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Large-Area and Flexible Plasmonic Metasurface for
Laser–Infrared Compatible Camouflage

Jingkai Huang, Yuetang Wang, Liming Yuan, Cheng Huang,* Jianming Liao, Chen Ji,
and Xiangang Luo*

Due to interminable surveillance and reconnaissance through various
sophisticated multispectral detectors, the need for multispectral compatible
camouflage is now more than ever. Here, a flexible plasmonic metasurface is
proposed to simultaneously realize low reflection at representative lasers (i.e.,
1.06, 1.55, and 10.6 µm) and low emission in the atmosphere windows of
both 3–5 and 8–14 µm. High absorption for both 1.06 and 1.55 µm lasers is
realized by the destructive-interference design of the multilayer Au/Ge/Ti/Ge
films, while low reflection for the 10.6 µm laser results from the coding
metasurface design, and low emission is attributed to ultrahigh reflection of
the continuous Au/Ge/Ti/Ge films in the atmosphere windows. As a proof of
concept, a flexible metasurface sample (10 cm × 10 cm) is prepared by the
soft-lithography technology. The measured specular reflectivities are 0.017,
0.13, and 0.17 at wavelengths 1.06, 1.55, and 10.6 µm, respectively.
Meanwhile, the average emissivities are 0.19 and 0.11 in 3–5 and 8–14 µm,
respectively. Additionally, the flexible metasurface also exhibits integrated
advantages including easy mass fabrication, good mechanical flexibility and
robustness, super-hydrophobic characteristic, unambiguously demonstrating
the success of the design strategy for promoting multispectral compatible
camouflage.

1. Introduction

Camouflage technology can effectively conceal the signature
from objects and render them invisible from the potential
threats, such as laser radar,[1–3] infrared camera,[4–10] microwave
radar,[11–15] and so on. Particularly, due to the extensive existences
of the surveillance system using infrared signal to search for and
track a target, infrared camouflage has attracted increasing in-
terest. It is well known that an object with a temperature higher
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than the absolute zero can generate in-
frared emission owing to random en-
ergy level transitions in matter.[16,17] Ac-
cording to the Stefan–Boltzmann law, the
intensity of the infrared signal emitted
from an object is proportional to the sur-
face emissivity and fourth power of its ab-
solute temperature. Therefore, infrared
camouflage can be realized through con-
trolling the surface emissivity as well
as the temperature.[4,15,18–21] By contrast,
controlling the surface emissivity is an
easier way to suppress the infrared sig-
nal for the reason that it is usually ex-
pensive and complicated for the temper-
ature control, which requires additional
cooling and heating devices.[2,16,22] Typi-
cally, because the background tempera-
ture is lower than that of the target,[17] the
traditional strategy is to utilize the ma-
terial with natural high-reflection prop-
erty to shield the infrared emission.How-
ever, due to the fast evolution of multi-
spectral compatible surveillance systems
for better object identification, the tra-
ditional high-reflection material fails at

laser radar, which captures the target by detecting the reflected
echo signal.
The wavelengths of the laser commonly used for ranging and

guidance include 1.06, 1.55, and 10.6 μm.[1–3,23,24] In order to
suppress the power of the echo signal, the camouflage material
should have low reflection at laser–radar working wavelengths,
which is contradicted with the principle of the infrared camou-
flage. Hence, it is still an open problem to realize the perfect
laser–infrared compatible camouflage, which requires both
low reflectivity at the representative laser wavelengths of 1.06,
1.55, and 10.6 μm and low emission in dual-band atmosphere
windows of both 3–5 and 8–14 μm. Recently, the emergence of
the metasurface, which is composed of subwavelength artificial
structures and possesses the capability to effectively manipulate
electromagnetic waves, has provided a novel route to address the
challenge.[25–32] Qiu and co-workers proposed a simple photonic
structure to realize the infrared camouflage compatible with the
10.6 μm laser.[2] Park et al. proposed a multispectral selective ab-
sorber based on the single port grating resonance,[24] achieving
infrared camouflage compatible with the 1.06 μm laser. Luo and
co-workers designed an all-metallic plasmonic metasurface,[33]

