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Perpetual advancements in modern detection technologies have augmented the need of multi-band (such as laser
radar, visual) middle-infrared (MIR) compatible camouflage; however, its development is impeded by incom-
patible structural requirements of different camouflage effects and thermal challenge. This study demonstrates
two simple photonic structures (Designs I and II) for visual and MIR camouflage with thermal management
utilizing thin-film interference. The additional laser camouflage is realized by further incorporating simple
wavelength-scale grating structures in Design I (Design II). The fabricated structures exhibit dual-band MIR
camouflage by low emission (€3_5um = 0.25 and &g 14ym = 0.33), radar camouflage to CO laser by high ab-
sorption at 10.6 pm (10,6 um = 0.90), visual camouflage by structural colors and thermal management by high
emission in 5-8 pm band (€5_gym = 0.77). This study provides a guideline on coordinated control of electro-
magnetic wave and heat through simple structural design, thus has broad implications in energy harvesting and
thermal information processing.

1. Introduction

Camouflage technologies involve achieving low observability in
visible, mid-infrared (MIR), and radar spectra by color control [1,2],
infrared signature modulation [3,4], and reflection suppression [5,6],
respectively. In particular, MIR camouflage has attracted increasing
interest owing to the extensive use of homing system that use MIR signal
to search for and track target. According to the Stefan-Boltzmann law,
the intensity of the MIR signal emitted from an object is proportional to
the surface emissivity (¢) and the fourth power of its absolute temper-
ature (7). Therefore, controlling the temperature and the surface emis-
sivity are the two means to achieve MIR camouflage. The temperature
control is a direct but difficult way because it requires additional cooling
and heating devices [7-14]. By contrast, controlling the surface emis-
sivity is an easier way as covering a low-emissive material on the object
can efficiently suppress the MIR signal [15-23]. Traditional MIR
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camouflage materials are metals that have ultra-broadband low emis-
sivities in MIR wavelengths. However, modern detecting technologies
have developed multi-band (such as laser radar, visual) detection ca-
pabilities for better object identification [24,25]. The traditional MIR
camouflage materials fail at laser radar and microwave radar camou-
flage due to high reflection. Furthermore, their ability to control the MIR
signal may be hindered by heat challenge due to internal and external
heat sources (e.g. absorption of radar energy). Hence, advanced
multi-band MIR-compatible camouflage technology with thermal man-
agement is desirable.

Achieving multi-band MIR-compatible camouflage with thermal
management requires: (i) low emissivities in the dual-band MIR (3-5 pm
mid-wavelength-infrared (MWIR) and 8-14 pm long-wavelength-
infrared (LWIR)); (ii) high absorptivities at radar working wavelengths
(such as 10.6 pym CO, laser radar); (iii) structural colors in visible
spectra; and (iv) a high emissivity in the 5-8 pm band for efficient heat
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dissipation [26-32]. Therefore, multi-band MIR-compatible camouflage
is challenging as the spectral requirements for different bands vary or
even conflict with each other. For example, the LWIR camouflage re-
quires a low emissivity in 8-14 pm, which collides with the CO5 laser
camouflage requiring a high absorptivity at 10.6 pm. Previously,
one-dimensional photonic crystals (1D-PCs) have been proposed for
multi-band MIR compatible camouflage [33-35]. The spectra of the
1D-PCs are reported while their MIR camouflage performance is not
demonstrated. The 1D-PCs also suffer from large thickness and bulki-
ness, leading to increased cost and poor mechanical stability. Meta-
surfaces have also been probed for multi-band MIR compatible
camouflage with thermal management in some simulation studies [36,
37] and few experimental investigations [38,39]. In their experimental
demonstrations, the metallic metasurfaces with magnetic resonances are
exploited for thermal management [38,39]. The metasurfaces require
subwavelength units, thereby complicating the fabrication; besides, they
do not provide camouflage to laser radars. Thereby, using simple pho-
tonic structures for realizing multi-band MIR-compatible camouflage
with thermal management remains a challenge.

