nevertheless, the widespread adoption of such
micro- and nanostructures is hampered by complexities in fabrication. In addition, multispectral strategies
constrained by structural limitations lack adaptability in complex and varied environments. Meanwhile,
material-based approaches have shown enhanced versatility in multispectral manipulation. Kocabas et al.
[22] introduced a graphene-based optoelectronic platform that supports multispectral modulation from
visible to microwave frequencies. Li ef al. [23] demonstrated multispectral manipulation in the visible and
microwave ranges using vanadium dioxide (VO,). However, the uniformity of the modulating material
results in simultaneous response across the entire spectrum, which restricts its applicability in camouflage
and display technologies. Thus, neither a single structural approach nor a standalone material method can
meet the growing demand for multispectral modulation.

In our previous work [24], independent bicolor infrared regulation was demonstrated successfully using a
hybrid of multiple phase-change materials, including VO,, Ge,Sb,Tes (GST), and In;SbTe,. However,
systematic investigation into band-extended functionality has remained scarce. Here, we introduce a sim-
plified design strategy based on multi-scale structural and material manipulation to achieve multispectral
compatibility across VIS, IR, and LiDAR camouflage bands. Based on the nonvolatility of GST [25] and the
wide bandgap characteristics of ZnS [26], a multilayer thin-film structure composed of ZnS/GST/Cr was
designed and fabricated. Leveraging thin-film architectures with distinct dimensional features, wavelength-
selective regulation was effectively realized. By examining the spectral sensitivity of the materials, we
elucidated the underlying mechanism behind band-specific modulation. The proposed metadevice exhibits
several key advantages: rich structural color in the visible spectrum, ultrabroadband (~650 nm) and high-
performance continuous absorption (4 > 90%) in the near-infrared (NIR) region, and high modulation
(Aeg 14 ym = 0.46) of infrared emissivity together with high-performance absorption (496 um = 92.1%) at
10.6 um in the mid-infrared (MIR) band. Additionally, the device demonstrates independent information
display capacity across different bands—VIS, NIR, and MIR—each revealing distinct patterns. This work
establishes a new theoretical framework for multispectral modulation and suggests promising potential in
multispectral camouflage, radiative cooling, and advanced display technologies.

DISCUSSION

Fundamental design

The essential criteria for VIS-IR-LiDAR multispectral camouflage technology include: (1) tunable color
presentation within the VIS band; (2) strong and broadband absorption in the NIR region to suppress laser
reflection; (3) adaptive MIR emissivity coupled with high laser absorption at 10.6 um. To address these
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Figure 1 The schematic of VIS-IR-LiDAR multispectral camouflage realized by simplified design for multi-scale regulation of structure
and material.

requirements, the fundamental concept of multi-scale regulation based on combined material and structural
design is introduced. As illustrated in Figure 1, we designed a simplified optical metadevice, comprising a tri-
layer configuration of ZnS, GST, and Cr. Multispectral compatibility is achieved via structural modulation
and coordinated material across different scales. Specifically, the ZnS layer provides optical characteristics
suitable from the VIS to NIR bands, while the GST layer of offers functionality within the MIR band. A
sufficiently thick Cr layer serves as a reflective mirror, effectively blocking back propagation of electro-
magnetic wave across multiple spectral bands.

Conventional single-target designs face considerable difficulty in concurrently controlling both visible and
MIR spectral properties, as this necessitates two decoupled modulation mechanisms. Some researchers have
predominantly focused on single band modulation that targets one spectral band while maintaining the other
steady-state conditions, such as transparent thermal radiation modulation [27,28], microwave scattering with
thermal modulation [29], and colored radiative cooling [30,31]. The orders-of-magnitude difference in
wavelengths between the visible and infrared regimes allows metamaterials to manipulate these bands
independently [32]. Specifically, adjusting the thickness of the top dielectric layer enables modulation of
visible and NIR reflectance, facilitating both vivid structural color formation and broadband ultra-high
absorption in the NIR band. The reduction of reflectivity effectively suppresses laser echo signals, enhancing
evasion against laser detection. Additionally, an optical microcavity composed of a GST layer with a
thickness matching the MIR resonance and a metal mirror allows for precise modulation of MIR emissivity
and highly efficient absorption within the MIR laser band.