which has low emissivity in the atmosphere windows and
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Figure 1. Schematic diagram of our flexible laser–infrared compatible camouflage metasurface. a) Our design exhibits high absorption for the 1.06 and
1.55 μm lasers, low reflection for the 10.6 μm laser resulting from the coding metasurface composed of orthogonal plasmonic gratings, and low infrared
emission attributed to the continuous Au/Ge/Ti/Ge films with ultrahigh reflection over the range from 3 to 14 μm. b) Cross-sectional view of the basic
grating element. c) Subgroup element composed of 2×2 orthogonal coding units.

realizes ultralow specular reflection for the 10.6 μm laser by split-
ting the reflected energy intomultiple directions. Despite the fact
that these efforts achieve the laser–infrared compatible camou-
flage, they are mainly intended to work for a single laser. 1D pho-
tonic crystal is another method for realizing the laser–infrared
compatible camouflage.[1,34] However, they are constrained by
low efficiency, small tolerance, and poor stability. Additionally,
it is very important to achieve flexible camouflage material for
adapting to the random surface in practical applications.[35–37]

Conventionally, there are two ways to realize the flexibility: i)
using flexible material in each component;[19,36,38] and ii) chang-
ing the structure to reduce the mechanical stress.[35,39] However,
there still exists much challenge in the fabrication of the flexible
material with meticulous structures.
In this paper, a flexible metasurface combined with ultrathin

multilayer films is proposed to simultaneously realize the laser
(including 1.06, 1.55, and 10.6 μm) and infrared camouflage,
which has high absorption for both 1.06 and 1.55 μm lasers by the
destructive-interference design of the multilayer Au/Ge/Ti/Ge
films, low specular reflection for the 10.6 μm laser resulting from
the coding metasurface design, and low infrared emission at-
tributed to the continuous Au/Ge/Ti/Ge films with ultrahigh re-
flection over the range from 3 to 14 μm. As a proof-of-concept
demonstration, the flexiblemetasurface was prepared by the soft-
lithography technology, which has great potential for large-area
and low-cost fabrication. We also fully investigated its output
performance. Experimental results reveal that our flexible meta-
surface not only has outstanding performances for the laser–
infrared compatible camouflage, but also exhibits integrated ad-
vantages including easy mass fabrication, good mechanical flexi-
bility and robustness, super-hydrophobic characteristic, demon-
strating the success of the strategy for promoting multispectral
compatible camouflage.

2. Results and Discussion

2.1. Design of the Flexible Metasurface

Figure 1a schematically depicts the working principle of our flex-
ible laser–infrared compatible camouflage metasurface, which

has high absorption for near infrared (NIR) including both 1.06
and 1.55 μm lasers, low specular reflection for the 10.6 μm laser,
and low infrared emission in the atmosphere windows of both
3–5 and 8–14 μm. The high absorption for the 1.06 and 1.55
μm lasers is realized by the destructive-interference design of
the multilayer Au/Ge/Ti/Ge films, as shown in Figure 1b. How-
ever, the NIR absorbing structure remains the high reflectivity
over the range from 3 to 14 μm for the reason that the functional
Ge/Ti/Ge films are too thin to affect the high-reflection charac-
teristic of the bottom Au layer, meaning low emissivity in the
atmosphere windows according to Kirchhoff’s law. In order to
further reduce the reflection of the 10.6 μm laser, we adopt the
strategy of coding metasurface, which can redirect the backward
scattering energy into well-defined directions instead of the spec-
ular direction. In this study, a grating structure combined with
the multilayer Au/Ge/Ti/Ge films is proposed to realize the 180°