In this study, two simple photonic structures (Designs I and II) for
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multi-band camouflage with thermal management have been proposed.
Both designs utilize film interference to offer the challenging compati-
bility for dual-band MIR camouflage and thermal management. The
additional laser camouflage to COy laser in Design II is realized by
further incorporating wavelength-scale grating structures. The intro-
duced narrow-band grating mode can manipulate the trade-off condi-
tion for LWIR band camouflage (low emission) and laser camouflage
(high absorption at 10.6 pm). These simple photonic structures present
several distinctive advantages: (i) dual-band MIR and visual camouflage
for both designs, and additional CO, laser radar camouflage for Design
II; (ii) efficient thermal management by radiation in the 5-8 pm band
and (iii) simple design that eases the device fabrication as the designs
involves film (Design I) and wavelength-scale grating (Design II). The
multi-band MIR-compatible camouflage with thermal management
ability of our designs is demonstrated by that the fabricated sample
blends objects into the background from IR cameras, absorbs the power
of CO; laser, shows structural colors in visible images, and presents
lower temperature than the conventional metal surface.

Fig. 1. Concept of multi-band MIR-compatible
camouflage and thermal management. The upper
body of a car surface is covered with the designed
photonic structures (Designs I or II). They both
hide the upper body from visible and MIR cam-
eras, blending it into the environment. The
thermal radiative flux in the 5-8 pm band that
helps efficient cooling is beyond the MIR detec-
tion range. The additional feature of Design II is
the laser radar camouflage (to CO, laser radar)
by absorbing the incident light. The upper is
schematics of the two designs. Design I contain
Au, GST, and Si films of thicknesses of 200 nm,
220 nm, and 30 nm, respectively. Design II is
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2. Results
2.1. Design and simulations

The conceptual features of the designed structures are pictorially
depicted by shrouding the upper part of a car (Fig. 1). Both Design I and
Design II can efficiently conceal the image from visible (by structural
colors) and MIR (by signal suppression in the MWIR and LWIR bands)
cameras. Design II can also absorb the light from CO; laser and thus
offers camouflage to CO, laser radar. On the contrary, the remaining
part of the car is unambiguously detected by visible and MIR cameras, as
well as by the reflection of light from a CO; laser radar. Furthermore,
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efficient thermal management in both designs is realized through se-
lective radiation in the 5-8 pm band.

Design I comprises of successive deposition of thin films of Au, crys-
talline Ge;SbyTes (GST), and Si from bottom to top. The crystalline GST is
a lossy material with a high refractive index (~6.2) in the MIR, enabling
reduced thickness and strong absorption in thin-film interference. The
thicknesses of Au and Si films are set as ty, = 200 nm and ts; = 30 nm,
respectively. To provide a thin-film destructive interference (anti-
reflection resonance) for high absorption/emission in the 5-8 pm band,
the thickness of GST is set as 220 nm. Design II contains a two-
dimensional lattice of Au micro-disks coated with the same GST and Si
films as in design L. To form a strong grating mode at 10.6 pm, the radius

Fig. 2. a) Simulated spectral emissivity at
normal incidence. b) Resistive loss (color) and

7::::0 om | Poynting vector (arrow) in the indicated xy-, xz-
——t=20mm and yz-cross sections at the two peak wave-
—t =30 an lengths. ¢) Magnetic field intensity (color) and

t=40nm electric field (arrow) in the indicated xy-, xz- and

yz-cross sections at the two peak wavelengths. d)
Simulated reflection spectra in the visible regime
for different Si thicknesses. Inset is the calculated
colors corresponding to the thicknesses of the Si.
The incident wave is x-polarized in the simula-
tion. (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)
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(r1) and height (h;) of the gold disk are set at 2.65 pm and 0.8 pm,
respectively, and the period of the lattice (p) is about 10.1 pm. Other
parameters of design II are: ry = rj+tgsy = 2.87 pm, and r3 = ro+t5; = 2.9
pm.

The absorption/emission and reflection responses of the two
designed structures are numerically calculated using finite-difference-
time-domain (FDTD) simulation (Fig. 2, details in Material and
methods). The average emissivity ¢ for a wavelength band [1; 2] at
temperature T can be expressed in terms of spectral emissivity ¢ (1) and
blackbody radiation Igg (4, T) as:

A Z
= [ (i, 1) / [ttt 1yt (1)
J Jh

where Igg(A, T) = he? /2% [exp(hc/AksT) — 1]} The two designs both
exhibit low average emissivities in the MWIR and LWIR bands. The
calculated average normal emissivity € or design I (II) at 250 °C is 0.17
(0.25) in the MWIR band, and 0.13 (0.33) in the LWIR band (Fig. 2a).
Note that the average emissivities in these two bands are low at any
temperature (blue and red lines in Fig. S8). The low value of the average
emissivity € is related to the designed GST thickness that supports no
resonance within these bands.