VIS-NIR regulation technology

As a typical wide-bandgap material, ZnS exhibits high transparency across the VIS, NIR, and MIR regions
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Figure 2 (a) Optical transmission behavior in thin-film structure. (b) Color range and distribution of designed and experimental structure in
CIE 1931 color space. (c) Photographs showcasing the fabricated structures with different thicknesses (NO.1: 65 nm; NO.2: 85 nm; NO.3:
120 nm; NO.4: 145 nm; NO.5: 180 nm; NO.6: 240 nm). (d) Experimental (Exp., solid line) and simulated (Sim., dotted line) reflectivity
spectra of six structures within the visible waveband with color difference (AE ).

[26]. Within the VIS to NIR range, varying the thickness of ZnS modulates the phase of light transmission
and reflection, thereby shifting the resonance peak positions in the visible spectrum. To achieve a diverse
structural color palette, the visible reflectance spectra of a single-layer ZnS film were analyzed (Figure 2a).
The corresponding spectral data for these variations in thicknesses (10 to 300 nm) were then converted into
the CIE1931 chromaticity diagram (Figure 2b) [15]. The details of the relationship between the VIS
reflectance spectrum and perceived color are discussed in Supplementary Note 1. Subsequently, ZnS layers
with thicknesses of 65, 85, 120, 145, 180, and 240 nm were deposited on a GST/Au layer, as illustrated in
Figure 2c. The position of the experimental results is also marked by stars in Figure 2b. Theoretical results
indicate that varying the thickness enables coverage of most target colors. Furthermore, experimental results
show good agreement with theoretically simulated visible spectra as presented in Figure 2d, with the average
color difference (AE) between experimental and theoretical Commission International del’Eclairage (CIE)
values being less than 6 (see Supplementary Note S1 and Figure S1).

The multi-order interference peaks generated by ZnS are nearly equally spaced in frequency from VIS to
NIR bands. As a result, resonance peaks in the lower frequency region (NIR) exhibit broader bandwidth
compared to those at higher frequencies (VIS). Experimental measurements for different thicknesses of the
ZnS layer, under crystalline GST (c-GST) and amorphous GST (a-GST) interlayers respectively, are pre-
sented in Figure 3a, b. At a ZnS layer thickness of 120 nm, the metadevice achieves a low-reflectance
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Figure 3 Reflectance spectra with different thicknesses of ZnS layer under crystalline (a) and amorphous (b) GST interlayers. (c) Electric
field distribution of designed structure (NO.3) with marked skin depths at the resonant wavelength of 428 and 1064 nm. (d) Loss distribution
of designed structure (NO.3) at the resonant wavelength.

(R <20%) bandwidth of up to 830 nm in the NIR range, incorporating outstanding absorption performance at
key laser wavelengths (Aggs nm = 87.7%, A1064 nm = 98.6%, A1310 nm = 97.6%, A1550 nm = 90.1%). This high
absorption effectively minimizes laser echo, significantly reducing the risk of LIDAR detection. However,
increasing the ZnS thickness gradually degrades the broadband characteristic due to the emergence of
additional interference peaks within the same band that satisfy interference conditions.

Notably, the influence of GST thickness on the resonant cavity has not been addressed in this analysis, as
GST functions as an absorbing material throughout the visible to NIR range, regardless of its crystalline or
amorphous state. As a result, the GST-Cr interface does not participate in the reflection of VIS-NIR light. To
elucidate this behavior, the electric field distributions at the VIS (4 = 428 nm) and NIR (4 = 1064 nm)
resonance peaks are provided in Figure 3c for the proposed metadevice with a ZnS layer size of 120 nm. It is
evident that the electric field does not propagate to the GST-Cr interface. Within this cavity, the skin depths of
electric field intensity at both the VIS and NIR resonance peaks are approximately 20 and 40 nm, as marked

in Figure 3c. The loss of electric fields in opaque media can be expressed by the impedance Joule heating law
[33,34].

0 = g = 5y eolme(2) |EF, (1)

where c is the light velocity in a vacuum, 4 is the target wavelength, ¢, and ¢ are the vacuum permittivity and
the material permittivity, and £ is the intensity of the electric field.