reflection-phase difference for orthogonally polarized illumina-
tions, and then the camouflagemetasurface is constructed by the
chessboard-like configuration of orthogonal plasmonic gratings,
as shown in Figure 1c. The design procedure mainly includes
four aspects, i.e., optimization of the NIR-absorbing structure,
design of the initial basic perfect-reflection element, optimiza-
tion of final basic perfect-reflection element, and design of coding
metasurface, as shown in Figure S1 (Supporting Information).
In order to realize the large-area and low-cost fabrication of the
laser–infrared compatible plasmonic metasurface on the flexible
substrate, we employ the soft-lithography technology to transfer
the subwavelength grating structure from the rigid silicon sub-
strate to the flexible polydimethylsiloxane (PDMS) substrate, and
then deposit the multilayer Au/Ge/Ti/Ge films using magnetron
sputtering in sequence.
Figure 2a illustrates the NIR-absorbing structure, which

consists of a Ti layer, two Ge dielectric spacers, and a bottom Au
reflective layer. The incident wave is mainly absorbed by the Ti
layer because of its good optical loss characteristic in the NIR
region. Meanwhile, it is worth noting that the thickness of the Ti
layer should be smaller than the skin depth, avoiding that high
reflection occurs around this position. Due to the high refractive
index and the infrared lossless property in the atmosphere
windows, Ge is employed as the impedance matching layer to

Laser Photonics Rev. 2022, 2200616 © 2022 Wiley-VCH GmbH2200616 (2 of 9)
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Figure 2. a) Schematic of theNIR-absorbing structure. b) Simulation results of the reflection (blue line) and absorption (red line) spectra of the optimized
NIR-absorbing structure. Distribution of c) the power flow (W m−2) and d) power loss density (W m−3) in the optimized NIR-absorbing structure for
the 1.06 and 1.55 μm lasers, respectively.

minimize total thickness. In order to realize the strong absorp-
tion at 1.06 and 1.55 μm as well as high reflectivity in 3–14 μm,
the values of t1, t2, t3, and t4 are optimized to be 28, 25, 16, and 50
nm, respectively. Notably, according to the Euler–Bernoulli beam
theory,[40] stiff materials can be bent when their thickness is only
a few hundred nanometers.[41] Therefore, the NIR-absorbing
structure canmeet the requirement for the fabrication of the flex-
ible camouflage. Owing to the tunneling effect of the ultrathin
metal, electromagnetic wave can penetrate it and then enter into
the lower dielectric layer. A stable oscillation will be formed for
the electromagnetic wave of a specific wavelength in the cavity
attributed to the existence of the Fabry–Perot resonance. During
the repeated oscillation process, the electromagnetic wave will
be continuously consumed by the ultrathin loss metal, leading to
high-absorption performance. Figure 2b depicts the simulation
results of the reflection and absorption spectra of the designed
NIR-absorbing structure, showing not only low reflectivity (about
0.2) at both 1.06 and 1.55 μm, but also high reflectivity (>0.9)
in 3–14 μm, which means ultralow infrared emissivity (<0.1).
In order to further unveil the absorption mechanism, we also
simulated the power flow (W m−2) as well as power loss density
(W m−3). As shown in Figure 2c, it can be seen that the power
flow of the incident waves at both 1.06 and 1.55 μm is uniform in
the top Ge layer, rapidly attenuates in the Ti layer, and is close to
zero in the middle Ge layer and bottom Au layer. As depicted in
Figure 2d and Figure S2 (Supporting Information), it is observed
that the power loss of the 1.06 μm laser is mainly concentrated in
the Ti layer and partly in the top Ge layer because of its weak loss
characteristic in the NIR region, while the power loss at 1.55 μm
ismostly concentrated in the Ti layer. Besides, we also investigate
the thickness dependence of the reflection spectrum, as shown
in Figure S3 (Supporting Information). It can be seen that each
layer has enough thickness tolerance for the fabrication. Notably,
in the NIR-absorbing structure, the bottom Au layer can be
replaced by other metals (e.g., cheaper Al) to reduce the cost,
while Ti is thought to be the most reasonable choice for the loss
layer, as shown in Figure S4 (Supporting Information).