Additionally, a high average emissivity is obtained in the 5-8 pm
band, which is virtually not useable for most MIR cameras because of the
high atmospheric absorption. The average emissivities of Design I and II
in the 5-8 pm band are & = 0.69 and ¢ = 0.77, with both peak emis-
sivities close to unity at 6.2 pm wavelength (Fig. 2a and Fig. S1a). The
optical spectra of the two designs are similar (except an additional 10.6
pm absorption) because they both come from the destructive interference
in a single thin-film [40] which is established by the accumulation of heat
and electromagnetic field distribution in the GST film (Fig. 2b (top) and
Fig. 2c¢ (top)). The emission spectrum is found to be almost independent
of both the observation and polarization angles (Fig. S1b and Fig. S2a),
indicating that dual-band MIR camouflage and radiative cooling are both
highly omnidirectional.

For design II, the extra sharp absorption at 10.6 pm possesses the
advantage of achieving camouflage for CO laser radar, while simulta-
neously keeping the low average emissivity in the LWIR band. Such sharp
absorption arises from the grating mode [41], which is implied by the
horizontal energy flow along the structure (Fig. 2b (bottom)). Also,
excited electric dipoles localizing the electromagnetic field can be seen
(Fig. 2c (bottom)). The absorption peak at 10.6 pm is angle-dependent
(Fig. S2a). Only normal absorption is required for laser radar camou-
flage as the oblique incidence of the laser light would be reflected to other
directions which are beyond the detection of laser radar. Furthermore,
the independence of the normal absorption on the polarization (Fig. S2b)
indicates high robustness of design II to laser radar camouflage for
different polarizations. Besides, the high absorptivity can hardly affect
the temperature of design II as the absorbed energy is low due to the beam
divergence [42].

The anti-reflective resonance (destructive interference) in the top sil-
icon film is used to obtain different colors of the visible spectra (deter-
mined through the CIE color model [43]). The visual color is controlled by
the silicon film thickness. As the top silicon film is much thinner than the
radiation wavelengths, it is transparent to the thermal radiation wave-
lengths and thereby does not affect the infrared emissivity. The reflection
dip in the visible spectrum red-shifts with the increasing silicon thickness
(Fig. 2d), thus enabling visual camouflage with the selected colors. For
instance, the corresponding colors with silicon thicknesses of 30 nm and
40 nm have the potential for visual camouflage in forests, and a 20
nm-thick Si film can be applied to visual camouflage in deserts.

Since the optical properties of Designs I and II are highly similar
(except the additional absorption at 10.6 pm for Design II), only the
experimental results of design II will be demonstrated in the following
sections (Analysis and experimental results for Design I is included in
Supplementary material Section S1).

Nano Energy 69 (2020) 104449

2.2. Device and optical measurement

To verify the multi-band (dual-band MIR, laser radar and visual)
camouflage and thermal management properties of the designed pho-
tonic structure, two samples for Design II with different Si film thick-
nesses (30 nm and 20 nm) are shown in Fig. 3a (see Material and
methods for fabrication process). The visual colors are in accordance
with the corresponding calculated colors (Inset in Fig. 2d). The geometry
and the size of the fabricated structure are also consistent with the
design (Fig. 3b and c). To ease the fabrication further, the grating is
fabricated by covering the photoresist array with the gold film. The
photoresist inside the Au disk does not affect the sample performance as
the gold film thickness is larger than the penetration depth of IR light
(about 29 nm for both 6.2 pm and 10.6 pm wavelengths).

The spectral emissivity and absorptivity of Sample A are measured
by a Fourier-transform infrared (FTIR) spectrometer and a constructed
optical path with a CO, laser as the source (details in Material and
methods and Fig. S5). The normal absorptivity at 10.6 pm is measured as
~0.90, which is in accordance with the calculated value (0.92) (Fig. 3d).
In the emission measurement, the IR spectra are measured at 250 °C for
an enhanced signal-noise-ratio. The spectral emissivity (1) is not sen-
sitive to absolute temperature T as long as it is below the melting tem-
perature of GST (~600 °C [44]). The measured average emissivities € at
250 °C (absorptivities a) in the MWIR, 5-8 pm, and LWIR bands are 0.56
(0.69), 0.73 (0.72), and 0.33 (0.27), respectively. For the 5-8 pym band,
where the high emissivities are omnidirectional, the measured absorp-
tion (blue line) and emission (red line) are consistent with the simulated
spectrum (black dash line). For the MWIR band, the actual absorption
should be much smaller than the shown data as part of the incident light
is scattered to directions beyond the collecting angles ([10° 20°]) [45].
Meanwhile, the measured emissivity of the design II sample in the MWIR
band is higher than the actual value of the fabricated sample due to the
large noise below 4 pm wavelength. For the LWIR band, the difference
between the measured and simulated spectra at 10.6 pm can be inter-
preted by the dependence of measured data on the range of collecting
angle range O (detailed in Supplementary material Section S2).