Therefore, the thin-film structure can be considered effectively as a ZnS layer with a GST substrate in the
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VIS and NIR bands. This phenomenon can be analyzed further using the transmission matrix method. Since
the electric field is impermeable, the matrix takes the form as [35,36]

isind;
Ey -17]2)- e lE] o)
Hy| lC1H in;sind;  cosd,; "l H
where n; and n, correspond to the refractive indices of ZnS and GST, respectively, J, represents the
transmission phase provided by the ZnS layer, and ¢, = 277[N d,cosd,. Reflectance can be expressed as
2
n2—n2
R= (i) (3)
(nl—n2)2+ 16nn,
4sin%(0)cos%(d;)

As indicated by Eq. (3), the resonance peak position depends exclusively on the transmission phase (J;)
introduced by the ZnS layer thickness and remains unaffected by variations in either the thickness or state of
GST. To validate this finding, the experimental reflection spectrum under different states of GST was
examined (Figure S2). The results confirm that the interference peak location is determined solely by the ZnS
thickness, thereby corroborating the effectiveness of the configuration presented in Figure 2a.

The decoupling phenomenon between the VIS-NIR and MIR bands is attributed to the spectral sensitivity
of the materials. Specifically, high-frequency (VIS-NIR) photons are subjected to interference effects lo-
calized solely in the ZnS layer with ultra-thin skin depths in the GST layer. Conversely, low-frequency (MIR)
electromagnetic wave, possessing loss propagation, interact with the underlying metal mirror (Cr). In this
scenario, the loss which is governed by the state of the GST layer, is pivotal for tailoring the spectral behavior
in the MIR band. Given that the optical responses in the high- and low-frequency regions are governed by
structure and material, they can be treated as decoupled modulation.

Mid-infrared band regulation technology

The MIR region can be modulated via the GST material, enabling multi-scale manipulation. To achieve
tunable emissivity, a resonator composed of crystalline GST and Au was utilized for MIR absorption. The
broadband properties of ZnS allow it to introduce a transmission phase in the MIR region. A predetermined
ZnS thickness applied in simulations offers MIR phase compensation. Figure 4a illustrates the relationship
between the thickness of c-GST and the MIR emission spectrum with a fixed ZnS thickness of 120 nm. The
calculated results show that increasing the GST film thickness causes a red shift in the resonant peak of the
MIR cavity mode. To maximize absorption at the wavelength of 10.6 pm, the thickness of the GST layer was
optimized to 420 nm. Figure 4b shows the absorption spectra for the ZnS/GST/Cr multilayer structure with
thicknesses of 120, 420, and 200 nm, respectively. The result demonstrates the high performance of the
proposed metadevice for MIR LiDAR camouflage (4196 ym = 92%). Figure 4c demonstrates that the electric
field distribution achieves ideal reflection phase matching at the resonant wavelength of 10.6 pm for the
combined 120 nm ZnS and 420 nm GST layers. According to Eq. (1), the electromagnetic loss distribution at
the resonant wavelength of 10.6 um confirms strong energy localization within the GST layers owing to
interference effects. The synergistic absorption effect between the GST and Cr layers is responsible for the
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Figure 4 (a) Absorbance spectrum with different thicknesses of GST layer under crystalline state. (b) The calculated absorbance spectrum
of the proposed metadevice. (c) Electric field distribution (left) and loss distribution (right) of designed structure at the resonant wavelength
(10.6 um). (d) Realization of adaptive thermal camouflage by modulating the phase state of GST.

perfect absorption. The slight shift of the MIR resonance peak due to different transmission phase caused by
changes in ZnS thickness is further analyzed (Figure S3). Additionally, adaptive thermal camouflage realized
by modulating the phase state of GST [37] enables effective manipulation over MIR emissivity as shown in
Figure 4d, which can theoretically be tuned from 0.1 to 0.7.

As a key indicator of multiband compatible camouflage, the calculated absorptivity versus wavelength and
incident angle (0°-80°) for the P- and S-polarized light is shown in Figure S4. With high angle incident light
(60°), the metadevice with c-GST exhibit robust performance including high peak absorption average LWIR
emission. With the P-polarized light and the S-polarized light incidence, the device demonstrates the peak
LWIR absorptivity in the LWIR band exceeding 80%.

The proposed metadevice of ZnS/GST/Cr with respective thicknesses of 120, 420, and 400 nm was
fabricated as shown in Figure 5a. The modulation process in the MIR reflectance spectrum of the proposed
metadevice under different heating steady-state temperatures is shown in Figure 5b. Owing to the sufficient
thickness of the Cr layer to prevent IR transmission, the absorption at specific wavelengths can be given by
reflectance measurements. The experimental results demonstrate a maximum long-wave infrared (LWIR,
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Figure 5 (a) SEM photograph of the fabricated metadevice. (b) The measured reflectance spectrum of the proposed metadevice with
different stable heating temperatures. (c) Recording emittance (absorbance) of average emissivity in the LWIR band and CO, laser wave-
length of 10.6 pum. (d) Relationship between heat temperature and observed temperature with reference of grey-body with average emission of
0.3 and 0.9, respectively. (¢) Outdoor analysis of observed temperature with versus heating temperature and average emission.