Generally, there are two ways to reduce the laser echo sig-
nal: i) applying absorbing material on the target, which has been
adopted for the 1.06 and 1.55 μm lasers in this study; ii) control-
ling the propagation direction of the echo signal, which will be
considered in our camouflage for the CO2 laser with a wavelength
of 10.6 μm. Because the 10.6 μm laser is just in the atmosphere
window of 8–14 μm and absorbing materials usually have a spec-
ified absorption bandwidth, high absorption at this laser wave-
length inevitably enhances the average emission in the infrared
camouflage range of 8–14 μm, which violates the infrared cam-
ouflage principle. In order to address this issue, the conventional
strategy is to utilize an ultranarrow absorbing material working
at 10.6 μm.However, the design of the ultranarrow absorbingma-
terial always brings forward strict requirements for the practical
fabrication due to small tolerance. In our previous work,[33] we
have demonstrated a plasmonic metasurface to simultaneously
reduce the specular reflection and infrared emission, which redi-
rects the echo signal to a nonthreatening direction instead of ab-
sorbing the laser energy. Meanwhile, the structure has a more
receptive fabrication tolerance. Herein, we further propose an
evolutionary grating structure combined with the NIR-absorbing
films, as displayed in the inset of Figure 3a. The geometric pa-
rameters are optimized as Px = 4.5 μm, w = 1.4 μm, and h =
2.6 μm, respectively. The thicknesses of the NIR-absorbing films
are all identical with those of the planar absorbing films shown
in Figure 2a. The simulated reflectivity is more than 90% in 8–
14 μm for both transverse electric (TE)- and transverse magnetic
(TM)-polarized lights under normal incidence, as depicted in Fig-
ure 3a. Meanwhile, Figure 3b shows the relative phase difference
between the two polarized lights. It is clearly observed that the
phase shift at 10.6 μm is almost 180°. To better explain the behind
physical mechanism, Figure 3c,d illustrates the simulated elec-
tric field |E| distributions of the grating under the two polarized
lights at 10.6 μm. It can be seen that the two orthogonal lights are
reflected at different interfaces, i.e., the TE-polarized light can-
not penetrate through the grating and reflects at the top surface,
while the TM-polarized light is strongly reflected at the bottom of

Laser Photonics Rev. 2022, 2200616 © 2022 Wiley-VCH GmbH2200616 (3 of 9)
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Figure 3. a) Simulated reflection spectra of the basic grating element under TE- and TM-polarized illumination. The inset illustrates the schematic of the
basic grating element including the NIR-absorbing structure on the surface. b) Relative phase difference between TM and TE polarizations. The dotted
line marked the phase shift at 10.6 μm, which is almost 180°. c,d) Simulated optical field |E| distributions of the basic grating under normal TE- and
TM-polarized incidences at 10.6 μm. e) 3D scattering patterns of the metallic plate and the metasurface for normal incidence at 10.6 μm, respectively.
f) Scattering patterns in 45° plane for the metasurface and the metallic plate.

the structure due to the plasmonic resonant effect, leading to the
phase difference between the reflected TE and TM lights. Further-
more, in order to analyze the influence of the grating structure
on the absorbing property of the NIR functional films, we also
performed simulations on the power loss density for the evolu-
tionary grating structure, as shown in Figure S5a–d (Supporting
Information). The spectra of power loss for each layer are ob-
tained by taking the integral of the power loss density, as shown in
Figure S5e,f (Supporting Information). It is clearly observed that
the grating structure has little influence on the absorbing perfor-
mance, even further enhancing the reduction of the specular re-
flection due to multiple-order reflection effects, as shown in Fig-
ure S6 (Supporting Information). Besides, as shown in Figure S7
(Supporting Information), the reflection performance remains
stable under various incident angles over the whole range except
for 3–5 μm, meaning weakly angle-dependent performance for
all lasers and the long-wavelength infrared.
According to the above reflection characteristic of the plas-