To evaluate the overall performance of our designed photonic
structure, a factor using measured data could be defined as:

PZ

orP— 5—8um .Lilf)ﬁwn )
Pywir-Prwir  ELwir

where the Pywir, Ps_sum, and Prwir represent the radiation energy in the
MWIR, the 5-8 pm and the LWIR band, respectively; @10.6 um Tepresents
the absorption at 10.6 pm; £,wr represents the average emissivity in the
LWIR band. A high OP value can be obtained for a device with low
emissivities in the MWIR and LWIR bands, high absorption at the
working wavelength of CO, laser radar, and high radiative cooling ef-
ficiency. The overall performance of sample A (Fig. 3e) is compared with
that of a conventional Au film and a reported 1D-PC with simultaneous
MIR and CO; laser camouflage [35]. The Au film shows comparatively
low overall performance (OPp, ~ 3 at any temperature) due to its low
radiation energy in the 5-8 pm band (Pywir) and low absorption at 10.6
um. The overall performance of the fabricated sample (OPgample = 50 at
30 °C) is better than that of the reported 1D-PC (OPp¢ = 31 at 30 °C)
because of the higher average emissivity in the 5-8 pm band and higher
absorptivity at 10.6 pm. As the temperature increases, the performances
of both the fabricated sample and the reported PC decrease because their
radiation energy in the MWIR band increases. The Design I and the re-
ported metasurface in Ref. [38] are compared as they both show
simultaneous dual-band MIR camouflage and thermal management and
the results indicate better performance for Design I but with a much
simpler design (Supplementary material Section S1).
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Fig. 3. a) Image of two samples with Si thicknesses of 30 nm (A) and 20 nm (B), respectively. b) Top-view and c¢) cutaway SEM images of Sample A. d) Spectral
radiance of Sample A: simulated normal emissivity (black dash line), measured emissivity (red line) at 250 °C and absorptivity (blue line) by FTIR spectrometer, and
the measured normal absorptivity at 10.6 pm (blue asterisk) by additionally constructed optical path. © represents the angle range that collects the incident/re-
flected/emissive waves. e) Evaluation of overall performance (OP) of multi-band (dual-band MIR and 10.6 pm laser radar) camouflage with thermal management
effects for sample A, the reported 1D-PC [35] and the Au film. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

2.3. Infrared camouflage demonstration

Most natural environments have an emissivity close to a blackbody.
The “radiation temperature” (T;) recorded by a MIR camera is related to
the detected power (P) from the object and can be determined by the
inverse function of P (¢, T):

T,=P ]<81R-, T)7 3)

where g is the default emissivity (usually e;g = 1) in the IR camera; P(e,
T) represents the power detected from the object surface, which includes
the radiation intensity from the object (P;,q) and the reflection of
ambient radiation by the object (Pyf) (Fig. 4a):

P(&,T) =Prua(&,T) + Py (€,64,Ts)

it 1 d/1+C/[l —e()]-ea(A)-
A

Al
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he?
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e
e*pTa — |
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“@

where, €(1) and &, (1) are the object’s spectral emissivity and the
ambient spectral emissivity, respectively; T is the object temperature; T,
is the ambient temperature; [A;, A3] is the working spectrum of the IR
camera; C is the angle integral constant (detailed in Supplementary
material Section S3). The relation is also suitable for a blackbody, whose
reflection is zero because £(1) = 1.