8-14 um) emissivity of 88%, an LWIR modulation depth of 0.46, and a peak absorption of 99.2% at the CO,
laser wavelength. Figure 5c records the evolution of both LWIR emissivity and absorption at 10.6 um that
was monitored throughout the thermal process. The modulation onset is observed at 125 °C and reaches
completion at 160 °C.

According to Planck’s blackbody radiation law, the apparent radiant power of an object can be expressed as
the sum of its own emitted electromagnetic energy and the reflected background radiation electromagnetic
energy [38]:

P = Progleg T) + Peglegs 600 T,) = 6aDp(Ty) + [1 — g Nea(D g (7)), @)
where &4 and &, represent the emissivity of the device and the background emissivity, respectively, T4 and 7,
denote the device temperature and background temperature. Thermal imaging of a detector can be under-

stood as the inverse temperature calculation of the received radiant energy through the blackbody radiation
law.

T, =P Ve, T, (5)
where gy is the emissivity within the detector’s operational wavelength range and gz = 1 under normal
circumstances. Figure 5d shows the experimental performance of the proposed metadevice in both crystalline
and amorphous states of GST under indoor conditions with a background temperature of 25 °C. Emissivity
reference curves of 0.3 and 0.9 are also included as dashed lines for comparison. Remarkably, at 90 °C, the
maximum apparent temperature difference based on material phase transition regulation reaches 27 °C.
These findings further demonstrate the potential of the metadevice for adaptive infrared camouflage ap-
plications.
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Then, we analyze the relationship between apparent temperature and device temperature under clear,
cloudless outdoor conditions. According to radiation cooling theory, the energy contribution from the cold-
space background at 3 K can be neglected (P,s = 0). Figure 5e reveals the relationship among apparent
temperature, heating temperature, and emissivity under outdoor conditions. It can be seen that achieving
adaptive infrared camouflage requires effective responses to different temperature scenarios. As shown by
the red curve in Figure 5e, for a 60 °C object to achieve thermal camouflage against a 30 °C background
blackbody reference in an outdoor environment, its emissivity should be 0.7.

Performance evaluation

To evaluate the VIS and IR camouflage performance of the proposed metadevice, both various types of
natural leaves and the fabricated metadevice were observed under an optical camera and a thermal imager. As
shown in Figure 6a, the metadevice mimics the color of natural leaves in the visible spectrum through
adjustments in the top-layer thickness. Meanwhile, Figure 6b reveals that the metadevice and leaves exhibit
closely matched apparent temperatures in thermal images, with a temperature difference below 1 °C. In
contrast, human skin, a nearly ideal blackbody emitter, displays an apparent temperature consistent with its
actual temperature.

To evaluate the LIDAR camouflage performance of the proposed metadevice, reflectance measurements
were conducted under varying irradiation power levels using a dual-band infrared laser transmittance-
reflectance power correlation measurement system [19]. As illustrated in Figure 6¢, the metadevice exhibits
significantly enhanced laser absorption (93.7%) with laser reflectance reduced to 8.85% (a 10.5 dB reduc-
tion) compared to the GST/Au structure without a ZnS matching layer. Furthermore, the modulation of MIR
laser absorption between the crystalline and amorphous states was examined. Figure 6d reveals that the
absorption of the CO, MIR laser can be tuned over a range of 2—15 dB (corresponding to 3%—62.5%
absorption). The metadevice with c-GST achieves record-high MIR absorption capacity—surpassing that of
quartz (Figure S5), resulting in significantly reduced reflectance at a wavelength of 10.6 um. As shown in
Table S1, the proposed metadevice shows superiority in meeting certain requirements including VIS ca-
mouflage, LIDAR camouflage, and MIR camouflage and advantage in minimizing layer number.