monic grating, the two orthogonal ones are used as the basic
geometrical phase cells to realize the 0 and 𝜋 reflection phase re-
sponses for the codingmetasurface design, suppressing the spec-
ular reflection of the 10.6 μm laser. To demonstrate this strategy,

we perform full-wave simulations, in which the element com-
posed of 2 × 2 gratings with orthogonal orientations is used
with the periodic boundary condition applied to its four sides.
Each grating consists of five identical strips, ensuring the reso-
nant wavelength around 10.6 μm. Figure 3e intuitively illustrates
the 3D scattering patterns of the metallic plate and the designed
metasurface. It is clearly observed that almost all the incident
light is reflected into the normal direction by the metallic plate,
while the designed metasurface splits the reflected energy into
four diagonal directions at the 45° and 135° planes. Figure 3f
plots the scattering patterns in 45° plane for the metallic plate
and the metasurface. There is 15° deviation between the scatter-
ing direction and the normal direction, which is totally consistent
with the theoretical value (13.6°). By comparison, the designed
metasurface can realize 17.8 dB reflection reduction for the 10.6
μm laser. Besides, according to our simulations on thermal per-
formance, the influences of the ultrathin surface materials and
ultrafine surface structure on the heat transfer can be negligible,
as shown in Figure S8 (Supporting Information). Hence, our de-
sign successfully realizes multilaser (i.e., 1.06, 1.55, and 10.6 μm)
and infrared (i.e., 3–5 and 8–14 μm) compatible camouflage func-
tionalities.

Laser Photonics Rev. 2022, 2200616 © 2022 Wiley-VCH GmbH2200616 (4 of 9)
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Figure 4. a) Schematic of the fabrication process of the flexible laser–infrared compatible camouflage metasurface. The inset shows the SEM image of
the surface structure of the prepared flexible sample. b) The measured specular reflection (red line) and deduced emission (black line) spectra over the
wavelength range of both 0.9–1.7 and 3–14 μm. c) Thermal infrared image of our flexible sample along with a low-emissivity Al foil (𝜖 ≈ 0.05) and a
high-emissivity ceramic wafer (𝜖 ≈ 0.95) placed on the 60 °C thermostat stage. d) Measured apparent temperatures of our flexible sample, the Al foil,
and the ceramic wafer under various heating temperatures.

2.2. Fabrication and Output Performance

To experimentally verify the camouflage performance of our de-
sign, we adopt the soft-lithography technology to fabricate the
flexible laser–infrared compatible camouflage metasurface ac-
cording to the optimized parameters. The fabrication processes
are schematically illustrated in Figure 4a, which mainly include
silicon wafer dry etching, surface trimethylchlorosilane (TMCS)
treatment, PDMS substrate curing, and multilayer film sputter-
ing; seemore details in the “Fabrication” subsection in the Experi-
mental Section. Through this fabrication technology, we achieved

a flexible metasurface sample with a size of 10 cm × 10 cm. The
scanning electron microscopy (SEM) image shows that the fabri-
cation technology can perfectly transfer the subwavelength grat-
ing structure from the rigid silicon substrate to the flexible PDMS
substrate, demonstrating that this fabrication process has a sig-
nificant potential for the large-area and low-cost fabrication of
flexible functional devices with subwavelength structures. Here,
along with the measured specular reflectivity, we also utilize the
integrating sphere system to measure the total hemispherical
directional reflectance, which is used to deduce the emissivity
(i.e., the absorptivity) of our opaque sample by 𝜖 = 1 − R. The