The radiated and reflected power of the sample in the working
wavelength band of our MIR camera (7.5 pm-14 pm) in both indoor and
outdoor cases is calculated from the measured spectra (Fig. 4b and
Fig. S7). The radiated power from the sample increases with the tem-
perature but lower than a blackbody at the same temperature. For

instance, the radiated power at 150 °C from the sample (266.4 w/m?) is
about 35% of that from a blackbody (759.3 W/m?). The detected power
from the sample (sum of radiation and reflection) is smaller than the
blackbody radiation in both indoor and outdoor cases. The reflected
power is independent of the sample temperature and depends on the
ambient spectral emissivity ¢, (1), ambient temperature T,, and reflec-
tivity (1- £(4)) of the sample. For the indoor case, T, = 20 °Cand ¢ ~ 1 as
the surroundings can be regarded as blackbodies. For the outdoor case,
the sample faces the cloudy sky and the radiation temperature of the
cloud is measured to be —14.6 °C by the MIR camera (although the real
T, and ¢, are not measurable, the ambient radiation could be calculated
from the radiation temperature of the cloud). Therefore, the amount of
outdoor reflection is lower than the indoor reflection due to the lower
ambient spectral emissivity ¢, (1) and ambient temperature T,. At the
ambient temperature, MIR power from the indoor object equals to
blackbody radiation because of the compensation by the reflected
power.

The radiation temperatures of the sample at different real tempera-
tures are measured with a MIR camera (Fluke Til10) in both indoor and
outdoor cases (Fig. 4c). The measured data is in good agreement with
the calculated results. In both cases, the measured radiation tempera-
tures (T;) of the sample are much lower than its real temperatures (T),
and the radiation temperatures grow up with the increasing real tem-
peratures. With the same real temperature, the radiation temperature in
the outdoor case is always lower than that indoor because of the lower
reflected ambient radiation as mentioned above. For example, with the
real temperature T = 40 °C, the indoor and outdoor radiation temper-
atures of the sample are 27.9 °C and 9.5 °C, respectively.

For excellent MIR camouflage, the objects are “invisible” under the
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(a) I'hermocouple  Thermometer

?

Glass shield

C.V.

Y) (V)
I (AR

=099
~——

DC power supply

Sample or Au film

Heat controller

Nano Energy 69 (2020) 104449

Fig. 4. a) Schematic of MIR power detected by
the MIR camera (working band: 7.5 pm-14 pm).
The MIR power from the sample contains the
sample radiation and the reflected ambient ra-
diation. b) The relation between sample tem-
perature and its integrated power detected by the
MIR camera. The power from the sample con-
tains two parts: the sample radiation P,,q (green
area) and the reflected environment radiation by
the sample P... The blue dash frame represents
the indoor reflection while the yellow area ac-
counts for the outdoor reflection. The black line
represents the integrated power of a blackbody.
The ambient temperature is 20 °C. ¢) The relation
between radiation temperatures and real tem-
peratures of the sample: the lines are calculated
with the integrated power in b), and the dots are
experimental data. d) Indoor (top) and outdoor
(bottom) MIR camouflage demonstration of the
sample. The left and right figures are visible and
MIR images, respectively. The radiation temper-
atures of the sample are the same as that of the
background in both cases. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this
article.)

their temperature is at 57 °C and the background sand temperature (Tt
= 25 °C) is same as ambient temperature. At the ambient temperature,
the indoor object performs like a blackbody in the MIR camera. In the
corresponding MIR image (Fig. 4d (top-right)), the sample appears same
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Fig. 5. a) Schematic of the experimental setup to measure the thermal management (cooling effect) of the designed photonic structure. b) The real temperature on
the surface of the sample (blue asterisks) and the Au film (red circles). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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as sand, since its radiation temperature (T, = 26 °C) is almost identical to
that of sand (T, = 25 °C), while the tape (can be regarded as a black
body) is thermally detected owing to its high radiation temperature (T;
=57 °C #Ty,). Similarly, for the outdoor case, the ambient temperature is
26 °C and a marble ground (T}, = 32 °C, ¢ = 0.95) is used in the back-
ground (Fig. 4d (bottom left)). The IR image (Fig. 4d (bottom right))
reveals that the fabricated sample (T = 74 °C) is also hidden into the
background (T; = 32 °C = Tp,), while the highly emissive tape with the
same temperature is thermally detected.