We further investigate the application of the metadevice for multispectral display functions, as shown in
Figure 6e. A metadevice featuring “wolf” and “star” patterns was fabricated, with an 85 nm-thick ZnS film
serving as the background (NO.2). The “star” (NO.3) and “wolf” patterns were realized using ZnS layers
with thicknesses of 120 and 205 nm, respectively. The sample was characterized using a VIS camera, active
NIR detection, and an MIR thermal camera. The “star” pattern displays strong contrast in the VIS range
(CIE1931: Blue (0.30, 0.34), Yellow (0.41, 0.46)), while showing a reflectance of only 6% similar to the
background in the NIR and demonstrating lower reflectance behavior. On the contrary, the “wolf” pattern
exhibits a blue hue consistent with the background within the VIS range, but strong contrast in the NIR band
(“wolf” pattern, R|ge4 nm = 25%). Additionally, under infrared thermal imaging, these patterned features of the
proposed metadevice remain expectedly undetectable, due to the uniformly low emissivity of the device with
a-GST layer, which causes their thermal signature to blend seamlessly into the background. Comparing with
the state-of-the-art wavelength-division multiplexing displays (Table S2), our metadevice shows significant
improvements in multi-band compatibility including VIS, NIR, and MIR.
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Figure 6 (a) VIS camouflage evaluation and (b) MIR thermal camouflage evaluation of the proposed metadevice (NO.4 and NO.6) with
references of different kinds of leaves. (c, d) LIDAR camouflage evaluation of the proposed metadevice for the different wavelengthes of
1.06 um (NO.3 and without ZnS layer sample) and 10.6 pm (NO.5 with a-GST and ¢-GST). (e) Multispectral display with different bands
version of VIS camera, laser detection, and MIR thermal camera.

CONCLUSIONS

This research demonstrates a successful implementation of multi-scale structure-material co-design to
achieve multifunctional compatibility across VIS, NIR, and MIR bands. A ZnS/GST/Cr multilayer thin-film
metadevice was developed to enable tunable structural color presentation in the VIS region, broadband high
absorption in the NIR spectrum for laser echo suppression, and dynamically switchable infrared emissivity
via the GST phase transition, together with high laser absorption in the MIR band. Experimental results
demonstrate outstanding performance in VIS-IR-LiDAR camouflage and wavelength-selective independent
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display. The proposed strategy offers a viable pathway toward overcoming the challenges of multispectral
camouflage and adaptive display integration, with promising applications extending beyond military ca-
mouflage to future intelligent optical systems, thermal management coatings, energy-efficient displays, and

multisensory compatible devices.

METHOD

Simulations

The VIS-IR spectra under normal unpolarized incidence were simulated using the commercial software
FDTD Solutions (Lumerical Solutions, Canada) with 2D model. The 2D VIS-IR plane waves propagated to
the proposed device along the yz-direction. Periodic boundary conditions were applied in x-directions. The
upper and lower boundary conditions in the z-direction perfectly matched layers, and the mesh size was 1 nm.
The IR absorbance (4) spectra were obtained using the transmittance (7) and reflectance (R) as 4 =
1 — R — T. The refractive indices of GST were obtained from previous studies [39]. The optical constants of
ZnS and Cr were available in the handbook by Palik [40]. The effective medium theories (EMT) were used to
model the continuous state of VO, from a dielectric-like state to a metallic state and were described as [37]
egst(4,C)—1 _ Cx &4, 0)—1 e4,0)—1 . ©)
egst4,C)+2 &4, C)+2 g4, C)+2

The effective permittivity epyt represents the intermediate state of GST; while ¢; and &, denote the

+(1-C)x

permittivity of a-GST and c-GST, respectively. The constant C represents the metallic fraction of c-GST and

ranges from 0 to 1.

Fabrications

The proposed devices were fabricated on a single side-polished <100> crystalline silicon substrates. Electron
beam evaporation was used to prepare the film coating of ZnS and Cr under a vacuum chamber pressure of
5 x 107* Pa. The deposition speeds of ZnS and Cr were 0.5 and 1 nm/s, respectively. The GST layer of the
proposed metadevice was deposited using a magnetron sputtering system (Nordiko). The GST stoichiometric
targets had a high purity of 99.99%.

Optical measurements

The VIS-NIR reflectance spectra were characterized by a spectrophotometer (Hitachi U4100) in the working
band of 0.3 to 2.5 um. A diffuse-reflectance integrating sphere made of polytetrafluoroethylene was used as
the reflection reference.

The MIR reflectance and transmittance spectra were acquired by a Fourier transform infrared (FTIR)
micro-area spectrometer (Nicolet Continuum) and a mercury-cadmium-telluride (MCT) detector with liquid
nitrogen cooling in the wavelength range of 2.5-15 pym.

The LWIR images were recorded using IR cameras operating in the range 7.5-14 pum (Guide PS600, with
emittances of 1). The room temperature was maintained at approximately 25 °C.
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