Laser Photonics Rev. 2022, 2200616 © 2022 Wiley-VCH GmbH2200616 (5 of 9)
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measured specular reflection and deduced emission spectra are
plotted in Figure 4b. It can be seen that our sample has very low
specular reflectivity values at the laser wavelengths, which are
0.017, 0.13 and 0.17 corresponding to 1.06, 1.55, and 10.6 μm,
respectively, validating the good laser camouflage performance
of our flexible sample. Meanwhile, the infrared emission is sup-
pressed to the low level over the dual-band atmosphere windows.
The average emissivities are 0.19 and 0.11 for the wavelength
ranges of 3–5 and 8–14 μm, respectively. It is worth noting that
the low specular reflection can be realized over a broad range of
around 10.6 μm attributed to abnormal reflection design rather
than high-absorption one, indicating more receptive fabrication
tolerance. Therefore, it can be concluded that our design paves an
effective way for the successful implementation of the compati-
bility between the laser (especially, the 10.6 μm laser) and the in-
frared camouflage. To intuitively demonstrate the infrared cam-
ouflage performance of our sample, we place it on a thermostat
stage along with a low-emissivity Al foil (𝜖 ≈ 0.05) and a high-
emissivity ceramic wafer (𝜖 ≈ 0.95) for comparison. The infrared
image was recorded by an infrared camera as the thermostat
stage was heated up to 60 °C, as shown in Figure 4c. Meanwhile,
we furthermeasured the apparent temperatures of the three sam-
ples under various stage temperatures, as shown in Figure 4d. As
can be seen, our flexible sample has a low apparent temperature,
which is close to that of the Al foil and obviously lower than that
of the ceramic wafer. We also investigated the infrared camou-
flage performance under different observation angles, as shown
in Figure S9 (Supporting Information). It can be seen that the
apparent temperature has no significant change when the obser-
vation angle increases from 0° to 70°. Meanwhile, it is experi-
mentally demonstrated that our sample is capable of maintain-
ing the infrared camouflage performance in the deformation of
twisting and bending (see Figure S10 in the Supporting Infor-
mation), and the thermal emission from the human body can be
totally shielded by our flexible sample (see Figure S11 in the Sup-
porting Information). All these results well validate the great su-
periority of our flexible metasurface in the infrared camouflage.
Mechanical stability is another important requirement for

the practical applications. To validate the stability of our flexi-
ble laser–infrared camouflage sample under mechanical defor-
mations, we also performed cycling mechanical tests including
bending, twisting, and stretching treatments. In the cycling bend-
ing measurement, the ultimate bending diameter was set to 10.5
mm (see the measurement setup in Figure 5a). After finishing
every 200 bending cycles, we placed our flexible sample on a ther-
mostat stage along with the low-emissivity Al foil and the high-
emissivity ceramic wafer, and recorded their apparent tempera-
tures using the infrared camera when the thermostat stage was
heated up to 60 °C. As can be seen in Figure 5b, the apparent
temperature of our flexible sample has a slight change (less than
2.2 °C). For the cycling twistingmeasurement, themaximum tor-
sion angle is set to be 90°, as shown in Figure 5c, our flexible
sample also exhibits a slight change (no more than 1.7 °C) on the
apparent temperature (see Figure 5d). And in the cycling stretch-
ing measurement, 20% tensile deformation was applied (see the
measurement setup in Figure 5e) referring to the practical appli-
cation. The change of the apparent temperature does not exceed
2.6 °C for our flexible sample, as shown in Figure 5f. It is wor-
thy pointing out that there is a bit of measurement error due to

the varying ambient temperature, observation angle, data read-
ing position, and so on, which can be demonstrated by the mea-
surement results of the Al foil which has a fluctuation covering
0.5–1.3 °C as well as the ceramic wafer which has a fluctuation
covering at 0.5–2.6 °C. Theoretically, the apparent temperature of
the Al foil and the ceramic wafer should keep identical for each
measurement. Therefore, it can still be concluded that our flexi-
ble laser–infrared compatible camouflage metasurface has good
mechanical robustness for practical applications. Due to the limit
elongation capability of the NIR-absorbing structure (including
the Au film), tiny cracks inevitably come to form on the surface
of our flexible sample after cyclingmechanical treatments, which
can be seen from the SEM images in Figure S12 (Supporting In-
formation). For comparison, the specular reflection of our flexible
samples after the cycling mechanical treatment has also been re-
measured over the wavelength ranges of 0.9–1.7 and 3–14 μm, as
shown in Figure 5g,h. It can be seen that the reflection is almost
identical with the initial value in 0.9–1.7 μm while it changes
slightly in 3–14 μm after different 1000 cycle mechanical treat-
ments. It is believed that our flexible metasurface can adapt well
to practical applications with almost no degradation of the laser–
infrared compatible camouflage performance under various me-
chanical treatments.
It is well known that the infrared camouflage low-emissivity ef-