2.4. Thermal management demonstration

The thermal management by radiative cooling is demonstrated by
comparing the temperatures of the sample with an equal-sized and
equally thin Au film. The heating energy is provided with a power
supply, and the temperature is measured by a thermocouple connected
to a thermometer. A glass shield is used to avoid air disturbance
(Fig. 5a). To obtain MIR camouflage with fast response, a substrate with
a small thickness and a low heat capacity should be used (see Supple-
mentary material Section S6). The temperatures of both the sample and
the Au film increase with increasing heating power. With the same
heating power, the temperature of the sample is always lower than that
of the Au film owing to thermal management by radiative cooling
(Fig. 5b). For instance, with the heating power of 19 W, the real tem-
perature of the sample (155.3 °C) is 15 °C lower than that of the Au film
(170.3 °C). With the growing heating power, both the equilibrium
temperatures of the sample and the Au film increase. As the average
emissivity of the sample increases while that of the Au film is almost
constant (Fig. S8), the temperature difference between them increases
because of the increasingly larger radiation power from the sample than
that from the Au film. The designed photonic structure possesses good
thermal management performance especially at high temperatures.

3. Conclusion

In summary, multi-band MIR-compatible camouflage with thermal
management is achieved via simple photonic structures. First, compared
with the previous study using 1D-PCs and metasurfaces, the designs are
much simpler and possess more challengingly compatible features
(Table S1): the trilayer thin-film structure (Design I) offers simultaneous
dual-band MIR camouflage, visual camouflage, and thermal manage-
ment, while incorporating wavelength-scale grating structures in Design
I (Design II) can provide CO; laser camouflage as well. Second, the de-
signs have the potential to be compatible with radar camouflage for
microwave spectrum with millimeter-scale patterning of the Au films
and integration of a microwave absorber. Third, portable or wearable
applications may be enabled if our designs are manufactured on the
surface of a thermostable flexible substrate such as polyimide or poly-
ethylene terephthalate films (Supplementary material Section S5). Last,
this work provides a clue for coordinated control of multi-band elec-
tromagnetic wave and heat through simple structural design, thus has
broad implications in energy harvesting and thermal information
manipulation.

4. Material and methods

Sample fabrication: The sample (design II) was fabricated by photo-
lithography technique (Fig. S3). For the fabrication of photoresist ar-
rays, an 800 nm thick ARP5350 film was spun onto the silicon substrate
and annealed for 5 min at 105 °C. Then the photoresist was patterned by
photolithography using a double-sided mask aligner system (MA6-BSA).
Afterwards, the sample was immersed in a developer (1:6 AR 300-26/
Deionized (DI) water) for 12 s followed by 1 min DI water rinse. After
the development, a 200 nm thick Au thin film (thin enough to prevent
the leakage of the radiation to the substrate side), a 220 nm thick GST
thin film, and ultrathin Si film were successively deposited using high
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vacuum magnetron sputtering technique at room temperature. Different
thicknesses of Si were chosen for different colors. Finally, the samples
were annealed at 180 °C for 4 min to transfer the GST layer from
amorphous state to crystalline state.

Optical measurement: The spectral emission was measured by FTIR
with a room-temperature doped triglycine sulfate detector. The samples
were fixed on a temperature controller, and the emitted power was sent
into the FTIR (Fig. S4a). The temperatures of both the black soot and the
samples were measured at 250 °C to ensure high emitted power and to
decrease the noise. The spectral absorption was measured by an FTIR
microscope where the reflected light is collected (Fig. S4b). The spectral
reflection of Au film was measured as the reference. The absorption at
10.6 pm was measured using a CO; laser (Synrad Firestar vi30) in which
the output power has been controlled by a waveform generator (Feel-
Tech FY6600). The normally reflecting light of the sample was extracted
by a ZnSe beam splitter and collected by a power meter (LPE-1A)
(Fig. S5). The reflected power of a 200 nm thick Au film was measured as
the reference, with the average reflected power being 4.14 mW. Then
the Au film was replaced with the sample A and the average value of the
reflected power was measured as 0.41 mW. The infrared images were
recorded by an IR camera (Fluke Ti10) with a spatial resolution of 500
pm, a spectral range 7.5-14 pm, and a temperature range from - 20 °C to
250 °C.

Numerical simulations: The simulations were performed with the
FDTD Solutions v8.13, Lumerical software. The relative permittivity of
gold, GST, and silicon was obtained from Ref. [18], Ref. [15], and
Ref. [46], respectively. According to Kirchhoff’s law of thermal radia-
tion, the simulated emissivity can be replaced by the simulated ab-
sorptivity, and the observation angles can be replaced by the incident
angles.
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