fect could easily be compromised by contamination, such as wa-
ter, which is usually opaque and highly absorptive for the infrared
wave, as shown in Figure S13 (Supporting Information). Never-
theless, it is observed that our laser–infrared compatible meta-
surface also exhibits super-hydrophobic performance, as demon-
strated in Figure S14 (Supporting Information). Hence, it can be
concluded that our flexible metasurface is capable of resisting
the surface contamination from water, which is very beneficial
to maintain long-term infrared camouflage performance.

3. Conclusion

In summary, we have proposed a flexible plasmonic metasurface
which can simultaneously suppress the reflection at representa-
tive laser wavelengths (i.e., 1.06, 1.55, and 10.6 μm) and the emis-
sion in the dual-band atmosphere windows (i.e., 3–5 and 8–14
μm). In our strategy, the low reflection for the 1.06 and 1.55 μm
lasers is resulted from the strong absorption by the destructive-
interference design of the multilayer Au/Ge/Ti/Ge films, while
the low reflection for the 10.6 μmlaser is implemented by the cod-
ing metasurface design, tailoring the wave fronts and redirecting
the reflected energy to multiple nonthreatening angles. Mean-
while, the low emission in the atmosphere windows is attributed
to the continuous Au/Ge/Ti/Ge films, which have an ultra-high
reflection of over the range from 3 to 14 μm. Because the low
reflection for the laser (10.6 μm) in the atmosphere window of 8–
14 μm is resulting from abnormal reflection design rather than
high-absorption one, our metasurface realizes successful imple-
mentation of the compatibility between the laser and the infrared
camouflage. As a proof of concept, a flexible metasurface sample
with a size of 10 cm × 10 cmwas prepared by the soft-lithography
technology, which has great potential for large-area and low-cost
fabrication. Measurement results reveal that the specular reflec-
tivity values are 0.017, 0.13, and 0.17 at the laser wavelengths of
1.06, 1.55, and 10.6 μm, respectively, and the average emissivity
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Figure 5. Experimental demonstration of the mechanical stability of our flexible laser–infrared camouflage metasurface. a) Experimental setup of the
bending treatment with the ultimate bending diameter of 10.5 mm. b) The apparent temperatures of our flexible sample along with the Al foil and
the ceramic wafer measured after every 200 bending cycles. Insets show the infrared photographs of our flexible sample. c) Experimental setup of the
twisting treatment with the maximum torsion angle of 90°. d) Measured apparent temperatures after every 200 twisting cycles. e) Experimental setup
of stretching treatment with 20% tensile deformation. f) Measured apparent temperatures after every 200 stretching cycles. In the measurement of the
apparent temperature, all samples were placed on the 60 °C thermostat stage. g,h) Measurement results of the specular reflection of our flexible samples
after 1000 cycle mechanical treatment over the wavelength range of g) 0.9–1.7 μm and h) 3–14 μm.

values are 0.19 and 0.11 in 3–5 and 8–14 μm, respectively. Ad-
ditionally, we also performed cycling mechanical tests including
bending, twisting, and stretching treatments, demonstrating that
our flexible metasurface possesses excellent camouflage stabil-
ity for practical applications. By comparison, our flexible meta-
surface not only has outstanding performances for the laser–
infrared compatible camouflage (see Figure S15 in the Support-
ing Information), but also exhibits integrated advantages includ-
ing easymass fabrication, goodmechanical flexibility and robust-
ness, and super-hydrophobic characteristic, showing significant
potentials for practical applications. Thus, our work paves an ef-
fective way to promotemultispectral compatiblematerials, which
may findmuch potential application inmultispectral camouflage
and stealth fields.

4. Experimental Section
Simulation: The commercial software COMSOL Multiphysics was

employed to perform numerical simulations on the reflection/absorption
properties of the multilayer Au/Ge/Ti/Ge films. Periodic boundary condi-
tions were applied along the x-direction, while the open boundary condi-
tion was used along the y-direction. Polarized incident light propagating
along the negative y-direction illuminated the structure with the electric
component perpendicular or parallel to the xy plane for the TE or TM po-
larization. Perfectly matched layers (PMLs) were applied at the top and
bottom of the modeling domain to eliminate nonphysical reflections. Op-
tical constants of materials used in the simulations were modeled by fit-
ting optical data of gold,[42] germanium,[43] and titanium.[44] Numerical
simulations on the scattering property of the metasurface were performed
with commercial software CST Microwave Studio. Unit-cell boundary con-
ditions were used to consider the mutual coupling of adjacent elements.

Laser Photonics Rev. 2022, 2200616 © 2022 Wiley-VCH GmbH2200616 (7 of 9)
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Fabrication: To experimentally investigate the out performance of the
laser–infrared compatible camouflage, a flexible metasurface with the size
of 10 cm × 10 cm was fabricated by the soft-lithography technology. First,
a 500 nm thick photoresist AZ1500 was coated on a 0.4 mm thick sili-
con wafer. Then the inverted grating patterns were transferred onto the
photoresist through laser direct writing. After developing, the photoresist
patterns were etched into the silicon wafer using reactive ion etching to
form the desired template with CHF3. After removing the photoresist with
O2 plasma and acetone, the etched silicon wafer and appropriate TMCS
liquid were put into a glass dryer under vacuum for 30 min. Subsequently,
the silicon template was washed with alcohol and dried with N2 gas. In
the flexible substrate transfer process, PDMS (SYLGARD 184, Dow Corn-
ing) and its curing agent were uniformly mixed together under a mass
ratio of 10:1. Then the precursor solution was vacuumed for 20 min at
room temperature to remove bubbles. Afterward, the precursor solution
was poured onto the silicon template and cured at 80 °C for 2 h in a vac-
uum chamber. Until the temperature cooled down to ambient tempera-
ture, the PDMS substrate was peeled off completely. Finally, Au, Ge, Ti,
and Ge films were sputtered on the PDMS substrate sequentially with the
corresponding thicknesses of 50, 16, 25, and 28 nm to finish the fabrica-
tion of the flexible laser–infrared compatible camouflage metasurface. In
the fabrication process, the sputtering rates of Ti, Au, and Ge were 2.9,
4.5, and 3.7 Å s−1, respectively, and the total thickness error could be con-
trolled within 5 nm.

Measurement: The reflection in the range of 0.9–1.7 μm was mea-
sured using a spectrophotometer (Lambda 1050, PerkinElmer) under the
minimal specular angle of 8°, while the specular reflection and the to-
tal hemispherical directional reflectance were respectively obtained by the
IR Fourier Spectrometer (VERTEX80, Bruker) and the integrating sphere
system (Nicolet iS50, Thermo Fisher) in the range of 3–14 μm. Thermal
infrared images were recorded by FLIR T650sc with a spectral range of
7.5–13.0 μm. The microstructure morphology of the flexible metasurface
sample was characterized by a scanning electronmicroscope (SU8010, Hi-
tachi). The cycling mechanical experiments were performed on a mechan-
ical testing platform (FT2000, Shanghai Mifang Electronic Technology Co.,
Ltd.), in which, the speeds were 15 mm s−1, 40° s−1 and 10 mm s−1 for
the cycling bending, twisting, and stretching tests, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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